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Abstract 

 

Obesity is a pandemic and was the fourth leading cause of death in 2017. Abdominal obesity, in 

particular, has been highlighted as the critical risk factor in the development of metabolic syndrome 

(MetS), which precedes type 2 diabetes (T2DM). Diabetes is a complex, incurable illness requiring 

lifelong medical care to defer complications and is characterised by insulin resistance in target organs, 

sustained low-grade systemic inflammation originating from the expanding white adipose tissue, and 

gut microbiota dysbiosis. Currently, the prevention and management of T2DM rely heavily on 

pharmaceutical drugs that primarily target hyperglycaemia without considering the underlying 

inflammation. Lifestyle adaptations, including a healthy diet and greater physical activity, can 

successfully prevent the development of T2DM but are poorly adopted, and new preventative 

interventions are needed. Evidence from experimental mouse and human observational studies suggests 

a protective role of helminth (parasitic worm) infection against metabolic disorders via induction of an 

anti-inflammatory type 2 immune response. However, causal evidence from experimental human 

infection was needed to support these findings. Interventional clinical studies, particularly randomised, 

controlled trials, can provide some of the most robust levels of evidence. I hypothesised that 

experimental hookworm infection would be safe, tolerable, and acceptable, stabilise or improve 

determinants of metabolic disease, and induce a biased Type 2 and immune regulatory response. 

Our study team designed and implemented a word-first Phase Ib clinical trial of experimental 

hookworm infection in humans with metabolic disease. In this randomised, double-blind, placebo-

controlled trial, adult individuals with MetS were infected with either 20 or 40 infective larvae of the 

human hookworm Necator americanus or the placebo (chilli) sauce and evaluated every six months for 

two years. I aimed to establish the acceptability, tolerability, and safety of experimental infection, 

determine the influence of infection on key metabolic and physical parameters, and investigate potential 

correlates and mechanisms of protection against metabolic disease. The study protocol based on 

Chapter 2 of this thesis was published in the journal BMC Endocrine disorders in June 2019. 

My first results chapter (Chapter 3 of this thesis) details the examination of the primary outcome 

for this Phase 1b clinical study, that is if hookworm infection is safe, well-tolerated and acceptable in 

humans with metabolic disease. My results showed that adverse events following hookworm treatment 

were mainly mild to moderate in nature and largely unrelated to early withdrawal from the trial, with 

abdominal discomfort in the earl trial stage stemming from worm migration to the intestine well-

tolerated. Sixteen out of forty participants dropped out early during the two-year trial, with only three 

of these for hookworm-related gastrointestinal discomfort. Hookworm treatment almost universally 

induced patent (faecal egg-positive) infections and eosinophilia. Public interest in the trial was strong, 

and infected participants became very attached to their new cohabitants. I found that participants’ mood 
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and well-being were stable or improved throughout the two-year trial duration, with compelling trends 

for people in the hookworm-treated groups to exhibit greater improvements in mood and well-being 

scores compared to Placebo. Together, I established that hookworm infection was safe and well 

tolerated by the vast majority of participants. 

Chapter 4 of my thesis details the effect of hookworm infection vs Placebo on metabolic health 

parameters. Critically, this study demonstrated that infection with a low dose of 20 hookworm 

larvae significantly improved insulin resistance as assessed by the homeostatic model assessment for 

insulin resistance (HOMA-IR), the trial’s primary metabolic outcome. Further, body mass was reduced 

by approximately 10% in the low-dose hookworm treatment group. The higher dose of 40 worms 

induced trends in improved metabolism, but the magnitude of these improvements was lesser than 

treatment with 20 hookworms. Despite improvements in measures of glucose homeostasis, hookworm 

treatment did not associate with improvements in blood lipid profiles. My results provide the first causal 

evidence for a protective role of hookworm infection against metabolic disease. Additionally, the 

magnitude of improvement in insulin resistance well exceeded previously reported effects found in 

cross-sectional and deworming human studies and suggested hookworm infection as a promising 

preventative intervention for T2DM. 

In Chapter 5 of this thesis, I interrogated potential correlates and mechanisms of protection 

against insulin resistance. Sex, age, and physical activity were not significantly associated with changes 

in insulin resistance. In contrast, body mass changes correlated significantly with HOMA-IR changes in 

hookworm-treated individuals, where people who exhibited lower HOMA-IR typically saw greater 

body mass reductions. Improved HOMA-IR was also positively associated with greater adherence to a 

Mediterranean diet. Further, hookworm infection induced a biased type 2 immune response in the 

blood, characterised by increased serum IL-5 levels and expansion of eosinophil and basophil counts. I 

also observed that hookworm infection was associated with elevated adiponectin levels, which 

positively correlated with improvements in HOMA-IR, but this association was not significant. 

In summary, this study has added some much-needed causal support for a beneficial role of 

helminth infection in humans with metabolic disease. My findings should be confirmed in future trials 

that can also address the current trial's limitations regarding participant numbers, generalisability, and 

consistency of worm quality. The stored Biobank samples will allow further exploration of immune 

responses and gut microbiota composition and functional changes that may have moderated HOMA-IR 

improvements. While live worm therapy might not appeal to everyone, worm-derived molecules could 

provide an acceptable alternative in the future.  
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1  INTRODUCTION 
 

 

This chapter introduces obesity as a critical risk factor in the development of metabolic disorders. I 

have reviewed the leading processes in the pathophysiology Type 2 diabetes and outlined how 

helminth infection could attenuate these processes and protect against metabolic diseases. My 

hypotheses and aims conclude the chapter. 
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1.1 Obesity, metabolic syndrome, and type 2 diabetes 

 

 Obesity – a chronic disease? 
Obesity is a pandemic and was the fourth-leading cause of death worldwide in 2017 (G. B. D. 

Risk Factor Collaborators, 2018). Excess body fat storage (adiposity) generally results from a long-

term, positive energy imbalance. Multiple factors, including genetics, dietary intake, physical activity 

patterns, and environmental elements, are implicated in its aetiology. Obesity was declared a chronic 

medical disease by the American and Canadian Medical Associations in 2013 and 2015, respectively 

(Sharma & Campbell-Scherer, 2017). More recently, The Obesity Society (the leading professional 

society focused on obesity science, treatment and prevention) endorsed the classification of obesity as 

a worldwide, non-communicable chronic disease in their 2018 position statement (Jastreboff et al., 

2019). The society’s top leaders argued that "Obesity meets all criteria for being a disease, and, 

therefore, should be characterised as such". The society argued that recognition as a debilitating disease 

would likely attract increased funding for the prevention, treatment, and research of obesity. 

Furthermore, obese people may experience less discrimination and receive improved care if 

obesity is taken seriously rather than frowned upon as the self-inflicted consequence of personal 

shortcomings: gluttony, laziness, and lack of willpower (Jastreboff et al., 2019). In contrast, the 

American Medical Association’s Council on Science and Public Health disagreed and questioned 

whether recognising obesity as a disease rather than a condition or disorder would improve health 

outcomes for the obese (MedPage Today, 2013. Accessed 31 May 2019). Many nations, including 

Australia and most European countries (except for Portugal), have yet to recognise obesity as a stand-

alone chronic disease associated with substantially reduced quality of life and increased risk of overall 

morbidity.  

 

 Obesity-associated morbidity and mortality  
High body-mass index (BMI) was attributable to 4.72 million deaths and 148 million disability-

adjusted life-years (DALYs) in 2017. These figures represent an increase of 36.3% and 36.7% in deaths 

and DALYs, respectively, from 2007 to 2017 (G. B. D. Risk Factor Collaborators, 2018). Notably, three 

of the five leading risk factors for death and disability were metabolic, including high BMI, high fasting 

glucose, and high systolic blood pressure. Since 1975, the number of obese or overweight adults and 

children has nearly tripled worldwide and grown to just under 2.3 billion people in 2016, equating to 

39% of adults that were overweight and 13% that were obese (World Health Organization, 2018). 

Although current trends point towards stabilising obesity prevalence in developed countries, 

transitioning and lower-income countries with traditionally lower prevalence of obesity are now seeing 

levels increasingly similar to those in the United States (Afzal et al., 2016).  
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Greater adiposity impairs the body’s structural and 

functional integrity and heightens the risk of comorbidities 

(Jastreboff et al., 2019). Significantly, the presence of 

obesity considerably reduces the number of disease-free 

years (Nyberg et al., 2018) and favours the development of 

more than 200 chronic conditions (Jastreboff et al., 2019), 

including non-alcoholic fatty liver disease (Vernon et al., 

2011), cardiovascular disease (CVD) (Lavie et al., 2016; 

Parto & Lavie, 2017), and type 2 diabetes mellitus (T2DM) 

(Gray et al., 2015; Guilherme et al., 2008) (Figure 1-1). 

Even acute diseases such as COVID-19 appear to be more 

severe in the presence of obesity (Tibirica & De Lorenzo, 

2020). These comorbidities lead to poorer health outcomes 

in obese patients compared to leaner comparisons, as 

demonstrated in a recent systematic review and meta-

analysis (Chu et al., 2020). A 2018 study of 120 000 Europeans reported a significant reduction in 

disease-free years in both mildly and severely obese individuals (Nyberg et al., 2018). Remarkably, the 

reduction was not mitigated by gender, smoking status, physical activity level, and socioeconomic 

status, confirming a ubiquitous association between obesity and healthy life years lost. Increasing 

obesity in both sexes is consistently associated with consequent T2DM diagnosis and a progressively 

greater risk for all T2DM complications (Gray et al., 2015). A recent analysis of the global trends and 

disease burden of obesity, which integrated data from 68.5 million overweight and obese children and 

adults between 1980 and 2015, identified T2DM as the second leading cause of obesity-related deaths 

in 2015, surpassed only by CVD (G.B.D. Obesity Collaborators, 2017). Notably, obese diabetics with 

a BMI above 30 kg/m2 were more than twice as likely (9.5%) to die from diabetes-related complications 

compared to individuals with a BMI below 30 kg/m2 (4.5%) (G.B.D. Obesity Collaborators, 2017), 

highlighting increasing obesity as a serious adverse factor in diabetes-related mortality. 

Elevated BMI considerably increases the risk of overall and premature mortality. In 2015, a 

large American study including 14 657 individuals established a progressively higher risk of adverse 

health outcomes and death with greater than normal BMI (≥25 kg/m2) in both sexes (Gray et al., 2015). 

The Global BMI Mortality Collaboration confirmed these findings in their 2016 meta-analysis of 239 

prospective studies from four continents (The Global B. M. I. Mortality Collaboration, 2016). 

Demonstrating a close relationship between even slightly higher than normal BMI and excess mortality, 

these more recent data challenged previous suggestions of an Obesity-survival Paradox (Bosello et al., 

2016), which postulated a potentially protective effect of overweight and low-grade obesity against all-

cause mortality (Doehner et al., 2010; Flegal et al., 2013; Hoddy et al., 2021). The Global BMI Mortality 

Type 2 diabetes is a progressive 
condition in which the body becomes 
resistant to the normal effect of insulin 
and/or gradually loses the capacity to 
produce enough insulin in the pancreas. 
Type 2 diabetes is associated with 
modifiable lifestyle risk factors and has 
strong genetic and family-related risk 
factors. 
Impaired glucose tolerance: Blood 
glucose levels are higher than normal 
but not high enough to be classified as 
diabetes. 
Impaired insulin sensitivity: Insulin 
sensitivity describes how sensitive the 
body is to the effects of insulin. 
Individuals with impaired insulin 
sensitivity (also called insulin 
resistance) will require larger amounts 
of insulin to lower blood glucose levels 
than someone with high sensitivity. 
Insulin resistance is associated with the 
development of Type 2 diabetes. 



 

 23 

Collaboration proposed improved control for bias in their study compared to the crude analyses 

conducted in the previous meta-analysis as the likely reason for the discrepant findings. Alarmingly, 

the adverse effect of excess body fat on healthy life years (life without disability) and total years of life 

(longevity) appears to be most significant in the young (20-39 years) age bracket and weakens with 

increasing age (Grover et al., 2015). In the young age bracket, healthy life years were reduced by 18.8 

and 19.1 years for very obese men and women, respectively, and years of life lost were estimated to be 

as high as 11.9 (men) and 6.3 (women) years in this group. In contrast, obesity seemed to shorten 

lifespan only minimally in the older age bracket (60-79 years).  

 

Particularly concerning is the emerging presence of the negative consequences of obesity in 

early childhood. For the first time in two centuries, experts predict that life expectancy at birth in the 

United States may decline during the first half of this century due to escalating obesity in early life and 

its associated life-shortening complications such as T2DM. (Olshansky et al., 2005). Impaired glucose 

tolerance and hypertension have been implicated as potential agents in the association between elevated 

BMI in childhood and premature mortality in adulthood (Engeland et al., 2003; Franks et al., 2010). 

Interestingly, the greater risk of morbidity and mortality in adults that were obese or overweight in 

childhood may be largely independent of adult BMI, except for morbidity from diabetes (Must et al., 

1992), which further substantiates the importance of overweight and obesity in the development of 

T2DM and subsequent comorbidities and mortality. Although overweight and obesity are accepted as 

Figure 1-1 Major risk factors and common chronic diseases induced by adiposity 
ATMs, adipose tissue macrophages. Adapted from Heymsfield & Wadden, 2017  
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significant contributors to greater morbidity and mortality, disagreement still exists about the correct 

classification of overweight and obesity (Sharma & Campbell-Scherer, 2017). 

 

 Classification of obesity – should we keep using BMI? 
The sole use of BMI to determine obesity and predict future illness is problematic. Generally, 

obesity is defined as “abnormal or excessive fat accumulation that may impair health” (World Health 

Organization, 2018). Previously called the Quetelet index, BMI is a composite measure of body mass 

in kilograms divided by height in metres squared (kg/m2). It is routinely used as a surrogate indicator 

of fatness and obesity (World Health Organization, 2018). Intriguingly, anthropometric measures, such 

as BMI, were initially not developed to assess body composition or fatness but as a convenient tool to 

monitor growth (Keys et al., 1972). Nevertheless, the World Health Organisation adopted a BMI 

classification with three obesity classes as suggested by the 1997 International Obesity Task Force 

(World Health Organization, 2019) to categorise obesity. With the need to accommodate the ever-

growing numbers of people with severe obesity (BMI ≥40 kg/m2), the American Heart Association 

proposed two additional obesity classes (Poirier et al., 2011) (Table 1-1). Despite the apparent 

association between elevated BMI and increased risk of overall morbidity and mortality detailed in 

1.1.2, reliance on arbitrary BMI cut-offs as a measure of fatness, predictor of future ill health, and 

determinant of public health policies is controversial (Nuttall, 2015).  

 

 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

Table 1-1. Classification of obesity by BMI categories 
 

World Health Organization American Heart Association 

Category BMI 
(kg/m2) Category BMI 

(kg/m2) 
Underweight <18.5 Underweight <18.5 

Normal 18.5-24.9 Normal/acceptable 18.5-24.9 

Pre-obesity 25.0-29.9 Overweight 25.0-29.9 

Obesity Class 1 30.0-34.9 Obese Grade 1 30.0-34.9 

Obesity Class 2 35.0-39.9 Obese Grade 2 35.0-39.9 

Obesity Class 3 ≥40 Obese Grade 3* 40.0-49.9 

  Obese Grade 4* 50.0-59.9 
  Obese Grade 5* ≥60 

* Severe, extreme, or morbid obesity; BMI, body mass index. Adapted 
from World Health Organization (2019) and Poirier et al. (2011) 
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BMI is a poor indicator of body composition and the percentage and distribution of fat, leading 

to misclassifications (Keys et al., 1972). A crucial shortcoming of BMI is its inability to distinguish 

between fat and lean (muscle and bone) tissue. This flaw means that individuals with great muscle mass, 

such as athletes or military personnel, may be falsely classified as obese. Vice versa, metabolically 

obese people with high body fat percentages and impaired insulin sensitivity can still have a BMI in the 

normal range (Romero-Corral et al., 2010) and may not be identified as at risk of T2DM. Population-

based studies show that the correlation between body fat percentage and BMI is particularly poor in 

males (Flegal et al., 2010; Keys et al., 1972). Also, females generally have a lower BMI than males 

despite their higher fat mass (20-45%) relative to their height (Nuttall, 2015), which again illustrates 

the limitations of BMI as an indicator of obesity and chronic disease.  

Body fat distribution rather than total body fat percentage more 

accurately predicts the development of future diseases (Nuttall, 2015; 

Oliveira-Sequeira et al., 2014). First described by Dr Jean Vague in 1956 

(Hanefeld et al., 2007), an android (male) distribution of fat (Figure 1-2) with 

accumulation of fat in the upper body considerably increases the risk of 

coronary heart disease, T2DM, gallstones, and gout (Vague, 1956). In 

contrast, Vague reported no such predisposition with a gynoid (female) fat 

distribution (Figure 1-2), where fat accumulates in the lower body (gluteal 

area and thighs). Of note, despite their designation as male and female fat 

distribution, android and gynoid fat distribution occur and carry the same 

associations in either sex (Vague, 1956). Subsequent research (Harman-

Boehm et al., 2007; Nieves et al., 2003; Pekgor et al., 2019; Pouliot et al., 

1992; Ross, Aru, et al., 2002; Ross, Freeman, et al., 2002) has reiterated 

Vague’s observations and highlighted central, that is abdominal and visceral 

adiposity, as the principal factor in metabolic syndrome (MetS), as it appears to precede all other factors 

(Cornier et al., 2008). Hence, abdominal waist circumference (WC) or waist-to-hip ratio may be a 

superior measure to determine the risk for the development of MetS and subsequent life-threatening 

diseases, including CVD and T2DM (Alberti et al., 2009; O'Neill & O'Driscoll, 2015).  

 
  

 The Metabolic Syndrome 
Metabolic syndrome started as a concept of connected metabolic risk factors that increase the 

risk of CVD, T2DM, and all-cause mortality. Often credited with pioneering MetS (Despres et al., 

2008), Professor Gerald ‘Jerry’ Reaven, in the 1988 Banting lecture, introduced a cluster of risk factors 

for T2DM and CVD as ‘syndrome X’. In his lecture, Reaven linked elevated blood insulin, insulin 

resistance, glucose intolerance, elevated very low-density lipoprotein triglycerides, reduced high-

density lipoprotein cholesterol, and hypertension (Reaven, 1988). His novel concept of insulin 

Figure 1-2 Android and 
gynoid body fat regions 
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resistance was later confirmed as a critical underlying risk factor in MetS (Alberti & Zimmet, 1998). 

However, surprisingly, he failed to include obesity or visceral obesity as risk factors, which are now 

accepted as instrumental in MetS. Nevertheless, the story of MetS did not start with Reaven but much 

earlier with the Swedish physician Kylin, who first associated high blood pressure, high blood glucose, 

and gout in 1923 (Kylin, 1923). As mentioned in Section 1.1.3, Vague later connected the presence of 

metabolic abnormalities that heighten the risk of CVD and T2DM to abdominal obesity (Vague, 1956). 

Subsequently, in 1965 Avogaro and Crepaldi (Avogaro et al., 1965) again described a syndrome relating 

to hypertension, hyperglycaemia, and obesity at the European Association for the Study of Diabetes 

annual meeting. In 1975, Herman Haller, then head of the Department of Medicine at the Medical 

Academy Dresden, first introduced the term MetS (Haller & Hanefeld, 1975) to define a combination 

of several related metabolic risk factors, including obesity, impaired glucose metabolism, hypertension, 

and dyslipidaemia that promote chronic diseases, such as CVD and T2DM, and increased mortality. He 

also highlighted obesity as the common causative risk factor. The name MetS was officially adopted in 

2001 (Expert Panel on Detection, 2001), and MetS has been listed as a disease in the International 

Classification of Diseases since 2016 (World Health Organisation, 2016. Accessed August 15, 2019).  

International organisations, including the International Diabetes Federation, recognise the 

heightened risk of several chronic diseases in the presence of MetS (International Diabetes Federation, 

2006). However, questions remain about the exact definition of MetS and how each component 

contributes to the development of T2DM and CVD. Diagnostic criteria and thresholds, though 

overlapping, varied between individual groups (O'Neill & O'Driscoll, 2015) before the agreement on a 

harmonised definition of MetS in 2009 (Alberti et al., 2009). Even to date, waist circumference 

thresholds remain national and population-specific (Table 1-2). However, American Heart Association 

guidelines generally associate a waist circumference of >94cm in males and >80cm in females with a 

heightened risk for CVD and T2DM. Hence, the guidelines propose these alternative thresholds for 

individuals with increased insulin resistance regardless of ethnicity and nationality (Alberti et al., 2009). 

Interestingly, the harmonised definition of five core criteria (elevated waist circumference, 

triglycerides, blood pressure, fasting glucose, and reduced high-density lipoprotein cholesterol) and 

their thresholds do not nominate abdominal obesity and insulin resistance essential for diagnosis despite 

their widely accepted causative role in the aetiology in MetS. Instead, exceeding the thresholds for three 

of the five criteria suffices for diagnosing MetS (Alberti et al., 2009). With estimates of almost one-

quarter of the world’s population affected by MetS in 2006 (International Diabetes Federation, 2006. 

Accessed Dec 17, 2019), the concurrent prevalence in adults in rural Australia alone was 35.8%. 

Numbers in the Asia-Pacific region are growing disproportionately (Ranasinghe et al., 2017), likely due 

to rapid urbanisation and the adoption of the Western diet and sedentary lifestyle (Tahapary et al., 2015). 

The escalating emergence of non-communicable diseases such as CVD and T2DM associated with 

MetS constitutes a significant public health crisis for the affected regions (Ranasinghe et al., 2017). 
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 Rising prevalence and cost of T2DM 
Diabetes is a complex, incurable illness requiring lifelong medical care to defer complications. 

The disease is characterised by elevated blood sugar levels (hyperglycaemia) resulting from insulin 

resistance in target organs and pancreatic β cell dysfunction. Chronic hyperglycaemia induces 

endothelial dysfunction, leading to micro-and macrovascular complications such as retinopathy, 

nephropathy, neuropathy, cardiovascular disease, and stroke (Chatterjee et al., 2017). Although better 

lifestyle choices, that is, improved diet, greater physical activity, and less sedentary time (Dubé et al., 

2012; Hu, 2011) are effective ways to prevent T2DM, rising numbers of people living with T2DM 

demonstrate that these healthier lifestyle choices are not adopted as recommended. 

The cost of T2DM has proliferated during the last 13 years, primarily due to the rising global 

prevalence of obesity (Seuring et al., 2015). The number of individuals living with T2DM is expected 

to increase worldwide from 537 million in 2021 to 783 million by 2045, with obesity-associated T2DM 

accounting for approximately 90% of all cases. Australia’s numbers alone are estimated to grow from 

1.49 million in 2021 (6.4%) to 1.94 million (8.0%) by 2045. Even applying conservative projections 

that assume a constant average expenditure per person and constant diabetes prevalence rate, the current 

estimated global healthcare expenditure on diabetes will climb to one trillion USD by 2045 

(International Diabetes Federation, 2022). Of the worldwide four million diabetes-related deaths in 

2017 (one every eight seconds), approximately half (46.1%) were in people under 60, which is their 

most productive age. The loss of family income associated with disability and premature death often 

has catastrophic consequences for the affected families (International Diabetes Federation, 2022). 

Table 1-2 Criteria and thresholds for the clinical diagnosis of metabolic syndrome 
 
Measure Thresholds 
Elevated waist circumference (cm) 
• Canada; USA 
• Europids; Middle Eastern; Sub-Saharan African; 
Mediterranean 
• Asians; Japanese; South and Central Americans 

Males                  Females 
≥102                    ≥88  
≥94                      ≥80 
 
≥90                      ≥80 

Elevated triglycerides (drug treatment for elevated 
triglycerides is an alternative indicator) ≥ 150mg/dL (1.7mmol/L) 

Reduced high-density lipoprotein cholesterol (drug 
treatment for high-density lipoprotein cholesterol is an 
alternative indicator) 

Males: < 40mg/dL (1.0 mmol/L) 
Females: < 50mg/dL (1.3mmol/L) 

Elevated blood pressure (antihypertensive drug treatment 
in a patient with a history of hypertension is an alternative 
indicator) 

Systolic: ≥ 130mmHg and/or 
Diastolic: ≥ 85mmHg 

Elevated fasting glucose (drug treatment for elevated 
glucose is an alternative indicator) ≥ 100mg/dL 

Adapted from (Alberti et al., 2009)   
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The disproportionately more significant economic and personal impact of escalating T2DM 

prevalence in low- and middle-income countries is particularly concerning. While T2DM prevalence 

seems to stabilise in high-income countries slowly (Flegal et al., 2010), increases of up to 156% are 

expected in economies moving from low- to middle-income levels, likely due to rapid urbanisation and 

adoption of a Western diet and lifestyle (International Diabetes Federation, 2017). Furthermore, 

individuals in low- and middle-income countries spend higher proportions of their annual income on 

diabetes care despite the lower direct costs of diabetes (for example, the cost of drugs and physician 

visits) compared to high-income countries (Seuring et al., 2015). Worryingly, an estimated 50% of all 

adults living with diabetes worldwide remain undiagnosed and are unaware of their condition. 

Approximately 85% of these live in low-to middle-income countries, where limited resources and low 

priority of diagnostic screening hinder early diagnosis. Late diagnosis magnifies the likelihood of future 

diabetic complications and demand for healthcare services and healthcare expenditure, compounding 

economic and personal burdens for developing nations (International Diabetes Federation, 2017). 

Although direct costs are the primary driver of all diabetes costs, indirect costs, including 

productivity losses due to absenteeism, presenteeism, mortality, and labour-force dropouts, still amount 

to approximately 35% of all costs. Equating to 0.6% of the world's gross domestic product, these 

productivity losses represent a substantial global economic burden (Bommer et al., 2017). Economies 

willing to invest more in diabetes prevention could potentially see a considerable reduction in direct 

and indirect costs of T2DM. These preventative investments require fewer financial resources than the 

consequences they help reduce. 

 

 Pathology of metabolic diseases 
We can broadly categorise the pathophysiology of obesity-associated metabolic diseases into 

three main categories. Firstly, metabolic diseases are characterised by sustained low-grade systemic 

inflammation originating from the expanding white adipose tissue (WAT) (Donath et al., 2019; 

Hotamisligil et al., 1993; Saltiel & Olefsky, 2017), including neuroinflammation (Robb et al., 2019). 

Secondly, we observe metabolic disturbances, including adipocyte hypertrophy, systemic insulin 

resistance, abnormal blood lipids, and elevated blood pressure, as described in Section 1.1.4, 

predominantly driven by the underlying systemic inflammation (Moyat et al., 2019). Thirdly, the 

healthy composition of the gut microflora is lost, which alters metabolism (Bäckhed et al., 2004; Ley 

et al., 2005) and fuels inflammation (Cani et al., 2007). Importantly, these categories are not isolated 

but form a triad, where each reciprocally affects the other.  

In the following sections, I have further detailed the pathophysiologic characteristics of obesity-

associated metabolic disorders. 
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1.1.6.1 Adipose tissue inflammation 
The detrimental role of chronic inflammation is well-established in the pathogenesis of 

metabolic diseases (Moyat et al., 2019; Tahapary et al., 2015; Wellen & Hotamisligil, 2005). Emanating 

from the expanding WAT, system-wide inflammation may induce insulin resistance, impair insulin 

secretion, and dysregulate multiple organs involved in metabolic homeostasis. The sustained activation 

of the innate immune system seen in obesity-induced inflammation results in similarly sustained 

disruption of metabolic homeostasis that can last years, decades, or even a lifetime. Unlike self-limiting 

inflammation during wound healing, obesity-induced inflammation not only alters WAT function but 

also dysregulates various distal organs such as the liver, skeletal muscle, heart, pancreas, and even the 

brain (Saltiel & Olefsky, 2017). Areas in the brain that maintain energy homeostasis and regulate 

appetite, such as the hypothalamus, are particularly affected by inflammatory processes (Jais & 

Bruning, 2017).  

Figure 1-3 The three main pathophysiological categories of metabolic diseases. 
The pathophysiology of metabolic diseases can be broadly categorised into three main categories: sustained 
low-grade systemic inflammation originating from the expanding white adipose tissue; metabolic disturbances, 
including adipocyte hypertrophy, systemic insulin resistance, abnormal blood lipids, and elevated blood 
pressure, predominantly driven by the underlying systemic inflammation; and gut dysbiosis, altering metabolism 
and fuelling inflammation. Importantly, these categories are not isolated but form a triad, in which each 
reciprocally affects the other.  
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A high-caloric diet triggers rapid remodelling of WAT. Following overfeeding, excess nutrients 

are stored in adipocytes as lipid droplets. As these droplets expand in size, oxygen diffusion approaches 

its limit, and mild hypoxia arises. The acute responses to hypoxia are angiogenesis and reshaping of the 

extracellular matrix to allow further expansion of the WAT and limit hypoxia. In expanding WAT, 

inflammation may initially support the adaptive responses to overeating by promoting angiogenesis to 

offset acute hypoxia (Crewe et al., 2017) and increasing adipocyte insulin resistance to prevent excess 

lipid accumulation (Saltiel & Olefsky, 2017). Acute WAT expansion and remodelling are a healthy 

response to short periods of overfeeding and are reverted by periods of nutrient shortage. However, 

chronic overfeeding with continued expansion of WAT and inflammation ultimately results in chronic 

hypoxia, fibrosis, adipocyte dysfunction and necrosis associated with pathological innate and adaptive 

immune responses (Crewe et al., 2017).  

Pathologic adipocyte hypertrophy poses a major logistical challenge for the resident immune 

cells. Specifically, macrophages have been highlighted as key players in chronic inflammation and the 

pathogenesis of metabolic diseases (Ni et al., 2020; Sun et al., 2011). These housekeeping cells 

represent the largest population of innate immune cells in healthy lean WAT, constituting 5-10% of all 

leukocytes, and are evenly distributed in lean WAT (Lumeng, Bodzin, et al., 2007). They participate in 

the clearance (phagocytosis) of apoptotic and necrotic adipocytes, remodelling of the extra-cellular 

matrix, angiogenesis, and differentiation of adipocyte precursors (Sun et al., 2011; Zaragosi et al., 

2010). Furthermore, WAT macrophages may safeguard adipocyte insulin sensitivity via secretion of 

interleukin (IL)-10, which inhibits the expression of pro-inflammatory chemokines and cytokines, 

including tumour necrosis factor-alpha (TNF) (Hotamisligil et al., 1993; Smallie et al., 2010). However, 

the presumed protective role of IL-10 is still unclear. Fuelled by chronic inflammation, WAT 

macrophage populations appear to proliferate directly proportional to adipocyte size and BMI and may 

comprise up to 50% of all immune cells in obese WAT (Lumeng et al., 2007; Weisberg et al., 2003). 

An anti-inflammatory environment dominates lean, healthy abdominal and visceral WAT 

(Figure 1-4). Lean WAT-resident immune cells and mediators include anti-inflammatory M2-like 

macrophages, eosinophils, type 2 innate lymphoid cells, regulatory T cells (Tregs), and anti-

inflammatory cytokines such as IL-10. Collectively these cells maintain optimal adipocyte 

mitochondrial function, promote tissue homeostasis, and discourage inflammation and fat 

accumulation, thereby protecting from insulin resistance (Hotamisligil et al., 1993; Hotamisligil et al., 

1997; Lackey & Olefsky, 2016; Pekala et al., 1983). Although macrophages are regularly implicated as 

the primary regulator of inflammation, eosinophils also play a critical role in this network of adipose 

tissue-resident immune cells due to their ability to promote and maintain M2-like macrophages via the 

release of IL-4 (Brigger et al., 2020; Lackey & Olefsky, 2016; D. Wu et al., 2011). As part of the 

polarised Th2 immune response, alternatively activated M2-like macrophages (AAMs) predominantly 

participate in parasite clearance (Noel et al., 2004), phagocytosis of debris and apoptotic cells, 
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smouldering of inflammation, promotion of tissue repair and remodelling, and vasculogenesis 

(Mantovani et al., 2013; Shapouri-Moghaddam et al., 2018; Wynn, 2004).  Recent research suggests 

that M2-like macrophages can be further sub-divided into four main categories (M2a, M2b, M2c, and 

M2d), each induced by different stimuli and functioning in a distinct anti-inflammatory manner (Cortes-

Selva & Fairfax, 2021; Martinez et al., 2008; Russo & Lumeng, 2018). Of note, recent studies using 

single-cell RNA-seq approaches have highlighted macrophage heterogeneity and niche-specificity, 

describing new subsets that may play a pathophysiological role (e. g. lipid-associated macrophages) 

(Jaitin, 2019). In healthy WAT, crosstalk between the resident immune cells ensures a quick collective 

response to resolve inflammation resulting from normal tissue remodelling. This delicate balance 

between pro-and anti-inflammatory processes is perturbed in obese abdominal and visceral WAT 

(Stivers et al., 2020).   

 

 

Quantitative and qualitative differences in macrophage populations occur in obese adipose 

tissue (AT). Macrophages display high plasticity, and their surge in obese WAT is coupled with 

macrophage polarisation, a switch in their phenotype and functional profile (Lumeng, Bodzin, et al., 

2007; Lumeng, Deyoung, et al., 2007; Xu et al., 2003). Besides hypoxia, lipids, and stress, adipocyte 

death is a leading modulator of immune responses and consequent inflammation in obese WAT (Cinti 

Figure 1-4 Regulation of inflammation and insulin resistance in adipose tissue 
M2 ATMs, alternatively activated adipose tissue macrophages; M1 ATMs, classically activated adipose 
tissue macrophages. Adapted from Kim et al., 2021 and created with BioRender 
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et al., 2005; Giordano et al., 2013; Lindhorst et al., 2021; Rausch et al., 2008; Shi et al., 2006; Suganami 

et al., 2007). In response to the death of hypertrophied adipocytes, lipid-laden pro-inflammatory M1-

like macrophages localise to and aggregate in crown-like structures (CLS) that often fuse to form giant 

multi-nucleated cells around the dead adipocytes to phagocytise their lipid content (Bremer et al., 2011; 

Cinti et al., 2005; Lindhorst et al., 2021). Cinti et al. (2005) used electron microscopy to determine the 

ultrastructural features of dead adipocytes inside the CLS. They observed lost plasma membrane 

integrity, small lipid droplets in the cytoplasm, dilated endoplasmic reticulum, and cell debris in the 

extracellular space - features generally seen in necrosis rather than apoptosis. 

Of note, recent biochemical research has led to a reclassification of necrosis. Whereas 

previously apoptosis was considered the only pathway of regulated cell death, new details have emerged 

about pathways of regulated necrosis, which are mechanistically similar to the apoptosis pathway, 

including necroptosis, pyroptosis, and ferroptosis (Tonnus et al., 2019). However, a critical difference 

between apoptosis, during which the plasma membrane does not rupture, and necrosis is the loss of 

plasma membrane integrity and release of intracellular organelles and damage-associated molecular 

patterns (DAMPs) during necrosis (Sarhan et al., 2018; Scaffidi et al., 2002). High mobility group box1, 

heat shock proteins, adenosine triphosphate, uric acid, and genetic material such as DNA and RNA are 

typically released DAMPs following necrosis (Chen & Nunez, 2010). Although generally non-

inflammatory in the intracellular space, once exposed, DAMPs initiate an inflammatory response 

termed necroinflammation, a sterile inflammation independent of pathogen infection (Sarhan et al., 

2018). In contrast, during apoptosis, DAMPs are retained in plasma membrane blebs (blister-like 

protrusions) and deactivated via several processes, resulting in silent cell death that is overall not 

inflammatory (Garcia-Martinez et al., 2015). 

Although the precise pathway of hypertrophic adipocyte death is still unclear, recent evidence 

implicates pyroptosis as a likely candidate. Mediated by caspase-1 activation, pyroptosis is a swift cell 

death featuring pore formation in the cell membrane with consequent dissipation of cellular ionic 

gradients. Meanwhile, the retention of larger constituents in the cytoplasm raises intracellular osmotic 

pressure. Consequently, water influx causes cell swelling and ultimately ruptures the cell membrane 

(osmotic lysis), resulting in leakage of the pro-inflammatory cytosolic content (Fink & Cookson, 2006). 

Furthermore, caspase-1 (also known as IL-1β-converting enzyme) promotes cleavage, activation and 

secretion of IL-1β and IL-18. These pro-inflammatory mediators induce fever, recruit leukocytes, and 

stimulate interferon (IFN)-γ production by Th1-type CD4+ T-cells and natural killer cells (Delaleu & 

Bickel, 2004; Dinarello, 1998; Nakanishi et al., 2001). Interestingly, the release of IL-1β and IL-18 

already occurs through the membrane pores prior to lysis (Fink & Cookson, 2006), meaning that the 

hypertrophied adipocytes advance inflammation even before their death.  

Once released from the dying cell, DAMPs boost the pro-inflammatory environment by 

activating numerous pattern recognition receptors (PRRs) and non-PRRs. Pattern recognition receptors 
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are present on innate and adaptive immune cells and non-immune cells such as epithelial and endothelial 

cells and fibroblasts. Besides the classic PRRs, transmembrane non-PRRs, such as receptor for 

advanced glycation end products, G-protein coupled receptor, and ion channels also sense DAMPs and 

trigger the migration and activation of immune cells, including macrophages (Gong et al., 2020). 

The binding of DAMPs to their receptor triggers an inflammatory cascade and stimulates M1-

like polarisation of WAT macrophages. In physiological conditions, AAMs express arginase 1, IL-1, 

receptor antagonist (IL-1Ra), transforming growth factor-beta (TGF-β), and the transcription factor 

peroxisome proliferated-activator receptor gamma (PPAR-γ). These factors enable them to perform 

their housekeeping functions, promote insulin sensitivity, and contribute to lipid buffering in a lipid-

rich environment (Russo & Lumeng, 2018). The ligation of DAMPs to PRRs activates transcriptional 

programs and the polarisation of metabolically activated M1-like macrophages (Stout et al., 2005). M1-

like polarisation, in turn, is associated with enhanced antigen-presenting capacity and the production of 

potent pro-inflammatory mediators, including IL-6, IL-1β, TNF, monocyte chemoattractant protein-1, 

and reactive oxygen species (Afzal et al., 2016; Lumeng, Bodzin, et al., 2007; Orliaguet, Dalmas, et al., 

2020; Weisberg et al., 2003). Concurrently, IL-10, which plays a critical protective role against TNF-

induced insulin resistance, declines (Lumeng, Bodzin, et al., 2007). Additionally, the two macrophage 

populations express different surface markers (CD206, CD209, CD301 on M2-like macrophages; 

CD11c+ on M1-like macrophages) (Lumeng, Bodzin, et al., 2007). Notably, >90% of metabolically 

activated macrophages congregate in the CLS, while interstitial WAT macrophages mostly retain their 

alternatively activated M2-like profile (Giordano et al., 2013; Lindhorst et al., 2021). 

Early research suggested that the accumulation of proinflammatory macrophages in obese 

WAT primarily results from infiltrating monocytes (Weisberg et al., 2003; Xu et al., 2003). However, 

Lindhorst et al. (2021) recently demonstrated the formation of CLS containing M1-like macrophages 

around dead adipocytes ex vivo, without recruitment from blood monocytes. Their findings indicate that 

the accumulation of pro-inflammatory macrophages in obese WAT is likely the result of both 

polarisation and infiltration of circulating monocytes. Once established, this pro-inflammatory 

environment promotes the migration of additional macrophages and other leukocytes to the WAT, 

potentiating the inflammatory response. 

In summary, while the exact regulatory mechanisms driving macrophage polarisation remain 

to be characterised, vascular dysfunction resulting from chronic inflammation enhances the risk of 

diabetic complications such as myocardial infarction, peripheral arterial disease, diabetic nephropathy, 

and retinopathy (Endemann & Schiffrin, 2004). Anti-inflammatory type 2 immune responses are 

instrumental in metabolic homeostasis and preventing T2DM. Hence, limiting the inflammatory 

cascade may be a reasonable approach to the prevention and management of T2DM, and several novel 

antidiabetic drugs successfully use manipulation of M1/M2 macrophage phenotypes to manage obesity-

induced inflammation (Ni et al., 2020). 
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1.1.6.2 Metabolic disturbances 
 

Insulin resistance and the link to inflammation 

Insulin directs the metabolism of macronutrients by stimulating the uptake of molecules, such 

as glucose, from the blood into fat, muscle, and liver cells. The hormone is synthesised in and secreted 

by β cells in the islets of Langerhans in the pancreas, and in healthy subjects, the quantity released is 

intricately linked to blood glucose concentrations to precisely meet metabolic demands (Schmitz et al., 

2008; Wilcox, 2005). In the target cells, insulin binds to its receptor, promoting glucose uptake into the 

cell by diffusion facilitated by glucose transporters (GLUT). In the brain, the transporter protein GLUT 

1 on neuronal cells can extract glucose from the blood at very low levels, such as during fasting without 

insulin action, thus ensuring a consistent energy supply for these glucose-reliant cells. In contrast, 

adipocytes and myocytes feature GLUT 4, which is insulin-dependent, allowing the appropriate 

response to high postprandial glucose levels (Wilcox, 2005). Glucose entry into adipocytes stimulates 

fatty acid and glycerol synthesis and downregulates lipolysis. In contrast, myocytes and hepatocytes 

store glucose as glycogen to be utilised as an instant energy source. Low blood glucose and insulin 

levels promote lipolysis in adipocytes and glycogenolysis in muscle and liver (Wilcox, 2005).  

While insulin resistance may sometimes result from excess secretion of counter-regulatory 

hormones (glucagon, corticosteroids, and catecholamines), post-receptor defects in insulin signalling 

seem to explain most cases (Wilcox, 2005). Insulin resistance to limit nutrient storage is a necessary, 

short-term metabolic adaptation to produce an effective immune response during bacterial and viral 

infections, as the activated host immune cells rely on glycolysis to meet energy demands (Wynn et al., 

2013). However, in the context of obesity, prolonged insulin resistance further promotes chronic 

subacute inflammation (meta-inflammation) in all tissues and becomes the driving force in the 

development of T2DM (Hotamisligil et al., 1993; Kaur, 2014; Lumeng, Bodzin, et al., 2007; Priest & 

Tontonoz, 2019; Qatanani & Lazar, 2007; Shoelson et al., 2007). Failure of one or more mechanisms 

involved in cellular glucose absorption results in hyperglycaemia and dyslipidaemia, causing 

compensatory intensified pancreatic insulin secretion (Sears & Perry, 2015). Eventually, sustained 

overstimulation leads to the exhaustion and failure of β cells and T2DM (Orliaguet, Ejlalmanesh, et al., 

2020).  

The concept of obesity-induced inflammation as the critical factor in the development of insulin 

resistance is now well established (Kim & Lee, 2021; Saltiel & Olefsky, 2017). Yet the first paper 

indicating a direct link between inflammation and insulin resistance was published in 1993, not even 

30 years ago (Hotamisligil et al., 1993). In a mouse model of obesity and T2DM, the study demonstrated 

high levels of TNF mRNA in the adipose tissue of mice and neutralising TNF resulted in improved 

insulin sensitivity. Four years later, Uysal et al. added more weight to these initial findings (Hotamisligil 

et al., 1997). The authors first reported that deletion of TNF or both its receptors in ob/ob or high-fat 
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induced obese mice improved insulin resistance; one year later, they identified the p55 receptor as 

instrumental in this mechanism (Uysal et al., 1998). Later mechanistic studies have established that 

TNF inhibits glucose uptake by interfering with the initial events after insulin binding to its receptors 

(Kim & Lee, 2021). Chronic TNF exposure also decreases the expression of GLUT 4, which further 

reduces glucose absorption (Stephens et al., 1997). These initial TNF studies kickstarted a plethora of 

studies to cement the link between obesity, inflammation, and insulin resistance. 

The early 2000s brought the first epidemiological evidence that inflammation was predictive 

of the future development of CVD and T2DM. Results from the Women’s Health Initiative study 

suggested that elevated circulating levels of IL-6 and high-sensitivity c-reactive protein forecast future 

T2DM (Pradhan et al., 2001), extending observation from an earlier study that had implicated the same 

pro-inflammatory cytokines in CVD (Ridker et al., 1997). Although these studies did not provide a 

causal link, they were nevertheless significant, as they pointed at general inflammation as a causative 

pathogenic agent in humans. Coinciding with the Women’s Health Initiative Study, a mouse model 

study elucidated the pathway that stimulates insulin resistance in obesity (Kim et al., 2001). The authors 

showed that obesity activates the IKKβ/NFκB pathway, and inhibition of this pathway with aspirin 

prevented the development of insulin resistance. Clinical trials in humans using salsalate confirmed the 

rodent findings, firmly establishing a link between inflammation and insulin resistance (Goldfine et al., 

2013; Goldfine et al., 2010; Goldfine et al., 2008). However, as the deletion of IKKβ in different tissue 

generated conflicting results (Kim & Lee, 2021), the focus soon turned to searching for other immune 

cells potentially involved in regulating obesity-induced inflammation. 

The first immune cells in the line of the investigation were adipose tissue macrophages. Various 

studies have clearly shown that obesity significantly increases the number of pro-inflammatory M1-like 

macrophages. Yet, their pro-diabetic function is still not fully clarified, given the upregulation of pro-

and anti-inflammatory markers during obesity that does not neatly fit the M1/M2 classification (Kim et 

al., 2013; Xu et al., 2013). What we do know is that they contribute to many more metabolic processes 

than inflammation, including adipose tissue fibrosis (Spencer et al., 2010; Tanaka et al., 2014), lipid 

metabolism (Camell et al., 2017; Xu et al., 2013), and thermogenic regulation via brown fat 

differentiation/function (Cereijo et al., 2018; Wolf et al., 2017). All of these processes can influence 

obesity-induced insulin resistance. 

The complexity of macrophage differentiation and a 2009 series of Nature Medicine papers 

switched the focus to the role of T cells and mast cells (Feuerer et al., 2009; Liu et al., 2009; Nishimura 

et al., 2009; Winer et al., 2009) In these knockout mouse models, CD4+ T cells seemed protective 

against obesity-induced insulin resistance. However, the reconstitution of CD4+ T cells also normalised 

body weight (Winer et al., 2009). Similarly, mast cell knockout moderated both body mass and insulin 

resistance (Liu et al., 2009), which opened up the possibility that the improvement in insulin resistance 

was indirectly mediated via the reduction of body mass rather than via direct regulation of insulin 
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resistance. In contrast, Treg and CD8 T cells did not modify body mass but protected against obesity-

induced inflammation and insulin resistance (Feuerer et al., 2009; Nishimura et al., 2009). 

Following on, several studies investigated most other adipose tissue-resident immune cells. 

Those cells traditionally considered pro-inflammatory, including dendritic cells, neutrophils, natural 

killer cells, innate lymphoid cells, Th1 and Th17 cells, γδ T cells, and B cells, were able to promote 

inflammation and insulin resistance (Lee et al., 2016; Mehta et al., 2015; O'Sullivan et al., 2016; 

Stefanovic-Racic et al., 2012; Talukdar et al., 2012; Winer et al., 2011; Winer et al., 2009; Zuniga et 

al., 2010). On the other hand, traditionally viewed anti-inflammatory cells, such as eosinophils, ILC2s, 

and regulatory B cells, inhibited obesity-induced inflammation and insulin resistance  (Nishimura et al., 

2013; D. Wu et al., 2011; Yang et al., 2010). One cell type, however, did not fit this neat pattern, the 

invariant natural killer cell (iNKT). Different studies found protective, detrimental, and no effect on 

obesity-induced inflammation and insulin resistance, which cannot be explained by the use of different 

mouse models (Lee & Lee, 2014). Further, manipulating the cell types mentioned above in non-obese 

mice fed standard chow also modified their body fat and mass, which may imply that these cells can 

directly alter obesity-induced inflammation and insulin resistance or do so via their obesity-regulating 

effect. 

 

Impaired adipocyte lipid storage function and fatty acid metabolism in tissues 

Dysfunctional obese WAT impairs metabolic health and drives the pathogenesis of metabolic 

diseases (Qatanani & Lazar, 2007; Savage et al., 2007; Shoelson et al., 2006). Intense research spanning 

several decades has overhauled our view of adipose tissues as inactive tissue destined only for 

insulation, cushioning, and energy storage (Rosen & Spiegelman, 2014). Instead, we have discovered 

an exceedingly active organ with homeostatic, paracrine, and endocrine functions (Tchkonia et al., 

2006) ideally positioned to communicate the body’s nutritional state to other organ systems and regulate 

metabolic processes via the release of fatty acids (lipokines) peptides, and hormones (adipokines). (Berg 

& Scherer, 2005; Cao et al., 2008; Ouchi et al., 2003). 

Disrupted metabolism in hypertrophied adipocytes contributes to system-wide inflammation. 

