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ABSTRACT 35 

Background: Partial protective immunity to schistosomiasis develops over time, following repeated 36 

praziquantel treatment. Moreover, animals develop protective immunity after repeated immunisation with 37 

irradiated cercariae. Here, we evaluated development of natural immunity through consecutive exposure-38 

treatment cycles with Schistosoma mansoni (Sm) in healthy, Schistosoma-naïve participants using single-39 

sex controlled human Sm infection. 40 

Methods: Twenty-four participants were randomised double-blind (1:1) to either the reinfection group, 41 

which received three exposures (week 0,9,18) to 20 male cercariae or the infection control group, which 42 

received two mock exposures with water (week 0,9) prior to cercariae exposure (week 18). Participants 43 

were treated with praziquantel (or placebo) at week 8, 17 and 30. Attack rates after the final exposure 44 

(week 19-30) using serum circulating anodic antigen (CAA) positivity were compared between groups. 45 

Adverse events were collected for safety.    46 

Results: Twenty-three participants completed follow-up. No protective efficacy was seen, given 82% 47 

(9/11) attack rate after the final exposure in the reinfection group and 92% (11/12) in the infection control 48 

group (protective efficacy 11%; 95% CI -24% to 35%; p =0.5). Related adverse events were higher after 49 

the first infection (45%), compared to the second (27%) and third infection (28%). Severe acute 50 

schistosomiasis was observed after the first infections only (2/12 in reinfection group and 2/12 in 51 

infection control group). 52 

Conclusion: Repeated Schistosoma exposure and treatment cycles resulted in apparent clinical tolerance, 53 

with fewer symptoms reported with subsequent infections, but did not result in protection against 54 

reinfection. 55 

Trial registration: ClinicalTrials.gov NCT05085470. 56 

Funding: ERC Starting grant (no. 101075876). 57 
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 58 

INTRODUCTION 59 

Schistosomiasis, an infection with Schistosoma worms, causes considerable disease burden with 60 

over 200 million people infected and another 800 million at-risk of infection worldwide (1). 61 

While mass drug administration with praziquantel (PZQ) is widely used to reduce the infectious 62 

burden, progress in disease control has stalled in certain areas, highlighting the