Healthy WAT is highly sensitive to insulin and regulates blood glucose and free fatty acids (FFAs) 

levels. Post-prandial insulin-stimulated glucose uptake within adipocytes simultaneously increases the 

uptake of lipids in the form of FFAs liberated from triacylglycerols and curbs the breakdown of 

triacylglycerols within the adipocytes, thus regulating the levels of circulating FFAs. While WAT 

generally functions as a buffer for FFAs, this capacity can be blunted in obese inflamed WAT. The 

enlarged, dysfunctional adipocytes no longer adequately store circulating free fatty acids but rather 

release them (Faty et al., 2012; Morigny et al., 2016; Tchkonia et al., 2006). Notably, adipose tissue 

topography can predict detrimental abnormalities in fatty acid metabolism (Jensen et al., 1989). 
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Specifically, upper body adiposity has been linked to high plasma FFA levels, with FFA delivery to the 

liver’s portal vein increasing in tune with visceral obesity (Guo et al., 1999; Nielsen et al., 2004; Jensen 

et al., 1989; Roust & Jensen, 1993); however, ethnic and sex differences appear to moderate this 

association (Guerrero et al., 2009).  

Chronic adipose tissue inflammation increases circulating levels of IL-6. This pro-

inflammatory cytokine has been suggested to attenuate fatty acid metabolism in multiple tissues, 

including skeletal muscle, the liver, and the brain (Saltiel & Olefsky, 2017). Although some controversy 

exists regarding the exact role of IL-6 (Pal et al., 2014), within the adipose tissue, IL-6 released from 

M1-like macrophages may stimulate lipolysis in surrounding adipocytes and inhibit lipoprotein lipase, 

impairing adipocyte lipid storage (McLaughlin et al., 2017). Increased flow of FFA’s in tissues such as 

the liver and skeletal muscle initiates lipotoxicity, which fuels insulin resistance. Unlike adipose tissue, 

these tissues cannot safely store excess fat (Sears & Perry, 2015). Raised portal FFAs may cause non-

alcoholic fatty liver disease and mediate hepatic insulin resistance with consequent hepatic 

inflammation (Boden et al., 2002; Vega et al., 2007). Concurrently, higher plasma concentrations of 

FFA promote system-wide metabolic disturbances. These disturbances include insulin resistance in 

skeletal muscle and vascular endothelial cells, abnormal blood lipids (atherogenic dyslipidaemia), and 

hypertension (Boden, 2008; Grundy, 2015).  

Elevated circulating FFA levels also alter immune responses. In macrophages, the 

accumulation of FFAs stimulates the generation of reactive oxygen species, enhancing NLRP3 

inflammasome activation (Guo et al., 2015). Via secretion of IL-1β, inflammasome activation fuels 

insulin resistance. Further, the inflammasome regulates energy expenditure and adipogenic gene 

expression during long-term excessive calorie intake (Stienstra et al., 2011).  

 

Mitochondrial dysfunction in adipocytes 

White adipose tissue mitochondrial dysfunction is a critical factor in impaired adipocyte fat 

storage capacity. Appreciation for the importance of mitochondrial function on systemic metabolic 

health and their therapeutic potential has been growing in recent years (De Pauw et al., 2009; Kusminski 

et al., 2012; Kusminski & Scherer, 2012; Schottl et al., 2015; Schottl & Klingenspor, 2013; Vernochet 

et al., 2014). Several studies have identified compromised WAT mitochondrial oxidative metabolism 

in obesity and diabetes, which may accelerate the development of metabolic disorders (Boudina & 

Graham, 2014; Choo et al., 2006; De Pauw et al., 2009; Kusminski & Scherer, 2012; Schöttl et al., 

2020; Wilson-Fritch et al., 2004). Recent proteomic and metabolite profiling of abdominal adipocytes 

of obese mice indicated systematic downregulation of OXPHOS capacity and cristae density as part of 

significant changes in mitochondrial structure (Schöttl et al., 2020). Further supporting a reduced 

OXPHOS capacity in obesity is the finding of increased oxygen pressure in adipose tissue of obese 
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individuals that was associated with insulin resistance, indicating lower oxygen consumption (Goossens 

et al., 2011). Reduced OXPHOS capacity results in decreased ATP production, which is essential for 

lipogenesis and lipolysis (Heinonen et al., 2019) and may thus contribute to increased circulating FFA 

and subsequent aggravation of inflammation during obesity. 

 

Disruption of endocrine signalling in metabolic disorders 

WAT-secreted factors are essential regulators of systemic metabolism. Some factors signal the 

body’s nutritional status to the central nervous system; others affect distant organs such as muscles and 

the liver, while the target organs of yet another group of factors with well-known metabolic effects 

remain unidentified (Priest & Tontonoz, 2019). Ground-breaking for our understanding of AT as an 

endocrine organ was the 1987 discovery that serum circulating adipsin, an adipocyte-synthesised serine 

protease homolog, is drastically reduced during obesity. This breakthrough provided the first evidence 

of a fat cell-derived molecule involved in systemic regulation (Flier et al., 1987). 

Consequently, hundreds of adipocyte-secreted pleiotropic molecules (adipokines1) linked to 

obesity, inflammation, T2DM, liver disease, and atherosclerosis have been discovered, firmly 

establishing visceral  WAT as an endocrine organ (Priest & Tontonoz, 2019). These diverse molecules 

include cytokines, hormones, and growth factors. The two most studied adipokines secreted from 

adipocytes are leptin and adiponectin, and they dramatically affect whole-body metabolism. Impaired 

lipid metabolism, increased adipocyte necrosis, and the ensuing influx of macrophages in obesity 

perturb adipokine secretion, promote adipose tissue inflammation, and dysregulate metabolic 

homeostasis, thus firmly linking obesity to metabolic disorders (Cinti et al., 2005). 

 

Circulating leptin is increased in obesity 

Mature adipocytes produce leptin and adiponectin, but their target organs differ, triggering 

differential mechanisms (Priest & Tontonoz, 2019). Although leptin’s key actions were first described 

in 1995, a year after the discovery of the obese gene that encodes for this protein, its precise physiologic 

actions in humans remain somewhat of a mystery due to a dearth of studies. In particular, the term 

“leptin resistance” has been declared unspecific. In contrast to insulin resistance, which has been the 

subject of thousands of studies, none have investigated leptin’s biological dose responses (Flier & 

Maratos-Flier, 2017). Leptin acts on the hypothalamus and target tissues to regulate appetite and 

metabolism (Klok et al., 2007), improves insulin sensitivity (Paz-Filho, Mastronardi, Wong, et al., 

2012), and possibly promote inflammatory responses (La Cava, 2017). Several factors regulate leptin 

 
1 Adipokine: The word adipokine or adipocytokine means adipose (adipo-), cell (-cyto-), and movement (-kinos) (Kiliaan, 
Arnoldussen & Gustafson, 2014) 
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secretion, including food intake, total body fat, hormones, and insulin (Obradovic et al., 2021). Among 

these factors, insulin is the primary regulator of leptin production, with prolonged hyperinsulinaemia 

known to increase plasma leptin concentrations (Nogueiras et al., 2008). 

Notably, hyperleptinaemia and resistance to normalising body mass are typical characteristics 

of obesity (Izquierdo et al., 2019; Liu et al., 2020), reflecting a state of leptin resistance. Several 

mechanisms have been suggested to explain this phenomenon, including the down-regulation of the 

leptin-activated signal transduction pathway, a decrease in histone deacetylase activity, or enhanced 

levels of C-reactive protein (Bjorbaek et al., 1998; Chen et al., 2006; Kabra et al., 2016). Further, 

modifications in leptin transport through the blood-brain barrier have been suggested to explain leptin 

resistance (Banks et al., 2004; Banks et al., 1999; El-Haschimi et al., 2000). Leptin must cross the blood-

brain barrier to reach its site of action in the brain, particularly the hypothalamus and brainstem, and 

exert its appetite-suppressing effect (Izquierdo et al., 2019). Obesity and prolonged consumption of a 

high-fat diet impair the blood-brain-barrier integrity, resulting in a reduced transport of leptin to its 

target areas and diminished activation of the signalling pathways involved in body mass regulation 

(Izquierdo et al., 2019). 

 

Adiponectin secretion is down-regulated in obesity 

Adiponectin attenuates inflammation, improves lipid profiles, and moderates glycaemic control 

(Mantzoros et al., 2005). In adipose tissue, adiponectin polarises macrophages to their anti-

inflammatory phenotype and reduces reactive oxygen species (Ohashi et al., 2009; Ye & Scherer, 2013). 

In skeletal muscle, adiponectin reduces triglyceride content, improving GLUT 4 translocation and 

glucose uptake and likely ameliorating insulin resistance (Yamauchi et al., 2001). In the liver, 

adiponectin boosts glucose uptake, inhibits gluconeogenesis, and enhances fatty acid oxidation, thus 

reducing inflammation (Wu et al., 2003). Although predominantly produced by adipocytes, adiponectin 

is generally down-regulated in obesity and multiple other metabolic disorders (Halleux et al., 2001; 

Hotta et al., 2000; Stumvoll & Haring, 2002). Notably, adiponectin secretion is lower in men due to 

inhibiting effects of testosterone (Kadowaki et al., 2006). Processes seen with unhealthy adipose tissue 

remodelling during obesity, including hypoxia and fibrosis, are implicated in the down-regulation of 

adiponectin  (Sun et al., 2011). Further, insulin lowers circulating adiponectin levels (Motoshima et al., 

2002), with hyperinsulinaemia and its adiponectin-reducing action possibly causing insulin resistance. 

However, establishing the cause and effect in this relationship remains challenging (Yadav et al., 2013). 

 

 

 



 

 40 

Omentin-1 (Intelectin-1) - inversely correlated with T2DM and glucose tolerance 

Omentin-1 mediates insulin secretion and sensitivity and is inversely related to inflammation 

and hyperglycaemia (Pan et al., 2019). Studies have reported decreased plasma and adipose tissue 

concentrations of omentin-1 in obesity. Further, omentin-1 correlated positively with adiponectin and 

high-density lipoprotein and negatively with BMI and insulin resistance (de Souza Batista et al., 2007; 

Elsaid et al., 2018; Rothermel et al., 2020). Recent systematic reviews and meta-analyses indicated 

significantly lower omentin-1 levels in patients with T2DM and impaired glucose tolerance (As Habi 

et al., 2019; Pan et al., 2019). This adipocyte-secreted hormone boosts insulin signal transduction and 

promotes insulin-mediated glucose uptake in adipocytes (Yang et al., 2006). Therefore, the observed 

lower omentin-1 levels in individuals with impaired glucose uptake may partially explain this 

population's reduced insulin-mediated glucose uptake and subsequent insulin resistance. However, 

significant heterogeneity among individual publications was evident in both reviews, likely due to 

diverse study populations and regions, making it difficult to interpret these results. Considering the 

studied populations’ diabetic status, a high proportion of subjects were likely taking prescription 

medication, which could have interfered with the results. Further, the reviews included several cross-

sectional studies, which do not allow a causal link between the variables.  

In combination, the adipokines leptin, adiponectin, and omentin-1 contribute to metabolic 

homeostasis, and their secretion from the adipose tissue is disrupted in obesity. Whereas leptin is 

generally increased in obese individuals, adiponectin expression is decreased. Omentin-1 appears to be 

inversely correlated with impaired glucose homeostasis. Yet, study results are conflicting, and the role 

of omentin-1 in insulin resistance needs further clarification. Together, the studies indicate that 

metabolic dysfunction is partially mediated by imbalances in the secretion of pro-and anti-inflammatory 

adipokines, contributing to obesity-induced complications. 

 

1.1.6.3 Dysbiosis of the gut microflora 
The gut microbiota communicates with and influences the host’s immune, metabolic, and 

neuro-behavioural systems intricately and reciprocally (Hooper et al., 2012; Valdes et al., 2018). 

Healthy individuals generally harbour a diverse intestinal microbiota and an intact intestinal barrier, 

which prevents the translocation of bacteria and their products into the systemic circulation (Cani, 2018; 

Le Chatelier et al., 2013; Schroeder & Backhed, 2016; Yatsunenko et al., 2012). Contrastingly, 

individuals with metabolic disorders are characterised by a dysbiotic microbiota with reduced diversity 

(Lambeth et al., 2015; Larsen et al., 2010; Ley et al., 2006; Ridaura et al., 2013; Turnbaugh, Hamady, 

et al., 2009; Turnbaugh et al., 2006; Zouiouich et al., 2021) and anatomical and functional alterations 

of the intestinal barrier (Li et al., 2017). The association between gut microbiota dysbiosis and disease 
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suggests that greater microbial diversity may allow functionally similar species to take over the function 

of absent species and, thus, protect against environmental threats.  

Gut dysbiosis2 evoked by a high-fat diet has been implicated as a triggering factor in the onset 

of inflammation and metabolic disorders (Rastelli et al., 2018). While the isolated occurrence of 

dysbiosis does not necessarily cause inflammation, it may allow the bloom of certain pathobionts3 that 

are generally only present in small numbers but can proliferate during intestinal microflora disturbances 

(Levy et al., 2017). In metabolic diseases, the composition of the intestinal microbiota is skewed to one 

that maximises energy harvest and compromises intestinal barrier function, thus furthering adiposity 

and increasing permeability to bacteria and bacteria-derived products (Everard et al., 2013; Turnbaugh 

et al., 2006). Mechanisms by which intestinal microbiota dysbiosis likely advances obesity and 

metabolic complications include dysregulation of the host’s immune, energy, and hormonal systems 

(Valdes et al., 2018). 

Early research efforts aimed to identify specific bacterial taxa potentially involved with the 

development of obesity.  While the microbiota composition is unique in individuals, it is dominated by 

members of the phyla Bacteroidetes and Firmicutes, with Actinobacteria, Proteobacteria, 

Fusobacteria, Cyanobacteria, and Verrucomicrobia playing a lesser role (Li et al., 2017). Alterations 

in the Bacteroidetes/Firmicutes ratio were first observed in animal studies. A 2004  mouse study 

established that colonising germ-free mice with gut microbiota from conventionally-raised animals 

could induce rapid gain in body and fat mass despite reduced chow consumption (Bäckhed et al., 2004). 

Colonisation promoted intestinal glucose uptake, resulting in elevated serum glucose and insulin. Based 

on their observations, the authors suggested that food caloric values are not absolute but microbiota-

dependent; they likened the microbiota to a “bioreactor”, with a high-efficiency reactor promoting 

obesity and a lower-efficiency reactor promoting leanness. This study clearly illustrated the role of the 

microbiota in fat storage. In a follow-up study, the authors demonstrated in a mouse model of obesity 

that obesity was associated with a 50% reduced abundance of Bacteroidetes with a concomitant increase 

in Firmicutes compared to lean mice (Ley et al., 2005). 

These initial studies indicated that a higher Firmicutes/Bacteroidetes ratio in obese individuals 

(and animals) might cause a more efficient energy absorption and thus contribute to weight gain. In 

their 2006 study, Turnbaugh et al. further investigated the Bacteroidetes/Firmicutes ratio in obese and 

lean mice via whole-genome shotgun sequencing and microbiota transplant (Turnbaugh et al., 2006). 

Obese mice had a microbiome enriched in Firmicutes, enzymes involved in polysaccharide degradation, 

and faecal short-chain fatty acids (SCFAs), acetate and butyrate. Further, faecal energy was lower in 

obese than in lean mice. Their faecal transplant experiment indicated that the increased capacity to 

 
2 Dysbiotic: a gut microbiota with compositional and functional alterations driven by environmental and host-related factors 
that perturb the microbial ecosystem to an extent that exceeds its resistance and resilience capabilities (Levy et al., 2017) 
3 Pathobionts: commensal bacteria with pathogenic potential (Mazmanian & Kasper 2006) 
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harvest energy in the obese microbiota was transmissible and induced greater body fat increases in the 

mice receiving the obese microbiota. The group extended their findings to humans in 2006, 

demonstrating that obese individuals had a lower relative abundance of Bacteroidetes and a higher 

abundance of Firmicutes than lean individuals (Ley et al., 2006). Several other studies reported 

alterations in Bacteroidetes and Firmicutes in obesity (Armougom et al., 2009; Bervoets et al., 2013; 

Brignardello et al., 2010; Santacruz et al., 2010; Tomas et al., 2016; Turnbaugh, Hamady, et al., 2009), 

and some have proposed the Bacteroidetes/Firmicutes ratio as a hallmark of obesity. However, loss of 

body mass by either fat or carbohydrate-reduced diet restored the relative abundance of Bacteroidetes 

and decreased the abundance of Firmicutes, implying that their relative abundance in obesity may be 

primarily diet-shaped.  

More recent studies support the influential role of diet on gut microbiota composition. In their 

2009 study, Turnbaugh et al. transplanted human faeces into germ-free mice, generating humanised 

mice (Turnbaugh, Ridaura, et al., 2009). A change in diet from a low-fat, plant polysaccharide-rich diet 

to a typical western diet high in fat and sugar altered gut microbial composition within a day, with a 

higher representation of Firmicutes and a reduced proportion of Bacteroidetes. Similarly, a 2010 study 

confirmed compositional changes in mice fed a high-fat diet and in obese mice, particularly in response 

to a high-fat diet (Murphy et al., 2010). Yet, these changes did not correlate with markers of energy 

harvest, which refutes the proposal that the Bacteroidetes/Firmicutes ratio is the sole cause for 

obesogenic shifts in the microbiota. In the same year, a study compared the faecal microbiota of African 

children consuming a high-fibre diet and European children consuming a western diet (De Filippo et 

al., 2010). Bacteroidetes were found in higher proportions in African children's microbiota, while 

Firmicutes were twice as abundant in European children than in African children. Some bacteria were 

exclusively present in African children, including Prevotella, Xylanibacter (Bacteroidetes), and 

Treponema (Spirochaetes) and may be instrumental in extracting energy from a high-fibre diet. 

Nevertheless, not all studies observed these alterations or even reported opposite modifications of 

Bacteroidetes and Firmicutes. These contradictory observations may result from differences in cohorts 

studied, study design, and techniques used in studying microbial composition.  On the other hand, they 

could indicate that other compositional changes, such as changes at the family, genus or species level, 

may need to be considered. 

The gut microbiota is intimately coupled to the development and modulation of the host’s 

immune system. One crucial mechanism in gut microbiota immune modulation is the translocation of 

bacterial constituents, such as lipopolysaccharides (LPS) produced by Gram-negative bacteria, to 

metabolic tissue (endotoxemia), where they induce strong inflammatory responses (Cani et al., 2007). 

The presence of LPS in the systemic circulation is a valuable marker of impaired gut barrier integrity 

(Turner, 2009). A healthy intestinal barrier function enables the symbiotic relationship between the gut 

microbiota and its host, preventing the translocation of microbes and their constituents. In particular, 
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the presence and integrity of the mucus layer formed by mucins secreted from goblet cells determine 

intestinal permeability (Cornick et al., 2015). As seen in Clostridium difficile invasion, perturbation of 

the microbiota can inhibit mucin production and promote pathogenesis (Cornick et al., 2015). In 

contrast, Akkermansia muciniphila (single-intestinal Verrucomicrobia) has been suggested as a health-

promoting microbe (Belzer & de Vos, 2012). 

Evidence from human and animal studies demonstrates the critical role of A. muciniphila in 

inflammation and metabolic function. A true symbiont and one of the most abundant (1-4%) microbiota 

species, A.  muciniphila is localised in the mucus layer and specialises in mucin utilisation (Derrien et 

al., 2004; Png et al., 2010; Swidsinski et al., 2009). Most of the current knowledge of this microbe's 

function stems from the study of prebiotics’ effects on the gut microbiota (Cani & de Vos, 2017), which 

revealed that A. muciniphila abundance was decreased in many pathological states, including obesity, 

metabolic syndrome, and T2DM (Dao et al., 2016; Everard et al., 2013; Yassour et al., 2016; Zhang et 

al., 2013). Conversely, antidiabetic interventions, such as bariatric surgery or metformin administration, 

restored A. muciniphila abundance (de la Cuesta-Zuluaga et al., 2017; Forslund et al., 2015; Shin et al., 

2014). These studies suggest that A. muciniphila may have great potential in preventing and treating 

inflammatory and metabolic disorders. 

Although the exact mechanisms of protection remain unclear, greater mucus thickness and 

improved gut barrier integrity may be integral to the beneficial role of A. muciniphila. Everard et al. 

(2013) showed that obesity and a high-fat diet dramatically lowered the abundance of A. muciniphila 

and reduced the mucus layer's thickness by 46%. Prebiotic treatment with A. muciniphila restored its 

abundance as well as the thickness of the mucus layer and reversed metabolic endotoxemia assessed by 

serum LPS. Further, the treatment normalised body mass, composition, and glucose homeostasis that 

had been impaired by obesity and diet. Later mouse studies also reported reductions in the abundance 

of A. muciniphila with a high-fat diet in as little as four weeks, which could be reversed by dietary 

supplementation (Li et al., 2016; Shin et al., 2014). Several human observational and intervention 

studies in diverse cohorts have noted negative associations of A. muciniphila with insulin resistance, 

fasting glucose, and BMI but a positive association with reduced body mass (Derrien et al., 2017). A 

recent proof-of-concept human study using daily A. muciniphila supplementation found significantly 

improved insulin sensitivity index (HOMA-IR), decreased total and LDL cholesterol, improved liver 

function markers, and plasma LPS (Depommier et al., 2019).  As compromised barrier function and 

consequent translocation of LPS have been implicated in the development of metabolic dysfunction  

(Cani et al., 2007; Lassenius et al., 2011), it is plausible to accept the reduced abundance of A. 

muciniphila as a marker of metabolic diseases.  

A recent metagenomic and metaproteomic study (Zhong et al., 2019) described a higher 

abundance of Enterobacteriaceae dominated by E. coli in pre-diabetic Chinese adults. Their finding 

was in agreement with previous studies that also noted an increased abundance of Enterobacteriaceae 
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in individuals with obesity (Peters et al., 2018) and CVD (Jie et al., 2017). Enterobacteriaceae-derived 

molecules, such as LPS, flagellins, and adhesions, can initiate inflammatory pathways, thus linking gut 

microbial products to systemic inflammation (Zeng et al., 2017).  

Further, the gut microbiota and intestinal immune system are intricately related. Intestinal 

epithelial cells can detect bacterial antigens and signal adjacent immune cells, including dendritic cells, 

macrophages, and lymphocytes, alerting the immune system to the presence of pathogen-associated 

molecular patterns present on most microorganisms (Hakansson & Molin, 2011). While tolerant to 

commensal bacteria, gut epithelial cells are activated by invasive pathogens, triggering an inflammatory 

cascade involving local and systemic immune responses. Persistently elevated systemic inflammatory 

mediators contribute to pathological processes seen in multiple chronic disorders, including MetS and 

T2DM (Cani et al., 2007; Cani et al., 2008), which in turn, shape the gut microbiota. 

 

Gut microbiota metabolites 

An important factor concerning gut microbiota composition changes is the subsequent 

modification of gut microbiota metabolites. Several animal studies have shown the influential role of 

SCFAs produced by microbial fermentation of undigested carbohydrates in regulating host energy 

metabolism (den Besten et al., 2013; Liou et al., 2013; Perry et al., 2016). Yet, in humans, the evidence 

is contradictory, with some reporting a positive correlation between obesity and SCFAs (Fernandes et 

al., 2014; Rahat-Rozenbloom et al., 2014; Riva et al., 2017) and others reporting a negative association 

(Barczynska et al., 2018). A 2019 systematic review and meta-analysis found that obesity was 

associated with higher levels of SCFAs but not microbiota richness at the phylum level (Kim et al., 

2019). However, the causal nature of this association and considerable heterogeneity between studies 

requires careful consideration of these results. 

In summary, obesity is a pandemic and closely associated with MetS and the development of 

metabolic diseases such as T2DM, CVD, and non-alcoholic fatty liver disease. Insulin resistance 

resulting from inflammatory processes in WAT may be the underlying link between obesity and these 

devastating metabolic disorders. Further, the gut microbiota and its metabolites regulate inflammation 

and metabolism and interact reciprocally with other tissues. 

  



 

 45 

1.2 Dialogue between helminths and their human host 

Inflammation, metabolic disturbances, and gut dysbiosis are the predominant components of 

T2DM pathophysiology. Evidence from experimental mouse and human observational studies suggests 

a protective role of parasitic helminth (worm) infection against metabolic disorders as a bystander effect 

of infection-induced immunomodulatory events. In the following sections, I have reviewed helminth-

mediated immune responses, metabolic improvements, and modification of the gut microbiota. For 

helminth-induced immune responses, I mainly focused on responses that may explain the metabolic 

improvements associated with helminth infection rather than responses solely related to worm 

expulsion. 

 

 

 Immune responses to helminth infections 
Helminths and humans have coevolved for millennia. Infections can be associated with 

significant morbidity, but mounting evidence suggests that helminths also have therapeutic potential 

(Chapman 2021). These parasites expertly modulate immune responses to ensure life-long survival in 

the host (Maizels & McSorley, 2016; Nutman, 2015). The resulting immune modulation benefits both 

parasite and host, protecting the worm from elimination by the host’s immune response and the host 

from excessive inflammation. Findings from studies indicate that helminth infections downregulate pro-

inflammatory T helper (Th) type 1 and Th17 immune responses and skew towards a modified Th2 

Figure 1-5 Helminth infection and the main pathophysiological features of metabolic diseases 
Infection can down-regulate inflammation, improve metabolic disturbances, and change the composition 
of the gut microbiota. 
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immune response via the release of biologically active excretory-secretory (ES) antigens (Bashi et al., 

2015; Croese et al., 2015; Danilowicz-Luebert et al., 2011; Khudhair et al., 2021; Su et al., 2018). The 

unmodified Th2 immune response is characterised by CD4+ Th2 cells, the cytokines IL-4, IL-5, IL-9, 

IL-10, and IL-13, and immunoglobulin E. These key players orchestrate the recruitment of 

macrophages, eosinophils, and mast cells as well as B cells, which contribute to crucial host protective 

processes against destructive pathogens, such as worms (Allen & Maizels, 2011; Chen et al., 2012; 

Danilowicz-Luebert et al., 2011; Gause et al., 2013; Wynn & Ramalingam, 2012; Zhou & Liu, 2018). 

However, in most people, helminth infections lead to a modified Th2 response with high levels of 

AAMs, Tregs, and IL-10, resulting in an anti-inflammatory and tissue-remodelling environment. The 

modified immune response elicited by helminths prevents unrelated inflammation, such as allergic 

immune responses, promotes wound healing, and enables parasite survival (Danilowicz-Luebert et al., 

2011), thus establishing a mutually beneficial state for both host and parasite. Significantly, the 

downregulation of inflammation arising from the type 2 immune response to helminth infections is 

tightly linked to improved glucose homeostasis and reduced fat mass (Hotamisligil, 2006). 

 

1.2.1.1 Animal models 
Much of our current understanding of immune responses to helminth infections stems from 

experimental animal models, particularly in rodents. The two most widely used models in the context 

of hookworm infection are Nippostrongylus brasiliensis (“rat hookworm”) and Heligmosomoides 

polygyrus (Camberis et al., 2003). Lifecycle and Th2 immune responses in N. brasiliensis infection are 

similar to the human hookworm Na, which allowed mechanistic insights into the systemic and mucosal 

immunology of Na infection. However, N. brasiliensis (Trichostrongyloidea) is phylogenetically 

different to Na (Ancylostomatoidea), and the rat host can resolve infection within ten days, a 

phenomenon not commonly seen in humans. In contrast, H. polygyrus, also a member of the 

Trichostrongyloidea, has a different lifecycle that does not include skin or lung migration. However, H. 

polygyrus can produce infections more resistant to elimination that mimic subclinical chronic human 

infections (Fujiwara et al., 2006; Reynolds et al., 2012), enabling the investigation of long-lasting 

protective immune responses (Nair & Herbert, 2016; Reynolds et al., 2012). Both models induce the 

modified Th2 immune response defined by eosinophil, type 2 innate lymphoid cell (ILC2), and Th2 

lymphocyte expansion, as well as IL-4, IL-10, and IL-13 production. Additionally, H. polygyrus 

infection also includes the expansion of Tregs (McSorley et al., 2013).  

Two further hookworm models have been developed in hamsters. Both Ancylostoma 

ceylanicum and Na can establish patent infections in this rodent that elicit Th2 responses resembling 

those seen in human hookworm infections (Mendez et al., 2005). Other commonly used models 

mimicking human worm infection include Trichuris muris, Schistosoma mansoni, and Strongyloides 

ratti/venezuelensis (Peng & Siracusa, 2021). Together, these animal models provide valuable tools to 
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analyse host-protective immune mechanisms (Bouchery et al., 2017; Jian et al., 2003), which is of 

interest in treating inflammatory diseases. 

An important consideration in the study of host-parasite interaction is the hookworms’ complex 

lifecycle, which includes traversing several tissues as well as changing morphology and antigenicity. 

This complexity and the inherent limitations of animal models demand careful consideration of the 

research question and determining the appropriate time point and tissue included in the investigation to 

obtain meaningful results (Bouchery et al., 2017; Mourão Dias Magalhães et al., 2020). 

 

1.2.1.2 Type 2 innate lymphoid cells (ILCs) 
The early phase of larval migration in hookworm infection triggers a transient Th1 immune 

response with upregulation of pro-inflammatory cytokines during animal models and human infection 

(Mourão Dias Magalhães et al., 2020). Tissue destruction and the establishment of adult worms likely 

initiate this initial inflammatory response (Lawrence et al., 1996). Interestingly, despite the tissue 

destruction and expression of pro-inflammatory cytokines during lung migration, pulmonary 

inflammation is rare, and symptoms are generally limited to a sore throat and some coughing (Geiger 

et al., 2008). During patency (adult hookworm phase), the immune response switches to a Th2 dominant 

response (Mendez et al., 2005) supported by ILC2 activation in response to tissue damage (Mourão 

Dias Magalhães et al., 2020).  

First identified in 2006, ILC2s were found to be enriched at mucosal sites of N. brasiliensis-

infected mice (Fallon et al., 2006). Several subsets of ILC2s have since been described, including 

natural (tissue-resident) ILC2s and inflammatory ILC2s (Huang et al., 2015) that can switch phenotype 

(K. Zhang et al., 2017) in response to the local microenvironment. For example, Huang et al. reported 

the expansion of inflammatory ILC2s in response to N. brasiliensis infection in mice (Huang et al., 

2015). Further, a WAT-resident ILC2 (natural helper cell) population was discovered in 2010 (Moro et 

al., 2010). As the primary source of IL-5 and IL-13, these cells maintain eosinophils and AAMs 

associated with a healthy (lean) status of WAT. In contrast, IL-5 deficiency increases susceptibility to 

diet-induced obesity (Molofsky et al., 2013). While the expansion and activation of  ILC2s can be 

associated with pathologies in the absence of helminth infection, they exert beneficial functions in the 

context of helminth infection (Bouchery et al., 2019). Alarmins (IL-25, IL-33, and thymic stromal 

lymphopoietin, TSLP) released from epithelial cells initiate the proliferation and activation of ILC2s, 

with tuft cells-specific release of IL-25 and TSLP increased in T. muris and N. brasiliensis infection 

(Bouchery et al., 2019). Moreover, ILC2 activation can also be neuron-mediated. Released from enteric 

neurons in response to helminth infection, neuromedin U binds to ILC2s and stimulates their 

proliferation and expression of IL-5 and IL-13 (Cardoso et al., 2017; Klose et al., 2017). Lastly, 

cytokines other than alarmins, innate immune cells, and lipid mediators can also activate ILC2s, with 

little yet known about positive and negative regulators of ILC2 activation (Bouchery et al., 2019). 
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Expansion of ILC2s seems to promote the clearance of worms; however, their contribution may be 

attenuated by other Th2 cells (Neill et al., 2010).  

Besides their contribution to tissue repair, ILC2s may also be integral to promoting Th 2 cell 

responses (Oliphant et al., 2014). Although ILC2s seem to produce little IL-4 in murine infections, they 

can release large quantities during human infections (Mjosberg et al., 2012). Additionally, ILC2s 

produce IL-13 to stimulate the migration of dendritic cells to the lymph node (Halim et al., 2014) and 

act as antigen-presenting cells to CD4 T cells (Oliphant et al., 2014). 

Human studies characterising ILC2 responses are rare and primarily focused on diseases with 

pathological ILC2 function, such as asthma and dermatitis (Bernink et al., 2014). Nevertheless, these 

studies confirmed many of the activation pathways elucidated in murine studies, including the three 

alarmin and tuft cell pathways. Human studies have presented conflicting results with ILC2 expansion 

during filarial (Loa loa, Wuchereria bancrofti or Onchocerca volvulus) (Boyd et al., 2014) and STH 

infection (de Ruiter et al., 2020), but reductions in young children with S. haematobium infection that 

were restored after deworming (Nausch et al., 2015). The latter study indicated that some worms might 

be able to suppress ILC2s, at least in select cohorts. In support of this, McSorley and colleagues have 

described that administration of H. polygyrus excretory-secretory (ES) products blocked the early 

release of the alarmin IL-33 from epithelial cells in mice, with a concomitant dramatic decline in ILC2s 

and suppression of IL-4, IL-5, and IL-13 in allergic airway inflammation (McSorley et al., 2014). In 

summary, these studies indicate that ILC2s are essential in the immune response to helminth infections. 

However, we have yet to clarify their exact and likely complex interactions with other immune cells 

and how these may differ in specific tissues and in response to micro-environmental needs. 

 

1.2.1.3 Eosinophils 
The quintessential type 2 cytokines released by ILC2s (IL-4, IL-5, and IL-13) instigate tissue 

repair via the recruitment of eosinophils and AAMs. A landmark study in 2007 documented that 

comparable alternative macrophage activation in mice occurred in response to either tissue injury only 

or surgical implant of Brugia malayi (Loke et al., 2007). Still, in the injury-only mice, alternative 

activation lasted only one week, but it was sustained throughout the three-week experiment in parasite-

implant mice and accompanied by a spike in eosinophil numbers within 24 hours. Eosinophil numbers 

were considerably less and subsided quickly in surgery-only mice, which led the authors to suspect that 

alternative activation was eosinophil-dependent in an IL-4-dependent manner. The authors also noted 

that AAMs mediated neutrophil clearance and that CD4+ T cells were required for AAM maintenance. 

Given their findings, they speculated that AAMs might coordinate cell recruitment during type 2 

immune responses via clearance of neutrophils and recruitment of eosinophils, with Th2 cells crucial 

in later phases. 
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Intestinal helminths promote adipose tissue eosinophilia in an ILC2-dependent manner. The 

expansion and activation of ILC2s during helminths infection are stimulated predominantly by IL-25 

secreted from tuft cells (Gerbe et al., 2016; Howitt et al., 2016; Hurst et al., 2002; von Moltke et al., 

2016). Further, IL-33-mediated activation of ILC2s has been observed in murine helminth infection 

(Hung et al., 2013; Yasuda et al., 2012). The resulting increased release of IL-5 and IL-13 induces and 

maintains AAMs directly via IL-13 and indirectly via IL-5-mediated eosinophil recruitment and 

subsequent IL-4 production. Given the crucial role of eosinophils and AAMs in inflammation and the 

regulation of glucose homeostasis and fat mass, this helminth infection-initiated cascade may partially 

explain the protective role of worms in metabolic disorders.  

In 2011, Wu et al. shed some more light on Loke’s earlier findings. Their seminal study first 

identified eosinophils as the primary producers of IL-4 in WAT and noted that their presence was 

essential for maintaining AAMs and insulin sensitivity in a mouse model of obesity (D. Wu et al., 2011). 

In the same study, infection with N. brasiliensis enhanced insulin sensitivity and glucose tolerance, 

lowered fasting glucose, and reduced perigonadal fat mass. Notably, these improvements were 

maintained up to 45 days after parasite clearance. As demonstrated one year earlier, IL-4 can improve 

glucose homeostasis, total cholesterol, and triglycerides via activation of signal transducer and activator 

of transcription 6 (STAT6) in wild-type obese mice. In turn, STAT6 antagonised the catabolic action 

of PPAR-γ in the liver and attenuated WAT inflammation (Ricardo-Gonzalez et al., 2010). N. 

brasiliensis infection in RIP2-Opa1KO mice prone to gain body mass also demonstrated that the 

STAT6 signalling pathway, when activated by Il-13, was crucial in reducing steatosis and played a role 

in attenuation of body mass gain (Yang et al., 2013). As shown by Molofsky et al., eosinophils and IL-

4 appear to influence metabolism by stimulating oxidative metabolism rather than limiting food intake 

or promoting physical activity (Molofsky et al., 2013). The same study also found that mice with 

deficient or depleted ILC2s showed significantly reduced adipose eosinophils and AAMs, supporting 

the concept that ILC2s are essential for the induction of these cells. These findings started to overturn 

our view of eosinophils, which were traditionally seen as destructive innate immune cells in Th-2 

responses to allergic diseases or parasite infections (Jacobsen et al., 2012). 

More recent publications proposed novel and diverse eosinophil effector functions. Although 

eosinophils may participate in worm destruction via the release of toxic effector mediators, such as 

reactive oxygen species, their absence or presence did not affect worm burden in S. mansoni-infected 

mice (McCormick et al., 1996). New evidence suggests that eosinophils can sometimes promote 

parasite survival instead of accelerating parasite elimination. Ablation of eosinophils in Trichinella 

spiralis-infected mice resulted in impaired parasite growth and greater parasite death, which correlated 

with lower eosinophil count and expansion of inducible nitrous oxide synthase (iNOS) secreting 

neutrophils and inflammatory macrophages. Intravenous reinstatement of eosinophils restored parasite 

survival, indicating a direct role of eosinophils in parasite survival and inflammation (Gebreselassie et 
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al., 2012). The exact mechanisms of eosinophil-induced macrophage polarisation need further 

clarification. Still, sensing by toll-like receptor 4 on eosinophils appears to direct the polarisation in 

macrophages toward a Th1 or Th2 phenotype (Yoon et al., 2019). Further, eosinophil secretion of IL-4 

and IL-13 is required to polarise AAMs (D. Wu et al., 2011), and PPAR-γ activation by IL-4 regulates 

arginase 1 expression and controls the metabolic processes during alternative activation, such as fatty 

acid oxidation (Odegaard et al., 2007) 

The ability of eosinophils to polarise AAMs seems to play a critical role in maintaining 

metabolic homeostasis. Eosinophil-deficient mice on a high-fat diet showed a remarkable inability to 

accommodate excess energy intake by adipose tissue expansion compared to wild-type controls, 

resulting in systemic insulin resistance and hyperglycaemia. Additionally, eosinophil deficiency 

increased the expression of Th1 cytokines while significantly reducing levels of Th2 cytokines in 

adipose tissue, indicating that eosinophils safeguard against insulin resistance and inflammatory 

changes (Lee et al., 2018). In contrast, their expansion during N. brasiliensis infection was associated 

with enhanced type 2 responses, significantly improved glucose homeostasis, and reduced weight gain 

(Khudhair et al., 2021). 

 

1.2.1.4 Alternatively activated macrophages  
Macrophages take on a central position in the type 2 response against helminth infection. 

However, their effector functions require careful regulation to avoid pathological type 2 responses 

resulting in fibrosis or heightened susceptibility to infections (Lechner et al., 2021). During helminth 

infection, AAMs entrap and/or kill larvae and promote adult worm expulsion (Bouchery et al., 2015; 

Chen et al., 2014; Coakley et al., 2020; Esser-von Bieren et al., 2013; Krljanac et al., 2019; Obata-

Ninomiya et al., 2013). While larval trapping limits injury to infected tissues (Chen et al., 2012; Esser-

von Bieren et al., 2013), AAMs also actively promote tissue repair via the production of growth factors, 

chemokines, and building blocks for collagen synthesis (Bosurgi et al., 2017; Minutti et al., 2017). 

Further, AAMs coordinate Th2 cell activation to limit type 2 immunopathology during helminth 

infection through several effector molecules, including arginase 1 and resistin-like protein alpha 

(RELMα) (Nair et al., 2009; Pesce, Ramalingam, Mentink-Kane, et al., 2009; Pesce, Ramalingam, 

Wilson, et al., 2009). Helminths, on the one hand, induce AAM activation and type 2 responses; on the 

other hand, they release immunomodulatory molecules that tightly regulate type 2 immunity (Coakley 

et al., 2017; de Los Reyes Jimenez et al., 2020; Klotz et al., 2011; Maizels et al., 2018). The exact 

mechanisms of helminth-directed tissue repair and immune regulation are still incompletely understood, 

particularly the implication of chronic infections in humans, which is partially due to different AAM 

activation pathways in mice and humans (Martinez et al., 2013). 

Besides their role in parasite elimination, helminth-stimulated AAMs are implicated in 

protection against diet-induced metabolic disturbances. A 2018 study demonstrated this protective 
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effect by transferring AAMs induced by H. polygyrus into uninfected mice, significantly mitigating 

obesity, blood glucose and triglyceride levels in obese mice (Su et al., 2018).  

 

1.2.1.5 Basophils 
Basophils constitute only about 0.5% of all leukocytes but are expanded during worm infection. 

Expansion of basophils was reported following helminth-induced expression of IL-3, IL-33 and TSLP 

in mice (Giacomin et al., 2012; Kondo et al., 2008; Lantz et al., 1998; Lantz et al., 2008; Schwartz et 

al., 2014), and helminth-derived molecules in humans (Falcone et al., 2009). The presence of basophils 

in skin lesions during helminth infection indicates their importance in inflammatory processes (Obata-

Ninomiya et al., 2020; Shen et al., 2008). These often neglected immune cells promote Th2 cell 

differentiation in mice by secretion of IL-4 (Giacomin et al., 2012; Min et al., 2004; Schwartz et al., 

2014; Torrero et al., 2010). Basophil-secreted IL-4 also promoted AAM differentiation, which could 

assist in worm expulsion (Obata-Ninomiya et al., 2020). Ground-breaking work in 2005 suggested that 

basophils convert the neutral IL-3 into IL-4, which, in turn, drove the Th2 polarisation of CD4+ T cells 

(Hida et al., 2005), a finding later confirmed by other researchers (Otsuka et al., 2013; Tang et al., 

2010). Extending this finding, independent groups established the expression of major 

histocompatibility complex II on murine basophils that induced Th2 cell differentiation (Perrigoue et 

al., 2009; Sokol et al., 2009; Yoshimoto et al., 2009); this suggested that basophils possibly act as 

antigen-presenting cells facilitated via passive uptake of MHCII from professional antigen-presenting 

cells such as dendritic cells (Miyake et al., 2017). 

 

1.2.1.6 Neutrophils 
Neutrophils are traditionally viewed as part of the immune response to helminth infections, yet 

little is known about their exact involvement in type 2 responses. Further, their involvement varies 

between worm species, depending on the parasites’ lifecycles and migration in the affected host 

(Ajendra, 2021). For example, during S. mansoni infection in mice, neutrophils rapidly infiltrate the 

skin around the penetration site (Paveley et al., 2009). Neutrophils take up ES molecules from cercariae 

and secrete chemokines, alerting monocytes, macrophages and dendritic cells (Nathan, 2006; Paveley 

et al., 2009); however, they are almost undetectable during later stages of infection (Reiman et al., 

2006). In contrast, neutrophils appear to play a more important role during S. japonicum infection, with 

increases also seen in the blood and spleen (Zheng et al., 2017). In vitro studies suggested neutrophils 

may collaborate with eosinophils to destroy schistosomulae  (Jong et al., 1984). More recent evidence 

suggests that neutrophils may be able to kill helminth larvae by the production of neutrophil 

extracellular traps (NETs) (Bouchery et al., 2020), but interestingly some helminths may have evolved 

sophisticated strategies to evade attack by neutrophils and NETs to ensure their survival (Doolan & 

Bouchery, 2022). Further, during the lung stage of infection with N. brasiliensis, neutrophils constituted 
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a large portion of immune cells in bronchoalveolar lavage (Sutherland et al., 2014). Their recruitment 

was IL-17A-dependent, and IL-17A presence was necessary for the subsequent mounting of a complete 

type 2 response (Ajendra et al., 2020). A further indicator of a link between neutrophils and type 2 

immunity is the reported role of efferocytosis of apoptotic cells, specifically neutrophils, in AAM 

polarisation (Bosurgi et al., 2017). Notably, type 2 cytokines, particularly IL-4, seem to downregulate 

the neutrophil response, suggesting that neutrophils could be the first responder with “a licence to kill” 

and bridge the time between invasion and onset of the type 2 response (Egholm et al., 2019).  

While neutrophils can release cytokines, it is unclear whether they are a source of type 2 

cytokines. One study indicated that distinct stimuli could prime neutrophils to switch their gene 

expression profile to a more anti-inflammatory type during worm infection, which is different to the 

LPS-primed profile (Chen et al., 2014). The authors noted upregulation of Il13, Il33, Igf1, Retnla, and 

Chi313, which are associated with a type 2 immune response in neutrophils during N. brasiliensis 

infection. In the same study, neutrophil-secreted IL-13 could polarise AAMs, which attached to and 

destroyed N. brasiliensis larvae in vitro. Several other studies also reported the accumulation and 

cooperation of neutrophils, eosinophils, and macrophages to inhibit parasite migration during H. 

polygyrus and S. stercoralis infection, indicating this cooperation as a universal mechanism in several 

helminth species (Anthony et al., 2006; Bonne-Annee et al., 2013; Galioto et al., 2006; Liu et al., 2004; 

Morimoto et al., 2004; Sutherland et al., 2014). While the actual release of these cytokines has not been 

confirmed in vivo (Ajendra, 2021), an in vitro study demonstrated neutrophil release of IL-4 and IL-13 

in response to larval antigen of Haemonchous contortus but not to adult antigen (Middleton et al., 2020). 

Together, these findings provided subtle clues that neutrophils are more than bystanders in the type 2 

responses, yet many questions remain regarding their effector functions and involvement in type 2 

immune responses. 

 

1.2.1.7 Regulatory T cells 
A critical factor in the immunomodulation of hookworm infection could be the induction of 

regulatory pathways. Regulatory T cells express the transcription factor Foxp3 in mice (or FOXP3 in 

humans) and a variety of surface markers, depending on function (Sakaguchi et al., 2020). Despite their 

diverse population, they are commonly referred to as CD3+ CD4+ CD25+ Foxp3+ cells in mouse and 

human studies. Usually, Tregs coordinate the actions of other T cell populations and innate immune 

cells (Maloy et al., 2003; Murphy et al., 2005; Nguyen et al., 2007). These regulatory cells are crucial 

in defending against inappropriate immune responses, such as in autoimmune diseases. In helminth 

infections, they prevent excessive inflammation that could generate tissue damage. Coincidentally, this 

also promotes parasite survival (White et al., 2020). 

The expansion of Tregs and their protective function during helminth infection have been 

observed in several studies (Babu et al., 2009; Croese et al., 2015; Matera et al., 2008; Metenou et al., 
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2010; Montes et al., 2009; Ricci et al., 2011; Schmiedel et al., 2015; Tanasescu et al., 2020; Wammes 

et al., 2012; Watanabe et al., 2007). However, not all helminth species cause the expansion of Tregs. 

Infection with T. muris, for example, diminishes Tregs considerably, and the absence of Tregs does not 

impact parasite survival (Holm et al., 2015; Houlden et al., 2015; Worthington et al., 2013), indicating 

that different species may rely more or less on Treg-coordinated mechanisms for survival. 

The exact drivers of Treg expansion during worm infection are still unknown, but some 

pathways have been proposed. Helminth-secreted factors seem to drive the conversion of naïve CD4+ 

T-cells to Tregs and polarise dendritic cells towards a tolerogenic phenotype that induces Tregs. 

Additionally, the release of the alarmins IL-33 and TSLP in response to helminth-generated epithelial 

damage drives the production of Tregs, possibly via upregulated IL-10 release from AAMs; however, 

the mechanism involved has not been clarified. Regulatory B cells, a common feature of worm 

infections, promote Treg expansion via IL-10 (Hussaarts et al., 2011). Further, it appears that the 

helminths' proximity to Peyer's patches induces Treg expansion (White et al., 2020). 

The therapeutic potential of WAT Treg expansion during obesity-induced inflammation and 

metabolic disturbances has been shown in loss-of-function and gain-of-function experiments (Feuerer 

et al., 2009). A later study showed that the unique function of WAT Tregs depended on their higher 

than usual PPAR-γ expression (Tontonoz & Spiegelman, 2008), enabling them to sustain their FOXP3 

status and homeostasis. Endogenous ligands that activate PPAR-γ promote fatty acid metabolism and 

FOXP3 expression. Notably, leptin seems to curtail Treg proliferation, which may explain the lower 

Treg levels in obesity compared to lean WAT, thereby aggravating inflammation (Zeng & Chi, 2013). 

In animal models of diet-induced obesity, Tregs could regulate obesity and glucose homeostasis (Winer 

et al., 2009). However, many questions about the interplay between Tregs and metabolism remain. 

 

1.2.1.8 Gut barrier integrity 
As part of the protective type 2 immune response, helminth infection induces changes in the 

gut mucus barrier. For example, N. brasiliensis promotes mucus hypersecretion and qualitative changes 

in mucin composition, leading to enhanced mucus production and helminth expulsion (Koninkx et al., 

1988; Yamauchi et al., 2006). IL-13 primarily drives the expansion of goblet cells and increased mucus 

production; however, other immune mediators may also regulate goblet cell function (Sharpe et al., 

2018). A thick mucus layer safeguards gut barrier integrity, and increased mucus production during 

helminth infection may reduce inflammation by inhibiting the translocation of microbial products to 

systemic circulation. Interestingly, tuft cell expansion triggered by IL-13 release not only contributes 

to epithelial remodelling but may also regulate food intake or glucose metabolism via chemosensory 

signalling (Reimann et al., 2012). 
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Although rare, evidence from epidemiological studies suggests similar immune responses in 

humans. Hookworm-infected children in Thailand had significantly greater Treg numbers and elevated 

IL-2 and IL-10 concentrations, which positively correlated with Treg numbers (Phasuk et al., 2022). 

An Australian study using experimental Na infection found a robust Th2 response with increases in IL-

4, IL-5 and IL-13 in infected participants that were significant for IL-5 and IL-13 but not IL-4 (Gaze et 

al., 2012). 

In summary, parasitic worms have evolved an array of strategies that enable their long-time 

survival in the host. The potent anti-inflammatory and regulatory type 2 immune response induced by 

worms may have emerged to benefit the parasite but could also confer benefits to their host via 

suppression of inflammation and normalisation of glucose homeostasis. The key players in the worm-

orchestrated Th 2 response are ILC2s, eosinophils, basophils, neutrophils, and mucus production, with 

immune tolerance driven by AAMs, Tregs, and regulatory B cells. This complex interplay between 

parasite and immune response can be further mediated by the host gut microbiota, which I have 

discussed in Section 1.2.3. 

 

Worms and metabolism 
Prolonged exposure to gastrointestinal parasites may be protective against metabolic disorders. 

The prevalence of inflammatory disorders such as T2DM is rising dramatically in developed countries 

and recently urbanised populations in developing countries (International Diabetes Federation, 2022), 

coincident with the successful elimination of worm infections in these countries (de Ruiter et al., 2017; 

Guigas & Molofsky, 2015). As worms and mammals, including humans, have co-existed for millions 

and years, the parasites’ lifecycles have evolved to maximise their survival chances while minimising 

harm to their host (Sanya et al., 2017). For example, during H. polygyrus infection, worm-induced 

damage to the gut epithelial lining is compensated by the secretion of tissue healing and remodelling 

mediators to curb host morbidity (Allen & Sutherland, 2014). But the worms’ most sophisticated 

survival scheme is the induction of a Th2-type and immune regulatory response, as discussed in the 

previous section. The regulatory network assists in the control of overt immune responses to support 

parasite survival while curbing inflammation that could otherwise result in pathology (Elliott & 

Weinstock, 2017). Given the central role of inflammation in metabolic disorders (Donath, 2016), the 

accumulating evidence that worm infections could improve obesity and glucose homeostasis via 

immune modulation is not surprising (Sanya et al., 2017). Numerous cross-sectional and deworming 

studies in humans, plus experimental studies in animal models, have been conducted to shed some light 

on this link between worm infections and improved metabolic health.  

In the following sections, I have provided an overview of the findings from these studies, 

starting with human cross-sectional and deworming studies, followed by animal models using live 

worm infection as well as parasite antigen mixtures and single molecules. 
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1.2.1.9 Human studies 
Since the first cross-sectional study in Turkey in 2001, several others in diverse populations 

have reported a protective role of worm infection for metabolic health. The Turkish study compared the 

prevalence of intestinal parasites between diabetic and non-diabetic adults to explore if diabetic patients 

were more prone to intestinal parasitosis (Nazligul et al., 2001). Their results showed an inverse 

relationship between worm infection and diabetic status, with a significantly greater parasite burden in 

the non-diabetic compared to the diabetic group, with the most common intestinal parasite in both 

groups being Ascaris lumbricoides. In contrast, a relatively small Brazilian study found a positive 

association between S. stercoralis diagnosed by serology and diabetic status assessed by glycated 

haemoglobin (HbA1c) five years later. Interestingly, most patients with positive serology had negative 

coprology examination results, and except for one, none showed eosinophilia, indicating that most 

infections were recent rather than present (Mendonca et al., 2006). Similar to the Brazilian study, a 

2019 study also noted a positive relationship between S. stercoralis infection and T2DM (McGuire et 

al., 2019). The authors proposed that the greater number of diabetic individuals could be caused by a 

reduced ability to control or clear strongyloidiasis due to the development of T2DM, resulting in an 

excess of diabetic individuals with chronic infection over time. In 2010, two epidemiological in 

southern India undertaken by the same group found a significantly lower prevalence of lymphatic 

filariasis in both type 1 and type 2 diabetics compared to normal glucose-tolerant individuals (V. 

Aravindhan et al., 2010; Vivekanandhan Aravindhan et al., 2010). While the Turkish (Nazligul et al., 

2001), Brazilian (Mendonca et al., 2006), and one of the Indian studies (V. Aravindhan et al., 2010) 

reported diabetic status as an exposure rather than an outcome, the focus of the second Indian study 

investigating type 1 diabetes shifted to treating worm infection as the exposure.  

Further cross-sectional studies continued to use worm infection as the exposure and different 

metabolic parameters as the outcome. Two Indonesian cross-sectional studies on Flores Island reported 

inverse relationships between current worm infection and risk factors for CVD and T2DM. Individuals 

with at least one worm infection had lower BMI, waist-to-hip ratio, total cholesterol and LDL in the 

2013 study (Wiria et al., 2013) and significantly lower BMI and HOMA-IR in the 2015 study (Wiria et 

al., 2015). In Australia, Aboriginal adults with S. stercoralis infection had a significantly reduced risk 

of T2DM (Hays et al., 2015). A 2018 Chinese study investigates S. japonicum infection in humans and 

wild-type mice (Q. Duan et al., 2018). Humans with chronic schistosomiasis had lower BMI, fasting 

blood glucose, total cholesterol, and serum triglycerides compared to non-infected individuals with 

similar results in the animal model. In contrast, Htun et al. found a positive association between Taenia 

spp. infection and T2DM (HbA1c) in adults in Lao PDR (Htun, Odermatt, Paboriboune, et al., 2018). 
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Figure 1-6 Timeline of landmark hookworm infection studies in humans (right) and animal models (left) 
AAMs, alternatively activated macrophages; ES, excretory-secretory products; STH, soil-transmitted 
helminth infection; WHR, waist-to-hip ratio. Adapted from (de Ruiter et al., 2017) 
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Several studies also investigated the potential long-term effects of previous worm infections on 

the risk of developing MetS components. A 2013 Chines study found that, compared to no infection, 

previous schistosome infection was associated with significantly lower BMI, fasting and postprandial 

blood glucose levels, glycated haemoglobin, and HOMA-IR (Chen et al., 2013). In a later Chinese 

study, prevalence and the overall number of metabolic syndrome components (central obesity, 

hypertension, elevated triglyceride, LDL, and fasting blood glucose) were significantly lower in adults 

with previous schistosome infection than in uninfected adults (Shen et al., 2015). In Australia, 

Aboriginal adults with prior S. stercoralis infection had a significantly reduced risk of T2DM (Hays et 

al., 2015). Further, Egyptian researchers found a significantly lower prevalence of MetS and its 

components in individuals with previous schistosome infections (Mohamed et al., 2017). Last, an 

Ethiopian study also reported lower fasting blood glucose levels and dyslipidaemia in currently S. 

mansoni-infected study subjects from an endemic town compared to subjects from a non-endemic town 

(Wolde et al., 2019).  

 In combination, these studies provide substantial support for the proposed protective effect of 

worm infection on metabolic disorders. Considering the multitude of populations and worm species 

studied and the almost unequivocal findings, these results further indicate that the beneficial effect is 

not a unique feature of one worm species but rather universal to all worm infections. Nevertheless, the 

epidemiological nature of the studies does not afford any causal support for the idea that worms could 

protect humans from metabolic diseases. However, recent deworming studies added some causal 

evidence to these cross-sectional findings. 

Studies in Australia, Indonesia, India, Thailand, Lao PDR, Uganda, and South Africa all found 

worsening markers of metabolic disease parameters after deworming. In Australian Aboriginals, 

treatment of S. stercoralis infection had differential effects on glucose metabolism in diabetic and non-

diabetic individuals (Hays et al., 2017). Infected, non-diabetic individuals showed worsening glucose 

metabolism (HbA1c) after S. stercoralis treatment. Yet, the treatment improved glycaemic control in 

previously diagnosed diabetics. This differential finding could be explained by the removal of the 

inflammatory-dampening effect of worm infection, which resulted in heightened inflammation and 

consequent greater insulin resistance. Infected Indonesian subjects on Flores Island developed 

significantly increased HOMA-IR following albendazole treatment (Tahapary, de Ruiter, Martin, 

Brienen, van Lieshout, Cobbaert, et al., 2017). Additionally, deworming significantly increased the 

leptin/adiponectin ratio. Given that leptin promotes inflammatory immune responses, this increase in 

leptin/adiponectin ratio may have contributed to the observed increase in insulin resistance in previously 

infected individuals (Tahapary, de Ruiter, Martin, Brienen, van Lieshout, Djuardi, et al., 2017). In India, 

S. stercoralis-infected individuals exhibited significantly lower initial insulin, glucagon, and 

adiponectin levels; deworming significantly increased these parameters (Rajamanickam et al., 2018). 

One year later, a South African found no significant change in HbA1c (%) in school children following 



 

 58 

deworming (Htun, Odermatt, Muller, et al., 2018), although the observed trend of increasing HbA1c 

was in line with previous observations. Praziquantel treatment in Thailand showed that Opisthorchis 

viverini had a protective effect against hyperglycaemia (HbA1c) and improved the lipid profile (HDL) 

(Muthukumar et al., 2019). Further, Praziquantel treatment in Uganda worsened lipid profile and blood 

pressure but did not affect insulin resistance (Muthukumar et al., 2019). Overall, these deworming 

studies support the observations in cross-sectional studies. 

 

1.2.1.10 Animal studies 
Mouse studies using experimental infection with diverse worm species or treatment with worm-

derived molecules consistently showed improvements in metabolic homeostasis and inflammation. 

Most of these studies also explored immunomodulatory mechanisms that could clarify the link between 

worms and metabolic disorders. A landmark 2011 study first demonstrated the role of IL-4 secreting 

eosinophils in preserving insulin sensitivity, providing the basis for the idea that type 2 immunity is 

linked to adipose tissue metabolic homeostasis (D. Wu et al., 2011). As worms are known to induce 

physiological eosinophil elevations, the authors infected mice fed a high-fat diet with N. brasiliensis. 

They reported improved insulin sensitivity and glucose tolerance, lower fasting glucose, and reduced 

perigonadal fat mass. Notably, these improvements were maintained up to 45 days after parasite 

clearance. These findings of a protective role of worm infection in metabolic homeostasis have since 

been replicated and extended in multiple other publications.  

Some studies have since confirmed that type 2 immune responses as induced by N. brasiliensis 

(Khudhair et al., 2021; Yang et al., 2013), S. mansoni (Hussaarts et al., 2015), the filarial nematode 

Litomosoides sigmodontis (Berbudi, Surendar, et al., 2016), H. polygyrus (Morimoto et al., 2017; Su et 

al., 2018), and S. venezuelensis (Pace et al., 2018) promote glucose homeostasis and normalise body fat 

in diet-induced obese mice. Similar protective effects can also be achieved by treatment with parasite 

antigen mixtures or ES products (Berbudi, Surendar, et al., 2016; Bhargava et al., 2012; Hussaarts et 

al., 2015; Khudhair et al., 2022; van der Zande et al., 2021) and treatment with single parasite molecules 

(Crowe et al., 2020; Hams et al., 2016). Further, Duan et al. (2018) found reduced fat mass, improved 

glucose tolerance, and decreased fasting blood glucose in S. japonicum-infected obese mice that were 

accompanied by the suppression of inflammatory gene expression. 

Further to exploring immunological modifications, a few studies also investigated changes in 

the gut microbiome as a potential mechanism for the protective role of worms against metabolic 

disorders. Mice with diet-induced obesity had significantly improved glucose tolerance and insulin 

sensitivity in the presence of  S. venezuelensis infection (Pace et al., 2018). Additionally, infection 

resulted in substantial increases in Firmicutes, particularly Lactobacillus spp, and decreases in 

Bacteroidetes in the small intestine. These changes in the microbiota reduced inflammation, which 

improved glucose metabolism. Further, Shimokawa et al. found preventive and therapeutic effects of 
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H. polygyrus infection against diet-induced obesity in mice (Shimokawa et al., 2019). The authors also 

noted increases in members of the Firmicutes (Bacillus) and Proteobacteria (Escherichia) in infected 

mice and linked norepinephrine production in these bacteria to body fat reductions via upregulation of 

uncoupling protein 1. Last, N. brasiliensis ES products had prophylactic and therapeutic effects against 

T2DM in mice fed high-fat or high-glucose diets (Khudhair et al., 2021). Infection also changed the gut 

microbiota composition, with an increased abundance of Proteobacteria and decreased abundance of 

Burkholderiales in mice fed a high glucose diet and an increased abundance of Clostridiales in the high-

fat diet mice, which may have mediated the protection against T2DM 

Notably, a few studies have also investigated the involvement of adipokines in worm-mediated 

protection against metabolic disorders. In a mouse model of obesity, helminth-infected obese mice lost 

significant body and fat mass despite continued high-fat diet consumption (Yang et al., 2013). 

Furthermore, circulating leptin levels decreased in both obese and lean mice following helminth 

infection, consistent with improved leptin sensitivity and a decrease in adipose tissue. In the same study, 

helminth infection also normalised glucose homeostasis and insulin levels in obese mice fed a high-fat 

Treatment with L. sigmodontis antigens increased adiponectin levels in mice fed a high-fat diet, which 

may have ameliorated glucose tolerance (Surendar et al., 2019). Another study reported that H. 

polygyrus-infected mice on a high-fat diet gained less body mass and showed improved glucose 

tolerance and triglyceride levels compared to uninfected, which correlated with a marked decrease in 

leptin gene expression. As leptin is associated with a pro-inflammatory action and is often increased in 

obesity, leptin downregulation in H. polygyrus infection could be a factor in the protective effect of 

infection (Su et al., 2018) 

In summary, results from cross-sectional and deworming studies in humans and experimental 

animal models established a beneficial role of worm infection against metabolic disorders. The 

protective effect is mediated by the induction of type 2 immune responses but may also reflect changes 

in the composition of the gut microbiota and attenuated secretion of adipokines. Emerging evidence 

suggests that protection can also be achieved by administering worm-secreted antigens and worm-

derived products, providing a novel way to identify therapeutic strategies for metabolic disorders that 

do not rely on live worm infection. 

 

 Worm infections and the microbiome 
Helminth infections may indirectly modulate immune and metabolic responses via their effect 

on intestinal microbiota composition (Mishra et al., 2014). Animal studies demonstrated alterations in 

the gut microbiota following helminth infection (Lee et al., 2014), and evidence from human studies 

has shown that helminth infections, including hookworms, promote greater microbial species diversity 

and/or richness (Cantacessi et al., 2014; Giacomin et al., 2015; P. Giacomin et al., 2016; Reynolds et 
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al., 2014). Several animal and human studies have shown the helminths’ capacity to modify the 

microbiota's diversity, community structure, and function (Jenkins et al., 2017; Peachey et al., 2017).  

Intestinal helminths modulate the microbiota through various direct and indirect avenues 

(Brosschot & Reynolds, 2018). For example, the antimicrobial activity of helminth ES products directly 

alters microbiota composition (Abner et al., 2001). Additionally, helminth infections alter nutrient 

availability in the gut. Infection with H. polygyrus in mice was shown to impair epithelial glucose 

absorption in an IL-4-dependent manner (Shea-Donohue et al., 2001), which may skew the microbial 

microflora towards sugar fermenting commensals. Last, recent studies indicated that helminths could 

alter the gut metabolomic profile via microbiota compositional changes, intestinal nutrient absorption, 

or helminth metabolite production (Reynolds 2015). As dysbiotic microbiota play a key role in the 

development of metabolic diseases (Tilg & Moschen, 2014), helminth-induced alterations of the 

microbiota could moderate the development of such diseases. 

 

1.2.2.1 Animal studies 
Changes in alpha diversity (the average species diversity within one host) are particularly 

interesting. Greater alpha diversity is commonly indicative of a microbiota favourable to health. 

Diseases such as obesity and metabolic diseases are generally associated with reduced alpha diversity 

(Le Chatelier et al., 2013). Most animal studies have found no changes in alpha diversity, with only a 

few studies showing decreased diversity consistent with the initial stages of helminth infection (Fricke 

et al., 2015; Khudhair et al., 2021; McKenney et al., 2015; Peachey et al., 2017). In contrast, alpha 

diversity generally increased in humans following natural or experimental helminth infection  

(Giacomin et al., 2015; P. Giacomin et al., 2016; Lee et al., 2014).  While these findings could have 

resulted from differences in experimental designs and/or animal and helminth species, it could also be 

speculated that inflammatory processes during the initial stages of infection induce decreases in 

diversity which are reversed once the infection has become chronic. In such a scenario, the time point 

of sampling will significantly influence such studies' findings. 

In animal studies, helminths have been shown to alter microbial populations involved in 

immune regulation. Despite vast differences in study designs, methodologies, helminth and animal 

species, sampling site, and baseline microbial composition, studies consistently reported distinct 

changes irrespective of parasite and host species, indicating that these changes are genuinely helminth-

related (Peachey et al., 2017). Specifically, populations of Lactobacillaceae, a Gram-positive 

Firmicute, reportedly expanded in the murine gastrointestinal tract following infection with H. 

polygyrus (Kreisinger et al., 2015; Rausch et al., 2013; Reynolds et al., 2014; Walk et al., 2010), T. 

muris (Holm et al., 2015), N. brasiliensis (Fricke et al., 2015), S. venezuelensis (Pace et al., 2018), and 

in cat faecal microbiota following infection with Toxocara cati (Duarte et al., 2016). In hamsters, 

infection with the carcinogenic liver fluke Opisthorchis viverrini increased Lactobacillaceae in the 
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gastrointestinal tract and the biliary ducts (Plieskatt et al., 2013). Lactobacillaceae have been shown to 

protect the mucosal barrier function (Resta-Lenert & Barrett, 2006) and expand regulatory T cell 

populations in the mesenteric lymph nodes (Kwon et al., 2010), thereby modulating inflammatory 

diseases. Furthermore, studies have established that the relationship between helminths and 

Lactobacillaceae is mutualistic. Not only do helminth infections increase populations of 

Lactobacillaceae, but these microbes, in turn, promote helminth infections (Dea-Ayuela et al., 2008 

14417; Reynolds et al., 2014). 

Increased abundance of Clostridia spp. with helminth infection appears to moderate both 

immune and metabolic outcomes. Murine infection studies with H. polygyrus and Trichuris muris 

reported attenuated airway inflammation and protection against colitis with a greater abundance of 

Clostridia spp.  (Ramanan et al., 2016; Zaiss et al., 2015). Clostridia spp. also induce gut Tregs, which 

critically contribute to gut tissue homeostasis (Cosovanu & Neumann, 2020). Furthermore, via the 

production of the SCFA butyrate, Clostridia spp. provide essential fuel for colonocytes. Butyrate 

availability orientates colonocyte metabolism towards mitochondrial beta-oxidation of fatty acids and 

consequently promotes obligate anaerobic bacteria in the microbial community, the signature of a 

healthy gut microflora (Litvak et al., 2018). On the other hand, T2DM in humans is related to decreased 

abundance in this group (Karlsson et al., 2013; Larsen et al., 2010; Qin et al., 2010; Sato et al., 2014), 

which is consistent with a negative correlation between Clostridia spp. and insulin resistance in mice 

(Chen et al., 2018).  

Additionally, helminth infections can induce shifts in metabolic potential in the microbiota. T. 

suris infection in piglets did not alter alpha diversity yet significantly suppressed carbohydrate 

metabolic potential as indicated by the reduction of several bacterial genera and significantly repressed 

KEGG pathways involved in carbohydrate metabolism (Li et al., 2012), suggesting an impaired 

potential of the infected pigs to utilise carbohydrates. Similarly, Houlden and colleagues (2015) 

reported significant shifts in microbial composition with a concomitant decrease in alpha diversity, 

resulting in reduced breakdown products of plant-derived carbohydrates in the stool of T. muris-infected 

mice and significantly lesser weight gain in infected mice compared to naïve. The authors suggested 

the significant reduction in Prevotella reported in their study as a potential cause for the smaller weight 

gain in infected mice. Prevotella has been related to fibre digestion (G. D. Wu et al., 2011). A further 

study noted body fat reductions in H. polygyrus infection mice fed a high-fat diet (Shimokawa et al., 

2019), which was associated with increases in members of the Firmicutes (Bacillus) and Proteobacteria 

(Escherichia).  Notably, the administration of N. brasiliensis ES products also had prophylactic and 

therapeutic effects against T2DM in mice fed either a high-fat or high-glucose diet  (Khudhair et al., 

2021). The helminth-derived products changed the gut microbiota composition, with an increased 

abundance of Proteobacteria and decreased abundance of Burkholderiales in mice fed a high glucose 

diet and an increased abundance of Clostridiales in the high-fat diet mice, which may have mediated 
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the protection against T2DM. These findings show that changes in microbial composition following 

helminth infections may affect dietary nutrient extraction and, consequently, weight gain. 

Helminth-induced alteration of the gut microbiota can also alter the availability of bacterial 

metabolites, including SCFAs. H. polygyrus infection increased Clostridiales spp. and significantly 

elevated SCFAs. Similarly, A. suum infection in pigs and Na infection in humans could raise SCFAs 

(Zaiss et al., 2015). Besides providing a source of nutrients for colonocytes (Litvak et al., 2018), SCFAs 

are known to enter the systemic circulation and contribute to whole-body energy homeostasis via Treg 

induction and secretion of interleukins (Silva et al., 2020).  

 

1.2.2.2 Human studies 
Human studies, albeit sparse, fall into two different categories: studies that evaluated the 

composition of the microbiota following experimental infection with a controlled number of larvae 

(Cantacessi et al., 2014; Paul Giacomin et al., 2016; Giacomin et al., 2015; P. Giacomin et al., 2016) 

and others that evaluated these changes in naturally infected individuals (Cooper et al., 2013; Houlden 

et al., 2015; Jenkins et al., 2017; Lee et al., 2014; Rosa et al., 2018). While the studies using controlled 

infections have consistently reported increases in microbial species richness and diversity following 

experimental helminth infection, studies in naturally infected individuals (Cooper et al., 2013; Jenkins 

et al., 2017; Lee et al., 2014) reported contrasting results. Cooper and colleagues (2013) reported a 

decrease in faecal bacterial diversity in Ecuadorean school children infected with two species of 

helminths (T. trichiura and A. lumbricoides). Uninfected children or children infected only with T. 

trichiura did not show such reductions. In contrast, Lee and colleagues (2014) found a small but 

significant increase in faecal alpha diversity in Malaysians infected with multiple gastrointestinal 

nematodes (a combination of roundworms, hookworms, and whipworms) compared to uninfected 

Malaysian individuals. The difference was even greater when comparing the infected individuals to 

uninfected New York individuals. Despite differences in sample processing and age of volunteers, these 

data supported the influence of helminths on microbial richness and the hypothesis that the ancestral 

microbiota changes with advancing economic development (Wittebolle et al., 2009). The authors 

suggested that the effect of natural versus experimental helminth infection also warranted further 

examination. A later study (Jenkins et al., 2017) compared the gut microbial community profiles of 

humans from several Sri Lankan communities naturally infected with at least one gastrointestinal 

microbe to those uninfected and those that had received anthelminthic treatment; the authors reported 

no significant differences between groups. Differences in baseline gut microbial composition, helminth 

species and infection stage, and sample size could explain the divergent findings. 

Rosa and colleagues (Rosa et al., 2018) recently predicted helminth infection status across 

distinct geographical regions for the first time based on microbiome taxa consistently associated with 

helminth infections. They identified Lachnospiraceae incertae sedis as the only negatively associated 
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genus, while positively associated genera included Olsenella, Flavonifractor, Enterococcus, and 

Allobaculum. Lachnospiraceae were previously associated with obesity based on their capacity for 

butyric acid production. At the same time, Allobaculum has been linked to gut inflammation, weight 

reduction, and leptin levels, indicating a key role in gut homeostasis and host energy balance. Decreases 

in Lachnospiraceae and concomitant increases in Allobaculum may partially explain reduced BMI and 

body mass observations in some studies (Wiria et al., 2015; Yang et al., 2013). 

Few studies have previously examined the effect of deworming on the microbiota, with 

inconsistent results. Rosa and colleagues (Rosa et al., 2018) reported that the microbiome of dewormed 

individuals more closely resembled that of uninfected individuals. Further, Houlden and colleagues 

(Houlden et al., 2015) showed a gradual yet incomplete restoration of the microbiome to the pre-

infective state following anthelminthic treatment. In contrast, Kay et al. (2015) found that anthelmintic 

treatment to clear S. haematobium infection did not change the abundance of operational taxonomic 

units. Similarly, deworming did not affect microbiome composition in a study investigating the 

clearance of T. trichiura infection in Ecuadorian children (Cooper et al., 2013). Albendazole treatment 

and clearance of A. lumbricoides and Na in residents of five rural Kenyan villages did not alter microbial 

diversity but significantly increased the proportion of Clostridiales and significantly reduced 

Enterobacteriales (Easton et al., 2019). 

In summary, helminth infection can reshape the gut microbiota composition. Dysbiosis is a 

crucial factor in the progression of metabolic disorders, as it dysregulates energy homeostasis and host 

immunity. Dysbiosis further impairs gut barrier function, inducing systemic inflammation and 

hyperendotoxemia, which eventually drives the development of insulin resistance. Although the results 

are heterogeneous, animal and human studies have shown the potential of helminth infection to induce 

beneficial alterations in gut microbial composition that are associated with inflammation, energy 

absorption, and glucose control. These findings suggest that helminths exert their immunoregulatory 

function at least in part via their effect on the gut microbiota, a mechanism that could also prove a 

valuable pathway in the prevention of T2DM. 
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1.3 Rationale and hypotheses 

 

 Current therapies for metabolic disorders 
Currently, the prevention and management of T2DM rely heavily on pharmaceutical drugs that 

primarily target hyperglycaemia without considering the underlying inflammation. The most commonly 

prescribed drugs include metformin and sulphonylureas, but secondary treatments are often included in 

the treatment regime to mediate the side effects of these drugs (The Royal Australian College of General 

Practitioners and Diabetes Australia, 2020). Given that T2DM is primarily a lifestyle disease, lifestyle 

interventions such as a healthy diet (Thorburn et al., 2014) and regular physical activity (Dubé et al., 

2012; Winn et al., 2021) are valuable tools for preventing or improving metabolic disorders. However, 

increasing public willingness to accept and integrate these lifestyle changes is challenging, and 

alternative approaches are needed.  

As outlined above, data from mouse and human studies support the beneficial role of helminths 

in metabolic disease. One advantage of helminth infections is that they can attenuate inflammation as 

well as hyperglycaemia (Moyat et al., 2019; Rennie et al., 2021; Tracey et al., 2016; Wiria et al., 2014). 

However, the evidence from human studies primarily evolved from cross-sectional studies and cannot 

infer causality. The authors of cross-sectional studies have called for controlled human helminth 

infection trials to understand better how helminths can modulate the immune and metabolic response. 

Interventional clinical studies, particularly randomised, controlled trials, can provide some of the most 

robust levels of evidence. 

The effect of controlled helminth infection on metabolic markers, immune responses, and gut 

microbiota in humans with metabolic disease has not been investigated in combination. The outcomes 

of this investigation will improve our understanding of how helminth infections can modify the immune 

and metabolic response and may result in several unique, translational, and commercial outcomes. 

 

 Necator americanus 
The choice of Na as the investigational product was based on the lack of serious pathology 

caused by Na infection. Common side effects include the so-called “ground itch” at the site of skin 

penetration and various degrees of abdominal discomfort during the initial stages of worm attachment 

to the intestinal lining (P. R. Chapman et al., 2021; Croese et al., 2015; Feary et al., 2010; McSorley et 

al., 2011). High worm burden may result in iron deficiency anaemia and intestinal haemorrhage (Hotez 

et al., 2004), but the low doses used in human clinical trials, including the present trial, generally have 

no pathological consequences. Even though S. mansoni appears to have greater therapeutic potential 

than Na (Rennie et al., 2021), the possible severe and life-threatening pathology associated with this 

parasite has previously precluded the use of S. mansoni in clinical trials. However, a more recent clinical 
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safety trial using male-only Schistosoma mansoni cercariae, which circumnavigates the pathology 

mediated by egg deposition, has reported detectable and well-tolerated infection with 20 S. mansoni in 

82% of volunteers, paving the way for a new S. mansoni infection model (Langenberg et al., 2020) 

Human clinical trials investigating treatment for inflammatory diseases have been using the pig 

whipworm T. suis and Na for nearly 20 years. Although orally administered T. suis ova showed great 

promise in early trials, the results from subsequent trials were disappointing (Ryan et al., 2020). Besides, 

T. suis ova do not establish chronic infection in humans and require repeated dosing. In contrast, Na is 

very efficient in establishing chronic infection in humans (Paul R. Chapman et al., 2021) and has a life 

expectancy of 3-10 years in the human gut (Hoagland & Schad, 1978). Further, if required, Na infection 

can be quickly cleared by administering anthelminthic medication. 

In countries with high sanitation standards, such as Australia, Na infection in clinical trials is 

unlikely to pose a risk to the general population. Further, its lifecycle (Figure 1-7) prevents the 

uncontrolled expansion of the initial worm burden. Soil-transmitted helminths, including Na, owe their 

name to the crucial role of parasite egg-contaminated soil in transmission. Adult worms reside in the 

intestine, and the females produce thousands of eggs daily, passed in the faeces. In some species, faecal-

oral transmission occurs via ingestion of eggs or even larvae (S. stercoralis) that may be attached to 

vegetables or be obscured in contaminated water and soil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-7 Necator americanus lifecycle (Centre for Disease Control and 
Prevention, 2019) 
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In contrast, hookworm eggs are not infective. In warm and moist conditions, they hatch and 

mature into infective larvae in the soil and can penetrate the skin of individuals walking barefoot on 

contaminated ground. For A. duodenale, oral transmission of larvae is also possible (Jourdan et al., 

2018). After skin penetration, the larvae migrate passively in the circulation to the lungs, infiltrate the 

alveoli, travel up the bronchial tree, and then down the intestinal tract. After arrival in the duodenum, 

they use their buccal plates to attach to the intestinal mucosa and feed on blood (Loukas et al., 2016). 

Given the need for eggs to hatch in a warm and moist environment in the soil, the use of modern toilets 

eliminates the risk of eggs hatching in the soil and prevents uncontrolled transmission of the infection. 

In summary, experimental Na infection is safe at low doses, long-lasting, easily controlled and 

does not pose a threat to the wider community. These characteristics make Na a preferred choice for 

human helminth infection trials. 
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1.4  Hypotheses and aims 

My hypotheses were that controlled, low-dose infections with the human hookworm Na: 

1. Will be safe, tolerable, and acceptable in otherwise healthy adults at risk of T2DM. 

2. Can stabilise or improve determinants of metabolic disease. 

3. Can induce a biased Type 2 and immune regulatory response. 

 

Thus, the aims of this project are as follows: 

AIM1: Establish the acceptability, tolerability, and safety of experimental infection with the human 

hookworm Na in otherwise healthy adults with metabolic syndrome. 

AIM 2: Determine the influence of infection with Na on key metabolic and physical parameters. 

AIM 3: Investigate potential correlates of protection against metabolic disease. 
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2 METHODS - CLINICAL TRIAL PROTOCOL AND PROCEDURES 
 

 

This chapter details all protocols, procedures, and materials used during the clinical trial and 

consequent analysis of the results. The trial protocol titled Safety and Tolerability of Experimental 

Hookworm Infection in Humans with Metabolic Disease: Study Protocol for a Phase 1b Randomised 

Controlled Clinical Trial was published in BMC Endocrine in 2019 (Pierce et al., 2019) 

  

Chapeter 7 - References

Chapter 6 - General discussion 

Chapter 5 Results - Correlates and mechanisms of protection (Aim 3)

Chapter 4 Results - Metabolic responses (Aim 2)

Chapter 3 Results- Safety and tolerability of infection (Aim 1) 

Chapter 2 Methods - Clinical trial protocol and procedures

Chapter 1 Introduction - The problem and the possible solution
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2.1 Clinical trial protocol 

The protocol was registered on ANZCTR.org.au on 05 June 2017 with identifier 

ACTRN12617000818336 

(https://anzctr.org.au/Trial/Registration/TrialReview.aspx?id=372957&isReview=true).  

 

 Design 
The randomised, double-blind, placebo-controlled Phase 1b safety and tolerability trial 

assessed the effect of inoculation with 20 or 40 infective stage-three larvae (L3) of Na on metabolism, 

inflammation, and immune response in otherwise healthy women and men aged 18-50 with central 

obesity and features of MetS over 24 months. An initial recruitment target of 54 allowed for a drop-out 

rate of 20%, leaving 45 volunteers (15 in each treatment group) to participate in the trial. Volunteers 

who met the eligibility criteria, had been approved following the screening, and had given informed 

consent were randomised into three trial groups. Participants in the L3-10 and L3-20 groups received 

20 (2 x 10) and 40 (2 x 20) L3 of Na, respectively. Participants in the placebo group were administered 

Tabasco® sauce in a solution identical in appearance to the L3 solutions. All groups were monitored 

over 24 months, followed by an optional extension to 36 months to assess the impact of eliminating the 

worm infection following anti-worm medication (Figure 2-1).  

 

 Setting 
We recruited participants from the Cairns and Townsville Region on the southeast coast of Far 

North Queensland, Australia. The study sites were the James Cook University (JCU) campuses in 

Cairns and Townsville. Participant recruitment initiatives included advertising in local media, poster 

notices around Cairns, including the JCU Cairns campus, student email lists (with permission from the 

university), and social media. The human hookworm Na is not endemic to these metropolitan areas. 

 

 Ethics approval and consent to participate 
The study (Trial Protocol Version 5.0 dated 03/04/2018) was approved by JCU’s Human 

Research Ethics Committee (Approval number C26), and trial conduct was subject to the sponsor’s 

(JCU) Research Governance. Necessary protocol modifications were communicated to all investigators, 

JCU’s Human Ethics Research Committee, and trial registries. These modifications did not impact 

already recruited participants. 

Before any eligibility assessment, the study doctor obtained written informed consent from 

potential participants after clarifying all questions, and the volunteer agreed to participate. Participants 

could withdraw from the trial at any time without providing reasons. In case of withdrawal, participants 
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were asked to complete an Early Termination Visit for final health assessments. Data collected prior to 

and during the Early Termination visit formed part of the study results.  

The study was not expected to involve any substantial risk or cost to the participants; therefore, 

volunteers did not receive financial compensation for participation in this trial. 

 

 Participant characteristics 
 

2.1.4.1 Inclusion criteria 
Eligible for inclusion in this study were otherwise healthy women and men aged 18-50 years, 

the primary age window for progression to type 2 diabetes mellitus (T2DM) (Kautzky-Willer et al., 

2016). Criteria included central obesity (waist circumference, WC > 90 cm for women and >102cm for 

men) and increased insulin resistance as assessed via abnormal homeostatic model assessment of insulin 

resistance (HOMA-IR) > 2.12 (Gayoso-Diz et al., 2013) or at least two other features of MetS. These 

included elevated blood pressure (> 135/85 mmHg), dyslipidaemia4, elevated fasting blood sugar 

concentration, or abnormal liver function tests5 suggesting fatty liver disease as per the screening 

 
4 Dyslipidaemia: elevated total cholesterol triglycerides, LDL, or total cholesterol/HDL ratio; low HDL 
5 Abnormal liver function tests: abnormal alanine transaminase, aspartate transaminase, alkaline phosphatase, albumin and 
total protein, globulin, bilirubin, and gamma-glutamyl transferase 

Figure 2-1 The WAM trial flow diagram 
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pathology report. (Figure 2-2). Volunteers had to be willing to comply with all protocol scheduled visits 

and provide written informed consent before study entry with the option to withdraw at any time. 

Women of child-bearing potential agreed to use acceptable methods of contraception. 

 

 Exclusion Criteria 
Exclusion criteria included pregnancy, established chronic disease, historical or current 

substance abuse, major allergies, known immunodeficiency disorder, unstable asthma requiring 

significant maintenance treatment, taking oral prescription medications or nutritional supplements 

likely to interfere with study outcomes, and inability to give informed consent (Figure 2-2) 

 

 Initial clinical assessment and sample collection/Week -6 
During the first visit, the trial doctor interviewed and examined consenting participants. 

Eligibility was determined based on inclusion criteria, medical history, pre-existing conditions, current 

medications, recent travel to worm-endemic countries, known worm infections, and deworming 

treatments. The trial doctor also conducted a complete physical examination during initial screening, 

including measurement of height and body mass, examination of respiratory, cardiovascular, and 

nervous systems, and a pregnancy test for females. Participants were asked to attend Sullivan Nicolaides 

Pathology (SNP) for a fasting blood test the next day, assessing lipid profile, liver function, fasting 

glucose and insulin-s (Figure 2-3). After the screening visit, the study team contacted participants to 

inform them of their eligibility to proceed. If eligible, the study team booked the next visit according to 

the study schedule. Clinical assessments were completed during subsequent visits to ensure patient 

safety and monitoring. Pathology sampling (blood and urine) was repeated throughout the evaluation 

period. 

 



 

 72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Processes, interventions, and comparisons 
 

2.1.7.1 Baseline visit/Week -4 
During this visit, the study doctor reviewed the laboratory test results, confirmed continued 

eligibility for participation, performed a complete physical examination, and administered diet, health, 

and activity questionnaires, which had been previously validated (Kroenke et al., 2010; Martínez-

González et al., 2012; Papadaki et al., 2018; Schroder et al., 2011). Blood samples were collected, and 

the participants were asked to undergo a body composition scan via dual-energy X-ray absorptiometry 

(DEXA) and deliver a faecal sample. The study doctor obtained written informed consent to store health 

information and blood or tissue samples in the university’s Biobank. 

 

 

Figure 2-2 Inclusion and exclusion criteria 
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2.1.7.2 Treatment period/Week 0 to Week 104 
The treatment period lasted 104 weeks, during which participants were required to attend four 

evaluation visits approximately six months apart. To promote retention, participants could opt for 

telephone and Zoom appointments with the study doctor that accommodated personal circumstances 

and/or COVID-19 restrictions. Participants were told their study allocation during their final exit 

consultation and examination with the study doctor. As a mandatory requirement of the study, 

participants in the worm treatment groups were provided with the anthelmintic treatment mebendazole 

at no cost to clear the hookworm infection; however, participants didn’t need to take this medication. 

Participants electing to refrain from taking the anthelmintic treatment (choosing to keep their helminths) 

following the 104-week evaluation period were advised that their future medical care would be passed 

onto their general practitioner. Willing participants could opt into a 52-week extension to the study to 

examine the continued effects of infection or the potential impact of deworming medication on safety, 

immunological, and metabolic parameters. 

 

2.1.7.1 Randomisation and inoculation (Week 0 and Week 8) 
Previous studies have established the safety of experimental inoculation with Na in dose-

controlled conditions (Croese et al., 2015; Mortimer et al., 2006). Their results indicated that Na is well 

tolerated in human trial subjects up to a dose of 25 L3, beyond which adverse effects such as abdominal 

pain become more problematic (Feary et al., 2010). Doses > 50 L3 have been associated with more 

severe adverse reactions, including gastrointestinal reactions (Paul R. Chapman et al., 2021). Based on 

these findings, doses of 20 and 40 L3 were selected for the current study, consistent with doses from a 

parallel study in people with coeliac disease (Trial identifier NCT02754609). The allocation sequence 

for the three cohorts was generated by random block number generation (block size of 6). The unblinded 

researcher subsequently implemented allocation using sequentially numbered, opaque, sealed 

envelopes and containers. The inocula, 10 x L3, 20 x L3, or Tabasco solution (placebo), were prepared 

by the unblinded research assistant freshly on-site following an established protocol that has been used 

for similar previous studies (Croese et al., 2015) and is detailed in Section 2.2.2 below. Larvae were 

decontaminated using iodine disinfectant and individually selected by an experienced researcher based 

on morphological integrity and active motility to ascertain optimal larval viability. All inocula appeared 

identical, and study doctors, investigators, participants, and data analysts were blinded until participants 

left the study. Depending on randomised group allocation, consenting participants were inoculated with 

either 10 or 20 Na L3 in 300µL of deionised water or the placebo. Two doses were administered eight 

weeks apart (Figure 2-3) by applying the solution to a dressing pad placed on the participant’s forearm. 

Participants were advised to expect localised itch and irritation at the inoculation site, much the same 

as would be experienced if chilli pepper was rubbed into the skin. Following inoculation, participants 

were observed for one hour in case of an adverse response. Unblinding occurred if participants 
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experienced an adverse event that led to them leaving the trial. Participants were reminded of the 

importance of maintaining their standard hygiene practices (using a toilet) during the study. This 

reminder was essential for preventing parasite eggs shed in the faeces from developing in the 

environment into the infective stage larvae, a process that takes 7-10 days. 

  

Figure 2-3 Schedule of investigations 
BP, blood pressure; HR, heart rate; Temp, temperature; Resp, respiratory rate; HIV, human immunodeficiency 
virus; Hep B & C, hepatitis B and hepatitis C; FBC, full blood count; U & E, urea and electrolytes; LFT, liver 
function 
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2.1.7.2 Safety and clinical monitoring 
During the initial screening and every subsequent visit (or as required in an adverse event), the 

study doctor conducted a general health assessment and physical examination and obtained vital signs 

(blood pressure, heart rate, temperature, and respiratory rate) to monitor participant safety. A serum 

pregnancy test was performed for female participants at the beginning of the study to exclude 

pregnancy; a positive test would have excluded the participant from the trial.  

Incidence and severity of adverse events (AEs) and serious adverse events (SAEs) were 

evaluated formally via structured questionnaires reviewed by the investigating clinician and informally 

via participant-initiated contact. The most significant side effects of infection were expected to occur 

during the first 4-6 weeks following inoculation as the worms anchor themselves to the intestinal 

mucosa to facilitate feeding and avoid ejection by gut peristalsis (Loukas et al., 2016). Common side 

effects during this initial colonisation include abdominal pain, increased flatulence, nausea, and bloating 

(Daveson et al., 2011). Eight weeks after the first inoculation, the second inoculation visit provided an 

ideal opportunity to identify/monitor any side effects. Before informed consent, potential side effects 

had been outlined in an extensive participant information sheet and were reiterated during the first 

inoculation visit. Participants were encouraged to contact the trial doctor if they noticed any unusual 

signs and symptoms after the first inoculation visit. If deemed necessary by the trial doctor, participants 

were called in for an additional examination, during which they could elect to discontinue the trial. The 

participant was unblinded and offered anthelmintic medication if symptoms were consistent with 

hookworm infection's potential side effects. 

Pathology samples (blood) were monitored every six months for the incidence and severity of 

laboratory abnormalities. In the case of an SAE, the participant would have been referred to their general 

practitioner and the case to an independent safety committee. 

 

2.1.7.3 Outcomes 
The primary outcome measure was the safety of experimental hookworm infection of otherwise 

healthy women and men with 20 Na L3 as evaluated by the number of reported AEs and SAEs, 

assessment of general health, and successful completion of the 24-month trial.  

Secondary outcomes included:  

1. safety and tolerability of the higher dose of 40 Na L3  

2. longitudinal and inter-cohort changes in metabolic parameters (HOMA-IR, fasting insulin and 

blood glucose, body mass, central obesity, glycated haemoglobin, blood lipids) 

3. longitudinal and intercohort changes in correlates of protection (diet, physical activity, type 2 

immune responses, adipokines) 

4. longitudinal and inter-cohort changes in the composition of the faecal microbiome  
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5. impact of de-worming medication on safety, immunological, and metabolic markers 

 Data collection, management, and statistical analyses 
 

2.1.8.1 Sample size 
This phase 1b safety and dose-ranging study aimed to include 45 participants with 15 infected 

with 20 L3, 15 with 40 L3, and 15 in the placebo control group. In the absence of other effect size data 

from human trials upon which to base a power calculation, and considering HOMA-IR change from 

baseline was the primary metabolic outcome, we adapted the SUGARSPIN HOMA-IR result (Tahapary 

et al., 2015) and assumed an effect size of 1.06 over two years. A total of 15 participants in each group 

reflected 80% power to detect an effect size of 1.06 using the T-statistic and 1.023 using the Z-statistic. 

The aim to recruit 54 participants allowed for a potential drop-out rate of 20%. 

 

2.1.8.2 Data collection and management 
All eligible participants were assigned a unique identification number at their first screening 

visit. Participant confidential data, including anthropometric measures, lifestyle, and medical history, 

were recorded on a hardcopy Case Report Form (CRF). I then entered all CRF, pathology, and DEXA 

data into a password-protected electronic database explicitly developed for this trial. Hard copy CRFs, 

pathology, and DEXA reports were stored in participant trial folders in a locked cabinet in a secure 

environment at the JCU Cairns campus. Access to the folder containing the databases was restricted to 

study personnel only, who had signed a confidentiality agreement as a condition of their involvement 

in the study.  

Data from the final trial data set was provided to investigators and statisticians in de-identified 

electronic format. This data was linked to the Case Report Form and pathology data using the unique 

identification number, initials, and collection date. While a data management team was not formed due 

to minimal risks associated with the study, independent monitors audited data regularly for independent 

source data verification. The electronic database was set up in Microsoft Excel, and I used GraphPad 

Prism for all statistical analyses and data presentations. 

At the trial conclusion, participants were given an individual report, including their baseline 

test results and any changes over the study period. They were also informed of study allocation (20 L3, 

40 L3, Placebo). Upon publication of the results, the participants can opt to receive a copy of the 

manuscript. 

 

2.1.8.3 Safety and efficacy of infection 
To assess the primary outcome, the safety of infection with 20 Na L3, I used the chi-squared 

test for trend to determine any differences in the proportions of AEs between the Placebo, L3-10, and 
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L3-20 groups. I applied the Kaplan Meir model to illustrate progression through the study. Successful 

Na infection was confirmed using qPCR detection of parasite eggs in faecal samples taken at wk26 (see 

Section 2.6.3). The faecal sample collected at baseline (wk0) was used to assess current or previous 

helminth infections that could have interfered with trial outcomes. Standard descriptive statistics were 

performed on all baseline characteristics (categorical variables: absolute and relative frequencies; 

numerical variables: mean and standard deviation or median and interquartile range, dependent on data 

distribution). 

 

2.1.8.4 Impact of helminth infection on metabolic parameters 
To determine HOMA-IR, I multiplied fasting blood glucose (mmol/L) with insulin (mU/L) 

values and divided the product by 22.5 ( (Zajak, 2020). Changes in metabolic determinants, particularly 

insulin resistance (HOMA-IR), body mass, visceral adiposity (WC and DEXA), and blood lipids, were 

analysed via comparison of baseline and follow-up data and visually checking the outcome measures 

moved in the expected direction for each allocation group. Standard descriptive statistics were 

performed on all outcome measures at baseline and each of the four evaluation visits (categorical 

variables: absolute and relative frequencies; numerical variables: mean and standard deviation or 

median and interquartile range, dependent on data distribution). 

Normality testing for most data showed a non-parametric distribution. Therefore, I used 

Kruskal-Wallis with Dunn’s multiple comparisons tests to detect inter-cohort differences in absolute 

values and changes. Mann-Whitney tests were applied to find differences between the cohorts for 

analyses comparing the combined worm treatment groups with Placebo, as the outcome variable 

distributions were nonparametric. Given several missing values, I applied the mixed-effects model for 

longitudinal analyses (which allows missing values) with Tukey’s multiple comparisons tests. 

To calculate effect sizes (Cohen’s d) for HOMA-IR changes, I used the following equation 

(http://www.bwgriffin.com/gsu/courses/edur9131/content/EffectSizeBecker.pdf): 

d = M1 – M2/δpooled    (δpooled, pooled standard deviation) 

with   

δpooled = √[(δ1
2 + δ2

2)/2]  

 

2.1.8.5 Impact of helminth infection on immune responses 
 

Eosinophils and basophils 

As with metabolic parameters, I used Kruskal-Wallis with Dunn’s multiple comparisons tests 

to explore inter-cohort differences in absolute values and changes. Given several missing values, I 
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applied the mixed-effects model for longitudinal analyses (which allows missing values) with Tukey’s 

multiple comparisons tests. 

 

Cytokine responses 

Serum samples collected at each scheduled visit were batch-analysed using the Biolegend® 

LEGENDplex™ Human Th Cytokine Panel of 12 cytokines (IL-2, 4, 5, 6, 9, 10, 13, 17A, 17F, 22, IFN-

γ and TNF) and the LEGENDplex™ Data analysis software suite. Final data presentation and statistical 

analyses were performed in GraphPad Prism. I used Mann-Whitney tests to analyse the response 

difference between Placebo and infected at each time point and Friedman’s test for longitudinal 

analyses, as the data were not normally distributed. 

 

2.1.8.6 Impact of helminth infection on microbiome composition 
Faecal specimens collected in anaerobic sample collection containers were stored at -80ºC and 

DNA was extracted (described in Section 2.6) before genome-wide shotgun sequencing by the 

Ramaciotti Centre in Sydney for future analysis of microbiota composition and metabolic potential.  

 

2.1.8.7 Missing data and early termination 
Two research team members reviewed data from each participant to identify and address 

missing information. To account for missing data at the analysis stage, this study followed the method 

prescribed by Jakobsen et al. (2017). Specifically, as missing data exceeded 40%, no imputation was 

undertaken, and results were interpreted in the context of this limitation. (Jakobsen et al., 2017). Early 

termination and withdrawals from the trial were recorded throughout the intervention and evaluation 

periods. 
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2.2 Procedures 

Note: I have collated all materials used in a table in Section 2.7. 

 Larval culture 
 

2.2.1.1 Donors 
Volunteers from the Cairns, QLD, metropolitan area, who had given informed consent, were 

inoculated with infectious Na larvae according to ongoing JCU Human Research Ethics Committee 

approval (H5936). All donors were negative (screened pre-infection and yearly after that) for HIV and 

hepatitis. When required, donors were asked to provide a faecal sample in a sealed container 

approximately ten days prior to inoculation of the trial participants. Samples were maintained at room 

temperature (20-30°C) during transport and in AITHM laboratories at the JCU Nguma-bada campus.  

 

2.2.1.2 Premises 
Production of L3 for inoculation took place in a suite of laboratories within the AITHM facility 

that requires a swipe card and physical key access; the area is restricted to students, postdoctoral fellows, 

and technical staff of the Loukas and Giacomin laboratories. All procedures were carried out in a 

laboratory designated for the exclusive cultivation of Na L3, and only faecal samples intended for this 

purpose were contained in this facility.  

All cleaning and maintenance of this room were performed by trained AITHM staff, with no 

general cleaning staff permitted in this facility. All equipment used in L3 production was 

decontaminated with 80% ethanol and the liquid disinfectant F10SC (1:125) and autoclaved where 

appropriate. Liquid waste was disinfected using F10SC, followed by autoclaving and disposal. 

Consumables such as filter papers, Petri dishes, pipettes, and wooden applicators were disposed of in 

PC2 waste bins. All production areas, including benchtops, microscopes, and incubators, were routinely 

wiped with 80% ethanol and paper towels, which is highly effective in killing L3 (Speare et al., 2008). 

 

2.2.1.3 Safety precautions 
N. americanus L3 are infectious and will penetrate skin and mucus membranes. Gloves had to 

be worn at all times. Containers with L3 remained closed unless L3 were transferred. I did not work in 

the same environment simultaneously with people unaware of the risk of L3. Gloves needed to be 

changed if they became contaminated with water drops, and the contaminated glove was sprayed with 

80% ethanol before disposal. For spills of potentially contaminated liquids onto surfaces, the area was 

flooded with 80% ethanol. 
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2.2.1.4 Documentation  
For each sample, I recorded the following: 

• the date of receipt 

• donor ID 

• time and date of sample origin 

• consistency of sample 

• faecal parasite egg burden/gram (microscopic determination) 

• date of larval harvest  

• number of plates harvested 

• condition of plates (e.g., the presence of mould) 

• batch number 

• motility of larvae 

2.2.1.5 Methodology of production 
 

Equipment and materials 

• Large glass bowl 

• Stainless steel slotted spoon  

• Bench coat 

• 150x15mm Petri dishes with cams  

• Chux Superwipes 

• Disposable pipettes 

• Large zip lock bags 

• Permanent marker 

• Scissors 

• 50mL Falcon Tubes 

• Whatman filter paper 110mm in diameter  

• Wooden applicator sticks 150mm 

• Paper towels 

• Deionised water 

• Granulated (Figure 2-5A) and fine charcoal (Figure 2-5 B) 

Preparation 

1. Covered all working space with bench coat. 



 

 81 

2. Prepared sterile Petri dishes with four layers of approximately 5cmx5cm squares of Chux 

Superwipes fanned out in the centre of the dish.  

3. Using a disposable pipette, moistened the Chux squares with deionised water until wet but still 

held the water (~ 10 squirts per dish). 

4. Added one layer of round filter paper to cover the Chux squares and waited until all the filter 

paper was wet. 

5. Transferred the faecal sample from the collection container into the glass bowl (Figure 2-5 C), 

noting the consistency as classified in the Bristol stool chart 

(https://www.continence.org.au/bristol-stool-chart).  

6. Using two wooden applicators, transferred approximal 2 g of the faecal sample to a 50mL Falcon 

tube for egg count (see 2.2.3). 

 

 

 

 

 

 

 

 

Culturing faecal samples to generate L3 

1. Added a granulated charcoal volume similar to the faeces' (Figure 2-5 D). 

2. Stirred this mixture with the stainless-steel cooking spoon until well homogenised (Figure 2-5 E 

and F).  

3. Added fine charcoal at approximately half the volume of the granulated charcoal (Figure 2-5 G). 

4. Stirred for several minutes until the mixture was black and grainy throughout and had a glossy 

appearance. The texture of the mix should be a dry paste that just holds together without 

crumbling. I adjusted the texture by adding extra water if necessary (Figure 2-5H) 

5. Plated a heaped spoon of faeces onto the filter paper in the Petri dishes and spread it carefully to 

leave a ring of filter paper clear of faeces (Figure 2-6). 

6. Closed the lid and labelled the dishes with date, donor initials, and batch number. 

  

Figure 2-4 Preparation of Petri dishes with Chux squares and moistened filter 
paper 
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Figure 2-6 Plating the faecal mixture. Photos Doris Pierce 

Figure 2-5 Faecal culture procedure 
Granulated (A) and fine (B) charcoal; faecal sample transferred to a 
glass bowl (C); granulated charcoal added to sample (D); mixing of 
granulated charcoal and sample and homogenised sample (E and F); 
addition of fine charcoal (G); desired consistency and appearance (H). 
Photos Doris Pierce  
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Humidity chamber 

1. Inserted three layers of paper towels into large zip lock bags and added water until saturated 

(Figure 2-7). Poured off excess water into the sink. 

2. Placed the Petri dishes (2 x 3) inside each bag and sealed the bags carefully (Figure 2-7). 

3. Placed the bags into incubator at 25°C for at least 7 days, checking daily for the presence of 

fungal growth. Added 1mL of deionised water if the faecal mix showed signs of drying out. 

 

 

 

 

 

 

 

Harvest and disinfection 

1. By day 7-10, L3 had evaporated from the faecal mix into water droplets that could be harvested.  

2. To harvest, added a little tap water to the droplets with a disposable pipette by carefully holding 

the plate at an angle.  

3. Slowly turned the plate in a circular motion to allow the water to “collect” all the droplets 

containing the larvae without touching the faecal mix.  

4. Aspirated all the water from the plastic rim with the pipette and transferred all collected water 

into a 50mL Falcon tube. 

5. Once larvae from all plates were harvested, topped up the Falcon tube to 50mL with deionised 

water. 

6. Centrifuged the Falcon tube containing the larvae for 5 min at 25°C at 2500 rpm with brakes off 

(brake = 0). Checked a pellet had formed and aspirated the fluid using a pipette boy to leave app. 

1mL. 

7. Added 100μL of Betadine 10% w/v antiseptic liquid to the fluid and left for 5 min at room 

temperature. 

8. Topped up the tube with deionised water and then centrifuged at the same settings as above. 

9. After centrifuging, aspirated fluid again, leaving app. 2mL, and topped up with deionised water 

again.  

10. Performed a total of three washes in this manner. 

Figure 2-7 Preparation of the humidity chamber and storage of plates. Photos 
Doris Pierce 
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11. After the third wash, aspirated the fluid to leave app. 2mL and topped up with deionised water to 

25mL. Labelled (Na, coded ID of donor and batch number, date of sample production) and stored 

the Falcon tube at room temperature, protected from light until inocula preparation. 

 

2.2.1.6 Quality control 
Cultured plates were monitored daily during the culture process to check for fungal growth. 

Plates with fungal growth were excluded from harvest. Virus and bacterial removal were performed 

during harvest by iodine disinfectant. The finished product was a thoroughly washed and centrifuged 

sample of the disinfected product, retaining its disinfection level.  

Following disinfection and washing, the harvested larvae were inspected using a dissection 

microscope to examine their integrity. L3 should be curved and motile. If larvae were found to be 

straight or non-motile, the sample was warmed to 37°C in an incubator to encourage motility and then 

re-inspected. If the larvae remained non-motile following this process, they were not used for infection 

but retained in the laboratory for potential future in vitro or gene sequencing projects. 

 

 L3 and placebo preparation for injection 
I prepared one Eppendorf tube with Placebo, 10 x L3 or 20 x L3 for each participant. The tubes 

remained unlabelled and were given to the research assistant in charge of randomisation to assign the 

correct tube for each participant.  

 

2.2.2.1 L3 inocula 

1. Poured the 25mL L3 solution into a six-well plate for collection.  

2. Using a dissection microscope and a 200𝜇𝜇L pipette tip, harvested visibly motile worms 

individually and transferred them into 1.5mL Eppendorf tubes (10 or 20), specifying numbers in 

each tube with a small piece of tape.  

3. All tubes were levelled to 300𝜇𝜇L by either aspirating fluid or adding water and stored at room 

temperature and protected from light. 

 

2.2.2.2 Placebo 
Added 300μL of water to 1.5mL Eppendorf tube, followed by approximately 2μL of Tabasco 

sauce. Fluid should not be discoloured after adding the Tabasco sauce to maintain the same appearance 

as the tubes containing the larvae. 
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 Faecal egg count 
I used the McMaster egg counting technique (University of Saskatchewan, 2021) to estimate 

the sample’s parasite infection intensity. This quantitative faecal flotation technique uses a special 

counting chamber that allows the examination of a known volume of faecal suspension. Given the 

known mass of faeces and volume of flotation solution, the number of eggs per gram of faeces can be 

approximated.  

1. Weighed an empty 50mL Falcon tube and recorded the mass (13.0g). 

2. Using two wooden applicator sticks, added a small amount (~ 2g) of raw faeces from the donor 

sample (see Step 6 during Preparation) and weighed the tube again, recording the net mass of the 

sample. 

3. Added saturated NaCl made in-house to make a total volume of 30mL. 

4. Mixed well by shaking the tubes until faeces were dissolved and the mixture was homogeneous. 

5. Filtered the mixture through a strainer and collected the filtrate in a new Falcon tube. 

6. Added 0.3mL of the diluted faeces to one-third of a Whitlock egg-counting chamber (Figure 2-8) 

and counted all visible eggs (see Figure 2-9) under the microscope. 

7. Example calculation to determine eggs per gram for seven eggs counted in a dilution of 2g of 

faeces: 

7 eggs/0.3mL= 700 eggs/30mL 

2g of faeces in 30mL. therefore: 

700 eggs/2g = 350 eggs/g 

 

 

 

 

 

 

 

 

  

Figure 2-8 Whitlock 
McMaster 3 chamber slide 

Figure 2-9 Hookworm egg in faecal suspension (red arrow). Photo courtesy of 
Luke Becker 
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 Inoculation 
Following randomisation, participants were infected with either 2 x 10 L3, 2 x 20 L3, or 2 x 

Placebo during Visits 3 and 4 at wk0 and wk8. Before inoculation, the trial team detailed the potential 

side effects of hookworm infection and addressed any remaining participant questions or concerns. 

Wearing gloves, I transferred the prepared inoculum to a dressing pad using a pipette and rinsed the 

empty tube with 300μL of deionised water to ensure all larvae were collected. The rinsing water was 

added to the dressing pad, and the dressing pad was then applied to the inner surface of the participant’s 

forearm with the instruction to leave it in place for at least one hour. All materials and equipment were 

disinfected with 80% ethanol to prevent cross-infection and disposed of for autoclaving. 
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2.3  Case Report Form  

During each visit, the trial doctor recorded the participants’ anthropometric (waist 

circumference, height, body mass) and physiological measurements (blood pressure, heart rate, 

temperature, respiratory rate) as detailed below. The doctor reviewed the participants’ recent history 

and recorded any health or other life events and medication changes since the last visit. Additionally, 

the participants completed the self-administered diet, mood, and physical activity questionnaires. After 

each visit, I entered all measurements, questionnaire responses, and comments into the trial database. 

 

 Anthropometric measurements 
 

2.3.1.1 Waist circumference 
We used a flexible measuring tape to measure WC. Participants were asked to remove any 

bulky clothing and stand with both feet flat on the ground. The tape measure was placed halfway 

between the bottom of the lowest rib and the top of the hipbones, roughly in line with the belly button, 

and the circumference was recorded in centimetres. 

 

2.3.1.2 Height 
We used a measuring tape fixed to the trial room’s wall (Cairns) or a stadiometer (Townsville) 

to measure height. The trial team member asked the participant to remove their shoes and stand straight 

with both feet on the floor and their back against the scale to read their height in centimetres (one 

decimal place) level with the top of the scalp. 

 

2.3.1.3 Body mass 
Digital scales with a maximum capacity of 250kg were used to determine body mass in 

kilograms (one decimal place). The participants stepped on the scales with their shoes removed and 

stood flat on the scale with both feet. Using height and body mass measurements, I calculated body 

mass index (BMI) as mass/height in metres squared for each participant at each visit. 

 

 Physiological measurements 
 

2.3.2.1 Blood pressure and heart rate 
Automated blood pressure devices were used to monitor the participants’ blood pressure and 

heart rate. However, these automated devices could not take an accurate reading for some participants 

due to inadequate cuff length or participant discomfort. In these cases, the study doctor used a manual 
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blood pressure device to obtain a reading and the radial pulse to determine heart rate. Where possible, 

three readings for blood pressure were taken, and their average was calculated and recorded.  

 

2.3.2.2 Body temperature and respiratory rate 
The participants’ body temperature was measured in Celsius on their forehead via a contactless 

infrared thermometer. Respiratory rate, the number of breaths per minute at rest, was measured by 

counting the number of chest rises for one minute with the participant seated in a chair.  

 

 Questionnaires 
 

2.3.3.1 Diet – The PREDIMED 
To monitor notable changes in our participants’ diet, we adopted the14-item self-administered 

Prevención con Dieta Mediterránea (PREDIMED) diet questionnaire. This questionnaire assesses 

adherence to a Mediterranean diet, with greater adherence reported to reduce rates of CVD, cancer, and 

neurodegenerative disorders (Estruch & Ros, 2020). High adherence to a Mediterranean diet may also 

improve glycaemic control and lower the risk of future T2DM independent of weight loss, which 

renders the questionnaire relevant to the present study (Esposito et al., 2015). Curiously, a large and 

very influential 2012 Spanish study (Martínez-González et al., 2012), which reported substantial 

beneficial effects of increased adherence to a Mediterranean diet on cardiovascular death, stroke or 

myocardial infarction, was recently retracted and republished with amended effect sizes due to concerns 

about serious protocol deviations (Agarwal & Ioannidis, 2019). Nevertheless, support for the 

association between adherence to a Mediterranean diet and a reduction in cardiometabolic risk factors 

and inflammation remains strong (Estruch & Ros, 2020). Table 2-1 details the questions and scoring 

method for the PREDIMED questionnaire (Martínez-González et al., 2012). Most questions allow 

considerable heterogeneity of answer formats, prohibiting an automated scoring procedure. Therefore, 

I manually scored all questions for each participant and visit and calculated a total score during data 

analysis. 
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 Depressive state – The PHQ-9 
As an additional safety measure, we observed and tracked potential changes in our participants’ mood 

and depressive state using the validated Patient Health Questionnaire (PHQ)-9. This 9-item self-

administered depression module of the more comprehensive 3-page PHQ includes nine depressive 

symptom criteria and is widely used in primary healthcare settings worldwide to diagnose depression 

and monitor treatment. Two recent studies (El-Den et al., 2018; Levis et al., 2019) have identified the 

PHQ-9 as the most reliable screening tool for depression. Scores can range from 0 to 27, as each of the 

nine items can attract scores from 0 (not at all) to 3 (nearly every day). An additional functional health 

assessment at the bottom of the test asks the responder to appraise the impact of any of the rated criteria 

on their daily life (Figure 2-10) (Kroenke et al., 2001). While a cut-off score of ten may provide optimal 

test sensitivity and specificity, with scores of ten and higher indicative of moderate severity of 

depression symptoms, factors such as age or educational level may modify the optimal cut-off score 

(Costantini et al., 2021). Figure 2-10 details the questions included in the PHQ-9 and their scoring. The 

candidates circled the relevant response to each question and rated the overall impact of the problems 

on their lives. To score the tests, I added the column results and recorded the sum of the column totals 

as the final score.  

Table 2-1 Scoring of the PREDIMED diet questionnaire 
 

Questions Criteria for 1 point 
1. Do you use olive oil as main culinary fat? Yes 
2. How much olive oil do you consume in a given day (including oil used for frying, 
salads, out-of-house meals, etc.)? 

≥4 tbsp 

3. How many vegetable servings do you consume per day? (1 serving: 200 g [consider 
side dishes as half a serving]) 

≥2 (≥1 portion raw or 
as a salad) 

4. How many fruit units (including natural fruit juices) do you consume per day? ≥3 
5. How many servings of red meat, hamburger, or meat products (ham, sausage, etc.) 
do you consume per day? (1 serving: 100–150 g) 

<1 

6. How many servings of butter, margarine, or cream do you consume per day? (1 
serving: 12 g) 

<1 

7. How many sweet or carbonated beverages do you drink per day?  
 

<1 
8. How much wine do you drink per week? ≥7 glasses 
9. How many servings of legumes do you consume per week? (1 serving: 150 g) ≥3 
10. How many servings of fish or shellfish do you consume per week? (1 serving 100–
150 g of fish or 4–5 units or 200 g of shellfish) 

≥3 
 

11. How many times per week do you consume commercial sweets or pastries (not 
homemade), such as cakes, cookies, biscuits, or custard? 

<3 

12. How many servings of nuts (including peanuts) do you consume per week? (1 
serving 30 g) 

≥3 

13. Do you preferentially consume chicken, turkey, or rabbit meat instead of veal, 
pork, hamburger, or sausage? 

Yes 

14. How many times per week do you consume vegetables, pasta, rice, or other 
dishes seasoned with sofrito (sauce made with tomato and onion, leek, or garlic and 
simmered with olive oil)? 

 

 

≥2 
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2.3.4.1 Physical activity 
 

The physical activity questionnaire 

Finally, the participants reported their weekly physical activity. For any exercise or physical 

activity they regularly undertake, participants listed the type of activity, the typical duration in minutes, 

the intensity (moderate or hard), and the frequency per week. Participants could list up to six different 

activities. We provided an explanation and examples to assist with the differentiation between moderate 

and hard exercise (Figure 2-11). Participants could also add any comments regarding their activity, such 

as reasons for not exercising or further details about their activities 

Figure 2-10 The nine-item Patient Health Questionnaire (PHQ)-9 
The maximum score was 27, with a lower score indicating improved mental well-being. 
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Soring the physical activity questionnaire 

To combine type, duration, frequency, and intensity into a single metric, I used the 2011 Adult 

Compendium of Physical Activities (Ainsworth et al., 2011) and calculated the metabolic equivalent of 

task (MET) for each activity. One MET is approximately equivalent to an oxygen uptake of 

3.5mL/kg/min, or 1 kcal/kg/hour, which approximates the energy cost of sitting still (or resting 

metabolic rate). The term MET indicates the mass-specific energy cost of individual activities as a ratio 

of the work metabolic rate to resting metabolic rate, that is, exercise oxygen volume in mL/kg-1min-1 

divided by 3.5mL/kg-1min-1. Initially developed in the 1980s, the Compendium aimed to be a convenient 

tool to determine the energy cost of activities reported in surveillance and epidemiological studies by 

standardising the MET intensities of various physical activities.  

Notably, the Compendium’s intention is not to determine the exact cost of physical activities 

in individuals, which would require consideration of factors such as age, sex, body mass and 

environmental conditions. Instead, the compendium provides a standardised classification system to 

estimate the MET intensities of the reported activities (Ainsworth et al., 2011) 

Figure 2-11 Physical activity questionnaire 
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I generalised the MET values for some activities due to limited details regarding the exact 

intensity of the listed exercise/physical activity. For example, for walking, the most commonly reported 

activity in our study, the Compendium distinguishes between more than 50 different intensities 

depending on speed, incline, load carried, et cetera. Our participant responses rarely allowed such 

detailed classification, as most only indicated walking at moderate intensity. As a generalisation, I 

categorised walking at moderate intensity as “walking, 2.8 to 3.2mph, level, moderate pace, firm 

surface” (4.5 to 5.1 km/h), which the Compendium equates to 3.5 METS and corresponds to the reported 

average walking speeds in our participant age group (Schimpl et al., 2011). Where an activity seemed 

to fit two types listed in the Compendium, I selected a value midway between the two associated MET 

values. 

After determining the relevant MET for each reported activity (listed in Table 2-2), I used the 

following calculation to determine a summary metric for each activity: 

MET x duration x frequency = METs/week 

In the case of multiple activities per participant, the sum of METs for all activities determined the 

final score. 
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Table 2-2 MET scores for physical activity reported on the Case Report Form 
 

Activity METs Compendium code 

Aquafit 5.5 18355 
Archery 4.3 15010 

Basketball 6.5 15055 
Bike riding moderate 4 01010 

Body attack/HIIT 7.8 02062 
Bootcamp 8 02040 

Cleaning hard 4.3 05027 
Cleaning moderate 3.5 05021 

Cycling hard 10 01040 
Dancing 4 03030 & 03040 
Fencing 6 15200 

Gardening hard 6 08262 
Gardening moderate 4.3 08140 

Gym general 5 02061 
Hiking hard 7 17230 

Hiking moderate 5.3 17082 
Jogging/running moderate 7 12020 

Kayak 9 18050 & 18060 
Ninjitsu 4 no code 

Rowing moderate 4.8 02071 
Shooting 2.5 4145 

Skateboarding 5 15580 
Sprints 12.3 12100 

Stretching/Pilates/biomechanics 3 02105 
Swimming 5.5 18265 & 18240 
Walking 3.5 17160 

Walking the dog 3 17165 
Walking uphill/castle hill 6 17210 &17211 

Weights hard 6 02050 
Weights moderate 4 02052 & 02054 

Yoga 3.5 02180 & 02160 
MET, metabolic equivalent of task (Ainsworth et al., 2011). If two codes were 
deemed applicable, a value approximately half-way between these was selected. 
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2.4 Blood and urine collection and processing  

The study doctor collected blood from the trial participants during each visit except the initial 

screening visit. The baseline and all evaluation visits required the collection of one each of the green- 

(Lithium heparin) and red-capped BD vacutainer tubes (Silica Clot Activator) for peripheral blood 

mononuclear cells (PBMCs) isolation and serum separation, respectively, at the JCU Nguma-bada 

(Smithfield) campus.  

At baseline and evaluation visits, during which participants needed to attend fasting, the doctor 

also collected one each of the gold- (SST) and purple-capped BD vacutainer tubes (EDTA). Participants 

provided a urine sample in a yellow-capped specimen container during these visits. A trial team member 

delivered the blood and urine samples to the nearest Sullivan Nicolaides Pathology (SNP) laboratory 

immediately after the visit for pathology testing by haematology analyser. If participants were not 

fasting during their baseline or evaluation visits, we only collected blood in the green- and red-capped 

tubes and the urine sample. The participant received a pathology request form to attend their nearest 

SNP collection centre in a fasting state at their convenience. 

 

 In-vitro isolation of PBMCs using SepMate ™-50 
After collection in BD Vacutainer® Plastic Serum tube with green BD Hemogard™ closure, I 

inverted the tube gently 5-6 times and stored the samples at room temperature (lab) protected from light 

until processing. 

 

2.4.1.1 Preparation 
Ensured sample, DPBS(1x) + 2% Fetal Bovine Serum (FBS), density gradient medium 

(Lymphoprep™), FBS and FBS +20% dimethyl sulfoxide (DMSO) were brought to room temperature. 

Decanted PBS + 2% FBS in biosafety cabinet into small flask/bottle before bringing to room 

temperature. 

 

2.4.1.2 Procedure 
Work completed in biosafety cabinet: 

1. Poured blood into a 15mL Falcon tube (if several vials of blood, combine all in one Falcon tube).  

2. To collect as many cells as possible, I used an equal volume of DPBS + 2% FBS to “rinse” the 

blood collection tube, which was then added to the blood for 1:1 dilution. Blood and DPBS + 2% 

FBS should make at least 8mL for the Sepmate™-50 protocol. For blood volumes < 4m, I used the 

Sepmate™-15 protocol. (https://www.google.com/search?client=firefox-b-

d&q=sepmate+protocols) 
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3. Added 15mL of density gradient medium (Lymphoprep™) to SepMate™ tube by carefully 

pipetting it through the central hole in the insert; it reached above the insert once all was added. 

4. Keeping the SepMate™ tube vertical, I added the diluted blood sample from Step 3 by slowly and 

carefully pipetting it down the side of the SepMate™ tube (used a 10mL stripette). 

5. Centrifuged the tubes for 10 min. at 1200 x g at room temperature with brakes on (if the sample 

was older than 24 hours, increased time to 20 min.). 

6. Poured off top layer (= enriched PBMCs) into new 50mL Falcon tube. SepMate™ tube should 

only be inverted up to a max. of 2 seconds. 

7. Washed enriched PBMCs with DPBS + 2% FBS twice (topping up to 40mL each time) and 

centrifuged at 300 x g with brakes on for 8 min. at room temperature after adding DPBS. 

Aspirated supernatant after each wash. (Resuspended cells gently by pipetting up and down 

several times). 

8. For Cairns samples: After the second wash, I resuspended the cell pellet to a volume of 2000µL, 

adding app. 1900µL of FBS, as some liquid was still around the pellet. 

9. Added 2000µL of 20% DMSO in FBS to FBS containing the cells DROP BY DROP while gently 

swirling the tube to mix DMSO and cells. 

10. Transferred suspended cells to labelled (WAM MNCS, ID, visit #, date) 4 x cryovials, transferred 

to Mr Frosty ASAP, and placed in -80°C freezer. Ensured all slots in the Mr Frosty were filled by 

water-containing tubes. 

11. For Townsville samples: After the second wash, resuspended the cell pellet to a volume of 

1800µL, adding app. 1700µL of FBS, as some liquid was still around the pellet. 

12. Added 1800µL of 20% DMSO in FBS to FBS containing the cells DROP BY DROP while gently 

swirling the tube to mix DMSO and cells. 

13. Transferred suspended cells to 6 x FluidX tubes and recorded each participant's rack ID and tube 

numbers. 

14. Transferred to Mr Frosty ASAP and placed in the -80°C freezer. Ensured all spare slots in Mr 

Frosty were filled by water-containing tubes. 

15. Disposed of all blood-contaminated products in the clinical waste bin. 

16. After 24h, transferred tubes to a storage location in the -80°C freezer. 

 

 Serum preparation 
After collecting blood in BD Vacutainer® Plastic Serum tube with red BD Hemogard™ 

closure, I inverted the tube gently 5-6 times and stored it upright for 45 min (30-60 min 

recommended) at room temperature and protected from light.  
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1. 45 min after collection, centrifuged the tube at 1300 x g at room temperature (lab) for 10 min and 

stored in the cold room overnight if serum couldn’t be processed immediately. 

2. If stored overnight, centrifuged tube again at 1500rpm for 3 min at room temperature before 

aliquoting.  

3. For Cairns: In the biosafety cabinet, aliquoted a minimum of 100µL into screw cap tubes with 

black rubber O-ring), labelled with WAM serum, ID, visit#, and date. 

4. For Townsville: In the biosafety cabinet, aliquoted a minimum of 100µL into FluidX tubes and 

recorded each participant's rack ID and tube numbers. 

5. Stored in the -80C freezer. 

6. All blood-contaminated products were disposed of in the clinical waste bin. 

 

 Pathology testing 
Blood in gold- (SST) and purple-capped BD vacutainer tubes (EDTA) underwent pathology 

testing by haematology analyser at Sullivan Nicolaides Pathology. Immediately after collection, I 

inverted the tubes gently five times and stored them protected from light before delivery with the 

relevant laboratory request form to the closest pathology centre. The requested blood tests included 

fasting blood glucose and insulin, blood lipids (cholesterol, triglycerides, LDL, HDL), liver function 

test, full blood count, UEC, and HbA1c. Urine pathology included albumin, creatinine, and the albumin-

creatinine ratio. 

 

 Poly-unsaturated fatty acids (PUFA) cards 
At baseline and each evaluation visit, we collected blood via a PUFA coat Dried Blood Spot 

Collection Card for Fatty Acid Analysis. Immediately following the blood draw, the study doctor 

applied a couple of drops of blood remaining in the collection kit to the windows of absorbent paper on 

the card (Figure 2-12), taking care not to touch the windows with the skin or latex gloves. The cards 

were left to dry for at least one hour before being resealed in their foil zip-lock bags with the completed 

participant’s details. I stored all cards in the -80°C freezer until trial completion, and they will be sent 

to the University of Adelaide for analysis.  
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2.5 Faecal sample collection and processing 

 

 Collection and storage 
Participants were asked to provide a faecal sample for microbiome analysis at baseline and each 

evaluation visit. I supplied each participant with a collection kit, which included step-by-step 

instructions on the correct process to collect and store the sample. Specifically, the aim was to generate 

optimal atmospheric conditions for anaerobic microorganisms as present in the gut following collection. 

For this purpose, we instructed participants to store their loosely closed sample container in an airtight 

zip-lock bag with an AnaeroGen™ Compact Sachet at room temperature for at least one hour before 

securing the lid tightly. We encouraged participants to contact us on collection day to organise delivery 

or pick-up by a trial team member. If hand-over was delayed by more than a day, participants froze the 

sample until a delivery date was arranged. I instructed participants to transport a frozen sample in a 

chiller bag with freezer bricks to ensure the sample remained frozen. Once a trial team member received, 

I stored the sample in the -80°C freezer. 

 

 DNA extraction for microbiome analysis 
I extracted DNA for microbiome analysis using a commercially available kit recommended by 

the sequencing Ramaciotti Centre. The complete extraction protocol is available on the supplier’s 

website (https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-

purification/dna-purification/genomic-dna/qiaamp-fast-dna-stool-mini-kit/). Following extraction, I 

used nano photometry for quality control of the samples and diluted the samples as required for 

sequencing. 

 
2.5.2.1 Preparation 

1. Removed all samples of interest from the -80°C freezer at least 2 hours before DNA extraction. 

2. Set a heat block to 80°C for use in Steps 3 and 8.  

Figure 2-12 Blood spot collection card for fatty acid analysis 
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3. Where necessary, redissolved any precipitates in Buffer AL and InhibitEX® Buffer by heating 

and mixing. 

4. Added ethanol to Buffer AW1 and Buffer AW2 concentrates.  

5. Mixed all buffers before use. 

6. Homogenised thawed faecal sample using wooden applicator sticks until smooth and well mixed. 

Note: The supplier recommended centrifugation at room temperature (15–25°C) and 20 000

 x g; however, the maximum setting on our centrifuge was 17 400 x g. To compensate for the 

lower g forces, I increased the time for each centrifuge step by 25%.  

2.5.2.2 Procedure 

1. Weighed 180–220mg stool for each sample into a 2mL microcentrifuge tube and placed tubes on 

ice. 

2. Added 1mL InhibitEX Buffer to each stool sample. Vortexed continuously for 1 min or until the 

stool sample was thoroughly homogenised.  

3. Heated the suspension for 5 min at 80°C. 

4. Vortexed for 15 s and centrifuged sample for 1:15 min to pellet stool particles.  

5. Pipetted 15µL of Proteinase K into a new 1.5mL microcentrifuge tube. 

6. Pipetted 200µL of supernatant from Step 9 into a 1.5mL microcentrifuge tube containing 

Proteinase K. 

7. Added 200µL Buffer AL and vortexed for a minimum of 15s. (Note: Sample and buffer needed to 

be thoroughly mixed to form a homogenous solution.) 

8. Incubated at 70°C for 10 min. 

9. Added 200µL ethanol (100%) to the lysate and mixed by vortexing. 

10. Carefully applied 600µL of lysate from Step 9to the QIAamp spin column. Closed the cap and 

centrifuged for 1:15 min. Placed the QIAamp spin column in a new 2mL collection tube and 

discarded the tube containing the filtrate. 

11. Carefully opened the QIAamp spin column and added 500µL of Buffer AW1. Centrifuged for 

1:15 min. Placed the QIAamp spin column in a new 2mL collection tube and discarded the tube 

containing the filtrate. 

12. Carefully opened the QIAamp spin column and added 500µL of Buffer AW2. Centrifuged for 

3:45 min.  

13. Placed the QIAamp spin column in a new 2mL collection tube and discarded the collection tube 

containing the filtrate. Centrifuged for 3:45 min. 

14. Transferred the QIAamp spin column into a new, labelled (ID, visit number) 1.5mL 

microcentrifuge tube and pipetted 200µL of Buffer ATE directly onto the QIAamp membrane. 

Incubated for 1 min at room temperature, then centrifuged for 1:15 min to elute DNA. 
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2.5.2.3 Quality control 
Once extracted, I tested each sample’s DNA concentration and nucleic acid ratios using the 

Implen NanoPhotometer® N60/N50.  

 

 Quantitative PCR to confirm successful infection 
Frozen aliquots of faecal samples were sent to the University of Melbourne for qPCR testing 

to confirm infection success and exclude potential pre-existing hookworm infection. I defrosted each 

participant’s baseline and wk26 samples and homogenised them. Using wooden applicator sticks, I 

transferred approximately 1g of each into 2mL Eppendorf tubes, labelled with participant ID and visit. 

The aliquots remained in the -80°C freezer until ready for shipment. Extractions and quantitative PCR 

(qPCR) testing were performed at the University of Melbourne as previously prescribed (Hii et al., 

2018). 
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2.6 Adipokine and cytokine analyses 

 Adipokines 
 

Leptin 

The entire protocol ab222508 Human Adiponectin SimpleStep ELISA® Kit is available at 

https://www.abcam.com/ps/products/179/ab179884/documents/Human-Leptin-elisa-kit-protocol-

book-v1a-ab179884%20(website).pdf. 

 

Protocol Summary  

1. Prepared all reagents, samples, and standards as instructed  

2. Added standard or sample to appropriate wells  

3. Added Antibody Cocktail to all wells  

4. Incubated at room temperature for 1 hour  

5. Wash each well three times with 350μL 1X Wash Buffer PT  

6. Added 100μL TMB Development Solution to each well and incubated for 10 minutes.  

7. Added 100μL Stop Solution and read OD at 450 nm  

Reagent Preparation  

Equilibrated all reagents to room temperature (18-25°C) prior to use. The kit contains enough 

reagents for 96 wells. The sample volumes below are sufficient for 48 wells (6 x 8-well strips); adjusted 

volumes as needed for the number of strips in the experiment.  

1. 1X Wash Buffer PT: Prepared 1X Wash Buffer PT by diluting Wash Buffer PT 10X with 

deionised water. To make 50mL 1X Wash Buffer PT, combine 5mL Wash Buffer PT 10X with 

45 mL deionised water. Mix thoroughly and gently. Made 200mL by combining 20mL Wash 

Buffer PT 10X with 180mL deionised water. 

2. Antibody Cocktail: Prepared Antibody Cocktail by diluting the capture and detector antibodies 

in Antibody Diluent 4BI. To make 3mL of the Antibody Cocktail, combine 300μL 10X Capture 

Antibody and 300μL 10X Detector Antibody with 2.4mL. Made 8mL of the Antibody Cocktail by 

combining 800μL 10X Capture Antibody and 800μL 10X Detector Antibody with 6.4mL 

Antibody Diluent 4BI. Mixed thoroughly and gently.  
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Standard and Sample Preparation  

Reconstituted the Leptin standard by adding 500μL Sample Diluent NS. Held at room 

temperature for 10 minutes and mixed thoroughly and gently. This was the 20,000pg/mL Stock 

Standard Solution.  

1. Labelled eight tubes Standards1–8.  

2. Added 380μL Sample Diluent NS into tube number 1 and 150μL of Sample Diluent NS into 

numbers 2-8.  

3. Used the Stock Standard to prepare the following dilution series. Standard #8 contained no 

protein and was the Blank control:  

 

 

 

 

 

 

Diluted samples 1:40 into Sample Diluent  

 

Assay procedure 

Equilibrated all materials and prepared reagents to room temperature prior to use.  

1. Prepared all reagents, working standards, and samples as described above. 

2. Removed excess microplate strips from the plate frame, returned them to the foil pouch 

containing the desiccant pack, resealed and returned to 4ºC storage.  

3. Added 50μL of all standards to appropriate wells. 

4. Added 100μL of all samples to appropriate wells. (Pipetting error: should have been 50μL) 

5. Added 100μL of the Antibody Cocktail to each well. (Pipetting error: should have been 50μL) 

6. Sealed the plate and incubated for 1 hour at room temperature on a rocking platform (no 

appropriate plate shaker available). 

7. Washed each well with 3 x 350μL 1X Wash Buffer PT. Washed by decanting from wells then 

dispensing 350μL 1X Wash Buffer PT into each well. Completely removed all liquid at each step. 

After the last wash, inverted the plate and blotted it against clean paper towels to remove excess 

liquid.  
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8. Added 100μL of TMB Development Solution to each well and incubated for app, 10 minutes. 

(Given variability in laboratory environmental conditions, optimal incubation time may vary 

between 5 and 20 minutes).  

9. Added 100μL of Stop Solution to each well. Recorded the OD at 450 nm using the FLUOstar 

Omega microplate reader.  

10. Used the MARS data analysis software to plot a standard curve and determined the target protein 

concentration by multiplying individual results by the dilution factor (Dilution was 1:40). 

Note: Multiply standards by 0.67 for entry in the software due to pipetting error in Step 5, which 

meant standard – antibody ratio was not 1:1 as intended but 1:2 

 

Adiponectin  

The entire protocol ab222508 Human Adiponectin SimpleStep ELISA® Kit is available at 

https://www.abcam.com/ps/products/222/ab222508/documents/Human-Adiponectin-ELISA-kit-

protocol-book-v2-ab222508%20(website).pdf. 

Protocol Summary  

1. Prepared all reagents, samples, and standards as instructed  

2. Added standard or sample to appropriate wells  

3. Added Antibody Cocktail to all wells  

4. Incubated at room temperature for 1 hour  

5. Wash each well three times with 350μL 1X Wash Buffer PT  

6. Added 100μL TMB Development Solution to each well and incubated for 10 minutes.  

7. Added 100μL Stop Solution and read OD at 450 nm  

Reagent Preparation  

Equilibrated all reagents to room temperature (18-25°C) prior to use. The kit contains enough 

reagents for 96 wells. The sample volumes below are sufficient for 48 wells (6 x 8-well strips); 

adjusted volumes as needed for the number of strips in the experiment.  

1. Sample Diluent NS + Enhancer: Prepared Sample Diluent NS + Enhancer by diluting 50X Cell 

Extraction Enhancer Solution to 1X with Sample Diluent NS. To make 10mL Sample Diluent NS 

+ Enhancer, combined 9.8mL Sample Diluent NS and 200μL Cell Extraction Enhancer Solution 

50X. Mix thoroughly and gently. Made 22mL Sample Diluent NS + Enhancer, combined 

21.56mL Sample Diluent NS and 440μL Cell Extraction Enhancer. 
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2. 40X Denaturant: Prepared 40X Denaturant by diluting Denaturant with Sample Diluent NS. To 

make 1mL 40X Denaturant. combine 111uL Denaturant with 889uL Sample Diluent NS. Mix 

thoroughly and gently. Made 5.2mL by combining 577.2uL Denaturant with 4622.8uL Sample 

Diluent NS 

3. 1X Wash Buffer PT: Prepared 1X Wash Buffer PT by diluting Wash Buffer PT 10X with 

deionised water. To make 50mL 1X Wash Buffer PT, combine 5mL Wash Buffer PT 10X with 

45 mL deionised water. Mix thoroughly and gently. Made 200mL by combining 20mL Wash 

Buffer PT 10X with 180mL deionised water. 

4. Antibody Cocktail: Prepared Antibody Cocktail by diluting the capture and detector antibodies 

in Antibody Diluent 4BI. To make 3mL of the Antibody Cocktail, combine 300μL 10X Capture 

Antibody and 300μL 10X Detector Antibody with 2.4mL. Made 8mL of the Antibody Cocktail by 

combining 800μL 10X Capture Antibody and 800μL 10X Detector Antibody with 6.4mL 

Antibody Diluent 4BI. Mixed thoroughly and gently.  

Standard and Sample Preparation  

Reconstituted the Adiponectin standard by adding 500μL Sample Diluent NS + Enhancer. Held at 

room temperature for 10 minutes and mixed gently. This was the 100 ng/mL Stock Standard Solution.  

1. Labelled eight tubes Standards1–8.  

2. Added 525μL sample diluent NS with 1Xc cell extraction enhancer into tube number 1 and 300μL 

of sample diluent NS with 1X cell extraction enhancer into numbers 2-8.  

3. Used the Stock Standard to prepare the following dilution series. Standard #8 contained no 

protein and was the Blank control:  

 

 
 
 
 
 
 

 

Diluted samples 1:2000 as follows: 

1. Added 10μL neat sample to 490μL Sample Diluent NS in 1.5mL Eppendorf tubes to generate a 

2% sample solution. 
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2. Combined 50μL 2% sample with 50μL 40X Denaturant in 96-well round-bottom plates to 

generate a 1% sample with 20X Denaturant. 

3. Heated samples on a heat block at 75°C for 10 minutes. 

4. Cooled samples to room temperature (15 minutes). 

5. Mixed 12.5μL treated sample with 237.5μL Sample Diluent NS to generate a 0.05% sample with 

1X Denaturant.  

Assay procedure 

Equilibrated all materials and prepared reagents to room temperature prior to use.  

1. Prepared all reagents, working standards, and samples as described above. 

2. Removed excess microplate strips from the plate frame, returned them to the foil pouch 

containing the desiccant pack, resealed and returned to 4ºC storage.  

3. Added 50μL of all standards and samples to appropriate wells. 

4. Added 50μL of the Antibody Cocktail to each well.  

5. Sealed the plate and incubated for 1 hour at room temperature on a rocking platform (no 

appropriate plate shaker available). 

6. Washed each well with 3 x 350μL 1X Wash Buffer PT. Washed by decanting from wells, then 

dispensing 350μL 1X Wash Buffer PT into each well and completely removing all liquid at each 

step. After the last wash, inverted the plate and blotted it against clean paper towels to remove 

excess liquid.  

7. Added 100μL of TMB Development Solution to each well and incubated for app. 10 minutes. 

(Given the variability in laboratory environmental conditions, optimal incubation time may vary 

between 5 and 20 minutes).  

8. Added 100μL of Stop Solution to each well. Recorded the OD at 450 nm using the FLUOstar 

Omega microplate reader.  

9. Used the MARS data analysis software to plot a standard curve and determined the target protein 

concentration by multiplying individual results by the dilution factor (Dilution was 1:40). 

 

Omentin 

The entire protocol ab269545 Human Omentin SimpleStep ELISA® Kit (ITLN1) is available 

at https://www.abcam.com/ps/products/269/ab269545/documents/Human-Omentin-ELISA-Kit-

protocol-book-v2-ab269545%20(website).pdf. 

 
Protocol Summary  
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1. Prepared all reagents, samples, and standards as instructed  

2. Added standard or sample to appropriate wells  

3. Added Antibody Cocktail to all wells  

4. Incubated at room temperature for 1 hour  

5. Washed each well three times with 350μL 1X Wash Buffer PT  

6. Added 100μL TMB Development Solution to each well and incubated for 10 minutes 

7. Added 100μL Stop Solution and read OD at 450nm  

Reagent Preparation  

Equilibrated all reagents to room temperature (18-25°C) prior to use. The kit contains enough 

reagents for 96 wells. The sample volumes below are sufficient for 48 wells (6 x 8-well strips); 

adjusted volumes as needed for the number of strips in the experiment.  

1. Sample Diluent NS + Enhancer: Prepared Sample Diluent NS + Enhancer by diluting 50X Cell 

Extraction Enhancer Solution to 1X with Sample Diluent NS. To make 10mL Sample Diluent NS 

+ Enhancer, combine 9.8mL Sample Diluent NS and 200μL Cell Extraction Enhancer Solution 

50X. Mix thoroughly and gently. Made 22mL Sample Diluent NS + Enhancer combining 

21.56mL Sample Diluent NS and 440μL Cell Extraction Enhancer. 

1. 1X Wash Buffer PT: Prepared 1X Wash Buffer PT by diluting Wash Buffer PT 10X with 

deionised water. Made 200mL by combining 20mL Wash Buffer PT 10X with 180mL deionised 

water. 

2. Antibody Cocktail: Prepared Antibody Cocktail by diluting the capture and detector antibodies 

in Antibody Diluent 4BI. To make 3mL of the Antibody Cocktail, combine 300μL 10X Capture 

Antibody and 300μL 10X Detector Antibody with 2.4mL. Made 8mL of the Antibody Cocktail by 

combining 800μL 10X Capture Antibody and 800μL 10X Detector Antibody with 6.4mL 

Antibody Diluent 4BI. Mixed thoroughly and gently.  

Standard and Sample Preparation  

Reconstituted the Omentin standard sample by adding 500μL of Sample Diluent NS with 1X cell 

extraction enhancer. Mixed thoroughly and gently. Hold at room temperature for 10 minutes and 

mixed gently. This was the 100 ng/mL Stock Standard Solution.  

1. Heated the reconstituted protein stock, along with any serum samples, by placing them on a heat 

block set to 65°C for 10 minutes. Cooled tubes to room temperature, mixed gently and spun down 

any liquid condensed on the walls of the tubes.  
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2. Labelled eight tubes Standards 1–8.  

3. Added 640μL sample diluent NS with 1Xc cell extraction enhancer into tube number 1 and 300μL 

of sample diluent NS with 1X cell extraction enhancer into numbers 2-8.  

4. Used the Stock Standard to prepare the following dilution series. Standard #8 contained no 

protein and was the Blank control:  

 

 
 
 
 
 
 
 

Diluted samples 1:10 into Sample Diluent with 1Xc cell extraction enhancer 

 
Assay procedure 

Equilibrated all materials and prepared reagents to room temperature prior to use.  

Prepared all reagents, working standards, and samples as described above. 

1. Removed excess microplate strips from the plate frame, returned them to the foil pouch 

containing the desiccant pack, resealed and returned to 4ºC storage.  

2. Added 50μL of all standards and samples to appropriate wells. 

3. Added 50μL of the Antibody Cocktail to each well.  

4. Sealed the plate and incubated for 1 hour at room temperature on a rocking platform (no 

appropriate plate shaker available). 

5. Washed each well with 3 x 350μL 1X Wash Buffer PT. Washed by decanting from wells then 

dispensing 350μL 1X Wash Buffer PT into each well. Completely removed all liquid at each step. 

After the last wash, inverted the plate and blotted it against clean paper towels to remove excess 

liquid.  

6. Added 100μL of TMB Development Solution to each well and incubated for app, 10 minutes. 

(Given the variability in laboratory environmental conditions, optimal incubation time may vary 

between 5 and 20 minutes).  

7. Added 100μL of Stop Solution to each well. Recorded the OD at 450 nm using the FLUOstar 

Omega microplate reader.  
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8. Used the MARS data analysis software to plot a standard curve and determined the target protein 

concentration by multiplying individual results by the dilution factor (Dilution was 1:40). 

 

 Cytokines 
Serum samples collected at baseline, wk26, and wk52 were batch-analysed using the 

Biolegend® LEGENDplex™ Human Th Cytokine Panel of 12 cytokines (IL-2, 4, 5, 6, 9, 10, 13, 17A, 

17F, 22, IFN-γ and TNF) for circulating inflammatory biomarkers associated with Th1, Th2, Th9, Th17, 

and Th22 immune responses.  The bead-based multiplex assay panel uses fluorescence-encoded beads 

suitable for use in flow-cytometry and allows simultaneous quantification of 12 human cytokines. The 

panel provides higher sensitivities and a broader dynamic range than ELISA methods. Impact of 

helminth infection on faecal microbiota. The complete protocol is available on 

https://www.biolegend.com/Files/Images/media_assets/pro_detail/datasheets/75475-Hu-Th-Cytokine-

Panel-Replacement_R5.pdf. 

For this cytokine analysis, I used samples from baseline, wk26, and wk52 to explore if immune 

responses relating to inflammatory processes had occurred with Na infection.  

 

2.6.2.1 Preparation 

1. Thawed the frozen serum samples 

2. Mixed and centrifuged them to remove particulates before use 

3. Vortexed the pre-mixed beads bottle for 1 minute to completely resuspend the beads 

4. Brought the Wash Buffer to room temperature and mixed to bring all salts into solution 

5. Diluted 25mL of 20X Wash Buffer with 475mL deionised water 

6. Added 5.0mL LEGENDplex Assay Buffer to the bottle containing lyophilised Matrix B. Allowed 

at least 15 minutes for complete reconstitution. Vortexed to mix well. 

Standard and sample preparation 

1. Reconstituted lyophilised Standard Cocktail with 250μL Assay Buffer. 

2. Mixed and allowed to sit at room temperature for 10 minutes. This was the top standard C7 (10 

000pg/mL). 

3. Added 75 μL of C7 to the designated wells on two 96-well plates 

4. On the same 96-well plate, added 75μL of Assay Buffer to the designated wells for C1 to C6  

5. Prepared a 1:4 dilution of the top standard by adding 25 μL of C7 to the C6 well and mixed 

thoroughly to make the C6 standard.  
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6. In the same manner, performed a 1:4 serial dilution to obtain C5, C4, C3, C2, and C1 standards. 

Assay Buffer was used as the C0 (0pg/mL). 

7. Diluted serum samples in the same 96-well plates, adding 30μL of sample and 30μL of Assay 

buffer 

8. Ran both standards and samples as duplicates. 

Assay procedure 

1. Allowed all reagents to warm to room temperature before use 

2. Loaded the assay plate with 17μL of each of the standards and Matrix B in the standard wells and 

17μL each of sample and Assay Buffer for the sample wells 

3. Vortexed mixed beads for 30 seconds. Added 16μL of mixed beads to each well of the assay 

plate. 

4. Covered the plates with their lids and wrapped entire plates with aluminium foil to protect the 

plates from light. Placed on plate shaker set at 800rpm for 1 hour at room temperature 

5. Refrigerated overnight and placed on plate shaker again for another hour at the same setting the 

next day 

6. Centrifuged the plate at 1050 rpm for 5 minutes, using a swinging rotor bucket 

7. Immediately after centrifugation, dumped the supernatant into a sink by quickly inverting and 

flicking the plate in one continuous and forceful motion 

8. Blotted the plate on a stack of clean paper towels and drained the remaining liquid from the wells 

as much as possible, being careful not to disturb the bead pellet 

9. Washed the plate by dispensing 200μLof 1X Wash Buffer into each well and incubated for one 

minute. Repeated Steps 6 to 8 above 

10. Added 16μL of detection antibodies to each well 

11. Covered the plates with their lids and wrapped entire plates with aluminium foil to protect the 

plates from light. Placed on plate shaker set at 800rpm for 1 hour at room temperature 

12. Added 16μL of SA-PE to each well 

13. Covered the plates with their lids and wrapped entire plates with aluminium foil to protect the 

plates from light. Placed on plate shaker set at 800rpm for 1 hour at room temperature 

14. Washed the plate by dispensing 200μLof 1X Wash Buffer into each well and incubated for one 

minute. Repeated Steps 6 to 8 above 

15. Added 85μL of filtered 1X Wash Buffer to each well. Resuspended the beads by pipetting 

16. Read samples on a flow cytometer (The setup instructions for the flow cytometer are available at 

www.biolegend.com/legendplex under the Instrument Setup tab. The assay file was analysed 

using Biolegend’s LEGENDplex data analysis software. 
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2.7 Materials 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Chemicals, Peptides, and Recombinant Proteins 
80% v/v ethanol Ajax Finechem ThermoFisher AJA726-20 also 

known as AJA726-20 
F10SC ThermoFisher Cat#111TS 
Betadine 10% w/v (Povidone-Iodine 10%w/v,) Chemist Warehosue Product ID 2505692 
Critical Commercial Assays/Kits 
QIAamp®Fast DNA Stool Mini Kit Qiagen Cat#51604 
Human Leptin SimpleStep ELISA®Kit Abcam ab179884 
Human Omentin SimpleStep ELISA®Kit Abcam ab269545 
Human Adiponectin SimpleStep ELISA®Kit Abcam ab222508 
LEGENDplex™ HU Th Cytokine Panel (12-plex) w/FP 
V02 

Biolegend Cat# 74102 

Software and Algorithms 
Excel Microsoft Version 16.56 
Prism GraphPad Version 9.3.1 
FluidX Intellicode decoding software BioTools  

 
LEGENDplex™ Data analysis software suite Biolegend  
Other 
BD Vacutainer® with red BD Hemogard™, 10mL BD Cat#367895 
BD Vacutainer® with lavender BD Hemogard™, 10mL BD Cat#367525 
BD Vacutainer® with gold BD Hemogard™, 8.5mL BD Cat#367958 
BD Vacutainer® with green BD Hemogard™, 10mL BD Cat#367526 
BD Vacutainer® Safety-Lok™ blood collection set, 23G x 
3.4" x 7" BD Cat#367288 

BD Vacutainer® one-use holder BD Cat#364815 
DPBS (1x), 500mL ThermoFisher Cat#14190144 
FBS   
Lymphoprep™ Density Gradient Medium, 500mL Stemcell Cat#07801 
Sepmate™-15 and Sepmate™50 tubes Stemcell Cat#15415 and 15460 
Falcon® Conical Centrifuge Tubes, 15mL Corning Cat#352095 
Falcon® Conical Centrifuge tubes, 50mL Corning Cat#352070 
FluidX 0.75mL barcoded tubes BioTools™ Cat#67-0750-21 
PUFAcoat Dried Blood Spot Collection Card for Fatty 
Acid Analysis 

FOODplus Research Centre, 
University of Adelaide  

Oxoid™ AnaeroGen™ Compact Sachet ThermoFisher Cat#AN0020D 
Petri dish 150x15mm with cams Sarstedt Cat#82.1184.001 
Whatman filter paper, 110mm Ø Merck Cat#1001-110 
Wooden applicators 150mm Livingstone Item No WAPPSTP 
Activated charcoal powder Sigma Cat#4386-500 
Activated charcoal granular Sigma Cat#2889500 
Chux gauze Chux® NA 
Zip-lock bags Glad® or equivalent NA 
NanoPhotometer®  Implen N60/N50 
Professional Intellisense ® Blood Pressure Monitor OMRON® Healthcare, Inc. Model HEM-907XL 
FLUOstar®Omega Plate Reader BMG LABTECH  
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3 SAFETY AND TOLERABILITY OF INFECTION (AIM 1) 
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3.1 Introduction 

Soil-transmitted helminths (STH) account for a significant burden of disease worldwide. An 

estimated 1.5 billion people are currently infected with STH (World Health Organization, 2022), with 

infections most prominent in the tropics and subtropics. The species most commonly infecting humans 

include the roundworm Ascaris lumbricoides, the whipworm Trichuris trichiura, the threadworm 

Strongyloides stercoralis, and hookworms (predominantly Ancylostoma duodenale, Ancylostoma 

ceylanicum, and Necator americanus, Na). Recent control and elimination efforts have reduced the 

disease burden in terms of disease-associated life years worldwide. However, the absolute and relative 

decline was disproportionately greater in upper-middle-income countries, shifting the burden mainly to 

middle and low-income countries (Stolk et al., 2016). Morbidity in STH infections positively relates to 

worm burden (World Health Organization, 2022). While light infections generally do not cause any 

suffering, heavy infections can result in various health problems such as anaemia, asthenia (weakness, 

lack of energy), lack of appetite and weight loss, abdominal pain, and growth retardation (Jourdan et 

al., 2018; World Health Organization, 2022). 

Among STH, hookworms are the greatest contributor to the global disease burden. Hookworm 

infections affect nearly 500 million people worldwide, particularly the poorest individuals in tropical 

and subtropical regions. Although Ancylostoma spp. and Na exist in all regions, Na is the main culprit 

in human infections worldwide, while A. duodenale infections predominantly occur in China, northern 

India, and the Mediterranean (Clements & Addis Alene, 2022). However, a lack of large-scale, 

population-based studies investigating hookworm-associated morbidity hampers the quantification of 

the relative pathogenicity and disease burden of individual hookworm species (Clements & Addis 

Alene, 2022). Hookworm infections are often asymptomatic but may include “ground itch” (localised 

erythematous reaction) at the skin penetration site, respiratory symptoms during the lung stage, and 

abdominal discomfort when the worms attach to the intestinal lining (Hotez et al., 2004).  

While these transient symptoms may be irritating, hookworm-associated disease burden stems 

primarily from iron deficiency anaemia in heavily infected adults. Furthermore, anaemia can occur with 

much lower worm burdens in young children and women due to lower iron stores in these populations 

(Loukas et al., 2016; Parija et al., 2017; Stoltzfus et al., 1997). In children, anaemia may impair growth, 

especially during puberty, leading to cognitive and intellectual delays (Brooker et al., 2004). In pregnant 

women, anaemia can result in pre-term labour, low birth weight, and increased maternal mortality 

(Brooker et al., 2008; Christian et al., 2004; Hotez & Whitham, 2014). The degree of anaemia appears 

to depend not only on worm burden but also on worm species. Among the hookworm species commonly 

infecting humans, Na causes the least blood loss per day (0.01-0.03mL), with blood loss in A. duodenale 

infection estimated to be more than ten times that of Na (0.14-0.4mL) (Roche & Layrisse, 1966). 
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Despite these potentially adverse outcomes of helminth infection on human health and development, 

eliminating worms from our environment may also have unexpected detrimental consequences. 

Epidemiological studies first invoked the notion of an inverse relationship between helminth 

infections and inflammatory disorders. These early and more recent studies highlighted a possible 

protective role of helminth infection in less developed populations against the soaring prevalence of 

metabolic diseases such as T2DM seen in industrialised countries (Cooper et al., 2003; Greenwood, 

1968; Hays et al., 2015; Shen et al., 2015; Su et al., 2020; Wiria et al., 2015; Wolde et al., 2019; 

Yazdanbakhsh et al., 2002). Experimental mouse studies have added causal support to these 

observations, demonstrating reduced body mass, improved glucose tolerance, and reduced insulin 

resistance in helminth-infected mice in mouse models of obesity (Berbudi, Ajendra, et al., 2016; Q. 

Duan et al., 2018; Hussaarts et al., 2015; Su et al., 2018; D. Wu et al., 2011; Yang et al., 2013). 

Deworming studies in humans indicating worsening glucose control and increased pro-inflammatory 

markers after administration of anthelmintics added some causal evidence for a beneficial role of 

helminths in metabolic diseases (Chen et al., 2013; Q. Duan et al., 2018; Muthukumar et al., 2019; 

Rajamanickam et al., 2018; Rajamanickam, Munisankar, Dolla, et al., 2020; Rajamanickam, 

Munisankar, Menon, et al., 2020; Tahapary, de Ruiter, Martin, Brienen, van Lieshout, Cobbaert, et al., 

2017). However, experimental therapeutic helminth infection was essential to investigate these 

associations. 

Therapeutic hookworm infection dates back to 1939 when Brumpt and Gujar 

(1948)successfully used A. duodenale to normalise erythrocyte count in a patient suffering from 

polycythemia 6
{ }. Building on this initial success, they proceeded to use A. duodenale in a further 53 

patients with polycythemia and hypertension. However, more recent hookworm infection trials 

favoured Na over A. duodenale, possibly due to the lesser blood loss with Na infection. Since 1984, 

over 300 participants in diverse cohorts have been safely infected with up to 100 L3 of Na in therapeutic 

hookworm trials in Australia, the USA, the Netherlands, and the United Kingdom (P. R. Chapman et 

al., 2021; Croese et al., 2015; Croese et al., 2020; Croese et al., 2006; Daveson et al., 2011; Feary et al., 

2009; Feary et al., 2010; Hoogerwerf et al., 2019; Hoogerwerf et al., 2021; McSorley et al., 2011; 

Mortimer et al., 2006; Tanasescu et al., 2020). None of the infected individuals in the contemporary 

studies experienced a serious adverse event or died. While doses of up to 100 L3 have been 

administered, most recent trials limited the maximum dose to 50 larvae based on the results from a safe 

dose-evaluation study (Mortimer et al., 2006). 

Experimental Na infection was well-tolerated in diverse cohorts, including subjects with 

coeliac disease (Daveson et al., 2011), asthma (Feary et al., 2010), and multiple sclerosis (Tanasescu et 

 
6 Polycythemia: a rare chronic disorder involving the overproduction of blood cells (myeloproliferation) with the 
overproduction of red blood cells the most dramatic consequence (National Organization for Rare Disorders, 2018. Accessed 
June 10 2022) 



 

 113 

al., 2020). Transient side effects commonly reported were mostly mild to moderate severity and self-

limiting, with dermal reactions at the inoculation site, including itching and a pruritic, erythematous 

rash ubiquitous in all infected individuals. Similarly, gastrointestinal symptoms such as bloating, 

diarrhoea, abdominal pain, and nausea were regularly observed (P. R. Chapman et al., 2021; Daveson 

et al., 2011; Feary et al., 2010; Hoogerwerf et al., 2021; Loukas et al., 2016). Surprisingly, hookworm 

infection also appears to afford unanticipated positive side effects, with previous studies noting overall 

improved mood and well-being that may be clinically relevant (Croese et al., 2015; Croese et al., 2020; 

Daveson et al., 2011). While this observation has not been further explored, a possible explanation 

could be increased intestinal serotonin content with gastrointestinal helminth infection (Wang et al., 

2018). Considering that low serotonin and noradrenaline levels are a critical mechanism in mood 

disorders, such as depression and anxiety (Hindmarch, 2002), increases in these neurotransmitters could 

potentially mediate the observed improvements. Despite findings from numerous human and murine 

studies indicating a protective role of helminth infection in metabolic disease, no study has previously 

experimentally infected individuals in this cohort to assess these findings.  

The primary aim of this phase 1b clinical trial was to establish the safety, tolerability, and 

acceptability of experimental infection with the human hookworm N. americanus in otherwise healthy 

adults with metabolic syndrome. I hypothesised that infection in this cohort would be safe, tolerable 

and acceptable  
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3.2 Results 

Normality testing indicated that the majority of data were not normally distributed. Not 

normally distributed data are presented as median and interquartile range (IQR), while normally 

distributed data are presented as mean and 95% confidence interval. For test results stated as not 

significant, p was greater than 0.05. For significant results in tests with post hoc analyses, I have 

reported the test-specific omnibus p-value followed by the adjusted p-value for transparency. 

 

 Recruitment and participant characteristics 
3.2.1.1 Recruitment 

We started recruiting in January 2018 and proceeded until June 2020. Initial recruitment 

targeted only female participants in the Cairns and Hinterland region, later expanded to males and the 

Townsville region. Media outlets took a keen interest in the trial, and we fielded over 200 enquiries 

from interested individuals. Of these, 85 qualified for a screening visit, with 41 volunteers meeting the 

inclusion/exclusion criteria to proceed to the baseline visit. Despite prolonged efforts, the recruitment 

result fell short of our goal of 54 participants, based on an a priori power calculation described in 

2.1.6.1.  

 

3.2.1.2 Participant characteristics 
The majority of recruits were women of Caucasian descent. Of the 41 individuals that qualified 

for and completed the baseline visit, one did not proceed to the first inoculation visit and was not 

randomised. Another participant, who was randomised into the placebo arm, unintentionally received 

the L3-10 treatment during the second inoculation due to a labelling error. I included this individual in 

the Placebo group in intention-to-treat (ITT) analyses and the L3-10 group in per-protocol (PP) 

analyses, which resulted in a slight imbalance in group numbers in PP baseline characteristics. Table 

3-1 and Table 3-2 present ITT and PP baseline characteristics for the 40 randomised individuals, 

respectively. For the ITT data, Kruskal-Wallis (KW) tests showed no significant baseline differences 

between groups for age, body mass, waist circumference, and HOMA-IR.  

In contrast, a significant baseline difference between the L3-10 and Placebo groups existed in 

the PP data for age (KW p = 0.0276, adjusted p = 0.0358) and HOMA-IR (KW p = 0.0492, adjusted p 

= 0.0486). No significant differences between groups were evident for body mass and waist 

circumference. 

 

3.2.1.3 Prescription medication for chronic conditions at baseline 
Twenty-one of the 40 randomised participants reported the use of prescription medication at 

baseline. One participant disclosed three different types of medication, a further seven disclosed two, 
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and 13 listed one. Antidepressants were the most commonly prescribed medication (13 participants), 

followed by antihypertensives (6 participants) (Table 3-3). Both participants taking metformin agreed 

to discontinue the medication to meet the inclusion criteria. Similarly, the two individuals using statins 

reported no longer using the medication during follow-up visits, suggesting that these medications did 

not impact trial outcomes. 
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Table 3-1 Intention-to-treat baseline characteristics for all randomised participants 
(n = 40) 
  

Placebo 
(n = 13) 

L3-10 
(n = 14) 

L3-20 
(n = 13) 

Sex 
   Female    
   Male 

 
10 (75%) 
3 (25%) 

 
10 (73%) 
4 (27%) 

 
10 (77%) 
3 (23%) 

Age (years)  
35 

27-50 
43 

30-45 
36 

27-49 

Ethnicity 
   Caucasian 
   Indigenous 
   Pacific Islander 

 
11 
0 
0 

 
13 
1 
0 

 
10 
2 
1 

Body mass (kg)  
105.7 

90.0-120.6 
103.5 

88.5-126.1 
101.5 

90-129.7 

Waist circumference (cm)  
111.3 

101.9-122.0 
110.9 

103.3-116.2 
110.7 

105.2-122.7 

HOMA-IR (units)  
2.18 

2.01-2.82 
3.04 

2.28-3.51 
2.36 

2.02-3.24 

Data are presented as median and range for age and median and IQR for body mass, 
waist circumference, and HOMA-IR. IQR, inter-quartile range. No significant 
differences were found. 

 

Table 3-2 Per-protocol baseline participant characteristics for all randomised 
participants (n = 40) 
  

Placebo 
(n = 12) 

L3-10 
(n = 15) 

L3-20 
(n = 13) 

Sex 
   Female    
   Male 

 
9 (75%) 
3 (25%) 

 
11 (73%) 
4 (27%) 

 
10 (77%) 
3 (23%) 

Age (years)  
34 

27-50 
43* 
30-45 

36 
27-49 

Ethnicity 
   Caucasian 
   Indigenous 
   Pacific Islander 

 
12 
0 
0 

 
14 
1 
0 

 
10 
2 
1 

Body mass (kg)  
104.5 

89.5-115.1 
104.1 

90.6-140.9 
101.5 

90.0-129.7 

Waist circumference (cm)  
109.5 

101.6-119.6 
111 

104.0-119.7 
110.7 

105.2-122.7 

HOMA-IR (units)  
2.18 

1.97-2.62 
2.99* 

2.29-3.48 
2.36 

2.04-3.24 

Data are presented as median and range for age and median and IQR for body mass, 
waist circumference, and HOMA-IR. IQR, inter-quartile range. *significant 
difference to Placebo 
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Table 3-3 Prescription medication for chronic conditions at baseline by 
treatment (ITT) 
 

 Placebo 
(n = 13) 

L3-10 
(n = 14) 

L3-20 
(n = 13) 

Antidepressants 6 5 2 

Antihypertensives 0 3 3 

Statins 0 1 1 

Antiasthmatics 1 1 0 

Anticoagulants 0 0 1 

Analgesics (opioids) 0 1 1 

Immunosuppressants 1 0 0 

Antiarthtritics 1 0 1 

Antacids 0 0 1 

Metformin 1 1 0 
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 Skin reactions and adverse events 
 

3.2.2.1 Dermal reactions 
Although the trial protocol did not ask to record skin reactions to inoculations, several 

participants in the worm treatment groups mentioned such reactions. During the initial monitoring 

period after inoculation, participants routinely noted itching at the inoculation site that they described 

as moderate to intense; no participant found the itch problematic or challenging to manage. During the 

consecutive visit’s interview, many participants also reported the onset of dermal reactions at the 

inoculation site within hours to days. Consistent with the hookworm inoculation rash, some participants 

experienced a transient erythematous rash with distinct eruptions, as seen in Figure 3-1. None of these 

reactions was classified as an adverse event. 

 

3.2.2.2 Patency of infection 
Baseline and wk26 faecal samples were tested for the presence of hookworm by human 

hookworm multiplex qPCR to determine the prevalence and egg intensity of three human hookworm 

species (Na, A. duodenale, A. ceylanicum). I used peak eosinophilia at wk26 and qPCR results in 

combination to assess the patency of infection. All infected participants developed varying degrees of 

eosinophilia (Table 3-4). Males tended to have a greater eosinophil response than females (Figure 3-2), 

but this difference was not significant (Welch’s t-test). 

Unexpectedly, one participant (ID 016) showed eosinophilia and tested positive for Na 

infection by qPCR at baseline; all others had low eosinophil counts and tested negative for the three 

hookworm species assessed (Table 3-4). This particular participant had dropped out after the first 

inoculation due to a GI-related AE during their initial enlistment (ID 006). The participant was 

unblinded as an L3-10 recipient, provided with anthelminthic medication, and re-recruited on the 

participant's request after the GI symptoms had settled. The surprisingly high eosinophil levels and 

positive qPCR result at their second baseline visit suggest that deworming was only partially successful, 

possibly due to inappropriate dosing given the participant’s large body mass. 

Of the 28 participants randomised into either L3 treatment group, four wk26 samples were 

unavailable for qPCR testing due to early dropout. A further wk26 sample was unavailable, as the 

participant had moved away, and all evaluation visits were conducted remotely with no opportunity to 

deliver a faecal sample. Two of the remaining 23 samples (017 and 205) tested negative for all 

hookworm species by qPCR despite increased eosinophil counts. Although the hookworm multiplex 

qPCR is very sensitive and more capable of detecting low infection intensities than conventional 

microscopy and PCR-based methods, a false-negative result is not impossible. 
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Figure 3-1 Representative photograph of dermal reactions at the inoculation site 
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Table 3-4 Patency of infection for all randomised participants 
assessed by qPCR and peak eosinophil count at wk26 
 

ID Allocation baseline 
qPCR 

wk26 
qPCR 

baseline 
eosinophils 

Week 26 
eosinophils 

211 L3-10  n/a 
029 L3-10   
013 L3-10   
213 L3-10   
016 L3-10   
006 L3-10  n/a 
049 L3-10   
230 L3-10  n/a 
205 L3-10   
008 L3-10   
019 L3-10   
017 L3-10   
215 L3-10   
203 L3-10   
026 L3-10   
027 L3-20  n/a 
210 L3-20  n/a 
028 L3-20   
056 L3-20   
015 L3-20   
057 L3-20   
018 L3-20   
208 L3-20   
021 L3-20  n/a 
005 L3-20 n/a  
227 L3-20  n/a 
218 L3-20   
209 L3-20   
023 P   
221 P   
030 P   
224 P   
010 P   
212 P   
223 P   
214 P   
217 P   
011 P   
048 P   
201 P   

ID, participant ID number. Participants highlighted in yellow 
dropped out of the trial before wk26. Participant highlighted in 
turquoise missed wk26 visit, and no sample was available for 
comparison. Two other participants failed to deliver a sample for 
wk26 (210, 227) Red shading indicates negative qPCR result, i. e. no 
hookworm presence; green shading indicates positive qPCR result. 
The reference scale reflects the magnitude of eosinophilia.  
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Figure 3-2 Eosinophil count in males versus females 
throughout the trial. 
No significant differences were found (Welch’s t-test) 
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3.2.2.3 Adverse events 
Note: Adverse events and study progression reporting are based on ITT analyses. 

The trial’s primary safety outcome was the number of AEs and SAEs. We recorded 20 AEs and 

no SAEs throughout the two-year trial duration. As expected, several adverse gastrointestinal (GI) 

events occurred in the L3-10 and L3-20 treatment groups; no treatment-related GI event occurred in the 

Placebo group (Table 3-5). Participants reported the onset of treatment-related GI events between four 

and eight weeks after the first inoculation, consistent with the worms’ arrival and attachment to the 

intestinal wall. Symptoms varied considerably among participants and included bloating, nausea, 

vomiting, constipation, diarrhoea, epigastric upset, hungry feeling, stomach cramps and abdominal 

pain. Most AEs were mild or moderate, with only three (15%) classified as severe, including one (5%) 

GI event (Table 3-6). I performed a Chi-square test for trend to determine differences in AEs between 

groups. The test result suggested a significant linear trend for AEs, χ2 (1, N = 40) = 3.846, p = 0.0499, 

with more AEs occurring in the worm treatment groups compared to the Placebo group.   

All 20 AES were spread across 15 participants, with five experiencing two AEs each (Table 

3-7). Three of the 12 GI events lead to dropouts before the first evaluation visit (wk260. One of the 

dropouts was consequently re-enlisted and completed the 2-year trial. All other GI events resolved after 

2-3 weeks without medical intervention.  

Adverse events considered unrelated to worm infection included one case each of concussion, 

laryngitis, appendicectomy, gynaecological procedure, salmonella infection acquired overseas, cancer, 

and a bout of dermatitis.  

In summary, eosinophil counts and qPCR test results indicate successful infection of all L3-10 

and L3-20 participants. While AEs were more prevalent in the worm groups, helminth-related AEs were 

mostly mild to moderate, and infection was well tolerated in most individual 
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Table 3-6 Severity and nature of adverse events by treatment group 
 

 Placebo 
n = 13 

L3-10 
n = 14 

L3-20 
n = 13 

 Mild Moderate Severe Mild Moderate Severe Mild Moderate Severe 

Any AEs 1 1 1 2 6 1 3 4 1 

Related 
(GI) 0 0 0 1 4 0 2 4 1 

Unrelated 1 1 1 1 2 1 1 0 0 

AE, adverse event; GI, gastrointestinal 

 

Table 3-5 Adverse events by group 
 

 Total 
n = 20 

Placebo 
n = 13 

L3-10 
n = 14 

L3-20 
n = 13 

Any AEs 20 
(100%) 

3 
(15%) 

9 
(45%) 

8 
(40%) 

Related 
(GI) 

12 
(60%) 

0 
(0%) 

5 
(25%) 

7 
(35%) 

Unrelated 8 
(40%) 

3 
(15%) 

4 
(20%) 

1 
(5%) 

AE, adverse event; GI, gastrointestinal 

Table 3-7 Adverse event distribution across groups and participants 
 

 All groups 
(n = 40) 

Placebo 
(n = 13) 

L3-10 
(n = 14) 

L3-20 
(n = 13) 

Participants with any 
AEs  
n (%) 

15 (37.5) 2 (15.4) 7 (50.0) 6 (46.2) 

Participants with one 
AE  
n (%) 

10 (25.0) 1 (7.7) 5 (35.7) 4 (30.8) 

Participants with two 
AEs  
n (%) 

5 (12.5) 1 (7.7) 2 (14.3) 2 (15.4) 

AE, adverse event 
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 Study progression and dropouts 
 

3.2.3.1 Study progression 
Completion of the two-year trial was a secondary safety outcome. The CONSORT Flow 

Diagram in Figure 3-3 and Kaplan-Meir curve in Figure 3-4 detail progression through the study. 

Twenty-four (60%) of the forty randomised participants completed the trial, including eight (61.54%) 

in the Placebo, seven (50%) in the L3-10, and nine (69.23%) in the L3-20 group. The difference in 

study completion between groups was not significant (Log-rank test for trend, p = 0.8321). Bar one, all 

participants who received the worms and completed the study rejected deworming and opted to retain 

their “little friends” or “family” as they had affectionately labelled them. The sole person who 

dewormed did so in preparation for a medical procedure. 

 

3.2.3.2 Missed visits 
Four participants missed one evaluation visit each. One L3-10 participant missed the wk26 

visit, as he had moved away for family reasons and could not commit to a timely visit. However, this 

individual completed the remaining evaluation visits. Two participants, one Placebo and one L3-10, 

missed the wk52 visit. Both did not respond to any form of communication in the required time frame 

but returned for their wk78 visit. A fourth person missed the wk78 visit due to COVID restrictions but 

consequently completed the wk104 visit.  

 
3.2.3.3 Dropouts and early terminations 

Reasons for leaving the trial before completion of the two-year trial period varied and were 

only associated with worm infection during the early trial stage (Table 3-8). Three early dropouts due 

to gastrointestinal symptoms were likely worm-related. The infected participants accepted deworming 

medication and were treated as early terminations. Two individuals recovered promptly after 

deworming. However, symptoms in one individual persisted for some time following deworming, 

indicating another cause may have contributed to their symptoms. A fourth infected individual was 

dewormed and terminated early due to a cancer diagnosis.  Reasons for dropouts and early terminations 

later in the trial included participants moving away, gastric sleeve surgery, undisclosed personal 

reasons, failure to respond to communication, and starting medication likely to interfere with the trial 

outcomes. All participants leaving the trial during the later stages decided to keep their worms. 
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Figure 3-3 CONSORT Flow Diagram of trial progression 
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Figure 3-4 Kaplan-Meir curve of study progression. 
Data are presented as the mean and standard error of 
the mean. 
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Baseline differences of potential covariates between dropouts and others 

Table 3-8 provides an overview of dropout time points, causes, age, and sex. To investigate if 

specific covariates possibly shaped participants' decisions to leave the trial early, I compared baseline 

differences in age, sex, body mass, WC, fasting blood glucose, and serum insulin between dropouts and 

those that completed the two-year trial (Table 3-9). Mann-Whitney tests showed no significant 

differences for age (p = 0.0623), body mass (p = 0.8807), waist circumference (p = 0.9185), HOMA-

IR (p = 0.6672), fasting blood glucose (p = 0.3186), and fasting serum insulin (p = 0.8748). Similarly, 

contingency analysis via Fisher’s exact test indicated no significant difference in sex distribution (p = 

0.7110). 

 

Baseline differences of potential covariates between early and later dropouts 

Baseline differences for the same covariates also did not differ significantly between early (≤ 

wk26) and later dropouts (Table 3-9).  Mann-Whitney test results for age (p = 0.5894), body mass (p = 

0.2345), WC (p = 0.3972), HOMA-IR (p = 0.7428). fasting blood glucose (p = 0.8936), and fasting 

serum insulin (p = 0.6263) suggested no significant differences between early and late dropouts. Also, 

Fisher’s exact test indicated that sex distribution was not significantly different (p > 0.9999). Together, 

the results implied that significant baseline differences in these covariates did not influence participants’ 

decisions to leave the trial or the timing of their withdrawal. 
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Timepoint Placebo L3-10 L3-20 
≤ wk12 n = 0 n = 2 n = 2 
Reason  1 x GI 

1 x cancer 
2 x GI 

 
Age (years)  44/40 34/47 
Sex  F/F F/F 
wk26 n = 2 n = 1 n = 1 
Reason gastric sleeve 

moved away 
moved away moved away 

Age (years) 33/32 45 49 
Sex M/F F F 
wk52 n = 2 n = 1 n = 1 
Reason 1 x moved away  

1 x testing 
exhaustion  

personal reasons NRC 

Age (years) 50/27 44 28 
Sex F/F F F 
wk78 n = 1 n = 3 n = 0 
Reason NRC 1 x medication 

2 x gastric sleeve 
 

Age (years) 38 41/ 44/ 44  
Sex F M/ M/ F  

GI, gastrointestinal; F, female; M, male; NRC, not responding to communication. 
No significant differences were found. 

Table 3-8 Overview of dropout time points, reasons, age, and sex 

 

 Non-dropouts 
n = 24 

Dropouts 
n = 16 

Early dropouts 
n = 8 

Late dropouts 
n = 8 

Age, years 35.5  
30.5-39.5 

41.5  
33.3-44.8 

42.0 
33.3-46.5 

41.5  
29.5-43.0 

Sex, female/male 17/7 13/3 7/1 6/2 

Body mass, kg 103.1  
90.2-124.2 

104.3  
90.5-130.7 

116.6  
94.7-153.1 

95.45  
89.1-105.1 

Waist 
circumference, cm 

111.0 
102.9-119.6 

110.0 
102.9-125.8 

116.8 
98.8-135.9 

107.5 
102.9-111.5 

HOMA-IR, units 2.38 
2.14-2.99 

2.84 
2.12-3.46 

2.62 
1.99-3.46 

2.89 
2.18-3.4 

Fasting blood 
glucose, mmol/L 

5.0 
4.5-5.3 

5.1 
4.8-5.5 

5.1 
4.7-5.8 

5.1 
4.9-5.5 

Fasting serum 
insulin, mU/L 

11.5 
10.0-13.8 

11.5 
9.0-15.5 

11.0 
7.5-15.5 

11.5 
10.3-15.5 

Data are presented as median and IQR. No significant differences existed between dropouts and non-
dropouts or early and late dropouts 

Table 3-9 Comparison of baseline measures between dropouts and non-dropouts 
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 Mood and anaemia 
Note: Mood and haemoglobin levels analyses are based on participants that completed at least one 

evaluation visit (n = 36). As the Placebo participant who received an unintentional dose of worms was 

effectively infected, I based the analyses on PP data, including the individual in the L3-10 group. 

Throughout the trial, participants’ mood and depressive state were assessed via the PHQ-9 as a 

further secondary safety outcome. Table 3-10 details median absolute scores and changes by treatment 

group at each visit, with a lower score indicating a less depressive state. The median total score in the 

Placebo group remained relatively stable over time but was slightly higher than baseline at wk104, 

hinting at a marginally worsened mood. In contrast, I noticed a trend of lower median absolute scores 

compared to baseline in the worm treatment groups at all evaluation visits. However, Mixed-effects 

analyses did not detect any significant changes over time in any treatment group. Similarly, Kruskal-

Wallis tests showed no significant difference in absolute scores or changes between groups at any time 

point.  

The trend for lower median scores in the infected groups indicated that worm infection might 

be associated with improved mood regardless of infection magnitude. Therefore, I also explored the 

differences between Placebo and infected participants, combining the L3-10 and L3-20 groups into 

infected (Table 3-11). Mann-Whitney test results showed no significant differences in median scores 

between Placebo and infected groups at any time point. Similarly, no significant differences in median 

change scores were evident. 

While the median changes in each treatment group were similar, I found considerable 

heterogeneity in individual changes (Figure 3-5). Some participants consistently reported increased 

PHQ-9 scores, indicating worse mood, while others reported improvements; however, no similarities, 

such as changes in life circumstances or medication, were evident among these participants. 

Furthermore, the consequences of COVID lockdowns and restrictions possibly also distorted participant 

responses. Together, these findings indicate that worm infection does not seem to worsen mood and 

may even lead to a slight improvement, but other factors likely also play a role. 

Responses to Questions 1, 3, 4, and 5 were the most consistently improved in all treatment 

groups (Figure 3-6). These questions relate to taking pleasure in doing things, sleep disturbances, energy 

levels, and appetite. Worm-infected participants also reported improvements to most other questions 

except Question 9, for which initial scores were already low. 
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Figure 3-5 PHQ-9 scores 
A) PHQ-9 total scores by treatment group throughout the trial.  
B) PHQ-9 total scores for Placebo and combined worm treatment groups (Na) throughout the trial.  
Data are presented as median and IQR.No significant differences were found (Mixed effects model) 
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Table 3-10 PHQ-9 scores by treatment 
group throughout the trial 
 

 Placebo L3-10 L3-20 

baseline 
7 

3.5-13.5 
n = 12 

8 
2.0-11.0 
n = 13 

10 
5.0-12.0 
n = 11 

wk26 
5 

3.3-7.5 
n = 12 

4 
2-6.8 

n = 12 

9 
3.0-12.0 
n = 11 

wk52 
6 

1.0-13.0 
n = 9 

4 
2.0-7.0 
n = 11 

5 
2.5-7.5 
n = 10 

wk78 
6 

2.8-9.0 
n = 8 

3 
1.0-9.0 
n = 11 

6.5 
1.8-9.8 
n = 8 

wk104 
9 

2.0-16.0 
n = 7 

3 
0.5-5.5 
n = 8 

4 
2.0-9.0 
n = 9 

Data are presented as median and IQR. 
No significant differences were found. 

Table 3-11 PHQ-9 scores in Placebo and 
combined worm treatment groups 
 

 Placebo Na 

baseline 
7 

3.5-13.5 
n = 12 

8 
3.0-12.0 
n = 24 

wk26 
5 

3.3-7.5 
n = 12 

5 
2.0-11.0 
n =23 

wk52 
6 

1.0-13.0 
n = 9 

4 
2.0-6.5 
n = 21 

wk78 
6 

2.8-9.0 
n = 8 

6 
1.0-9.0 
n = 19 

wk104 
9 

2.0-16.0 
n = 7 

4 
2.0-7.5 
n = 17 

Na, combined worm treatment groups. Data are 
presented as median and IQR. No significant 
differences were found. 
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Q7 Trouble concentrating on 
things, such as reading the 
newspaper or watching TV 
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Q6 Feeling bad about yourself - 
or that you are a failure or have 
let yourself or your family down 
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Q4 Feeling tired or having little 
energy 

Q3 Trouble falling or staying 
asleep or sleeping too much 

Q2 Feeling down, depressed, or 
hopeless 
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Figure 3-6 Median PHQ-9 scores for each question by treatment group throughout the 
trial 
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 Haemoglobin  
Adult Na attach to the intestinal lining and feed on blood, and iron-deficiency anaemia as a side 

effect of infection is a slight possibility; therefore, haemoglobin measures were an additional safety 

outcome of the trial. Kruskal-Wallis tests did not show significant differences in absolute values or 

changes between groups at any time point. Similarly, longitudinal analyses (Mixed-effect model) did 

not show significant differences between time points. Furthermore, irrespective of worm infection, 

haemoglobin levels remained well in the healthy range at all time points (Figure 3-7). The data imply 

that infection with 20 or 40 L3 larvae does not lower haemoglobin levels in adults with metabolic 

disease. 
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Figure 3-7 Haemoglobin (g/L) by treatment group throughout 
the trial.  
Data are presented as median and IQR. No significant 
differences were found and haemoglobin remained in the 
healthy range in all participants (Mixed effects model) 
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3.3 Discussion 

The primary aim of this world-first phase 1b clinical trial using experimental hookworm 

infection in humans with metabolic disease was to establish the safety, tolerability and acceptability of 

experimental infection with the human hookworm N. americanus in otherwise healthy adults with 

metabolic syndrome. The results supported my hypothesis that infection in this cohort is safe, tolerable 

and acceptable. 

The number of AEs and SAEs events was the primary outcome measure of infection safety. 

Throughout the two-year trial, 15 participants experienced a total of 20 mainly mild to moderate AEs, 

with only three (one in each group) classified as severe. More importantly, no SAE occurred. The 

significant difference in the number of AEs between the Placebo and worm groups was primarily driven 

by the incidence of GI events exclusive to the worm treatment groups. Despite the significantly higher 

number of AEs in the worm groups compared to the Placebo group, each group’s proportion of 

participants completing the two-year trial was similar and highest in the L3-20, indicating that infection-

related AEs did not disproportionally impact trial completion.  

Sixty per cent (12) of all AEs were GI and occurred early in the trial at a time consistent with 

worm settlement in the intestine; these were deemed hookworm-related. Despite representing a high 

proportion of total AEs, a mere three GI events, equalling 19 per cent of all dropouts, led to early 

withdrawals before the first evaluation visit at wk26. One participant with abdominal discomfort after 

the first inoculation decided to deworm at home before consulting the trial doctor and reported 

immediate relief following the administration of the medication. The participant was subsequently 

unblinded as an L3-20 recipient and excluded. The other two participants completed an early 

termination visit after notifying the trial doctor of abdominal symptoms, were unblinded (1x L3-10 and 

1x L3-20), and received deworming medication on the doctor’s advice; the L3-10 participant recovered 

promptly. However, the L3-20 participant was still unwell two weeks after deworming and booked in 

with their doctor to further investigate the cause of the abdominal symptoms. Interestingly, this 

participant's faecal examination two days before deworming found no ova, cysts, or parasites. These 

findings indicate that the infection may have been unsuccessful, and the cause of gastric upset was 

possibly unrelated to Na infection. All other participants with GI events tolerated the transient GI 

symptoms without requiring medical intervention and remained in the trial. 

Completion of the two-year trial was a secondary safety outcome. Sixteen of the forty 

randomised participants left the study before completion, with the majority of dropouts and withdrawals 

(13/16) spurred by reasons unrelated to worm infection. A dominant reason for discontinuation was 

participant relocation; five individuals moved to a distant location within Australia. Although all agreed 

initially to participate remotely, only one achieved completion of the trial, leaving four to drop out early. 

A repeatedly cited hurdle to remote participation was the challenge of finding a new local general 
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practitioner, which can generally be difficult after relocation. COVID restrictions and lockdowns 

further exacerbated the issue, making it near impossible for participants to arrange an appointment. 

Another recurrent reason for discontinuation was gastric sleeve surgery. Three participants were 

disqualified from further participation following the surgery, as the surgery’s effects significantly 

impact metabolic outcomes (Stenberg & Thorell, 2020). The remaining reasons included personal 

reasons, testing exhaustion, unsuccessful communication efforts, diagnosis of cancer, and starting 

metformin. Baseline characteristics that may have influenced participants’ decision to withdraw (sex, 

age, body mass, WC, insulin resistance, fasting blood glucose, and serum insulin) did not significantly 

differ between dropouts and non-dropouts or between early and late dropouts. Together, these findings 

indicated that AEs contributed minimally to study withdrawals. Dropouts occurred primarily for reasons 

unrelated to the intervention and appeared to have occurred at random. 

To evaluate the patency of infection, I used a composite definition of hookworm infection that 

included eosinophil count and positive hookworm qPCR. Although the magnitude of eosinophil 

response varied widely between individuals (see Section 5.2.5) and tended to be higher in males at all 

time points, increased eosinophil count was universal in all infected participants. Additionally, 90% of 

available wk26 faecal samples were egg positive. While qPCR indicated one person had no faecal eggs, 

their eosinophil count reached clinical eosinophilia and remained elevated throughout the trial, so the 

treatment could be considered successful. The negative result could suggest an imbalance of male and 

female worms, causing egg deficiency. Further, egg output can be variable, with no output for up to 

two weeks documented previously (Mortimer et al., 2006), so this snapshot of egg presence may not 

accurately reflect worm presence. My results indicate an excellent infection succession rate that 

compares favourably with other experimental infection studies (Croese et al., 2015; Croese et al., 2020; 

Daveson et al., 2011; Feary et al., 2010; Mortimer et al., 2006).  

As hookworm infection carries a small risk of anaemia, we monitored the participants' 

haemoglobin levels during the trial as an additional safety outcome. Anaemia is primarily a concern in 

adults with a high worm burden, young children, and pregnant women. Given the trial’s low worm 

doses and exclusion criteria, we did not expect to see any negative impact of infection on haemoglobin 

levels, which was substantiated by the pathology results. Haemoglobin levels were similar between 

groups and well within the healthy range in all participants and throughout the trial. 

To complement the physical health safety evaluations, we also assessed our participants' mental 

well-being throughout the trial via the PHQ-9, in which a lower score indicates improvements in 

depressive state. Independent of allocation, most participants reported improved mood and well-being 

throughout the trial, with only a small number consistently scoring higher than baseline at evaluation 

visits. I found no evidence of similarities, such as accounts of challenging life circumstances, that might 

explain the scores in individuals with worsening mood. In all groups, scores declined the most for 

Questions 1. 3, 4, and 5, hinting at positive changes regarding pleasure in doing things, sleep 
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disturbances, energy levels, and appetite. Additionally, helminth-infected participants scored lower in 

most other questions, except for Question 9, which related to thoughts about death and hurting yourself 

and already scored low at baseline. Overall, helminth-infected participants seemed to enjoy better 

mental well-being than the Placebo group. However, this difference was not statistically significant, 

possibly due to the low numbers in each group, particularly towards the later trial stages. Our finding 

is consistent with those from previous hookworm trials that also described improved mood and sense 

of well-being in infected participants (Croese et al., 2015; Croese et al., 2020; Daveson et al., 2011). 

 Other factors could have influenced participants’ mental state. The anticipation of a desired 

physical effect of helminth infection, such as reduced body mass or simply the optimism of taking a 

positive step towards a healthy change, may have initiated mood improvements. In contrast, the COVID 

pandemic unfolded during the trial. Anxiety and uncertainty resulting from repeated lockdowns and 

restrictions could have triggered significantly worse mental well-being in our participants and possibly 

distorted participant responses. Still, our participants appeared to cope well overall. Together, these 

findings indicated that worm infection certainly does not seem to worsen mental well-being and may 

even lead to a slight improvement, but other factors likely also play a role. 

Despite the persisting negative perception of germs and parasites, controlled, low-dose 

hookworm infection appears to be an acceptable preventative intervention for humans with metabolic 

diseases. The trial announcement generated great public interest, and over 200 individuals were eager 

to join. Based on comments from screened volunteers, the potential for infection to initiate weight loss 

was a strong motivator for many candidates with central obesity an inclusion criterion of the trial. Others 

were genuinely fascinated by the rationale for the trial and keen to participate in an alternative approach 

to targeting metabolic disease. Specifically, women were more strongly represented among all 

applicants. As divulged during trial visits, many participants promoted the trial by excitedly sharing 

news of their participation and clarifying some misconceptions about worms with friends, colleagues, 

and their general practitioners. After unblinding, all bar one infected participants refused deworming 

medication and decided to retain their worms, or “friends”, as some affectionately named them. This 

refusal to deworm appeared as a consistent theme and was noted in previous hookworm infection trials 

(Croese et al., 2015; Croese et al., 2020; Daveson et al., 2011). 

In conclusion, in the current trial, experimental infection with the human hookworm Na as a 

novel strategy to improve metabolic disorders was safe, well-tolerated, and acceptable in humans with 

metabolic disease. Adverse events were mainly mild to moderate in nature and largely unrelated to early 

withdrawal from the trial. Discomfort in the earl trial stage stemming from worm migration to the 

intestine was well-tolerated. Public interest in the trial was strong, and infected participants became 

very attached to their new cohabitants. 
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4.1 Introduction 

 The increasing prevalence of obesity poses significant challenges for health systems 

worldwide. Not only is the presence of obesity linked to mental health disorders such as anxiety 

disorders, depression, and neurodegenerative diseases, but it also markedly exacerbates the risk of 

chronic metabolic diseases, including CVD, MetS and T2DM (Golia et al., 2014; Himmerich et al., 

2009; Luppino et al., 2010; Trayhurn & Wood, 2005). Visceral adiposity, in particular, appears to be 

the main culprit in the development of T2DM (Liu et al., 2018). Global numbers of individuals living 

with T2DM are spiralling out of control, with more than half a billion adults already diagnosed and one 

person dying of diabetes every five seconds (International Diabetes Federation, 2022). The hardest hit 

are low and middle-income countries, where an estimated 75% of all people with diabetes reside, 

inflicting catastrophic economic and personal strain on the affected countries (International Diabetes 

Federation, 2022). Once established, T2DM is costly to manage and cannot be cured due to enduring 

damage to the pancreatic β-islets; however, caloric restrictions and weight loss may promote reversal 

(remission) (Hallberg et al., 2019). When poorly managed, the disease almost inevitably progresses to 

complications such as retinopathy, neuropathy, peripheral arterial disease, kidney disease, CVD, stroke, 

and foot ulcers (International Diabetes Federation, 2022). The soaring prevalence of T2DM is 

undoubtedly related to lifestyle factors such as an energy-dense diet and a sedentary lifestyle. However, 

emerging evidence supports the idea that removing worms and other pathogens from our environment 

has contributed to the increased prevalence of diabetes and its critical drivers, inflammation and insulin 

resistance.  

Insulin resistance, triggered by inflammatory processes in abdominal adipose tissue, is the 

foremost pathophysiological aspect of T2DM (Berbudi, Ajendra, et al., 2016; Heilbronn & Campbell, 

2008). Insulin release from cells in pancreatic β-islets is tightly linked to blood glucose concentrations 

and precisely meets metabolic demands in healthy subjects (Schmitz et al., 2008). In skeletal muscle 

and adipocytes, insulin mainly promotes glucose uptake, whereas it suppresses gluconeogenesis and 

glycogenolysis in the liver (Ormazabal et al., 2018; Shulman, 2000). Further, insulin stimulates lipid 

storage in adipocytes by inducing triacylglycerol synthesis and impeding lipolysis (Ormazabal et al., 

2018). Pathological remodelling of WAT during obesity with concomitant increases in FFAs and 

inflammatory cytokines promotes system-wide inflammation, which is recognised as the primary 

mechanism in insulin resistance (Hotamisligil et al., 1993; Kahn et al., 2006; Luft et al., 2013; Weisberg 

et al., 2003; Xu et al., 2003). During insulin resistance, the main insulin-sensitive tissues (liver, skeletal 

muscle, and adipose tissue) become desensitised to insulin action and progressively fail to uptake 

glucose and synthesis glycogen, resulting in hyperglycaemia and hyperlipidaemia (Ormazabal et al., 

2018). Consequently, higher insulin concentrations are required to elicit a normal response (Wang et 

al., 2004). Pancreatic β-cells respond to insulin resistance with increased secretion, ultimately leading 

to β-cell exhaustion and enduring hyperglycaemia if insulin resistance persists (Shulman, 2000). 
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Evidence from human epidemiological studies suggests that helminth infections can downregulate 

inflammatory immune responses and promote glucose homeostasis (de Ruiter et al., 2017). 

Helminth infection has significant and long-lasting consequences on metabolic function in the 

host. A systematic review and meta-analysis of four early studies showed a 50% reduced likelihood of 

metabolic dysfunction in adults with previous or current worm infections (Tracey et al., 2016). In a later 

study, Mohamed et al. analysed anthropometric and metabolic measurements in adults with and without 

previous schistosome infection (Mohamed et al., 2017). Infected individuals had a significantly lower 

prevalence of MetS and its components (central obesity, hypertension, and abnormal lipid profile). A 

2017 Chinese study also described improved markers of MetS and reduced body mass in adults with 

schistosomiasis compared to uninfected controls (Q. Duan et al., 2018). Similarly, a 2019 cross-

sectional study in Ethiopia compared schistosome-infected adults with non-infected and reported lower 

fasting blood sugar and more favourable lipid profiles in infected compared to uninfected participants 

(Wolde et al., 2019). While these cross-sectional studies supported the idea of a protective role of 

helminths in metabolic disease, they did not provide evidence of a causal relationship between helminth 

infection and improved metabolic health. 

Deworming studies delivered the first fragments of causal evidence in humans to advance our 

understanding of worms and metabolism. The enduring co-evolution of worms and humans has led to 

an intricate relationship between worms and the human immune system (Loukas et al., 2016), which 

has even inspired claims that the entire Th2 response may have essentially evolved to control the 

parasites and remedy the damage caused by their migration and feeding (Allen & Sutherland, 2014). 

Recent mass deworming programmes offered a unique opportunity to study the effects of removing one 

part of this intimate relationship on immune and metabolic responses. A cluster-randomised double-

blind clinical trial in Indonesia noted significantly increased insulin resistance (Tahapary, de Ruiter, 

Martin, Brienen, van Lieshout, Cobbaert, et al., 2017) and significantly increased leptin-adiponectin 

ratio in previously infected individuals that may have contributed to the increases in insulin resistance 

after deworming (Tahapary, de Ruiter, Martin, Brienen, van Lieshout, Djuardi, et al., 2017). Subsequent 

studies in India, Thailand, and Uganda described that worm removal increased levels of insulin and 

glucagon (Rajamanickam et al., 2018), enhanced hyperglycaemia, HbA1c, and risk of metabolic disease 

(Muthukumar et al., 2019), and worsened blood lipid profiles (Sanya et al., 2019). A 2019 systematic 

review and meta-analysis of all previous cross-sectional and deworming studies investigating metabolic 

function concluded that helminth infection was typically associated with improved metabolic function; 

however, improvements in individual parameters may be helminth species-specific (Rennie et al., 

2021). Experimental evidence from several mouse studies corroborates these findings from human 

studies. 

Mouse studies using experimental infection with various helminth species or treatment with 

helminth-derived molecules consistently showed improvements in metabolic homeostasis and 
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inflammation. A landmark 2011 study first demonstrated the role of IL-4 secreting eosinophils in 

preserving insulin sensitivity, inspiring the idea that type 2 immunity is linked to adipose tissue 

metabolic homeostasis (D. Wu et al., 2011). As helminths are known to induce physiological eosinophil 

elevations, the authors infected mice on a high-fat diet with N. brasiliensis. They reported improved 

insulin sensitivity and glucose tolerance, lower fasting glucose, and reduced perigonadal fat mass. 

Notably, these improvements were maintained up to 45 days after parasite clearance. These findings of 

a protective role of helminth infection in metabolic homeostasis have since been replicated in multiple 

other publications. Whole worm infection studies (Berbudi, Surendar, et al., 2016; Q. Duan et al., 2018; 

Hussaarts et al., 2015; Khudhair et al., 2021; Morimoto et al., 2017; Pace et al., 2018; Shimokawa et 

al., 2019; Su et al., 2018; Yang et al., 2013), treatment with parasite antigen mixtures or ES products 

(Berbudi, Surendar, et al., 2016; Bhargava et al., 2012; Hussaarts et al., 2015; Khudhair et al., 2022; 

van den Berg et al., 2017), and treatment with single parasite molecules (Crowe et al., 2020; Hams et 

al., 2016; van der Zande et al., 2021) all resulted in marked improvements in glucose control and 

reduced body mass. In combination, these findings suggest that worm therapy could present a 

potentially beneficial treatment for human metabolic disorders.  

The current clinical trial aimed to determine the influence of infection with Na on key metabolic 

and physical parameters, including insulin resistance assessed by HOMA-IR, body mass, central 

adiposity, and blood lipid profile; the primary metabolic outcome was HOMA-IR. I hypothesised that 

infection would improve these parameters. 
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4.2 Results 

Notes: For one male L3-10 participant, wk78 data were excluded from all metabolic analyses, 

as he had undergone gastric sleeve surgery five months earlier, as this procedure affects all metabolic 

outcomes investigated in this chapter (Lechea et al., 2019). Similarly, wk104 data for one female 

Placebo who had undergone the same surgery nine weeks prior to the visit were excluded. One outlier 

with abnormally high values was removed from wk26 glucose, insulin, and HOMA-IR analyses. For 

the same participant, wk78 metabolic data except blood lipids were excluded, as he had started taking 

metformin some weeks before the visit. A further L3-10 participant was retrospectively discovered to 

have taken metformin at wk78 and wk104, excluding these visits from glucose metabolism, body mass, 

and central adiposity, but not blood lipid analyses.  

 

 Glucose homeostasis 
4.2.1.1 Insulin resistance 

Insulin resistance, assessed by HOMA-IR, was the trial’s primary metabolic outcome. For 

HOMA-IR, I have presented absolute values and changes for both ITT and PP-based analyses but 

focused on PP results only for all other metabolic outcomes, as the participant in question (see Section 

3.2.1.2) was effectively worm-infected. For ITT analyses (Table 4-1), Kruskal Wallis (KW) tests did 

not identify any significant differences in absolute values or changes between groups at any time point. 

Longitudinal analyses (Mixed-effects model) did not reveal significant differences between time points 

in any group. Although not statistically significant, median HOMA-IR improved considerably in the 

L3-10 group from 3.01 units at baseline to 1.67 units at wk78, with smaller improvements in the L3-20 

group. 

For PP analyses (Table 4-2) KW did not find significant intercohort differences in absolute 

values but showed significantly different changes between Placebo and L3-10 at wk52 (KW p = 0.0448, 

adjusted p = 0.0387) and between L3-10 and L3-20 at wk78 (KW p = 0.0344, adjusted p = 0.0486). 

These differences translated to a reduction in median HOMA-IR of 1.09 units in the L3-10 group 

compared to a median increase of 0.80 units in the Placebo group. By wk78, median HOMA-IR in the 

L3-10 group was further reduced by 1.48 units, significantly greater than the median reduction of 0.25 

in the L3-20 group. The Mixed-effects model omnibus results were not significant in either group, but 

in the L3-10 group, Tukey’s posthoc tests found significantly (p = 0.0275) reduced HOMA-IR in the 

L3-10 group at wk78 (1.57 units) compared to baseline (2.95 units). No other significant inter-cohort 

or longitudinal differences were evident. 

As significance tests depend greatly on sample size, and numbers in all groups were low, I also 

calculated the effect sizes of treatment versus control for a measure of the treatment effect independent 

of participant numbers (Table 4-3). Effect sizes for HOMA-IR changes in the L3-10 versus Placebo 
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group were medium at wk26 (d = 0.76) and large at wk52 (d = 1.24), wk78 (d = 1.01) and wk104 (d = 

1.03), indicating a considerable treatment effect in the L3-10 group. For the L3-20 group, effect sizes 

were moderate at wk26 (d = 0.55) and wk78 (d = 0.75) and small at wk104 (d = 0.25). 

Longitudinal median changes in the Placebo group did not demonstrate a consistent trend in 

either direction, fluctuating between improvements and worsening throughout the trial. Also, changes 

among participants in the Placebo group were heterogeneous (Figure 4-1), with some individuals 

experiencing worsening HOMA-IR while others showed improvements. In contrast, longitudinal 

median HOMA-IR changes in the worm treatment groups were more consistent with improvements at 

every evaluation time point. Likewise, changes in worm-infected participants were more homogenous, 

with nearly all individuals showing improvements in HOMA-IR. I have explored possible correlates 

for protection in Chapter 5 to shed some light on these observations.  

In summary, Na infection improved insulin resistance in the worm treatment groups. Notably, 

the lower dose of 20 worms in the L3-10 group was more effective than the higher dose of 40 in the 

L3-20 group. Insulin resistance in the Placebo group worsened initially but returned to near baseline 

values by wk104. 
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Table 4-1 Intention-to-treat fasting HOMA-IR 
(units) absolute values and changes from baseline 
throughout the trial 
  

Placebo L3-10 L3-20 

Baseline 
2.18 

2.01-2.82 
n = 13 

3.01 
2.25-3.58 

n = 12 

2.36 
2.12-3.00 

n = 11 

wk26 
2.35 

2.08-3.04 
n = 13 

2.21 
1.33-3.38 

n = 10 

2.05 
1.78-2.58 

n = 11 

Δ wk26 
-0.23 

-0.61-0.94 
n = 13 

-0.91 
-1.91-0.16 

n = 10 

-0.48 
-1.21-0.16 

n = 11 

wk52 2.45 
1.60-3.95 

n = 10 

2.01 
1.68 - 2.86 

n = 10 

2.40 
1.65-3.22 

n = 10 

Δ wk52 
0.38 

-0.96-2.32 
n = 10 

-1.05 
-1.49- (-0.35) 

n = 10 

-0.44 
-1.37-0.87 

n = 10 

wk78 1.71 
1.52-3.52 

n = 9 

1.67 
0.73-3.13 

n = 7 

2.54 
1.91-3.14 

n = 8 

Δ wk78 
-0.50 

-1.13-1.80 
n = 9 

-1.47 
-1.80-0.20 

n = 7 

-0.25 
-0.39-0.37 

n = 8 

wk104 
2.43 

1.38-2.54 
n = 7 

2.01 
1.41-2.17 

n = 6 

1.53 
1.03-4.83 

n = 9 

Δ wk104 
-0.52 

-0.80-0.44 
n = 7 

-0.98 
-1.89 - (-0.33) 

n = 6 

-0.48 
-1.23-1.12 

n = 9 
Data are presented as median and IQR. No 
significant differences were found. 

Table 4-2 Per-protocol fasting HOMA-IR (units) 
absolute values and changes from baseline 
throughout the trial 
  

Placebo L3-10 L3-20 

baseline 
2.18 

1.97-2.62 
n = 12 

2.95 
2.27-3.55 

n = 13 

2.36 
2.12-3.00 

n = 11 

wk26 
2.55 

2.06-3.09 
n = 12 

2.27 
1.47-3.17 

n = 11 

2.05 
1.78-2.58 

n = 11 

Δ wk26 
-0.19 

-0.58-0.98 
n = 12 

-0.60 
-1.87- (-0.09) 

n = 11 

-0.48 
-1.21-0.16 

n = 11 

wk52 2.93 
1.76-4.20 

n = 9 

1.78 
1.68-2.49 

n = 11 

2.40 
1.65-3.22 

n = 10 

Δ wk52 
0.80 

-0.74-2.34 
n = 9 

-1.09* 
-1.47-(-0.48) 

n = 11 

-0.44 
-1.37-0.87 

n = 10 

wk78 2.00 
1.59-3.84 

n = 8 

1.57& 
0.91-2.98 

n = 8 

2.54 
1.91-3.14 

n = 8 

Δ wk78 
-0.16 

-0.91-2.33 
n = 8 

-1.48† 
-1.77-(-0.05) 

n = 8 

-0.25 
-0.39-0.37 

n = 8 

wk104 
1.95 

1.36-2.74 
n = 6 

2.09 
1.49-2.27 

n = 7 

1.5 
1.03-4.83 

n = 9 

Δ wk104 
-0.26 

-0.81-0.56 
n = 6 

-0.8 
-1.34-(-0.37) 

n = 7 

-0.48 
-1.23-1.12 

n = 9 
Data are presented as median and IQR; 
*significant difference to Placebo; & significant 
difference to baseline; † significant difference to 
L3-20 

 

Table 4-3 HOMA-IR change effect sizes at each evaluation visit 
 

 Placebo L3-10 L3-10 vs 
Placebo L3-20 L3-20 vs 

Placebo 

wk26 0.180 ± 1.128 
n = 12 

-0.742 ± 1.285 
n = 11 d = 0.76M -0.417 ± 1.048 

n = 11 d = 0.55M 

wk52 0.987 ± 2.002 
n = 9 

-0.915 ± 0.852 
n = 11 d = 1.24L -0.259 ± 1.258 

n = 10 d = 0.75M 

wk78 0.794 ± 2.474 
n = 8 

-1.090 ± 0.880 
n = 8 d = 1.01L 0.294 ± 1.314 

n = 8 d = 0.25S 

wk104 -0.133 ± 0.768 
n = 6 

-1.133 ± 1.142 
n = 7 d = 1.03L -0.042 ± 1.790 

n = 9 d = -0.15 

 M, medium effect size; L, large effect size; S, small effect size.  
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Figure 4-1 HOMA-IR changes (units) by treatment group at each evaluation visit 
Individual data points are shown for each participant, and median values in each 
treatment group are indicated by the vertical lines.  
* significant difference between Placebo and L3-10; † significant difference 
between L3-10 and L3-20 (Kruskal-Wallis test) 
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HOMA-IR is calculated from blood glucose and insulin values. To investigate if either of these 

components was the driving factor in HOMA-IR changes, I separately analysed changes in fasting blood 

glucose and serum insulin (Table 4-4,  Figure 4-2, and Figure 4-3). I also examined glycated 

haemoglobin levels (HbA1c IFCC) to understand the potential effects on average blood sugar levels 

over three months (Table 4-4 and Figure 4-4). 

 

4.2.1.2 Fasting blood glucose 
Kruskal-Wallis tests showed no significant differences in absolute median values between 

groups at all time points. In the Placebo group, median values remained stable or increased until wk52 

but were reduced slightly at wk78 and wk104, consistent with the HOMA-IR changes at these time 

points. In contrast, both worm treatment groups experienced reductions in fasting glucose at all 

evaluation time points, reflecting the HOMA-IR improvements in these groups (Table 4-4). Median 

changes (Figure 4-2) in the L3-20 treatment group were significantly different to the Placebo group at 

wk26 (KW p = 0.0244, adjusted p = 0.0265) and wk52 (KW p = 0.0290, adjusted p = 0.0243). 

Longitudinal analyses by Mixed-effects models revealed no significant treatment effect in the Placebo 

group. In the L3-10 group, the omnibus result was insignificant, but Tukey’s multiple comparisons 

showed significantly lower than baseline median fasting glucose (adjusted p = 0.0454) at wk26. In the 

L3-20 group, significantly lower (Mixed-effects model p = 0.0015) median values compared to baseline 

were evident at wk26 (adjusted p = 0.0158), wk52 (adjusted p = 0.0068), and wk104 (adjusted p = 

0.0151) (Table 4-4). 

 

4.2.1.3 Insulin 
As for fasting glucose, KW tests found no significant differences in absolute values between 

groups at any time point. Median Placebo values were mainly stable or slightly elevated compared to 

baseline at evaluation time points. In the L3-10 group, median values were consistently lower than 

baseline at all evaluation visits, whereas results for the L3-20 group were more inconsistent (Table 4-4). 

Change in the L3-10 group was opposite and significantly different to Placebo at wk52 (KW p = 0.0187, 

adjusted p = 0.0195) and significantly different to L3-20 at wk78 (p = 0.0142) (Figure 4-3). Omnibus 

results for longitudinal Mixed-effects model analyses were not significant in any group; however, 

Tukey’s multiple comparisons identified significantly lower insulin compared to baseline in the L3-10 

group at wk78 (adjusted p = 0.0431). Together these results indicate that both infected groups 

experienced similar blood glucose reductions. However, insulin only declined in the L3-10 group, 

driving the more significant HOMA-IR reduction in this group. 
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4.2.1.4 HbA1c IFCC 
Median absolute HbA1cIFCC values, as assessed by KW tests, were not significantly different 

between groups at any time point. Values in the Placebo group showed an upward trend throughout the 

trial, while values in the L3-10 group experienced a modest decline before returning to baseline by 

wk104 (Table 4-4). At wk78, the median change in the L3-10 group was significantly different (KW, p 

= 0.0353) from the change in the L3-20 group (Figure 4-4). In the L3-20 group, no consistent trend was 

evident, but at wk78, mixed-effects models found a significant difference to baseline (p = 0.0273) and 

wk26 (p = 0.0067); values at wk104 equalled baseline values (Table 4-4). These results imply that 

hookworm infection did not alter HbA1c levels but may have prevented worsening, as seen in the 

Placebo group. 
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Table 4-4 Fasting blood glucose (mmol/L), serum insulin (mU/L), and glycated haemoglobin (mmol/L) absolute values and changes from 
baseline by treatment group throughout the trial 
 

 baseline wk26 Δ wk26 wk52 Δ wk52 wk78 Δ wk78 wk104 Δ wk104 

Fbg (mmol/L)          

Placebo 
4.8 

4.5-5.1 
n = 12 

5.0 
4.0-5.3 
n = 12 

0.0 
-0.5-0.5 
n = 12 

4.8 
4.4-5.4 
n = 9 

0.3 
-0.4-0.8 

n = 9 

4.6 
4.2-5.3 
n = 8 

-0.1 
-0.7-0.6 

n = 8 

4.0 
3.1-5.1 
n = 6 

-0.8 
-1.9-0.6 

n = 6 

L3-10 
5.2 

4.7-5.6 
n = 13 

4.5& 
4.0-5.1 
n = 11 

-0.7 
-1.0- (-0.3) 

n = 11 

4.2 
3.6-5.6 
n = 11 

-0.9 
-1.1-0.6 
n =11 

4.5 
4.2-4.7 
n = 8 

-0.5 
-1.0-0.1 

n = 8 

4.7 
3.9-4.8 
n = 7 

-0.6 
-1.2- (-0.4) 

n = 7 

L3-20 
5.3 

4.9-5.4 
n = 11 

4.3& 
4.0-5.3 
n = 11 

-0.7* 
-1.0- (-0.6) 

n = 11 

4.1& 
3.7-4.9 
n = 10 

-1.0* 
-1.4- (-0.7) 

n = 10 

4.5 
4.1-5.1 
n = 8 

-0.4 
-1.2- (-0.0) 

n = 8 

4.3& 
4.0-4.9 
n = 9 

-0.6 
-1.1- (-0.4) 

n = 9 
Insulin 
(mU/L) 

         

Placebo 
10.5 

9.3-11.8 
n = 12 

12.0 
10.0-14.5 

n = 12 

1.0 
-1.8-3.8 
n = 12 

12.0 
8.0-19.0 

n = 9 

2.0 
-3.0-9.5 

n = 9 

10.5 
8.0-15.8 

n = 8 

0.0 
-3.0-8.0 

n = 8 

11.0 
9.5-13.5 

n = 6 

0.5 
-0.5-2.3 

n = 6 

L3-10 
13.0 

11.5-15.5 
n = 13 

10.0 
7.0-14.0 
n = 11 

-2.0 
-7.0-1.0 
n = 11 

10.0 
9.0-14.0 
n = 11 

-4.0* 
-5.0- (-3.0) 

n = 11 

9.0& 
4.8-13.8 

n = 8 

-4.5† 
-7.0- (-0.8) 

n = 8 

10.0 
7.0-12.0 

n = 7 

-3.0 
-4.0-1.0 

n = 7 

L3-20 
10.0 

9.0-13.0 
n = 11 

10.0 
9.0-15.0 
n = 11 

-1.0 
-3.0-2.0 
n = 11 

11.5 
9.3-17.5 
n = 10 

1.0 
-4.0- 6.0 
n = 10 

12.0 
9.8-16.8 

n = 8 

2.0 
-1.0-3.0 

n = 8 

8.0 
6.0-21.5 

n = 9 

-1.0 
-4.3-10.8 

n = 9 
HbA1c IFCC 
(mmol/mol) 

         

Placebo 
31.5 

30.0-33.0 
n = 12 

33.5 
30.0-35.8 

n = 12 

1.0 
0.0-3.0 
n = 12 

34.0 
29.5-36.5 

n = 9 

2.0 
0.0-4.0 
n = 9 

32.5 
30.3-35.8 

n = 8 

2.5 
0.0-4.0 
n = 8 

35.5 
33.3-37.0 

n = 6 

3.5 
1.0-5.3 
n = 6 

L3-10 
33.0 

30.5-35.0 
n = 13 

32.0 
30.0-34.0 

n = 11 

0.0 
-1.0-1.0 
n = 11 

32.0 
31.0-35.0 

n = 11 

0.0 
-1.0-1.0 
n = 11 

32.5 
32.0-36.0 

n = 8 

1.0† 
0.0-2.0 
n = 8 

33.0 
32.0-37.0 

n = 7 

2.0 
1.0-4.0 
n = 7 

L3-20 
32.0 

29.0-34.0 
n = 11 

31.0 
30.0-35.0 

n = 11 

1.0 
0.0-3.0 
n = 11 

33.0 
31.8-35.0 

n = 10 

2.5 
0.8-4.0 
n = 10 

33.5&# 
33.0-36.5 

n = 8 

4.0 
2.3-6.5 
n = 8 

32.0 
31.0-37.0 

n = 9 

2.0 
2.0-4.5 
n = 9 

Data are presented as median and IQR. Fbg, fasting blood glucose; HbA1c IFCC, IFCC standardised glycated haemoglobin. &significant 
difference to baseline; * significant difference to Placebo; † significant difference to L3-20; # significant difference to wk26 
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* 

FASTING BLOOD GLUCOSE 

Figure 4-2 Fasting blood glucose changes (mmol/L) from baseline by treatment 
group at each evaluation visit 
Individual data points are shown for each participant, and median values in each 
treatment group are indicated by the vertical lines. *significant difference between 
Placebo and L3-20 (Kruskal-Wallis test) 

* 

-3 -2 -1 0 1 2

wk78

-3 -2 -1 0 1 2

wk26

-3 -2 -1 0 1 2

wk52

-3 -2 -1 0 1 2

wk104

* 

FASTING INSULIN 

† 

Figure 4-3 Fasting insulin changes (mU/L) from baseline by treatment group at each 
evaluation visit.  
Individual data points are shown for each participant, and median values in each 
treatment group are indicated by the vertical lines. * significant difference between 
Placebo and L3-10; † significant difference between L3-10 and L3-20 (Kruskal-Wallis 
test) 
 

-20 -10 0 10 20

wk26

-20 -10 0 10 20

wk52

-20 -10 0 10 20

wk78

-20 -10 0 10 20

wk104
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Figure 4-4 HbA1c IFCC changes (mmol/mol) from baseline by treatment group at 
each evaluation visit.  
Individual data points are shown for each participant, and median values in each 
treatment group are indicated by the vertical lines. † significant difference between 
L3-10 and L3-20 (Kruskal-Wallis test) 
 

-10 -5 0 5 10 15

wk52

-10 -5 0 5 10 15

wk78

-10 -5 0 5 10 15

wk26

HbA1cIFCC 

† 

-10 -5 0 5 10 15

wk104
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 Body mass 
Median body mass was similar in all groups at baseline and not significantly different (KW) 

between groups at any time point (Table 4-5). The Placebo group experienced a small median loss at 

wk52 but had returned to baseline by wk104. In the L3-10 group, median body mass remained largely 

stable until wk52 but had dropped by approximately 10kg by wk78 and wk104. In contrast, median 

body mass in the L3-20 group was increased after wk26. At wk104, the change in body mass was 

opposite and significantly different between L3-10 and L3-20 (KW p = 0.0169, adjusted p = 0.0243) 

(Figure 4-5). Mixed-effects model omnibus test results were not significant in any group, but in the L3-

10 group, Tukey’s multiple comparisons suggested a significant difference to baseline at wk78 

(adjusted p = 0.0192) and wk104 (adjusted p = 0.0313). Together these results suggest that worm 

infection did not induce consistent body mass loss in humans with metabolic disease. 
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Table 4-5 Body mass absolute values and changes (kg) from 
baseline by treatment group throughout the trial 
  

Placebo L3-10 L3-20 

Baseline 
104.5 

89.5-115.1 
n = 12 

102.8 
86.4-131.0 

n = 13 

101.5 
90.0-130.5 

n = 11 

wk26 
106.7 

90.9-115.3 
n = 12 

101.4 
81.6-133.8 

n = 12 

101.5 
86.2-130.0 

n = 11 

Δ wk26 
2.2 

-3.7-3.8 
n = 12 

-2.5 
-3.3-1.0 
n = 12 

-0.5 
-2.3-1.2 
n = 11 

wk52 99.2 
89.8-113.0 

n = 8 

104.0 
90.0-133.0 

n = 11 

106.4 
91.3-129.3 

n = 10 

Δ wk52 
0.4 

-4.3-3.9 
n = 8 

-0.6 
-5.2-1.4 
n = 11 

0.9 
-2.3-5.6 
n = 10 

wk78 105.0 
88.8-119.3 

n = 8 

92.8& 
76.4-120.0 

n = 8 

109.2 
100.0-136.3 

n = 8 

Δ wk78 
-0.8 

-8.0-8.6 
n = 8 

-5.0 
-12.1- (-2.7) 

n = 8 

1.7 
-0.9-8.2 

n = 8 

wk104 
105.5 

90.7-117.8 
n = 6 

93.3& 
77.2-124.0 

n = 7 

107.8 
94.5-132.6 

n = 9 

Δ wk104 
2.3 

-3.6-4.9 
n = 6 

-5.0† 
-9.5- (-1.3) 

n = 7 

3.7 
-1.8-5.9 

n = 9 
Data are presented as median and IQR. & significant difference 
to baseline; † significant difference to L3-20 

Figure 4-5 Body mass changes (kg) from baseline  
Individual data points are shown for each participant, and median values in each 
treatment group are indicated by the vertical lines. † significant difference 
between L3-10 and L3-20 (Kruskal-Wallis test) 
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 Central adiposity - waist circumference and body fat distribution 
 

4.2.3.1 Waist circumference 
Mean waist circumference was similar at baseline and remained largely stable in all treatment 

groups throughout the trial (Table 4-6). One-way ANOVA tests showed no significant differences in 

mean absolute values between treatment groups at any time point. Also, Mixed-effects analyses 

detected no significant differences in absolute values over time in any treatment group. The mean 

change at wk104 was opposite and significantly different (ANOVA p = 0.0488, adjusted p = 0.0464) 

between L3-10 and L3-20 (Figure 4-6), reflecting the changes in body mass at this time point. As seen 

with body mass, changes in each treatment group were heterogeneous, with reductions in some 

individuals contrasting expansions in others  

  



 

 153 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 4-6 Waist circumference totals and changes (cm) from 
baseline by treatment group throughout the trial 
  

Placebo L3-10 L3-20 

Baseline 
112.7 

104.2, 121.1 
n = 12 

113.1 
102.8, 123.5 

n = 13 

112.2 
106.1, 118.3 

n = 11 

wk26 
111.0 

102.0, 119.9 
n = 12 

113.0 
101.3, 124.7 

n = 12 

109.5 
102.4-116.5 

n = 11 

Δ wk26 
-1.7 

-5.4, 2.0 
n = 12 

-0.3 
-4.4, 3.8 
n = 12 

-2.7 
-5.7, 0.3 
n = 11 

wk52 106.5 
97.5, 115.5 

n = 8 

115.5 
106.0, 124.9 

n = 11 

110.6 
105.1, 116.1 

n = 10 

Δ wk52 
-3.2 

-8.5, 2.1 
n = 8 

-1.4 
-5.3, 2.4 
n = 11 

-0.7,  
-3.1-1.8 
n = 10 

wk78 108.9 
98.4, 119.4 

n = 8 

107.4 
46.2, 120.5 

n = 8 

111.6 
104.1, 119.2 

n = 8 

Δ wk78 
-3.2 

-9.9, 3.5 
n = 8 

-5.2 
-9.4, -0.9 

n = 8 

-1.0 
-3.3, 1.4 

n = 8 

wk104 
111.0 

100.5, 121.5 
n = 5 

107.0 
91.4-122.6 

n = 7 

112.1 
106.3, 117.9 

n = 9 

Δ wk104 
-0.2, 

-8.5, 8.1 
n = 5 

-5.8† 
-10.1, -1.4 

n = 7 

0.9 
-2.5, 4.3 

n = 9 
Data are presented as mean and 95% confidence interval. † 
significant difference to L3-20 
 

† 

Figure 4-6 Waist circumference changes (cm) from baseline by treatment group at 
each evaluation visit.  
Individual data points are shown for each participant, and mean values in each 
treatment group are indicated by the vertical lines. † significant difference between 
L3-10 and L3-20 (One-way ANOVA) 
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4.2.3.2 Body fat distribution 
The trial protocol asked participants to attend a local X-ray service at baseline, wk52, and 

wk104 for a body composition scan by dual-energy X-ray absorptiometry (DEXA). DEXA is one of 

the most accurate measurements of body fat distribution and less subject to measurement variation than 

waist circumference assessment. In particular, I was interested in android fat changes as a 

complementary measure of central adiposity, but the report also included gynoid fat, total fat 

percentage, and android-gynoid fat ratio (Table 4-7). 

Thirty-four participants attended the baseline scan, with a further two individuals unable to 

obtain a reading as they exceeded the equipment’s weight limit. Only 18 participants completed their 

wk52 scan, and six completed the wk104 scan. The poor compliance indicates that this activity may 

have demanded undue time commitment, or the baseline body scan image and report may have been 

confronting, leading to avoidance of later scans. 

Kruskal-Wallis tests found no significant differences in absolute values or changes between 

groups at baseline and wk52. The low compliance at wk104 does not support statistical analysis or 

conclusions regarding differences between groups or over time.  
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Table 4-7 Body fat distribution assessed by dual-energy X-ray absorptiometry (DEXA) 
 

 baseline wk52 Δ wk52 wk104 Δ wk104 
Android fat 
(%) 

     

Placebo 
54.4 

50.7-57.6 
n = 11 

51.2 
46.4-56 
n = 2 

-3.5 
-4.3- (-2.7) 

n = 2 

53.0 
50.1-55.8 

n = 2 

-0.6 
-2.9-1.8 

n = 2 

L3-10 
54.1 

50.3-60.0 
n = 12 

54.5 
47.6-60.0 

n = 8 

-0.4 
-3.6-1.1 

n = 8 

57.3 
53.7-65.4 

n = 3 

-0.6 
-7.0-3.9 

n = 3 

L3-20 
54.0 

49.8-58.8 
n = 11 

52.8 
51.3-60.5 

n = 8 

0.5 
-0.8-2.4 

n = 8 

52.2 
52.2-52.2 

n = 1 

4.4 
4.4-4.4 
n = 1 

Gynoid fat 
(%) 

     

Placebo 
45.8 

42.4-53.6 
n = 11 

48.6 
45.4-51.7 

n = 2 

-2.5 
-4.5- -0.4 

n = 2 

51.6 
47.4-55.7 

n = 2 

0.6 
-0.5-1.7 

n = 2 

L3-10 
53.5 

43.5-56.2 
n = 12 

49.6 
39.3-58.4 

n = 8 

-0.6 
-1.6-0.5 

n = 8 

54.3 
52.6-60.3 

n = 3 

-1.7 
-3.7- (-1.0) 

n = 3 

L3-20 
47.0 

42.3-54.0 
n = 11 

48.1 
41.8-54.6 

n = 8 

-0.7 
-3.4-2.8 

n = 8 

39.6 
39.6-39.6 

n = 1 

-2.2 
-2.2- -2.2 

n = 1 
Android-
gynoid 
ratio 

     

Placebo 
1.11 

1.06-1.19 
n = 11 

1.05 
1.02-1.08 

n = 2 

-0.02 
-0.09-0.04 

n = 2 

1.03 
1.00-1.06 

n =2 

-0.02 
-0.04-0.00 

n = 2 

L3-10 
1.06 

0.99-1.25 
n = 12 

1.10 
1.00-1.37 

n = 8 

0.01 
-0.04-0.04 

n = 8 

1.06 
1.02-1.09 

n = 3 

0.03 
-0.06-0.09 

n = 3 

L3-20 
1.14 

1.07-1.22 
n = 11 

1.16 
1.06-1.23 

n = 8 

0.02 
-0.03-0.09 

n = 8 

1.32 
1.32-1.32 

n = 1 

0.18 
0.18-0.18 

n = 1 
Total fat      

Placebo 
45.1 

43.8-52. 
n = 11 

46.5 
43.3-49.7 

n = 2 

-2.3 
-2.7- (-1.8) 

n = 2 

48.5 
45.2-51.7 

n = 2 

0.4 
-0.7-1.4 

n = 2 

L3-10 
47.4 

43.4-52.7 
n = 12 

46.2 
43.0-54.2 

n = 8 

-0.8 
-3.0-0.3 

n = 8 

52.1 
49.1-57.1 

n = 3 

-0.7 
-3.4-0.4 

n = 2 

L3-20 
44.4 

41.5-50.8 
n = 11 

45.9 
42.6-51.8 

n = 8 

-0.5 
-0.9-1.4 

n = 8 

41.5 
41.5-41.5 

n = 1 

0.0 
0.0-0.0 
n = 1 

Data are presented as median and IQR. No significant differences were found. 
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 Blood lipids  
4.2.4.1 Total cholesterol 

Median total cholesterol declined moderately in the Placebo and L3-10 groups throughout the 

trial. In contrast, levels rose in the L3-20 group before returning to baseline values by wk104, with a 

modest reduction in the L3-10 group (Table 4-8). Kruskal-Wallis tests did not reveal significant 

differences in absolute values between groups at any time point. However, at wk26, the change in the 

L3-20 group was opposite and significantly different to Placebo (KW p = 0.0164, adjusted p = 0.0410) 

and to L3-10 (adjusted p = 0.0338). Change in the L3-20 group was also opposite and significantly 

different to Placebo at wk78 (KW p = 0.0427, adjusted p = 0.0382). Mixed-effects model omnibus 

results were not significant, but Tukey’s multiple comparisons indicated significantly lower than 

baseline levels in the Placebo group at wk78 (adjusted p = 0.0368). 

 

4.2.4.2 Triglycerides 
Median triglyceride levels remained largely stable in the Placebo and L3-10 groups but 

increased towards wk104 in the Placebo group. In the L3-20 group, levels rose slightly during the trial 

before returning to baseline at wk104 (Table 4-8). Like total cholesterol, KW tests showed no 

significant differences in absolute values between groups at any time point. The KW omnibus result 

suggested a significant difference in changes between groups at 104 (KW p = 0.0443), but post hoc 

comparisons were not significant. Longitudinal analyses by Mixed-effects model did not reveal 

significant differences between time points in any group. 

 

4.2.4.3 High-density lipoprotein (HDL) 
In all groups, median HDL levels fluctuated only marginally. No significant inter-cohort 

differences in absolute values or changes (KW) were evident. Likewise, longitudinal analyses (Mixed-

effects model) found no significant differences between time points in any group (Table 4-8). 

 

4.2.4.4 Low-density lipoprotein (LDL) 
In contrast to HDL, median LDL values decreased in all groups throughout the trial despite a 

small surge in the L3-20 group at wk78 (Table 4-8). Kruskal-Wallis tests did not identify significant 

inter-cohort differences in absolute values. However, change in the L3-10 group at wk26 was opposite 

and significantly different to the L3-20 group (KW p = 0.0219, adjusted p = 0.0414). Similarly, change 

in the L3-20 group was opposite and significantly different to the Placebo group at wk78 (KW p = 

0.0241, adjusted p = 0.0193). While Mixed-effects model omnibus results were not significant in any 

group, Tukey’s multiple comparisons suggested a significantly lower LDL than baseline at wk78 in the 

Placebo group (adjusted p = 0.0090).  
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4.2.4.5 Total cholesterol/HDL ratio 
Median ratio values decreased modestly in the Placebo group throughout the trial and remained 

stable in the L3-10 group at wk78. In the L3-20 group, the ratio was elevated at wk78 but had returned 

to near baseline level by wk104 (Table 4-8). Kruskal-Wallis analyses found no significant inter-cohort 

differences in absolute values at any time point. The omnibus test result for wk52 suggested 

significantly different changes between groups (KW p = 0.0311); however, Dunn’s multiple 

comparisons did not identify significant differences between specific groups. Longitudinal analyses 

(Mixed-effects model) did not show significant differences over time in any group. 
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Table 4-8 Blood lipid absolute values and changes from baseline by treatment group throughout the trial 
      
 baseline wk26 Δ wk26 wk52 Δ wk52 wk78 Δ wk78 wk104 Δ wk104 
Cholesterol 
(mmol/L)          

Placebo 
5.4 

4.9-6.3 
n = 12 

4.9 
4.4-6.0 
n = 12 

-0.4 
-0.7- (-0.0) 

n = 12 

4.8 
4.4-5.4 
n = 9 

-0.4 
-0.6-( -0.1) 

n = 9 

4.9 
4.3-5.8 
n = 8 

-0.6& 
-1.1- (-0.1) 

n =8 

5.0 
4.5-5.3 
n = 6 

-0.2 
-0.6-0.1 

n = 6 

L3-10 
5.2 

4.6-6.3 
n = 13 

5.1 
3.9-5.9 
n = 12 

-0.3† 
-0.6- (-0.2) 

n = 12 

5.0 
4.2-5.6 
n = 11 

-0.2 
-0.7-0.5 
n = 11 

5.1 
4.5-5.7 
n = 10 

-0.2 
-0.4-0.4 
n = 10 

4.9 
3.9-6.8 
n = 8 

-0.2 
-0.5-0.6 

n = 8 

L3-20 
5.4 

4.9-5.5 
n = 11 

6.0 
4.9-6.3 
n = 11 

0.7* 
-0.2-0.9 
n = 11 

5.6 
4.8-5.7 
n = 10 

0.2 
-0.2-0.3 
n = 10 

5.7 
4.6-6.1 
n = 8 

0.4* 
-0.2-0.6 

n = 8 

5.3 
4.3-5.8 
n = 9 

-0.1 
-0.8-0.6 

n = 9 
Triglycerid
es (mmol/L)          

Placebo 
1.4 

0.9-2.0 
n = 12 

1.4 
1.0-2.0 
n = 12 

0.15 
-0.4-0.6 
n = 12 

1.3 
0.9-1.6 
n = 9 

0.0 
-0.2-0.3 

n = 9 

1.4 
1.0-1.9 
n = 8 

0.3 
-0.2-0.5 

n = 8 

1.8 
1.4-2.9 
n = 6 

0.7 
0.4-1.4 
n = 6 

L3-10 
1.3 

0.9-1.8 
n = 13 

1.3 
0.8-1.7 
n = 12 

0.0 
-0.2-0.2 
n = 12 

1.2 
1.0-1.5 
n = 11 

-0.1 
-0.4-0.2 
n = 11 

1.4 
0.8-2.5 
n = 10 

0.0 
-0.2-0.8 
n = 10 

1.1 
0.9-1.9 
n = 8 

0.1 
-0.3-0.3 

n = 8 

L3-20 
1.4 

0.8-2.0 
n = 11 

1.3 
1.0-2.7 
n = 11 

-0.2 
-0.4-0.9 
n = 11 

1.8 
1.0-2.6 
n = 10 

0.1 
-0.4-0.6 
n = 10 

1.7 
1.1-1.9 
n = 8 

-0.1 
-0.2-0.7 

n = 8 

1.3 
0.9-2.1 
n = 9 

0.1 
-0.3-0.3 

n = 9 
HDL 
(mmol/L)          

Placebo 
1.2 

1.1-1.4 
n = 12 

1.1 
1.0-1.3 
n = 12 

-0.1 
-0.1-0.0 
n = 12 

1.2 
1.1-1.3 
n = 9 

0.0 
-0.0-0.1 

n = 9 

1.2 
1.1-1.6 
n = 8 

-0.1 
-0.2-0.2 

n = 8 

1.2 
1.0-1.7 
n = 6 

0.0 
-0.3-0.2 

n = 6 

L3-10 
1.2 

1.0-1.5 
n = 13 

1.7 
1.0-1.4 
n = 12 

-0.1 
-0.2- (-0.1) 

n = 12 

1.1 
1.0-1.4 
n = 11 

-0.0 
-0.1-0.0 
n = 11 

1.2 
1.0-1.3 
n = 10 

-0.2 
-0.2-0.0 
n = 10 

1.1 
1.0-1.7 
n = 8 

0.1 
-0.1-0.2 

n = 8 

L3-20 
1.3 

1.1-1.5 
n = 11 

1.3 
1.1-1.5 
n = 11 

0.0 
-0.2-0.2 
n = 11 

1.3 
1.1-1.3 
n = 10 

-0.0 
-0.1-0.1 
n = 10 

1.2 
1.1-1.3 
n = 8 

-0.1 
-0.2- (-0.1) 

n = 8 

1.1 
1.0-1.4 
n = 9 

-0.1 
-0.3-0.0 

n = 9 
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 baseline wk26 Δ wk26 wk52 Δ wk52 wk78 Δ wk78 wk104 Δ wk104 
LDL 
(mmol/L)          

Placebo 
3.5 

3.0-4.4 
n = 12 

3.1 
2.6-3.9 
n = 12 

-0.2 
-0.7- (-0.0) 

n = 12 

2.9 
2.6-3.4 
n = 9 

-0.3 
-0.8- (-0.1) 

n = 9 

2.9& 
2.5-3.5 
n = 8 

-0.6 
-0.8- (-0.3) 

n = 8 

2.7 
2.6-3.2 
n = 6 

-0.6 
-0.7-0.2 

n = 6 

L3-10 
3.3 

2.9-4.3 
n = 13 

3.4 
2.5-3.8 
n = 12 

-0.4† 
-0.6- (-0.0) 

n = 12 

3.2 
2.7-3.7 
n = 11 

-0.1 
-0.6-0.6 
n = 11 

3.1 
2.6-3.9 
n = 10 

-0.3 
-0.5-0.5 
n = 10 

3.1 
2.4-4.1 
n = 8 

-0.2 
-0.4-0.3 

n = 8 

L3-20 
3.4 

2.6-3.5 
n = 11 

3.4 
3.0-4.0 
n = 11 

0.3 
-0.3-1.3 
n = 11 

3.2 
3.0-3.8 
n = 10 

0.2 
-0.3-0.4 
n = 10 

3.8 
2.9-4.0 
n = 8 

0.5* 
0.0-0.6 
n = 8 

3.1 
2.7-3.7 
n = 9 

0.1 
-0.5-0.5 

n = 9 
Chol/HDL 
ratio          

Placebo 
4.4 

3.8-5.2 
n = 12 

4.0 
3.8-4.9 
n = 12 

-0.1 
-0.3-0.3 
n = 12 

4.0 
3.5-4.3 
n = 9 

-0.4 
-0.6- (-0.2) 

n = 9 

3.9 
3.3-4.6 
n = 8 

-0.2 
-0.7-0.3 

n = 8 

3.9 
3.3-5.1 
n = 6 

0.1 
-0.6-0.6 

n = 6 

L3-10 
4.1 

3.8-4.9 
n = 13 

4.2 
3.7-4.9 
n = 12 

0.2 
0.0-0.3 
n = 12 

4.2 
3.7-5.3 
n = 11 

-0.1 
-0.2-0.5 
n = 11 

4.3 
3.6-5.6 
n = 10 

0.3 
-0.3-1.1 
n = 10 

4.2 
3.3-5.0 
n = 8 

-0.2 
-0.6-0.4 

n = 8 

L3-20 
4.0 

3.7-4.9 
n = 11 

4.4 
4.0-4.7 
n = 11 

0.5 
-0.2-0.8 
n = 11 

4.5 
3.9-5.1 
n = 10 

0.1 
-0.4-0.8 
n = 10 

4.8 
4.1-5.0 
n = 8 

0.5 
0.0-0.9 
n = 8 

4.3 
4.0-5.4 
n = 9 

0.2 
-0.1-0.7 

n = 9 
Data are presented as median and IQR. & significant difference to baseline; †significant difference to L3-20; *significant difference to Placebo.  
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4.3 Discussion 

With safety, tolerability, and acceptability of Na infection in humans with metabolic diseases as 

the primary overall outcome, the current trial also aimed to determine the influence of infection on key 

metabolic and physical parameters. The primary metabolic outcome was a change in insulin resistance 

assessed by HOMA-IR. Further, the trial evaluated body mass, central adiposity, and blood lipid profile 

changes. I hypothesised that infection would improve these parameters. The trial results partially 

support my hypothesis, indicating a significant beneficial effect of Na infection on insulin resistance 

but not body mass, central adiposity, or lipid profile. 

Experimental Na infection consistently improved insulin resistance, particularly in the L3-10 

group (20 worms). In this low-dose group, HOMA-IR improvement was most pronounced at wk78, 

with a median change of -1.48 units, translating to a significant reduction in median HOMA-IR from 

baseline (2.95 units) to wk78 (1.57 units). In contrast, the change in the L3-20 group (40 worms) was 

less dramatic, ranging from -0.25 to -0.48, indicating that a higher worm burden did not yield a superior 

improvement in insulin resistance. Generally, individuals with the greatest potential to improve, that is, 

with the highest baseline HOMA-IR, experienced the most substantial reductions. The considerably 

higher median baseline value in the L3-10 group with a greater potential for improvement could explain 

the enhanced response in this group compared to L3-20. Notably, the median baseline age in the L3-10 

group was also significantly higher, which may have allowed more time for insulin resistance to worsen 

and contributed to the group’s higher median baseline HOMA-IR.  

The curiously more remarkable improvement in the low-dose group certainly evokes further 

speculation. It could be hypothesised that a strong type 2 immune response induced by high worm 

burden might generate opposite immunometabolic effects at an organ-specific level, e. g. a beneficial 

impact in AT but a detrimental effect in the liver. For example, Gieseck et al. (2016) have shown that 

type 2 immune responses can trigger hepatic fibrosis, which has also been observed when obese mice 

are treated with helminth-derived-single molecules (van der Zande et al., 2021). Further, in this trial’s 

worm-naïve cohorts, a small worm burden may have provided sufficient stimulus to promote beneficial 

responses, whereas a larger burden may have provoked an excessive immune response, weakening 

favourable responses. Last, the difference between the two worm-treatment groups may be an artefact 

of the low participant numbers and may lessen with higher participant numbers. 

The overall improvement in insulin resistance in the worm treatment groups is consistent with 

findings from human and mouse studies that suggested a protective role of worm infection in glucose 

homeostasis (Chen et al., 2013; Hussaarts et al., 2015; Morimoto et al., 2017; Wiria et al., 2015). 

Interestingly, a 2019 systematic review and meta-analysis of human cross-sectional and deworming 

studies (Rennie et al., 2021) that investigated the impact of worm infection on the incidence of MetS 

found that, compared to other infections, active schistosomiasis was most effective at improving fasting 
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blood glucose. In contrast, infection with soil-transmitted worms had no effect. However, the review 

included only one study involving hookworm infection (Sanya et al., 2019) that was subsequently 

excluded from the meta-analysis due to insufficient data but also demonstrated lower fasting blood 

glucose in chronically infected individuals. Further, the excluded study was one of only three that 

reported HOMA-IR as an outcome, which was not analysed in the review. This dearth of previous 

studies made it difficult to draw conclusions about the specific association between hookworm infection 

and insulin resistance in humans.   

A small number of outliers in the worm treatment groups did not see consistent improvements. 

One L3-10 participant had a baseline HbA1c at the upper limit of the healthy range at baseline, which 

indicated suboptimal glucose control and the potential onset of β-cell damage. The immune-regulatory 

effect of Na infection is likely insufficient to revert detrimental changes in individuals with advanced 

dysregulated glucose metabolism. This participant was subsequently excluded from the trial after wk78, 

as he had started to take metformin on his general practitioner’s advice. One L3-20 participant had a 

considerable HOMA-IR reduction of 1.55 units at wk26, which gradually became less substantial until 

wk78 (-0.40) and turned into an increase of 2.2 at wk104. This turnaround in HOMA-IR change was 

entirely insulin driven, with fasting blood glucose remaining well within the normal range. Notably, 

this person’s eosinophil count was already elevated at baseline (0.70 x 109/L) and still exceeded double 

the baseline value (1.56 x 109/L) at wk104. Further, liver function tests and high bilirubin values 

suggested ongoing comorbidity, which may have interfered with the worm infection. Similarly, another 

L3-20 participant with abnormal liver function tests experienced a reduction at wk26 with subsequent 

increases in HOMA-IR driven by rising insulin with normal fasting blood glucose. Coinciding, this 

participant also experienced rising glycated haemoglobin levels throughout the trial. 

As the numbers in our groups were relatively low, I also calculated HOMA-IR change effect 

sizes to understand the effect magnitude independent of participant numbers. Large effect sizes from 

wk52 to wk104 in the L3-10 group substantiated the statistical findings and further supported the 

beneficial role of hookworm infection in glucose homeostasis. Notably, the observed change in HOMA-

IR was also clinically relevant. In general, determining optimal HOMA-IR cut-off values to classify 

individuals into healthy and compromised glucose control is challenging. Covariates such as age, sex, 

and the existence of other MetS criteria can affect the discriminatory capacity of HOMA-IR as a 

biomarker. Therefore, cut-off values should be adapted to the population studied (Gayoso-Diz et al., 

2013). Previous reports have estimated HOMA-IR cut-off values to classify MetS and suggested a value 

of 2.11 and 2.05 for 30 and 50-year-old women, respectively. The recommended cut-off for men of any 

age was 2.25 (Gayoso-Diz et al., 2013). In the current trial, the median baseline HOMA-IR of 2.95 units 

in the L3-10 group was within the compromised glucose control range. Therefore, a median change of 

-1.09 at wk52 and -1.48 at wk78 shifted the median absolute value into the healthy range. While the 
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median reduction in the L3-20 group was lower, the median value at wk104 was also in the healthy 

range. 

HOMA-IR changes were more heterogeneous in the Placebo group, with minor improvements 

in some individuals and considerable increases in others. In two participants, sizable body mass 

reductions may explain their HOMA-IR improvements. One individual stopped taking antidepressant 

medication and lost >10kg during the trial, while another lost >15kg. A third individual with improved 

HOMA-IR seems to have made lifestyle changes, likely in preparation for planned gastric sleeve 

surgery following the wk26 visit. This participant’s PREDIMED score rose from 0 at baseline to five 

at wk26, and body mass dropped by close to 5 kg, which could have induced improvements in 

glycaemic control (Sleiman et al., 2015). It is also plausible that the placebo effect led to subtle lifestyle 

changes that were not captured by the trial’s assessment schedule. This powerful placebo effect of worm 

infection was previously described in a randomised placebo-controlled trial in coeliacs, where more 

than half of all placebo patients completed a 42-week gluten challenge with duodenal histology and 

tissue transglutaminase assessments remaining in the normal range (Croese et al., 2020). To shed more 

light on these findings, I have explored other potential correlates that could have influenced HOMA-IR 

changes in Chapter 5, including age, sex, diet, physical activity, immune responses, and adipokines. 

Importantly, wk104 values should be interpreted cautiously. The Placebo group included only six data 

points in this final value due to dropouts and exclusions. 

Given that HOMA-IR is a composite parameter dependent on insulin and blood glucose, I also 

wanted to explore if any parameter was more influential in the observed HOMA-IR changes. Glucose 

responses mostly reflected HOMA-IR responses, with sustained reductions in the worm groups and 

almost stable values in the Placebo group. Yet only the L3-10 group also showed consistently lower 

median insulin, whereas the Placebo and L3-20 groups experienced fluctuating small increases. Thus, 

it appears that the more significant improvements in HOMA-IR in the L3-10 compared to the L3-20 

group were mediated by insulin reductions not evident in the L3-20 group. These results support a 

beneficial effect of both doses of Na infection on blood glucose levels, but curiously, only the lower 

dose also improved insulin levels.  

As HOMA-IR can only present a snapshot of blood glucose levels, we also assessed glycated 

haemoglobin (HbA1c IFCC) levels as a long-term measure of glycaemic control. In the Placebo group, 

median HbA1c IFCC levels trended upwards throughout the trial but remained stable in the infected 

groups, indicating a protective role of infection against future increases. Except for the one L3-10 

participant with borderline high baseline HbA1c IFCC values who was later excluded from the trial, all 

values remained below 48 mmol/mol, which is the accepted cut-off for established diabetes (Mawson 

& Tien-Ming, 2021). Further, as baseline levels were mostly in the healthy range, considerable 

improvements were not expected. 
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Experimental mouse studies (Q. Duan et al., 2018; Hussaarts et al., 2015; D. Wu et al., 2011; 

Yang et al., 2013) and some human studies (Chen et al., 2013; Q. Duan et al., 2018; Wiria et al., 2015; 

Wiria et al., 2013) have noted lower body mass in infected individuals. In the current trial, the median 

body mass in the Placebo group did not change, which was anticipated. In agreement with previous 

studies, median body mass was significantly lower by about 10kg in the L3-10 group at wk78 and 

wk104. In contrast, median levels increased in the L3-20 group, which was unexpected and peculiar 

but can provide some insight into the different dynamics of HOMA-IR changes in the two worm groups. 

As increases in fat and body mass worsen insulin resistance, this development in the L3-20 group may 

have contravened and somewhat blunted the beneficial effect of worm infection. Overall, body mass 

changes were heterogeneous in all three groups, particularly during the later stages of the trial, and I 

have explored a possible correlation between body mass changes and HOMA-IR changes in Chapter 5. 

While mouse studies have demonstrated a protective action of worm infection against body fat 

gains, this was not the case in the L3-20 group. Baseline body mass was nearly identical in all groups, 

excluding different starting masses as a causal factor. The different number of worms is also an unlikely 

factor. Mouse studies routinely use a much higher worm burden than the current trial, such as 500 L3 

(Yang et al., 2013), which may significantly reduce the mice's available energy, thereby reducing body 

mass gains. Naturally infected humans often also harbour a large number of worms, so the low worm 

burden in the current trial may have been insufficient to induce dramatic body mass changes.  However, 

the difference between the two doses was negligible compared to the much higher numbers in natural 

human or experimental mouse infection, so we should not have seen a change in either worm group. 

Further, if body mass changes were indeed dependent on worm numbers, the changes in the worm 

groups should have been reversed, with L3-20 losing mass and L3-10 stabilising or gaining mass. 

Excluding baseline differences and worm burden as causative factors in the differential body mass 

changes, potential other explanations could include distinct immune responses or gut microbial 

compositional changes. 

During conversations with participants, it became evident that one powerful motivator for 

individuals to join the trial was the prospect of considerable body mass improvements with helminth 

infection, as seen in previous studies. When these losses did not eventuate, some participants expressed 

their disappointment and those that had already contemplated gastric sleeve surgery possibly based their 

decision to proceed with surgery before trial completion on this disappointment. Interestingly, this was 

not Placebo-specific but also occurred in the worm treatment cohort. Most others were less concerned 

and continued with unabated enthusiasm. 

Given the critical role of central adiposity in the development of T2DM, we also assessed WC 

and body fat distribution. Not surprisingly, WC measurements varied only marginally over time and 

remained very similar between groups. The changes in body mass were not substantial enough to 

translate to noticeable changes in WC. While WC assessment could be prone to measurement error, 
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DEXA scans confirmed only minor shifts in body fat distribution and total fat mass. In combination, 

these results suggest that worm infection could induce considerable improvements in HOMA-IR that 

were enhanced in the presence of modest body mass reductions. 

Infection with Na neither improved nor worsened blood lipid profiles in the current trial. My 

findings contrast previous studies that described a beneficial effect of helminth infection on blood lipid 

markers (Q. Duan et al., 2018; Mohamed et al., 2017; Sanya et al., 2019; Shen et al., 2015; Wiria et al., 

2013; Wolde et al., 2019; Zinsou et al., 2020). A potential explanation for this lack of effect could lie 

in the different helminth species used in the current trial, which was the first to use experimental 

infection with Na. Previous studies noting improved blood lipid markers included cross-sectional and 

deworming studies of infections with multiple soil-transmitted helminths (Wiria et al., 2013) and 

previous and current schistosomiasis (Q. Duan et al., 2018; Mohamed et al., 2017; Shen et al., 2015; 

Wolde et al., 2019) but not hookworm infection alone. Results from a 2019 systematic review and meta-

analysis suggested that different helminth species may have different efficacy (Rennie et al., 2021). The 

authors postulated that the liver-specific residence of Schistosoma spp. compared to intestinal helminths 

could facilitate greater metabolic improvements in schistosomiasis.  

The “old friends” hypothesis is a persuasive explanation for the increasing prevalence of 

inflammatory and metabolic disorders in populations with a low prevalence of helminth infections. Our 

world-first proof-of-principle study demonstrated that infection with a low dose of Na improved glucose 

homeostasis significantly and could be a preventative intervention in humans at risk of T2DM. 
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5 CORRELATES AND MECHANISMS OF PROTECTION (AIM 3) 
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5.1 Introduction 

Obesity is a pandemic and was the fourth-leading cause of death worldwide in 2017. The 

worldwide prevalence of obesity nearly tripled between 1975 and 2016, and estimates suggest that 

nearly 2 billion adults were overweight or obese in 2016. Obesity is also becoming a global concern for 

children, with close to 400 million children classified as overweight or obese. Traditionally mainly a 

burden in developed countries, obesity now has a strong foothold in low to middle-income countries, 

and globally, more individuals are currently obese than underweight (World Health Organization, 2021. 

Accessed July 3 2022). Primarily a consequence of lifestyle factors, including excess energy intake and 

an inactive lifestyle (World Health Organization, 2021. Accessed July 3 2022), obesity is a leading 

cardiometabolic risk factor in Mets (Grundy, 2015).  

Metabolic syndrome describes a cluster of metabolic risk factors that precede the development 

of non-communicable diseases such as CVD and T2DM (O'Neill & O'Driscoll, 2015). Besides obesity, 

specifically central obesity, the cluster includes impaired lipid profile, elevated blood pressure, and 

hyperglycaemia. Concurrently exceeding the thresholds for at least three of these factors suffices to 

diagnose MetS (Alberti et al., 2009). Although global estimates of MetS prevalence are hard to measure 

(Saklayen, 2018), MetS prevalence was estimated as almost one-quarter of the global population in 

2006 (International Diabetes Federation, 2006. Accessed July 3 2022). The pathogenesis of MetS is 

complex and not fully understood, yet dysregulated lipid metabolism, chronic inflammation and 

subsequent insulin resistance are recognised as critical elements (McCracken et al., 2018; Rochlani et 

al., 2017). Additionally, lifestyle factors, including inappropriate dietary intake and physical inactivity, 

are strongly implicated in the pathogenesis of MetS (World Health Organization, 2021. Accessed July 

3 2022). These factors, in combination, shape the growing waistline in central obesity and are 

independently associated with chronic inflammation and insulin resistance (Y. Duan et al., 2018; 

Fischer et al., 2007; Hamburg et al., 2007; Hancock et al., 2008). As MetS generally precedes T2DM, 

lifestyle programmes targeting individuals with MetS present an effective strategy in preventing T2DM 

(Gillies et al., 2007) but are poorly adopted. 

The previous chapters have shown that hookworm infection in humans with metabolic disease 

was safe, well-tolerated, and improved glucose homeostasis. Yet, questions remain as to how and why. 

Is the observed improvement an actual biological response initiated by immune and hormonal 

mechanisms, or did potential confounders such as sex, age, diet, physical activity, or body mass 

reduction regulate inflammation and glycaemic control? 

Interestingly, host-specific differences, such as sex and age, may moderate the immune 

responses to helminth infection. Animal and human studies have confirmed distinct immunophysiology 

in males and females that may explain their diverging susceptibility to certain diseases, including 

parasites (vom Steeg & Klein, 2016). For example, innate immune cells, including dendritic cells and 
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macrophages, are present in higher numbers and exhibit greater activity in females than males (Boissier 

et al., 2003; Melgert et al., 2010; Xia et al., 2009). Clinical studies found lower CD3+ and CD4+ T cell 

counts, CD4+ to CD8+ cell ratios, and Th1 cytokines in men than women (Amadori et al., 1995; 

Villacres et al., 2004). Also, IL-4 deficient male mice developed chronic T. muris infection, whereas 

deficient females could expel the worms, a difference that appeared to be IL-13 dependent (Bancroft et 

al., 2000). Sex steroid hormones could be critical mediators of this differential immune response in 

males and females (Hepworth et al., 2010; vom Steeg & Klein, 2016).  

Besides the influence of sex on immune responses, the host’s immune system experiences 

complex changes throughout an individual's lifespan; however, we still know very little about how age 

affects the immune response to worms. Babayan et al. (2018) used supervised statistical learning 

techniques to unravel the processes involved. They found that ageing in mice infected with L. 

sigmodontis impaired adaptive immunity, specifically naive T cells, T cell responsiveness to parasites, 

and antibody production. In humans, an ageing innate immune system manifests as a heightened pro-

inflammatory environment due to dysregulated inflammatory responses (Shaw et al., 2013). Chronic 

inflammation can impair the innate immune response to pathogens. Notably, ageing dysregulates 

cytokine release in WAT and induces NLRP3-dependent inflammation (Shaw et al., 2013). Together, 

sex- and age-related differences in immune responses could modify the response to experimental 

hookworm infection. 

Further, lifestyle interventions to reverse central obesity can reduce metabolically triggered 

inflammation and insulin resistance (Kirwan et al., 2017). Adipose tissue is a dynamic organ that 

responds remarkably to diet-induced weight loss. A moderate 5 -10% reduction in body mass is 

commonly recommended to improve metabolic function and health outcomes (Jensen et al., 2014). 

Magkos et al. demonstrated the therapeutic effect of a 6-month lifestyle intervention using individual 

behaviour education sessions and dietary counselling to achieve 5%, 11%, and 16% body mass 

reductions in obese adults with evidence of insulin resistance (HOMA-IR >2.0) (Magkos et al., 2016). 

A 5% reduction promoted system-wide insulin sensitivity and β-cell function. The authors also noted 

decreases in plasma concentrations of glucose, triglycerides, alanine transaminase, and leptin that 

continued with progressive body mass reductions. While the 5% loss did not lessen inflammation, 11-

16% loss decreased circulating inflammatory markers (IL-6, CRP, MCP1). Further, all levels of body 

mass reduction down-regulated biological pathways and genes involved in lipid synthesis, oxidative 

stress, and extracellular matrix remodelling but upregulated those involved in cholesterol flux. These 

findings indicated that reduced inflammation did not mediate the improvement in insulin sensitivity 

observed with a 5% loss. However, the authors speculated that an early modest increase in inflammation 

might be a beneficial adaptive response that assists tissue remodelling in response to caloric restrictions 

(Rutkowski et al., 2015). Beyond caloric restriction, diet composition may also moderate glycaemic 

control. 
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In particular, adherence to a Mediterranean diet may benefit glucose homeostasis. A 2015 

systematic review examining the effect of adherence to a Mediterranean diet on diabetes control and 

cardiovascular risk modification found favourable effects on glycaemic control and cardiovascular 

disease (Sleiman et al., 2015). Consumption of a Mediterranean diet appears to lower HbA1c, insulin 

resistance, and mortality. Proposed mechanisms for this effect are decreased oxidative stress and 

inflammation, possibly mediated by the high intake of olive oil, fibre, fruit and vegetables and the 

moderate consumption of wine (Barona et al., 2012; Esposito et al., 2004; Estruch et al., 2006; Mena et 

al., 2009; Ryan et al., 2000; Sanchez-Moreno et al., 2006; Sierksma et al., 2004; Soriguer et al., 2004). 

A second 2015 systematic review of five randomised controlled trials and eight meta-analyses showed 

similar results (Esposito et al., 2015). Adherence to a Mediterranean diet compared favourably to 

control diets regarding glycaemic control and cardiovascular risk factors, including body mass, lipid 

profile, and remission from MetS. Parallel to caloric restriction and dietary composition, physical 

activity can reverse components of MetS. 

Beyond diet, evidence from interventional and observational studies suggests that increasing 

physical activity and higher cardiorespiratory fitness alleviate MetS. The steadily climbing prevalence 

of MetS components in the last four decades has coincided with declining physical activity levels in 

Western societies (Chau et al., 2017; Hallal et al., 2012). Significantly, cardiorespiratory fitness is 

inversely related to the development of MetS (Church, 2011; Duncan, 2006). Together, low physical 

activity levels and cardiorespiratory fitness are closely linked to MetS (Strasser, 2013; D. Zhang et al., 

2017). Numerous studies have demonstrated the capacity of physical activity and higher 

cardiorespiratory fitness to favourably modify each MetS component (Church, 2011; Dubé et al., 2012; 

Duncan, 2006; Heiston et al., 2021; Snowling & Hopkins, 2006; Strasser, 2013; D. Zhang et al., 2017) 

and attenuate inflammation (Gleeson et al., 2011; You et al., 2013). The benefits of physical activity 

and improved cardiorespiratory fitness include normalising body mass, lipid profile, and insulin 

resistance (Myers et al., 2019). These beneficial effects of physical activity may partly arise from the 

exercise-induced alteration in the adipose tissue secretome, with increases in anti-inflammatory and 

decreases in pro-inflammatory adipokines (Golbidi & Laher, 2014). Mouse studies also indicated that 

exercise could correct high-fat diet-induced dysbiosis (Campbell et al., 2016; Feng et al., 2017), further 

repealing pathological processes emanating from the dysfunctional adipose tissue. 

Similar to lifestyle changes, intestinal helminth infection can mediate inflammation and insulin 

resistance. These parasites increase their chances of survival in the host by expertly modulating immune 

responses, which ultimately benefit both parasite and the host. The worm is protected from elimination 

by the host’s immune response and the host from excessive inflammation. A large body of evidence 

demonstrates that worm infections downregulate pro-inflammatory T helper (Th) type 1 and Th17 

immune responses and skew towards a modified Th2 immune response via the release of biologically 

active ES antigens (Bashi et al., 2015; Croese et al., 2015; Danilowicz-Luebert et al., 2011; Khudhair 
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et al., 2021; Su et al., 2018). The unmodified Th2 immune response is characterised by CD4+ Th2 cells, 

the cytokines IL-4, IL-5, IL-9, IL10, and IL-13, and immunoglobulin E. These key players orchestrate 

the recruitment of macrophages, eosinophils, and mast cells as well as B cells, which contribute to 

crucial host protective processes against worms (Allen & Maizels, 2011; Chen et al., 2012; Danilowicz-

Luebert et al., 2011; Gause et al., 2013; Wynn & Ramalingam, 2012). However, in most people, 

helminth infections lead to a modified Th2 response with high levels of AAMs, Tregs, and IL-10, 

resulting in an anti-inflammatory and tissue-remodelling environment. This modified immune response 

prevents unrelated inflammation, such as allergic immune responses, promotes wound healing, and 

enables parasite survival (Danilowicz-Luebert et al., 2011), thus establishing a mutually beneficial state 

for both the host and parasite. Significantly, the downregulation of inflammation arising from the type 

2 immune response to worm infections is tightly linked to improved glucose homeostasis and reduced 

fat mass (Hotamisligil, 2006). 

Obesity, inflammation, and insulin resistance also alter the adipose tissue secretome. Adipose 

tissue function is not limited to energy storage, insulation, and cushioning but also encompasses the 

regulation of metabolic processes via the release of adipokines (Berg & Scherer, 2005; Ouchi et al., 

2003). Cellular changes in expanding visceral WAT deregulate the synthesis and secretion of these 

biologically active proteins, which alters immune responses and is associated with the pathogenesis of 

various diseases (Ouchi et al., 2011). Some of the most studied adipokines include leptin, adiponectin, 

and omentin-1. Leptin, probably the best-characterised adipokine, is an essential hormone regulating 

food intake and energy homeostasis (Klok et al., 2007), improving insulin sensitivity (Paz-Filho, 

Mastronardi, Franco, et al., 2012) and promoting inflammatory responses (La Cava, 2017). Obesity 

induces a leptin-resistant state, and hyperleptinaemia, common in obese individuals, may act as a 

compensatory mechanism to overcome leptin resistance (Landecho et al., 2019). In contrast, 

adiponectin, which increases insulin sensitivity and curbs inflammation (Mantzoros et al., 2005), is 

down-regulated in obesity (Stumvoll & Haring, 2002). Further, omentin-1, a hormone involved in the 

regulation of insulin secretion and sensitivity, is inversely related to inflammation and hyperglycaemia 

(Pan et al., 2019) and levels are commonly significantly lower in patients with T2DM and impaired 

glucose tolerance (As Habi et al., 2019; Pan et al., 2019). Altered expression of these adipokines 

initiates and progresses impaired metabolic homeostasis and obesity-induced metabolic complications.  

The current trial primarily aimed to establish the safety, tolerability, and acceptability of Na 

infection in humans with metabolic disease. Given the proposed protective role of worm infection on 

key metabolic and physical parameters, the trial also aimed to explore potential correlates that could 

mediate protection against metabolic disease. These included worm-related correlates such as immune 

responses and alterations in adipose tissue-secreted hormones, plus worm-unrelated factors, including 

age, sex, diet, and physical activity. 
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I hypothesised that Na infection would induce a biased Type 2 immune response and suppress 

pro-inflammatory immune responses. Further, I hypothesised that infection would modify the adipokine 

profile to promote metabolic homeostasis. Finally, I speculated that age, sex, diet, and physical activity 

would moderate improvements in metabolic parameters. 
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5.2 Results 

 Sex, age, and HOMA-IR changes 
As sex and age can attenuate immune responses to helminth infection and could thus also 

moderate metabolic outcomes, I investigated the association of these parameters with HOMA-IR. 

Kruskal-Wallis tests did not show significant differences in HOMA-IR changes from baseline between 

infected males, infected females, or the combined worm treatment group at any time point (Figure 5-1). 

Further, simple linear regression analyses between age and changes in HOMA-IR were not significant 

at any time point (Figure 5-2 and Figure 5-3). While not significant, at wk78 and wk104, a trend for 

older individuals to see greater HOMA-IR improvements existed in the combined worm groups. 

Together, these results indicated that sex and age differences likely did not cause the heterogeneity in 

HOMA-IR responses observed in both the Placebo and combined worm treatment groups and that 

improvements in HOMA-IR were seen in both males and females, irrespective of age.   
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Figure 5-1 HOMA-IR changes (units) from baseline in worm treatment groups combined 
and separated by sex at each evaluation visit.  
Individual data points are shown for each participant, and median values in each group are 
indicated by the vertical lines.  
No significant differences were found (Kruskal-Wallis test) 
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Figure 5-3 Simple linear regression between age and HOMA-IR changes (units) from 
baseline in combined worm treatment groups at each evaluation visit.  
No significant correlation was found. 
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Figure 5-2 Simple linear regression between age and HOMA-IR change (units) from 
baseline in Placebo group at each evaluation visit.  
No significant correlation was found.    

r2 = 0.0296; p = 0.5929 

r2 = 0.1418; p = 0.2835 
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 Diet and HOMA-IR changes 
As diet can remarkably influence inflammation and insulin resistance, the trial protocol 

included a diet questionnaire to assess our participants’ adherence to a Mediterranean diet throughout 

the trial. Median PREDIMED scores were low (possible maximum was 14) and similar in all treatment 

groups at baseline and all evaluation visits (Figure 5-4). The scores indicated an overall low adherence 

to a Mediterranean diet that persisted throughout the trial. Kruskal-Wallis tests did not identify 

significant differences between groups in total scores or changes at any time point. Similarly, Mixed-

effects models showed no significant differences between time points in any group (Table 5-1). These 

results suggested that a change in adherence to the Mediterranean diet did not cause changes in HOMA-

IR. To understand a potential relationship between diet and HOMA-IR changes on a more individual 

level, I investigated correlations between these measures in the Placebo and combined worm groups 

(Figure 5-5 and Figure 5-6). No significant correlation was evident in the Placebo group. In contrast, at 

wk26, the correlation between PREDIMED change and HOMA-IR change was significant in the worm 

treatment groups (rs = -0.4379, p = 0.0415), pointing to a possible influence of a Mediterranean diet on 

HOMA-IR changes. 
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Table 5-1 PREDIMED scores and changes by treatment 
group throughout the trial 
  

Placebo L3-10 L3-20 

Baseline 
4.0 

3.0-6.8 
n = 12 

5.0 
3.0-5.5 
n = 13 

5.0 
4.0-7.0 
n = 11 

wk26 
5.0 

4.0-5.8 
n = 12 

4.0 
3.3-5.0 
n = 12 

5.0 
5.0-7.0 
n = 11 

Δ wk26 
0.5 

-0.8-1.0 
n = 12 

-0.5 
-1.0-1.0 
n = 12 

1.0 
-1.0-2.0 
n = 11 

wk52 4.0 
2.5-6.5 
n = 9 

4.0 
3.0-6.0 
n = 11 

4.5 
3.8-7.5 
n = 10 

Δ wk52 
0.0 

0.0-1.0 
n = 9 

0.0 
-1.0-0.0 
n = 11 

0.0 
-1.3-2.3 
n = 10 

wk78 4.0 
2.0-5.0 
n = 8 

6.0 
4.0-7.0 
n = 11 

6.5 
4.3-7.0 
n = 8 

Δ wk78 
-0.5 

-1.8-1.0 
n = 8 

1.0 
-1.0-3.0 
n = 11 

0.0 
-0.8-0.8 

n = 8 

wk104 
4.0 

2.0-5.0 
n = 7 

4.5 
3.0-6.0 
n = 8 

6.0 
4.5-6.5 
n = 9 

Δ wk104 
1.0 

-3.0-1.0 
n = 7 

0.0 
-1.0-1.0 

n = 8 

0.0 
-1.5-3.0 

n = 9 
Data are presented as median and IQR. No significant 
differences were found. 
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Figure 5-4 PREDIMED total scores by treatment group 
throughout the trial (median and IQR).  
The possible maximum was 14 with a higher score 
indicating greater adherence to a Mediterranean diet. No 
significant difference was found (Mixed effects model). 
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Figure 5-5 Correlation between PREDIMED score changes and HOMA-IR changes 
in the Placebo group at each evaluation visit.  
No significant correlation was found. 
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Figure 5-6 Correlation between PREDIMED score changes and HOMA-IR changes 
(units) in the worm treatment groups at each evaluation visit.  
* significant correlation 
 

* rs = -0.4379; p = 0.0415 
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 rs = -0.645; p = 0.0714 
 

rs = -0.2797; p = 0.3765 

rs = -0.5508; p = 0.2722 rs = -0.0241; p = 0.9667 

rs = -0.3663; p = 0.1025 

rs = -0.1691; p = 0.5286 



 

 177 

 Physical activity and HOMA-IR changes 
Physical activity and higher cardiorespiratory fitness can positively modify MetS components. 

Therefore, altered activity levels could have influenced HOMA-IR changes observed in the current trial. 

Walking was the most popular activity reported by more than half of all participants. Other activities 

included swimming, gym/resistance training, yoga, and other unusual choices such as fencing, archery, 

and ninjitsu. No significant differences in absolute METs/week and changes in METs/week between 

groups were evident at any time point (KW) (Table 5-2). Longitudinal analyses via Mixed-effects 

models also did not show significant differences throughout the trial for any treatment group (Figure 

5-7). A positive correlation between physical activity change and HOMA-IR change was found in the 

Placebo group at wk26, but no other significant correlation was evident in Placebo (Figure 5-8) and 

worm treatment groups (Figure 5-9). These findings indicate that increased physical activity did not 

induce improvements in HOMA-IR. 
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Figure 5-7 Physical activity (METs/week) by treatment group 
throughout the trial (median and IQR) 
No significant differences were found (Mixed effects model). 
 

Table 5-2 Physical activity totals and changes 
(METs/week) by treatment group throughout the trial 
  

Placebo L3-10 L3-20 

Baseline 
981 

679-1508 
n = 12 

645 
210-1395 

n = 13 

1160 
438-2160 

n = 11 

wk26 
650 

222-953 
n = 12 

732 
341-1232 

n = 12 

775 
420-1140 

n = 11 

Δ wk26 
-358 

-887-57 
n = 12 

35 
-728-300 

n = 12 

-18 
-1020-135 

n = 11 

wk52 505 
350-2043 

n = 9 

608 
473-1050 

n = 11 

625 
214-1296 

n = 10 

Δ wk52 
-353 

-986-503 
n = 9 

158 
-270-520 

n = 11 

-623 
-1316-154 

n = 10 

wk78 864 
491-1268 

n = 8 

840 
315-1058 

n = 11 

750 
518-1336 

n = 8 

Δ wk78 
-266 

-497-465 
n = 8 

60 
-645-615 

n = 11 

-45 
-785-205 

n = 8 

wk104 
315 

270-1290 
n = 7 

730 
341-1245 

n = 8 

855 
413-1249 

n = 9 

Δ wk104 
-588 

-803- (-234) 
n = 7 

-68 
-596-751 

n = 8 

-295 
-795-65 

n = 9 
Data are presented as median and IQR. MET, metabolic 
equivalent of task. No significant differences were 
found.   
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-4000 -2000 0 2000 4000
-4

-2

0

2

4

wk26

C
ha

ng
e 

in
  H

O
M

A
-I

R
 (u

ni
ts

)

-4000 -2000 0 2000 4000
-4

-2

0

2

4

wk52

-4000 -2000 0 2000 4000
-4

-2

0

2

4

wk104

Change in physical activity (METs/week)
-4000 -2000 0 2000 4000

-4

-2

0

2

4

wk78

Change in physical activity (METs/week)

C
ha

ng
e 

in
  H

O
M

A
-I

R
 (u

ni
ts

)

Figure 5-9 Correlation between physical activity changes (METs/week) and HOMA-IR 
changes (units) from baseline in the worm treatment groups at each evaluation visit.  
No significant correlation was found. 
 

rs = -0.1623; p = 0.4820 

-2000 0 2000 4000
-4

-2

0

2

4

6

wk26

C
ha

ng
e 

in
  H

O
M

A
-I

R
 (u

ni
ts

)

-2000 0 2000 4000
-4

-2

0

2

4

6

wk52

-2000 0 2000 4000
-4

-2

0

2

4

6

wk104

Change in physical activity (METs/week)
-2000 0 2000 4000

-4

-2

0

2

4

6

wk78

Change in physical activity (METs/week)

C
ha

ng
e 

in
  H

O
M

A
-I

R
 (u

ni
ts

)

Figure 5-8 Correlation between physical activity changes (METs/week) and HOMA-IR 
changes (units) from baseline in the Placebo group at each evaluation visit. 
*significant correlation 
 

rs = -0.1000; p = 0.9500 rs = 0.4524; p = 0.2675 

rs = -0.2667; p = 0.4933 *rs = 0.6294; p = 0.0323 

rs = -0.3123; p = 0.1571 

rs = -0.2353; p = 0.3791 
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 Body mass and HOMA-IR changes 
As I noted considerable heterogeneity in body mass changes, I wanted to discern the association 

between body mass changes and HOMA-IR changes. In the Placebo group, correlations between body 

mass changes and HOMA-IR were not significant (Figure 5-10). However, in the combined worm 

treatment group (Figure 5-11), this correlation was significant in wk26 (rs = 0.4967, p = 0.0220), wk52 

(rs = 0.5324, p = 0.0360), and wk78 (rs = 0.5176, p = 0.0423). These results provide strong evidence 

for a positive association between improved HOMA-IR and reduced body mass in the infected groups 

that was not evident in the Placebo group. 
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* rs = -0.5176; p = 0.0423 

* rs = -0.4967; p = 0.0220 

Figure 5-11 Correlation between body mass changes (kg) and HOMA-IR changes 
(units) in the worm treatment groups at each evaluation visit 
* significant correlation 
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Figure 5-10 Correlation between body mass changes (kg) and HOMA-IR changes 
(units) in the Placebo group at each evaluation visit 
No significant correlation was found. 

rs = -0.2522; p = 0.4257 

rs = 0.4286; p = 0.2995 

rs = -0.0476; p = 0.9349 

rs = -0.2000; p = 0.7139 

rs = 0.4147; p = 0.0550 

* rs = -0.5324; p = 0.0360 
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 Eosinophils 
As a measure of established infection and initiation of a type 2 immune response, I analysed 

the eosinophil response in all groups. Counts in the Placebo group remained close to the baseline value, 

whereas all participants in the worm treatment groups experienced an increase in peripheral blood 

eosinophil count, suggesting successful infection. At wk26, the maximum counts were 1.19 x 109/L in 

the L3-10 group and 1.85 x 109/L in the L3-20 group. Median absolute values in both worm groups 

were significantly different to Placebo at wk26 (KW p < 0.0001; L3-10 adjusted  p < 0.0001; L3-20 

adjusted  p = 0.0002), wk52 (KW p = 0.0009; L3-10 adjusted p = 0.0032; L3-20 adjusted p = 0.0027), 

and wk78 (KW p = 0.0047; L3-10 adjusted p = 0.0121; L3-20 adjusted p = 0.0124) (Table 5-3). 

Correspondingly, eosinophil count changes were significantly different to Placebo in both worm groups 

at wk26 (KW p < 0.0001; L3-10 adjusted p = 0.0011; L3-20 adjusted p = 0.0003) and wk52 (KW p = 

0.0011; L3-10 adjusted p = 0.0201; L3-20 adjusted p = 0.0011) but only for L3-20 at wk78 (KW p = 

0.0076; adjusted p = 0.0067). Mixed-effects model analyses showed significantly greater (p = 0.0011) 

eosinophil counts compared to baseline in the L3-20 group at wk26 (adjusted p = 0.0023), wk52 

(adjusted p = 0.0070), and wk78 (adjusted p = 0.0233). For L3-10, the omnibus p-value for the Mixed-

effects model was not significant; however, Tukey’s posthoc test showed a significant difference to 

baseline at wk26 (adjusted p = 0.0468) (Figure 5-12). As expected, hookworm treatment caused 

eosinophilia in both infected groups that peaked at six months and remained above baseline for most of 

the two-year trial.  

Eosinophil responses were heterogeneous, and I wanted to investigate if HOMA-IR changes 

were associated with the magnitude of the eosinophile increase. The correlation was significant at wk52 

(rs = 0.4631, p = 0.0345), wk78 (rs = 0.6313, p = 0.0103), and wk104 (rs = 0.5489, p = 00297) (Figure 

5-13). Interestingly, this indicated that induction of lower levels of eosinophilia correlated with greater 

HOMA-IR improvement. These results were somewhat unexpected since I hypothesised that a greater 

type 2 immune response (including eosinophilia) may have promoted superior insulin improvements in 

HOMA-IR.  
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Figure 5-12 Eosinophil counts by treatment group throughout 
the trial (median and IQR) 
&significant difference to baseline (Mixed effects model) 
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Table 5-3 Eosinophil counts and changes (109/L) from 
baseline by treatment group throughout the trial 
  

Placebo L3-10 L3-20 

Baseline 
0.17 

0.12-0.22 
n = 12 

0.15 
0.11-0.37 

n = 13 

0.09 
0.06-0.13 

n = 11 

wk26 
0.15 

0.13-0.18 
n = 12 

0.79*& 
0.50-1.01 

n = 12 

0.54*& 
0.41-1.26 

n = 11 

Δ wk26 
-0.01 

-0.05-0.05 
n = 12 

0.54* 
0.31-0.65 

n = 12 

0.48* 
0.30-0.92 

n = 11 

wk52 0.19 
0.12-0.22 

n = 9 

0.46* 
0.35-0.95 

n = 11 

0.66*& 
0.29-0.92 

n = 10 

Δ wk52 
0.01 

0.01-0.06 
n = 9 

0.29* 
0.20-0.46 

n = 11 

0.48* 
0.23-0.84 

n = 10 

wk78 0.16 
0.11-0.30 

n = 8 

0.46* 
0.28-1.06 

n = 11 

0.59*& 
0.31-0.97 

n = 8 

Δ wk78 
0.01 

-0.07-0.14 
n = 8 

0.30 
0.08-0.46 

n = 11 

0.47* 
0.20-0.66 

n = 8 

wk104 
0.22 

0.11-0.34 
n = 7 

0.41 
0.28-1.33 

n = 8 

0.57 
0.17-0.83 

n = 9 

Δ wk104 
0.04 

-0.05-0.11 
n = 7 

0.18 
0.05-0.27 

n = 8 

0.51 
0.09-0.75 

n = 9 
Data are presented as median and IQR. *significant 
difference to Placebo; & significant difference to baseline 
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*rs = 0.6313, p = 0.0103 

Figure 5-13 Correlation between eosinophil count changes (109/L) and HOMA-IR changes 
(units) in the combined worm treatment groups at each evaluation visit 
* significant correlation 
 

rs = 0.0886, p = 0.6948 
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 Basophils 
Given their important role in IL-4 production to support antigen-presenting cells and Th2 cell 

differentiation, I investigated potential changes in these innate immune cells (Table 5-4).  Kruskal-

Wallis tests showed significantly greater absolute values in the L3-20 group compared to Placebo at 

wk26 (KW p = 0.0479, p = 0.0482) and wk78 (KW p = 0.0087, p = 0.0062). As expected, basophil 

counts increased in the worm treatment groups, with similar increases in both groups at wk26 (Table 

5-4). Change in the L3-20 group at wk26 was significantly different to Placebo (KW p = 0.0207, p = 

0.0432). At wk78, the omnibus test result also indicated a significant difference (KW p = 0.0410) in 

changes between groups; however, Dunn’s multiple comparisons did not determine a significant 

difference in individual comparisons. Mixed-effects model omnibus results were not significant for any 

group. Still, in the L3-10 group, Tukey’s multiple comparisons suggested a significant difference to 

baseline at wk52 (adjusted p = 0.0106) and wk78 (adjusted p = 0.0056) (Figure 5-14). 
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Table 5-4 Basophil counts and changes (109/L)from 
baseline by treatment group throughout the trial 
  

Placebo L3-10 L3-20 

Baseline 
0.05 

0.04-0.07 
n = 12 

0.03 
0.04-0.06 

n = 13 

0.04 
0.04-0.07 

n = 11 

wk26 
0.05 

0.03-0.05 
n = 12 

0.06 
0.04-0.08 

n = 12 

0.08* 
0.05-0.10 

n = 11 

Δ wk26 
0.00 

-0.02-0.01 
n = 12 

0.03 
0.01-0.04 

n = 12 

0.03* 
0.00-0.06 

n = 11 

wk52 0.04 
0.03-0.05 

n = 9 

0.06& 
0.05-0.07 

n = 11 

0.07 
0.04-0.09 

n = 10 

Δ wk52 
0.00 

-0.01-0.02 
n = 9 

0.01 
0.01-0.03 

n = 11 

0.01 
0.00-0.03 

n = 10 

wk78 0.04 
0.04-0.05 

n = 8 

0.05& 
0.04-0.07 

n = 11 

0.07* 
0.05-0.09 

n = 8 

Δ wk78 
0.00 

-0.03-0.01 
n = 8 

0.01 
0.01-0.02 

n = 11 

0.02 
0.00-0.04 

n = 8 

wk104 
0.04 

0.04-0.07 
n = 7 

0.06 
0.04-0.07 

n = 8 

0.06 
0.05-0.09 

n = 9 

Δ wk104 
0.00 

0.00-0.01 
n = 7 

0.01 
0.00-0.02 

n = 8 

0.01 
0.00-0.03 

n = 9 
Data are presented as median and IQR. *significant 
difference to Placebo; &significant difference to baseline 
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Figure 5-15 Basophil absolute counts by treatment group 
throughout the trial (median and IQR) 
& significant difference to baseline (Mixed effects model) 
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 Inflammatory markers 
To further explore immune responses relating to inflammatory processes associated with Th1, 

Th2, Th9, Th17, and Th22 immune responses, serum samples from baseline, wk26, and wk52 were 

batch-analysed using the Biolegend® LEGENDplex™ Human Th Cytokine Panel of 12 cytokines (IL-

2, 4, 5, 6, 9, 10, 13, 17A, 17F, 22, IFN-γ and TNF).In particular, I was interested in the differences 

between Placebo and the infected groups and have therefore combined the worm groups to compare 

against the Placebo group. 

No significant differences between Placebo and the combined worm treatment groups (Mann-

Whitney test) or over time (Friedman test) were evident for IL-2, 4, 6, 9, 10, 13, 22, IFN-γ and TNF. 

However, IL-5 was significantly increased at wk26 compared to baseline in the combined worm 

treatment groups (Friedman test p = 0.0006, adjusted p = 0.0004). Further, IL-5 was significantly greater 

in the worm groups compared to Placebo at wk26 (p = 0.0292) and wk52 (p = 0.0141). Similar, IL-17-

A was significantly increased at wk26 compared to baseline in the combined worm treatment groups 

(Friedman test p = 0.0129, adjusted p = 0.0179), but I found no other significant differences.  

As IL-5 induces expansion and activation of eosinophils and basophils, I also investigated 

correlations between this cytokine and the peak fold changes in these leukocytes at wk26. IL-5 

correlated positively and significantly with both eosinophils (rs = 0.6235, p = 0.0115) and basophils (rs 

= 0.7619, p = 0.0009). Additionally, simple linear regression indicated that IL-5 significantly predicted 

eosinophil (r2 = 0.4890, p = 0.0026) but not basophil fold change (Figure 5-16). 
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Figure 5-16 Cytokine concentrations (pg/mL) at baseline, wk26, and wk52 in Placebo and combined worm 
treatment groups (Na) 
* p ≤ 0.05; *** p ≤ 0.001 (Mann-Whitney test of differences between groups and Friedman test for 
longitudinal differences) 
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Figure 5-17 Correlation and linear regression of IL-5 (pg/mL) with A) eosinophil and B) 
basophil fold changes at wk26 
* significant correlation; ^ significant regression 

A 
 *rs = 0.6235, p = 0.0115  

^ r
2
 = 0.4890, p = 0.002 

*rs = 0.7619, p = 0.0009 
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 Adipokines 
Adipokines play an important role in metabolic homeostasis, and their secretion is disturbed in 

obesity. Evidence from animal and human studies suggests that helminth infection can modify 

adipokine secretion. As an exploratory component of the trial, I investigated hormonal changes 

frequently highlighted in metabolic disturbance: leptin, adiponectin (including leptin/adiponectin ratio), 

and omentin. I was particularly interested in exploring if infection per se would result in differential 

concentrations of these hormones and have therefore combined the worm groups to compare against 

the Placebo group. 

 

5.2.8.1 Leptin 
Mann-Whitney tests showed no significant differences in fold changes from baseline between Placebo 

and the combined worm groups (Table 5-5 and Figure 5-17). Given the complementary roles of insulin 

and leptin in regulating blood glucose, I also investigated the association between leptin fold changes 

and HOMA-IR changes. No significant correlations between leptin fold changes and HOMA-IR 

changes were evident in any group (Figure 5-18). 

 

5.2.8.2 Adiponectin 
As for leptin, Mann-Whitney tests showed no significant difference in median fold changes 

from baseline between Placebo and combined worm groups (Table 5-5 and Figure 5-17). As adiponectin 

levels positively correlate with insulin resistance, I also explored the association between adiponectin 

fold changes and HOMA-IR changes (Figure 5-20). While there was a trend in the combined worm 

treatment groups for greater HOMA-IR improvement with higher adiponectin increases at wk52 (Figure 

5-19), the correlation was not significant (p = 0.0895). 

 

5.2.8.3 Omentin-1 
Altered omentin-1 secretion appears to modulate insulin sensitivity, with a reported inverse 

relationship between omentin-1 serum levels and insulin resistance. Median omentin levels were near-

identical between groups at baseline and did not vary greatly throughout the trial or between groups 

(Figure 5-17). Fold changes from baseline were not significantly different between Placebo and the 

combined worm groups (Table 5-5. Like leptin and adiponectin, individual responses in all groups were 

heterogeneous (Figure 5-17), with some individuals showing increases and others showing decreases 

over time. Therefore, I explored if individual changes in omentin-1 were associated with changes in 

HOMA-IR. A significantly positive correlation between fold changes from baseline and HOMA-IR 

changes was evident in the Placebo group at wk26 (rs = 0.6364, p = 0.0299) (Figure 5-20).  
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5.2.8.4 Leptin/adiponectin ratio 
A lower leptin /adiponectin ratio observed with helminth infection may improve insulin 

resistance. In the present trial, Mann-Whitney tests showed no significant differences between groups 

in absolute leptin/adiponectin ratio and ratio changes (Table 5-6). Further, Mixed-effect models found 

no significant difference between baseline, wk26, and wk52 (Figure 5-21), indicating that Na infection 

did not improve the leptin/adiponectin ratio. 

In summary, Na infection did not change adipokine concentrations significantly. Higher 

adiponectin fold change trended to be associated with greater improvement in HOMA-IR. 
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Table 5-5 Adipokine fold changes in Placebo and 
combined worm treatment groups at wk26 and wk52 
  

 Placebo Na 

wk26 

Leptin 
1.00 

0.85-1.08 
n = 12 

0.97 
0.73-1.23 

n = 23 

Adiponectin 
1.30 

0.40-2.08 
n = 10 

1.07 
0.56-1.92 

n = 19 

Omentin 
0.74 

0.53-1.24 
n = 12 

0.95 
0.75-1.55 

n = 23 

wk52 

Leptin 
1.07 

0.79-1.35 
n = 8 

0.89 
0.76-1.13 

n = 20 

Adiponectin 
1.19 

0.60-4.16 
n = 7 

1.51 
0.65-2.72 

n = 18 

Omentin 
0.95 

0.55-1.41 
n = 8 

1.07 
0.57-1.92 

n = 20 
Data are presented as median and IQR. Na, worm 
treatment groups combined. No significant differences 
were found. 
 

Figure 5-18 Median adipokine fold changes (log) in Placebo and combined worm treatment groups 
(Na) at wk26 and wk52.  
No significant differences were found.(Mann-Whitney test) 
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PLACEBO 
 

Na 
 

Figure 5-19 Correlation between leptin (log fold change) and HOMA-IR changes (units) 
from baseline in Placebo and worm treatment groups (Na) at wk26 and wk52 
No significant correlation was found. 
 

rs = 0.2802, p = 0.3746 
 

rs = 0.3095, p = 0.4618 

rs = 0.2998, p = 0.1752 
 

rs = -0.0866, p = 0.7164 
 



 

 194 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PLACEBO Na 
 

Figure 5-21 Correlation between omentin-1 (log fold change) and HOMA-IR changes 
(units) from baseline in Placebo and worm treatment groups (Na) at wk26 and wk52. 
* significant correlation 
 

*rs = 0.6364, p = 0.0299 
 

rs = 0.2761, p = 0.2136 
 

rs = 0.2346, p = 0.3195 
 

rs = 0.3153, p = 0.1757 

rs = -0.1273, p = 0.7330 
 

rs = 0.0070, p = 0.9773 

Figure 5-20 Correlation between adiponectin (log fold change) and HOMA-IR changes 
(units) from baseline in Placebo and worm treatment groups (Na) at wk26 and wk52 
No significant correlation was found. 
 

PLACEBO 
 

Na 
 

rs = -0.4118, p = 0.0895 
 

rs = 0.000, p >0.9999 
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Table 5-6 Leptin/adiponectin ratio by 
treatment group from baseline to wk52 
  

Placebo Na 

Baseline 
0.26 

0.07-0.56 
n = 10 

0.17 
0.09-0.54 

n = 22 

wk26 
0.21 

0.15-0.43 
n = 10 

0.22 
0.12-0.36 

n = 20 

Δ wk26 
-0.06 

-0.27-0.15 
n = 10 

-0.01 
-0.30-0.16 

n = 20 

wk52 0.08 
0.07-0.28 

n = 7 

0.19 
0.08-0.45 

n = 19 

Δ wk52 
-0.17 

-0.22-0.03 
n = 7 

-0.02 
-0.18-0.14 

n = 19 
Data are presented as median and IQR. 
Na, combined worm treatment groups  
 
 

Figure 5-22 Leptin/adiponectin ratio in Placebo 
and combined worm treatment groups (Na) from 
baseline to week52 (median and IQR).  
No significant difference was found (Mixed 
effects model) 
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5.3 Discussion 

 The current trial has shown that Na infection is safe, tolerable, and acceptable in humans with 

metabolic disease. We also found significant improvements in insulin resistance with low-dose 

infection (20 larvae) that were more modest with the higher dose (40 larvae). To shed some more light 

on these findings, the trial aimed to explore potential correlates that could mediate protection against 

metabolic disease. These included worm-related correlates such as immune responses and alterations 

in adipose tissue-secreted hormones, plus worm-unrelated factors, including age, sex, diet, and physical 

activity. I hypothesised that age, sex, diet, and physical activity would moderate improvements in 

metabolic parameters. Further, I hypothesised that Na infection would induce a biased Type 2 immune 

response and suppress pro-inflammatory immune responses. Finally, I speculated that infection would 

modify the adipokine profile to promote metabolic homeostasis.  

Several publications have reported differential immune landscapes and responses to parasite 

infections between males and females in mice and humans (Bancroft et al., 2000; vom Steeg & Klein, 

2016), possibly driven by sex steroid hormones. Given the central role of inflammation in the 

development of insulin resistance, these pre-existing differences could have biased our findings towards 

one sex. However, I did not find any significant differences in HOMA-IR responses between males and 

females or between either sex and the combined worm treatment group. A possible explanation for this 

lack of difference may be the low number of males in this trial and females outnumbering males by 3:1. 

Seven of the ten males in the trial were in the infected groups, but due to dropouts and some exclusions, 

data for only five were included in the analyses, which complicates interpretation of any potential 

trends. 

Similarly, we did not observe a significant correlation between age and changes in HOMA-IR 

in the Placebo or the combined worm treatment groups. Ageing is associated with considerable changes 

in the competence and distribution of immune cells, which are thought to start in the sixth decade 

(Weyand & Goronzy, 2016). Most of our understanding of the ageing effect on our immune system 

stems from studies of the adaptive response, while changes in the innate response are not as well 

understood (Weyand & Goronzy, 2016). Still, studies in mice older mice (>20 months) and humans 

aged 65 and over have shown a dysregulated inflammatory response of the old innate immune system, 

impairing an efficient response to newly encountered invaders (Shaw et al., 2013). The term “inflamm-

ageing” describes the ageing-associated basal inflammation characterised by elevated levels of pro-

inflammatory cytokines, clotting factors, and acute phase reactants in the steady state. Given that most 

of our participants were not in their sixth decade, these changes presumably had not affected them. 

Dietary intake can mediate inflammation and insulin resistance directly via the consumption of 

foods with pro-inflammatory or anti-inflammatory potential or indirect via the regulation of body mass. 

The current trial’s long duration prohibited detailed documentation of the participants’ food intake. 
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While food diaries could have provided more detailed insights into dietary behaviours, food journaling 

faces considerable challenges despite recent advances facilitating more convenient and even automatic 

entries (Cordeiro et al., 2015). These challenges include reliable food entry due to uncertainty about the 

proportions of ingredients and portion sizes, missing food in databases or the opposite, too many 

choices, and eating out. Further, feelings of shame and judgement can lead to incorrect entries (Cordeiro 

et al., 2015). Journalers also easily miss entries, which can easily lead to a breakdown in journaling 

habits. Considering all the challenges associated with food journaling and the two-year duration of the 

current trial, asking the participants to maintain a food diary was not feasible. The PREDIMED 

questionnaire provided an attractive and easily administered alternative to allow some observations 

regarding dietary habits. The simple format facilitates honest reporting, mainly as the responder is 

unfamiliar with the scoring criteria and does not try to match their answer to the desired score.  

Overall, the self-reported adherence to a Mediterranean diet was low in all cohorts, remaining 

mostly stable throughout the trial. Three questions attracting the lowest scores in all groups related to 

olive oil, fish, and wine consumption. While the median absolute scores did not seem to worsen or 

improve in any group, there was some heterogeneity within each group, and I wanted to understand if 

changes in diet were associated with changes in HOMA-IR. No significant association was evident in 

the Placebo group, possibly due to the low numbers. However, in the combined worm groups, an 

increase in PREDIMED score correlated significantly with improved HOMA-IR at wk26, with a similar 

trend apparent for other time points. Consumption of a Mediterranean diet favourably affects glycaemic 

control (Ryan et al., 2000; Soriguer et al., 2004), possibly via downregulation of inflammatory markers 

(Esposito et al., 2004; Mena et al., 2009) and increases in adiponectin (Sierksma et al., 2004). Our 

results indicate that changed adherence to a Mediterranean diet may have contributed to positive and 

negative HOMA-IR changes.  

The association between an improvement in feeding behaviour (adherence to a Mediterranean 

diet) and improved HOMA-IR at six months post-hookworm infection was intriguing. It is unlikely that 

the hookworm infection has changed feeding behaviour directly. A more likely explanation could be 

the enrolment in the trial and the requirement to complete the PREDIMED itself. Even though 

participants were unfamiliar with the scoring criteria, individual questions may have stimulated subtle 

subconscious changes in feeding behaviour, such as switching to olive oil or reducing soft drink 

consumption. We did find a trend towards a positive correlation between improved diet and HOMA-

IR, even in the Placebo group. However, due to the small sample size, this did not reach statistical 

significance but reiterates this might be a trial-specific artefact. 

Baseline self-reported physical activity, another potential factor in altered glycaemic control 

and inflammation, was unexpectedly high in all groups. The Placebo and L3-20 group reported a median 

of approximately 1000 METs per week, double the recommended 500 METs for cardiovascular health, 

and the L3-10 group reported around 650 METs per week. Evaluating whether these numbers reflected 
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actual activity levels is challenging, given the self-reported nature. Further, COVID-19 restrictions and 

lockdowns influenced individual behaviours, with several participants reporting reduced activity. More 

importantly, though, we were interested in any activity increases that may have been associated with 

the observed HOMA-IR improvements. Although median levels fluctuated moderately in all groups, 

no significant differences between groups or over time were evident. In the Placebo group, more 

participants reported lower activity at each evaluation visit, whereas responses in the worm treatment 

group were more heterogeneous. However, I did not find any significant correlation between physical 

activity and HOMA-IR changes in either group, suggesting that increased activity levels did not mediate 

HOMA-IR changes. 

The influential role of body mass reduction on insulin resistance and inflammation is well 

established. Even a 5-10% reduction can improve metabolic function and health outcomes (Jensen et 

al., 2014). Median body mass was only significantly lower by about 10kg (~10%) at wk78 and wk104 

in the L3-10 group, which also saw the biggest improvement in HOMA-IR. However, overall, responses 

were heterogeneous; therefore, I further explored the association between body mass changes and 

HOMA-IR changes. No significant association was evident in the Placebo group, possibly due to the 

low numbers. In contrast, body mass changes significantly correlated with HOMA-IR changes in the 

combined worm treatment groups from wk52 to wk104, where a greater improvement in insulin 

resistance was associated with a larger body mass reduction. While the association is compelling, a 

causal relationship is difficult to establish, and several possible mechanisms could explain this chicken-

and-egg relationship. Worm-induced dampening of inflammation may have altered adipose tissue 

function, which enhanced metabolic control, including glycaemic control and body mass regulation. 

Alternatively, worm- or diet-induced body mass reduction may have improved glucose homeostasis. 

Or, it could have been a combination of these or some other unexplored mechanism. 

Further delving into the mechanistic aspects of protection, I investigated selected Th 2 cellular 

and molecular responses to helminth infection. As expected, median eosinophil and basophil counts 

spiked at wk26 in both worm treatment groups and remained elevated throughout the trial, with no 

changes in the Placebo group. Responses varied considerably among participants, ranging from a 1.7 

to a 29-fold increase, and eosinophil changes correlated significantly with HOMA-IR changes at all 

evaluation visits from wk52. This finding was not surprising given the previously highlighted 

importance of eosinophils in insulin resistance and glucose homeostasis (D. Wu et al., 2011). However, 

the correlation unexpectedly showed that smaller eosinophil increases correlated with greater HOMA-

IR improvement. Within the confines of the current trial, it is impossible to interpret the consequences 

and significance of this finding, but it could indicate an optimal range of eosinophil counts beyond 

which eosinophil contribution to glucose homeostasis stagnates or even reverses. Of note, previous 

mouse models generally assessed eosinophil levels in liver and fat tissue (D. Wu et al., 2011), while my 

results are based on blood concentrations, which may have some bearing on my findings. No significant 
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association between basophil changes and HOMA-IR changes was evident, and a potential contribution 

of basophils to HOMA-IR changes could not be further clarified in the current trial. 

Concurrent with the eosinophil and basophil peaks at wk26, IL-5 levels were significantly 

increased in the worm treatment groups. This highly specific Th-2 cytokine is pivotal in eosinophil and 

basophil biology and induces their expansion and activation (Roufosse, 2018). Supporting the crucial 

role of IL-5 in eosinophil and basophil expansion, IL-5 correlated significantly with the expansions of 

these leukocytes in the present trial. To the best of my knowledge, this is the first study to provide 

cellular and molecular validation of a long-lasting type 2 immune response during Na infection that was 

previously only demonstrated in animal models and circumstantially described in human cross-sectional 

and deworming studies.  

Interestingly, IL-17A was also transiently elevated at wk26 in the worm treatment group. 

Although traditionally linked to inflammatory processes during bacterial and fungal infection, this 

cytokine is also a major regulator of type 2 immune responses via activation of neutrophils and AAMs 

(Ajendra et al., 2020; Allen et al., 2015). Helminth-induced tissue injury results in the production of 

chitinase-like proteins, leading to increased IL-17A release from δγT cells following activation by IL-

1. Together with IL-25, IL-33, and TSLP, which activate dendritic cells and suppress INF-γ, IL-17A 

promotes type 2 responses. The subsequent release of IL-4 and IL-13, along with IL-17-mediated 

complement secretion from neutrophils, polarises macrophages to their alternatively activated 

phenotype, promoting tissue repair (Allen et al., 2015). The presence of both IL-17 and type immune 

responses may lead to pathologic complications during helminth infection. However, type 2 cytokines 

can also suppress IL-17A production in a critical feedback loop to prevent IL-17-driven excess 

pathology (Ajendra et al., 2020). Thus, this early but transient rise in IL-17A was likely associated with 

worm-induced tissue damage to the intestinal lining, which was repressed by the ensuing type 2 

response.   

Dysregulation of adipose tissue secreted hormones during obesity contributes to system-wide 

inflammation, insulin resistance, and disturbed energy homeostasis. Considering the detrimental role of 

inflammation on adipose tissue function, the anti-inflammatory effect of helminth infection may protect 

against disrupted adipose tissue signalling. However, few studies have previously investigated this 

interaction. In Indonesia, treatment of multiple soil-transmitted helminth infections significantly 

increased the leptin/adiponectin ratio (Tahapary, de Ruiter, Martin, Brienen, van Lieshout, Djuardi, et 

al., 2017). As leptin promotes inflammatory immune responses, this increase in leptin/adiponectin ratio 

may have contributed to the observed increase in insulin resistance in previously infected individuals. 

In contrast, S. stercoralis-infected Indian individuals had significantly lower levels of adiponectin than 

uninfected that reversed following anthelminthic treatment (Rajamanickam et al., 2018). In the current 

trial, I explored potential changes in key adipokine (omentin, leptin, and adiponectin) serum levels 
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during Na infection and found no compelling evidence for infection-associated changes in these 

adipokines.  

The physiological role of omentin-1 remains incompletely understood but includes insulin-

mediated improvement in glucose uptake, particularly in adipose tissue (de Souza Batista et al., 2007; 

Yang et al., 2006). Baseline median absolute omentin was near identical in all three groups and in a 

range found in healthy individuals (> 22.2 pg/mL). In the Placebo and L3-20 groups, median omentin 

trended downwards but remained stable in the L3-10 group, which may indicate that low-dose infection 

was protective against omentin decline. However, no significant difference was evident between groups 

or over time. As with other parameters, individual responses were heterogeneous, but I found no 

evidence of an association between changes in omentin and HOMA-IR in the worm treatment groups. 

Surprisingly, omentin change correlated significantly with HOMA-IR change at wk26 in the Placebo 

group, where a reduction in omentin was associated with HOMA-IR improvement. Previous studies 

suggested down-regulation of omentin-1 in obesity (Auguet et al., 2011; de Souza Batista et al., 2007; 

Moreno-Navarrete et al., 2011; Pan et al., 2010; Rothermel et al., 2020; Tan et al., 2008), T2DM (As 

Habi et al., 2019; Pan et al., 2019), and impaired glucose tolerance (As Habi et al., 2019; Kaushik & et 

al., 2018). Further, omentin-1 concentrations were inversely related to HOMA-IR in T2DM patients 

(Kaushik & et al., 2018). Therefore, the correlation in the Placebo group contrasted with these previous 

observations. It should be noted that most previous studies investigated patients with established T2DM, 

whereas the current trial’s cohort was at risk of developing T2DM. Similar to our findings, previous 

study results were heterogeneous and associative, prohibiting causal conclusions about this correlation 

in the Placebo group.   

Leptin acts on the hypothalamus and targets tissues to regulate appetite and metabolism (Klok 

et al., 2007), improves insulin sensitivity (Paz-Filho, Mastronardi, Wong, et al., 2012), and may 

promote inflammatory responses (La Cava, 2017). Normal leptin concentrations range from 0.5-15.2 

ng/mL in females and 0.5-12.5 ng/mL in males (Cleveland Clinic, 2022). Notably, hyperleptinaemia 

and resistance to normalising body mass are typical characteristics of obesity (Izquierdo et al., 2019; 

Liu et al., 2020), reflecting a state of leptin resistance. Baseline median leptin concentrations indicated 

that our cohort in all three treatment groups was leptin resistant with concentrations of up to 28 ng/mL. 

No differences between groups or over time were evident, suggesting no significant effect of Na 

infection on leptin concentrations. As with omentin, baseline concentrations and changes were 

heterogeneous, but I found no correlation between leptin changes and HOMA-IR changes.  

Plasma adiponectin concentrations have been shown as inversely related to increasing adiposity 

(Ahl et al., 2015).  Some evidence suggests that higher adiponectin concentrations can improve the 

blood lipid profile, glycaemic control, and inflammation in diabetic individuals (Li et al., 2009; 

Mantzoros et al., 2005). Adiponectin achieves its insulin-sensitising effect by reducing tissue 

triglycerides and upregulating insulin signalling (Yadav et al., 2013). In contrast to previous studies 
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that suggested modulation of adipokines in helminth infection (Surendar et al., 2019; Tahapary, de 

Ruiter, Martin, Brienen, van Lieshout, Djuardi, et al., 2017), Na infection did not induce significant 

changes in any measured adipokines in the current study. Yet, while adiponectin changes were not 

significantly correlated with HOMA-IR changes, a trend for reduced HOMA-IR with increased 

adiponectin existed at wk52, which approached significance (p = 0.0895). Individuals with adiponectin 

increases typically had improved HOMA-IR, while those with decreased adiponectin tended to have 

worsening HOMA-IR. Despite the lack of significance, the data are compelling and point towards a 

role of adiponectin in the helminth-mediated improvement of insulin resistance. Future studies with 

larger cohorts may help to verify this tentative association. 

In summary, sex, age, physical activity, basophils, and adipokines were not significantly 

associated with HOMA-IR changes. In contrast, adherence to a Mediterranean diet, body mass, and 

eosinophils correlated significantly with HOMA-IR changes in hookworm-treated people. Further, IL-

5 increased significantly in the combined worm treatment group and correlated with eosinophil and 

basophil expansion 
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6 GENERAL DISCUSSION 
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6.1 The research field: then and now 

The rapidly rising prevalence of obesity-induced metabolic disorders such as T2DM presents a 

significant global economic and public health crisis. Conservative projections assuming a constant 

average expenditure per person and constant diabetes prevalence rate estimate a global healthcare 

expenditure on diabetes of one trillion USD by 2045. Besides the economic burden, T2DM also inflicts 

great personal strain on the affected individuals and their families. In particular, low- and middle-

income countries, where prevalence is rising exponentially, will suffer disproportionately due to limited 

resources for early diagnosis and the disproportionally higher cost of treatment. Worryingly, an 

estimated 50% of all adults living with diabetes worldwide remain undiagnosed and are unaware of 

their condition. Approximately 85% of these live in low-to middle-income countries, where limited 

resources and low priority of diagnostic screening hinder early diagnosis. Late diagnosis magnifies the 

likelihood of future diabetic complications and demand for healthcare services and healthcare 

expenditure, compounding economic and personal burdens for developing nations (International 

Diabetes Federation, 2017). Once established, T2DM is costly to manage and cannot be cured due to 

enduring damage to the pancreatic β-islets. However, caloric restrictions and weight loss may promote 

reversal (remission).   

Preventative treatment in individuals at risk of T2DM, such as people with MetS, provides an 

excellent but often disregarded opportunity to intervene before permanent pancreatic damage has 

evolved. As a sedentary lifestyle and diet-induced obesity primarily drive MetS, lifestyle interventions, 

including increased physical activity and dietary modifications, can successfully and cost-effectively 

reverse obesity and its associated MetS components. Unlike pharmaceutical drugs that primarily target 

hyperglycaemia, physical activity and a healthy diet can also address the underlying inflammation and 

have no side effects that need to be managed with secondary treatments. Sadly, these lifestyle 

interventions remain grossly underused, with health systems favouring pharmaceutical treatment and 

patients’ reluctance to abandon their unhealthy behaviours. 

Over the last couple of decades, helminth infection has emerged as a potential candidate for 

treating so-called Western diseases, including inflammatory disorders such as MetS and obesity. 

Human cross-sectional and deworming have described improved MetS components, including glucose 

homeostasis and body mass, in different cohorts infected with a range of helminth species, suggesting 

that helminth infection may protect against metabolic disease. Experimental animal studies have 

corroborated these associations and shed light on some of the mechanistic aspects of protection, which 

included immunomodulatory actions and adjustments in gut microbial composition. Yet, before the 

present trial, no causal evidence was available to support a protective role of helminth infection against 

the development of T2DM. 
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In this world-first proof of principle trial, I aimed to close the gap between observational 

evidence from human studies and experimental data from animal studies by adding some causal 

confirmation of a beneficial effect of helminth infection in metabolic disease. Indeed, infection with a 

low dose of 20 hookworm larvae induced a Type 2 immune response (increased eosinophils, IL-5, 

basophils) and significantly reduced insulin resistance, which was associated with modest body mass 

reductions and some improvements in mood and well-being compared to people treated with a placebo. 

Greater adherence to the Mediterranean diet and increased physical activity could not explain these 

changes. Adiponectin trended to correlate inversely with insulin resistance, yet this association was not 

significant. Compositional and functional induced by Na infection changes in the gut microflora could 

have contributed to improved HOMA-IR, and future microbiome analyses in progress will clarify these. 

Future studies should verify my findings in larger and more diverse cohorts and finetune an 

intervention protocol that maximises benefits while maintaining participant safety. These interventions 

may include live worm infection, administration of worm-derived molecules, or even genetically-

modified worms able to produce specific molecules recognised as beneficial in metabolic disease. 
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6.2 Strengths and limitations 

6.2.1.1 Strengths 
The study was designed as a randomised, double-blind, placebo-controlled trial, which can 

provide some of the most robust levels of evidence of clinical efficacy. This trial was the first 

experimental hookworm infection study in humans with metabolic disease, contributing some much-

needed causal support for a protective role of helminth infection against metabolic disease. Besides 

further establishing the safety, tolerability, and acceptability of experimental hookworm infection, the 

trial integrated multiple outcomes and determinants that allowed exploring some of the mechanistic 

aspects previously reported in animal studies. These outcomes included lifestyle modifications, immune 

responses,  and hormonal changes, with microbiome analyses to follow. Unlike previous cross-sectional 

trials that only provided a snapshot of associations between helminth infection and metabolic health, 

the current trial’s two-year follow-up period allowed a unique insight into the short-and long-term 

consequences of hookworm infection in humans with metabolic disease. 

The present highly informative trial will help to set the parameters for future clinical trials. 

Despite being a long and demanding trial, participant retention was quite respectable, especially 

considering that no incentives were offered. This outcome highlights the exceptional level of care 

provided by the trial team and the volunteers’ admirable dedication. The trial structure enabled the 

collection of precious biological samples to interrogate biological mechanisms of protection against 

T2DM in a longitudinal manner. 

The remarkable degree of HOMA-IR improvement I observed is considerably greater than any 

differences between infected and non-infected or pre- and post-infection previously reported in the few 

human studies that assessed insulin resistance as a metabolic outcome. Chen et al. (Chen et al., 2013) 

noted a 0.53-unit lower HOMA-IR in Chinese individuals with previous schistosome infection, while 

Tahapary et al. reported increased HOMA-IR from 1.08 to 1.17 units following Albendazole treatment 

on Flores Island, Indonesia (Tahapary, de Ruiter, Martin, Brienen, van Lieshout, Cobbaert, et al., 2017). 

In a cross-sectional study also on Flores Island, Wiria et al. (2015) found 0.15 units lower HOMA-IR 

in infected compared to non-infected individuals. In contrast, in this experimental infection study that 

added some causal evidence for improved glycaemic control with helminth infection, I found decreases 

in median HOMA-IR up to 1.48 units, considerably higher than any previously reported differences. 

Importantly, these improvements were independent of lifestyle changes, such as caloric restrictions and 

increased physical activity. While these lifestyle changes would still be desirable for other reasons 

beyond the prevention of T2DM, such significant improvement could have exciting therapeutic 

potential in individuals at risk of T2DM who fail to make lifestyle changes for various reasons. 
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6.2.1.2 Limitations 
A key limitation of this trial was the small sample size, limiting the power of our findings. We 

screened over 200 volunteers, indicating that a lack of interest and unacceptability of the intervention 

were not the limiting factors. While the region’s small population may have augmented recruitment 

challenges, the inclusion/exclusion criteria proved to be the principal reason for screening failures. 

Despite no shortage of individuals with abdominal obesity, most MetS components were either too far 

advanced or not advanced enough to qualify the applicant for entry. Several applicants were taking 

prescription medication for unrelated conditions, such as polycystic ovarian syndrome, that excluded 

them from participation.  

Compounding the recruitment challenges, the trial’s long duration proved to be a double-edged 

sword. On the one side, the long follow-up period benefitted data acquisition; on the other side, a two-

year commitment complicated participant retention as everyday life events such as career changes or 

family obligations interfered, further reducing numbers in each group. While we aimed to retain 

participants that moved away by offering Zoom consultations or a visit with their local general 

practitioner, motivation to stay in the trial dropped quickly once participants had moved to their new 

location. Related to waning participant motivation, many participants joined the trial hoping to see 

considerable body mass improvements with infection implied by previous mouse study results. When 

these losses didn’t eventuate, several participants opted for gastric sleeve surgery to assist with weight 

and health management, which excluded them from continued participation. 

 A further limitation was that blinding participants in hookworm trials is inherently challenging, 

given the hallmark inoculation features. As reported in previous trials, a transient erythematous rash at 

the inoculation site and abdominal discomfort interfered somewhat with the blinding process in the 

worm treatment groups. Also, several infected participants underwent pathology testing at their usual 

doctor for unrelated purposes, who pointed out a high eosinophil count indicating the presence of 

parasites. Most participants in the worm groups correctly guessed their status early during the trial. In 

contrast, the majority of participants given the Placebo remained unaware of their status until the end 

of the trial, with some genuinely surprised to learn during unblinding that they did not receive the 

worms. Whether or not infected, participants may have unconsciously modified their lifestyle based on 

their presumed infection status and thus distorted the results. However, deciphering if and how much 

this issue may have interfered with trial outcomes is beyond the scope of this trial. 

Additionally, eliciting the desired outcomes may be dose-dependent. Naturally infected 

individuals often harbour large worm burdens, which may indicate that a higher dose is required to 

induce the protective effect of helminth infection. However, in the present trial that tested two different 

hookworm doses based on safety reports from previous trials, the lower dose of 20 worms was superior 

at reducing insulin resistance compared to the higher dose. This phenomenon could result from our 

participants’ helminth-naïve status, where even a small dose might induce beneficial immune responses. 
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As discussed in Chapter 6, further considerations for the lesser response in the high-dose group may be 

baseline differences in HOMA-IR and age, organ-specific immune responses at higher worm burden, 

or an artefact of low participant numbers.   

A 2019 systematic review suggested active infection was most beneficial to improving 

metabolic outcomes (Rennie et al., 2021), so it may be necessary to repeat treatment with a small dose 

at regular intervals to maintain a constant level of protection without compromising safety. This 

schedule would more closely mimic natural infection than administering a one-off high dose. Under 

experimental conditions, careful dose control and health monitoring could prevent potential detrimental 

changes associated with a high worm burden, such as iron deficiency anaemia. A group in the 

Netherlands inoculated volunteers with 1 x 50, 2 x 50, and 3 x 50 L3 two weeks apart with no significant 

difference in the number of adverse events between the doses (Hoogerwerf et al., 2021). While the 

higher doses did not raise any safety concerns, this trial did not investigate metabolic outcomes. Hence, 

it is unclear if the higher dose could provide added benefits. 

Another worm-related limitation is the potential for variable infection success. All infected 

individuals developed eosinophil responses of varying extent, indicating infection success, but 

eosinophil responses fail to reflect the number of worms successfully attached to the intestinal lining.  

Although great care was taken to ensure the selection of fit and motile larvae for our inocula, consistent 

worm fitness was not guaranteed. We could neither verify the proportion of initial worm attachment 

nor their long-term survival, which may have had implications for metabolic and immune responses. 

Further, the trial’s first evaluation visit was scheduled for 26 weeks after the first inoculation. 

Given that some immune responses may peak early after inoculation in response to the worms’ 

migration through the host, investigations at this point are likely to miss the early responses or reflect 

only the dwindling tail end.  

Finally, participant selection bias limits the generalisability of my findings. Most participants 

were of Caucasian descent, and it is unclear if different populations, such as First Nations people or 

individuals of Asian descent, would experience similar improvements. Additionally, participants did 

not suffer from severe comorbidities that could modify the response to helminth infection. Although 

previous studies noted beneficial effects of natural helminth infections in diverse cohorts, this needs to 

be verified in experimental infection. 

In summary, the trial’s robust study design and integration of multiple outcomes allowed the 

first causal insight into the effects of experimental hookworm infection on metabolic outcomes, immune 

responses, and hormonal changes in humans with metabolic diseases. Future gut microbiome analyses 

will add further details to our understanding of the events in Na infection. However, my findings are 

limited by low numbers due to recruitment obstacles and dropouts. Blinding participants to hookworm 

infection is inherently challenging, and participants’ perception of their infection status may have 
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interfered with their normal behaviour, distorting the trial outcomes. While the low dose successfully 

improved insulin resistance, this effect may be transient and depend on the continuity of infection. 

Additionally, variable worm quality and selection bias may have impacted the trial outcomes. 

6.3 Bigger and better 

The current trial’s encouraging results indicate that a low dose of hookworm infection may 

improve metabolic disorders. Yet, the abovementioned limitations demand further studies to confirm 

efficacy in different cohorts, finetune an intervention schedule, and optimise worm production. 

 

 Participants 
To substantiate the present findings, a multicentre Phase 2 clinical trial in different regions may 

offer the best opportunity to recruit suitable participants. Ideally, this larger cohort would include 

participants of different ethnic backgrounds to inform our understanding of efficacy in diverse cohorts. 

In particular, Australia’s First Nations people should be actively encouraged to participate in a future 

trial, as this population group is almost four times more likely than non-indigenous Australians to 

develop T2DM.  

The current selection criteria could be modified to include only individuals with increased WC 

and elevated HOMA-IR rather than accepting other MetS components for inclusion (hypertension and 

abnormal blood lipid profile or liver function test), narrowing the focus on insulin-resistant participants. 

While the current trial investigated hookworm infection as a preventative intervention, exploring 

helminths’ therapeutic potential in individuals with established disease could be appealing and has 

shown promising results in murine studies (Khudhair et al., 2022). However, already diagnosed 

diabetics are likely to receive pharmaceutical treatment such as metformin, which would prohibit any 

definite conclusions about the effect of hookworm infection. 

 

 Study design 
Although the long trial duration in the present trial resulted in a high dropout rate and 

subsequent loss of power, a similar or even extended duration could be appropriate for future trials. The 

longer time frame facilitates a more in-depth observation of the chronic response to hookworm 

infection, which will inform the future therapeutic use of hookworm infection. In a larger trial, power 

could still be retained even with a dropout rate of 40% observed in the present trial.  

Future investigations could modify the trial protocol by adding an early evaluation visit. The 

first evaluation at wk26 was likely too late in the current schedule to capture acute immune responses. 

Although the participants came for their second inoculation eight weeks after the first, the protocol for 

this visit only included a blood draw for peripheral blood mononuclear cell separation but not pathology 
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testing or serum storage. This time point could provide an optimal opportunity to assess early cellular 

and molecular immune changes and could be adopted as the first evaluation visit in future trials.   

 

 Intervention  
 

6.3.3.1 Investigational product quality 
A key consideration in future trials will be the standardisation of the investigational product 

and procedures at all sites to ensure consistency of the intervention. In particular, a steady supply of 

uniform, high-quality worms will need to become a priority. Multiple local production sites would 

likely impact the consistency of larval quality. Therefore, one leading production site supplying larvae 

to all trial sites would be desirable. One major hurdle in this setup is transporting larvae from the 

production site to each trial site. Results from a previous randomised placebo-controlled trial using Na 

infection in coeliacs noted infection failure in nearly one-quarter of participants despite strict production 

supervision. All failures occurred in the overseas cohort, suggesting hookworm larvae do not travel 

well (Croese et al., 2020). Future studies must optimise the production method, transportation, and 

storage of the infective larvae to guarantee their integrity. Efforts in a New Zealand group to advance 

the production of Good Manufacturing Practice (GMP) worms that can be transported frozen are well 

underway (personal communication). Once optimised, this production method will significantly 

advance the provision of a standardised investigational product that can be produced at one site for 

consistency and shipped to other trial sites. 

 

6.3.3.2 Dosage 
In the present trial, infection with 2 x 10 L3 achieved superior results compared to 2 x 20 L3, 

indicating that the lower dose could be the preferred intervention in a follow-up trial. Improvement in 

HOMA-IR was highest mid-way through the trial but started to abate slightly by the two-year mark. 

This weakening response may be due to declining worm numbers or slowly waning protective immune 

responses. It is worth noting that, based on my data, induction of a more robust eosinophil response 

does not produce greater benefits regarding insulin resistance; therefore, it is not surprising that the 

lower worm burden caused a more effective response.  A progressive intervention rather than a one-off 

initial dose might compensate for declining worm numbers or diminishing immune response and correct 

this waning response. For example, ten L3 could be administered every six months over two years. 

Such a gradual intervention would also more closely resemble natural infection and may be superior in 

maintaining a protective immune response. 
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 Comparator 
Improvement in HOMA-IR was associated with body mass reduction in the present trial. 

Therefore, it would be intriguing to clarify if a similar body mass reduction without helminth infection 

can achieve comparable HOMA-IR improvements. To explore this association, future trials may want 

to compare the efficacy of helminth infection in improving insulin resistance to a known obesity 

medication. For example, a comparator group with BMI >30 could receive Orlistat known to reduce 

body mass by inhibiting gut lipase (Australian Prescriber, 2000). Their HOMA-IR results could then 

be compared to a hookworm intervention group with similar adiposity to ascertain if helminth infection 

provided additional benefits to conventional body mass reduction. 

 

 Outcomes 
Insulin resistance assessed by HOMA-IR was the primary metabolic outcome in the current 

trial. In clinical practice, glycated haemoglobin (HbA1c) measurement is an extensively used and 

convenient tool in diabetes screening (Mainous et al., 2016), as the patient does not need to attend in a 

fasting state, making it an attractive alternative to HOMA-IR. However, HbA1c sensitivity is lower 

than other diabetes screening tests, and by the time its levels rise noticeably, significant insulin 

resistance and β-cell dysfunction have likely already developed (Kanat et al., 2015). In contrast, insulin 

resistance occurs before β cells begin to fail (Pories & Dohm, 2012), and fasting insulin levels could 

identify insulin resistance well in advance of rising blood glucose and HbA1c. A 2018 systematic 

review concluded that fasting insulin levels were indicative of the early physiologic shifts in MetS and 

T2DM. Therefore, HOMA-IR, which incorporates fasting insulin, is a valuable early screening tool in 

identifying prediabetes before β-cell dysfunction. Further, reductions in HOMA-IR can indicate a 

remission or postponed risk of T2DM (Switzer et al., 2018), highlighting HOMA-IR as a suitable 

primary metabolic outcome in trials assessing the prevention of T2DM. 

Additionally, finetuning the cut-off HOMA-IR value for inclusion in the study should be 

considered in future trials. The current trial used a cut-off value of 2.12 units regardless of sex and 

obesity status (BMI) based on the results from a Spanish cross-sectional study. However, other 

population studies indicate the cut-off values for insulin resistance (HOMA1-IR) and MetS (HOMA2-

IR) could be considerably lower in some cohorts and differ between sexes and obesity status. For 

example, an Iranian study including nearly 5000 adults suggested the following cut-off values for 

HOMA1-IR and HOMA2-IR in females and males (Table 6-1) (Ghasemi et al., 2015).  

An oral glucose tolerance test could be considered an additional glycaemic control measure. 

This simple and widely used test reflects the body’s glucose disposal efficiency after a glucose load or 

a meal. However, this test requires four blood samples over the course of 120 minutes to determine 

glucose and insulin, imposing considerable time demands on participants (Muniyappa et al., 2000). 
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Further, this test assesses glucose tolerance, which is not equivalent to insulin sensitivity, so it should 

not replace HOMA-IR as the primary metabolic outcome. 

 

 

 

 

 

 

 

 

 

 

Given these findings, future trials should first consider upon which HOMA-IR category 

(HOMA1-IR or HOMA2-IR) to base inclusion and then employ discrete HOMA-IR cut-off values 

depending on sex and obesity status. In contrast, age appears to be only marginally associated with 

insulin resistance (Stern et al., 2005) and did not increase HOMA-IR in the Iranian study. Further, the 

inclusion of the homeostatic model of β-cell function (HOMA-B) as an additional outcome should be 

evaluated. The combined report of HOMA-IR and HOMA-B may improve the prediction of T2DM as 

both insulin resistance and loss of β-cell function contribute to the pathogenesis of T2DM (Khardori, 

2013; Meier & Bonadonna, 2013), warranting the assessment of both measures. 

 

 Lessons from the current trial 
 

6.3.6.1 Faecal sample collection 
The request for the collection of a faecal sample proved a challenging task for participants. 

While all participants submitted the baseline sample, compliance worsened with each consecutive 

evaluation visit despite the best efforts to make the process as convenient as possible. Participants 

received a sample collection kit at each evaluation that included instructions, gloves, and collection 

essentials, together with a team member's contact number to call for collection. The team member would 

either drive by their home or meet with them at a place nominated by the participant. Several reminders 

were sent by text message and email if samples were not received within a short time after the evaluation 

visit. However, the task seemed too unpleasant for some despite their continued enthusiasm and 

Table 6-1 Optimal cut-off values of HOMA1-IR 
and HOMA2-IR in obese and non-obese females 
and males 
 

 Cut-off point 
 Females Males 
HOMA1-IR   

BMI < 30 kg/m2 1.58 1.22 

BMI ≥ 30 kg/m2 2.21 2.21 

HOMA2-IR   

BMI < 30 kg/m2 0.88 0.70 

BMI ≥ 30 kg/m2 1.18 1.23 
HOMA1-IR, HOMA-IR index to identify insulin 
resistance; BMI, body mass index;HOMA2-IR, 
HOMA-IR index to identify metabolis 
syndrome. 
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dedication to the trial. Maybe future trials could provide a small incentive to encourage compliance 

with this request, as these samples are valuable elements in the assessment of helminth infection. 

 

6.3.6.2 Body composition scan 
Participants also did not appear to enjoy the yearly body composition measurement by DEXA 

scan. Like with faecal samples, all participants attended their baseline scan, with two participants 

exceeding the table’s weight limits. At the one-year mark, only 18 attended, shrinking to six at the two-

year mark despite numerous reminders. The reluctance to attend may be related to discomfort during 

the process, the required time commitment, or displeasure with a confronting body image on the report. 

Considering the relatively modest body mass reduction seen in the present trial and the additional 

measurement of WC, future trials could consider dismissing this assessment. 
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6.4 A treasure chest of samples for future exploratory studies 

Blood and faecal samples collected and stored throughout the two-year trial afford superb 

opportunities to explore immune responses, metabolomics, and metagenomics in more detail in further 

exploratory studies. Further, whole-blood polyunsaturated fatty acid (PUFA) analysis may provide 

another insight into possible mediators of glycaemic control. 

 

 Immune profiling 
While I have included some more basic immunological analyses in this thesis, the stored blood 

samples offer an exciting opportunity to probe deeper. Focusing on the PBMCs I collected will allow 

investigation of the cellular immune responses in much greater detail. 

For example, it would be important to examine how hookworm infection affected the function 

of immune cell subsets in the blood. Bulk sequencing (RNA-seq) of peripheral blood mononuclear cells 

(PBMCs) or RNAseq on sorted T cells or specific innate cell subsets could be used as a genomic 

approach to study cellular responses by detecting and quantitatively analysing protein-encoding mRNA 

molecules. Analysing the transcriptome would allow the characterisation of differential T cell or 

macrophage activation status in the three treatment groups at each evaluation visit, adding to our 

understanding of distinct treatment-induced immune responses. With the future advance and likely 

associated price drop of single-cell sequencing, cellular heterogeneity in each phenotype could further 

be investigated, and previously unrecognised disease-associated cell populations or functional states 

may be identified. Proteomics analysis of PBMCs and serum could then be used to validate 

transcriptomics findings. These detailed immunological analyses may identify specific immune 

signatures most associated with improved metabolism, revealing new strategies for immune modulation 

not requiring live worms. Lastly, unlike previous studies involving people with immune conditions such 

as coeliac disease, multiple sclerosis or IBD, my study represented a unique trial where we infected 

“healthy” people with no prior exposure to a hookworm pathogen. Hence, detailed immune profiling in 

samples taken from my study will prove informative for understanding the general immune response to 

hookworm infection, which may have implications for the development of anti-helminth vaccines.  

 

 Metabolomics 
Metabolomics of faeces and serum samples would complement transcriptomics and proteomics 

as a powerful approach to provide a snapshot of the underlying biochemical activity of cells and the 

molecular phenotype. Targeted metabolomics allows the study of a broad spectrum of gut microbiota 

metabolites as biomarkers of health and disease. Changes in specific gut metabolites, including SCFA’s, 

bile acids, tryptophane, branched-chain amino acids, trimethylamine N-oxide, and indole derivatives, 

implicated in metabolic disorders could be the focus of future studies. Similarly, the serum metabolic 
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profile is altered with metabolic disorders. For example, the carbon number of triacylglycerols inversely 

relates to diabetes risk (Rhee et al., 2011). Further, branched-chain amino acids, α-hydroxybutyrate, 

and oleic acid correlated positively and glycine negatively with insulin resistance (Gall et al., 2010) and 

should thus be explored. 

 

 Metagenomics 
Analyses of the microbiome are currently in progress. We are first examining potential changes 

in richness and diversity, followed by compositional analyses targeting families, genera, and species 

previously associated with metabolic disease and helminth infection, such as A. muciniphila. Finally, 

functional metagenomics of the gut microbiome data will enable comprehensive insights beyond 

compositional changes during helminth infection and/or metabolic disorders. This approach may lead 

to the discovery of novel functional microbial pathways associated with metabolic disorders or the 

identification of up-and-down-regulated functions such as SCFA synthesis during helminth infection 

or dysbiosis. 

 

 Lipid-associated pathways 
Genomic analyses have identified a large contingent of genes and proteins associated with lipid 

biosynthesis and transportation in parasitic worms (International Helminth Genomes Consortium, 

2019). Further, helminth-derived lipids regulate essential signalling pathways during worm 

development, host invasion, and infection establishment (Wang et al., 2021). Given the integrative role 

of lipids in helminth infection. Lipidomics of Na and its ES products could advance our understanding 

of lipid dynamics, interactions, and pathways. The potential discovery of lipids with 

immunomodulatory functions could inform our understanding of helminth-mediated protection in 

inflammatory diseases and have implications for future therapeutic interventions. 

S. venezuelensis infection has been shown to significantly increase blood oleic acid, a 

monounsaturated fatty acid known to decrease adiposity and increase the Lactobacillus genus in the gut 

microbiota, which was associated with improved insulin resistance (Pace et al., 2018). Preliminary 

genomic analysis in platyhelminths indicated the presence of enzymes for de novo omega-3 

polyunsaturated fatty acids (PUFAs) biosynthesis, providing a pathway through which helminths may 

increase the overall PUFA pool. Omega-3 PUFAs have been shown to prevent pancreatic β-cell 

destruction and insulin resistance through several mechanisms, including the reduction of inflammation 

and modulation of adipokine secretion (Baynes et al., 2018). In the present trial, blood spot collection 

cards were completed at baseline at all evaluation visits for future PUFA analysis, which may identify 

a further mechanism of helminth-mediated improvement of glycaemic control. Additionally, more 

subtle changes in serum lipid composition than in total triglyceride and total cholesterol levels may 

have occurred in response to helminth infection, which may be unveiled by in-depth phenotyping of 
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circulating lipid species by lipidomic approach, including some species previously reported as being 

associated with impaired metabolic homeostasis. 
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6.5 Worms and metabolism – how does it work? 

Previously, experimental studies using various animal models have consistently shown a 

protective role of helminth infection against obesity and metabolic disorders. Similarly, human cross-

sectional and deworming studies have reported improved glucose homeostasis and lower adiposity in 

helminth-infected individuals, although specific effects may vary depending on helminth species 

(Rennie et al., 2021). Yet, to date, evidence from human studies could not infer causality. The current 

trial was the first human experimental study providing causal evidence of a beneficial role of helminth 

infection in metabolic disorders. A low dose of 20 hookworm larvae administered in two doses of ten 

eight weeks apart significantly reduced insulin resistance in humans with MetS. 

Additionally, the present trial explored potential correlates and mechanisms of protection, 

including sex, age, lifestyle factors, body mass reduction, immune responses, and hormonal shifts. 

Despite previous reports of diverse immune responses in males and females, as described in Section 

5.1, sex did not appear to influence glucose outcomes in the present trial. However, the numbers were 

low and skewed towards female dominance, which prohibits accurate evaluation of a sex effect.  

Similarly, age seemed to be unrelated to HOMA-IR changes. Yet individual body mass reductions may 

have contributed to helminth-induced improvements in insulin resistance. The low-dose hookworm 

group experienced a median body mass reduction of approximately 10%, but individual responses were 

heterogeneous, with a positive correlation between body mass losses and HOMA-IR improvement. 

Body mass reductions may have been mediated solely by infection or resulted from greater adherence 

to a Mediterranean diet or a combination of both. It is further plausible that participants made subtle 

lifestyle changes that contributed to the observed body mass changes. Physical activity appeared 

unrelated to improved glycaemic control, and most participants, including those with significant 

HOMA-IR reductions, declared lower than baseline physical activity during the trial, ascribed to 

COVID restrictions and lockdowns. These restrictions may have also facilitated body mass increases 

in some participants. However, attempts at evaluating COVID restrictions' actual impact on trial 

outcomes appear futile.  

Corresponding with the findings from animal studies, helminth infection induced a strong type 

2 immune response correlated with HOMA-IR changes. Specifically, I found significant increases in 

eosinophils, basophils, and IL-5, where IL-5 was positively associated with eosinophil and basophil 

fold changes. These findings confirm that helminth-induced processes previously described in mouse 

studies (D. Wu et al., 2011) are replicated in humans and afford a mechanistic basis to explain the 

observed improvement in insulin resistance. Assuming similar immune actions of these cellular and 

molecular markers in humans and mice, the presence of eosinophils, basophils, and IL-5 likely 

promoted anti-inflammatory immune responses, including polarisation of AAMs and Tregs 

differentiation, which we aim to confirm in follow-up studies exploiting the stored Biobank samples. 
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The observed increases in adiponectin concentrations in the worm treatment groups may reflect 

potential anti-inflammatory type 2 immune responses. Although not significant, adiponectin increases 

trended to correlate inversely with insulin resistance, suggesting a potential role of adiponectin in 

improved glucose homeostasis (Surendar et al., 2019). As WAT inflammation dysregulates adipokine 

release, normalising adipokine release may result in a downstream effect of reduced information.  

Changes in gut microbiota composition may indirectly moderate inflammation and insulin 

resistance. In particular, compromised gut barrier integrity during dysbiosis facilitates the translocation 

of inflammatory mediators from Gram-negative bacteria, such as lipopolysaccharides, to the systemic 

circulation, resulting in systemic inflammation and hyperendotoxemia. Helminth infections have been 

shown to induce beneficial alterations in gut microbial composition associated with improved gut 

barrier integrity. Specifically, populations of Lactobacillaceae, a Gram-positive Firmicute, reportedly 

expanded in the murine gastrointestinal tract following infection with multiple helminth species in 

different animal models. Lactobacillaceae have been shown to protect the mucosal barrier function 

(Resta-Lenert & Barrett, 2006) and expand regulatory T cell populations in the mesenteric lymph nodes 

(Kwon et al., 2010), thereby modulating inflammatory diseases. Interestingly, studies have established 

a mutualistic relationship between helminths and Lactobacillaceae, where helminth infections increase 

populations of Lactobacillaceae and these microbes, in turn, promote helminth infections (Dea-Ayuela 

et al., 2008 14417; Reynolds et al., 2014). Further, gut microbial composition mediates nutrient 

availability and inflammation via the breakdown of plant-derived carbohydrates and the production of 

SCFAs. Short-chain fatty acids provide an essential source of nutrients for colonocytes and are known 

to enter the systemic circulation and contribute to whole-body energy homeostasis via Treg induction 

and secretion of interleukins. 

 During the present trial, participants were asked to provide faecal samples to analyse potential 

changes in gut microflora composition and function. I have sent extracted DNA of participant samples 

at baseline and wk26 to the Ramaciotti Centre in Sydney for deep sequencing. Unfortunately, the 

delayed receipt of the sequencing results prohibited timely analysis and inclusion of the microbiome 

data into this thesis. However, analyses of compositional and functional changes are in process and will 

be prepared for publication shortly. 

In summary, helminth-induced type 2 immune response, potentially supported by reduced 

adiposity, may have dampened inflammation, translating to improved glycaemic control. Further, 

increased adiponectin may have been correlated with protection. 
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Figure 6-1 Potential mechanisms of helminth-mediated regulation of insulin resistance 
In the present trial, Necator americanus infection induced a type 2 immune response 
characterised by increased levels of eosinophils, basophils, and IL-5, which possible 
dampened inflammation. Modest adiponectin increases and body mass reductions in 
infected individuals  may have contributed to reduced inflammation. Further, 
compositional changes of the gut microflora could have indirectly moderated 
inflammation and adiposity, which remains to be explored. 
. 
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6.6 Validating the mechanisms 

The validity of my findings could be clarified in mouse models of obesity. For example, the 

treatment of obese mice with adult worm extracts of Na could be assessed for its potential to induce 

similar responses to mine, including immune and adipokine responses and body mass changes. In 

mouse models, manipulating inflammatory and anti-inflammatory mediators and/or selective depletion 

of cell populations such as macrophages may allow further elucidation of the immune cells and 

processes involved.   

The gut microbiome analyses in progress might highlight characteristic shifts in gut microbiota 

composition and function following helminth infection. Should this be the case, targeted microbiota 

transfer or administration of a probiotic cocktail in a mouse model of obesity could provide an avenue 

to validate their beneficial consequences on metabolic disease. Ridaura et al. have previously used 

“humanised” animals to demonstrate the reproducibility of taxonomic features via faecal transfer 

(Ridaura et al., 2013). They colonised germ-free mice with uncultured faecal microbiota from each 

member of twin pairs discordant for obesity and found significantly greater body mass and adiposity in 

mice receiving the obese twin’s microbiota. The “humanised” mouse model could be adopted to 

investigate if helminth infection produces a “healthier” microbiome. For example, faecal samples from 

pre-diabetics pre-and post-hookworm or placebo treatment could be transferred into germ-free mice. I 

hypothesise that if the hookworm treatment is associated with a “healthier” microbiome, the faecal 

samples from people post-hookworm treatment may be less likely to make mice diabetic than their 

baseline or placebo samples.  

 

6.7 Future directions for worm-based treatments 

Traditionally, worm-based treatment relied on live worm infection and later expanded to 

treatment with select worm proteins or protein cocktails. In the future, treatment with genetically-

modified helminths might also become an option. With helminth infection, one size certainly does not 

fit all, and each option attracts arguments for or against its use.  

In the context of T2DM prevention, live worm infection addresses both inflammation and 

insulin resistance. Given the complexity of helminth-induced immune responses to the worm’s 

migration and its ES products, identifying a single molecule to replace this “whole package” with a 

single molecule or a combination of a few select molecules appears like a herculean effort. On the other 

hand, the administration of ES products could have comparable therapeutic potential in animal models 

of metabolic disease (Maizels et al., 2018; Ruyssers et al., 2008).  

A key advantage of live infection is the ease of administration and long-lasting effects without 

frequent treatment. In contrast, the pharmacokinetic properties of helminth-derived therapeutic products 
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and identifying the optimal delivery route to the target tissue present a significant challenge. Although 

the symptoms of live worm infection are generally mild to moderate, administration of ES products 

could bypass this issue altogether. Further, variations in the production of live worms constrain the 

supply of a standardised product that meets strict quality control guidelines for a product to be 

distributed widely. Therefore, efforts enabling the future production of infective larvae under GMP 

guidelines are underway, which would also resolve storage- and transport-related complications of live 

worm production. In contrast, ES products can successfully and cost-effectively be produced and stored 

in large quantities under GMP guidelines. 

A substantial barrier to large-scale live worm infection may be the hesitance of some 

individuals to harbour intestinal parasites, which were traditionally regarded as undesirable or even 

detrimental to health. Additionally, some individuals seem naturally resistant to helminth infection, 

precluding live worm infection in these individuals. Administration of ES molecules or cocktails may 

be more acceptable and might overcome the potential resistance to live worm infection. 

Recently, live worm infection with genetically modified worms has also been proposed 

(https://www.scimex.org/newsfeed/parasites-to-fight-chemical-and-biological-weapons). Although 

initially expected to provide American soldiers with protection from bioterrorism agents such as anthrax 

(Burt, 2021), this research could have applications beyond the battlefield.  While immediate benefits 

include funding to establish GMP protocols, future developments could see worms engineered to 

release drugs to combat multiple diseases, including metabolic disease. For example, glucagon-like 

peptide-1 receptor agonists approved in diabetes management could be conveniently secreted by 

helminths, replacing daily or weekly injections to improve effectiveness and increase patient comfort. 

Alternatively, hookworms could be engineered to secrete cytokines/adipokines that promote metabolic 

health (adiponectin, omentin, MCP-1, IL-13) or gut barrier integrity (secretory IgA, IL-22). While this 

prospect is enticing, several challenges must be addressed before such treatment can be rolled out. A 

primary concern would be the difficulty of controlling the amount of drug produced and secreted. Too 

little would render the treatment ineffective, while too much may have detrimental consequences. 

Further, the treatment would likely fail in helminth-resistant patients, and last, some individuals may 

oppose the idea of hosting genetically modified organisms 

In summary, this study has added some much-needed causal support for a beneficial role of 

helminth infection in humans with metabolic disease. My findings should be confirmed in future trials 

that can also address the current trial’s limitations regarding participant numbers, generalisability, and 

consistency of worm quality. The stored Biobank samples will allow further exploration of immune 

responses and gut microbiota composition and functional changes that may have moderated HOMA-IR 

improvements. While live worm therapy might not appeal to everyone, worm-derived molecules could 

provide an acceptable alternative in the future.  
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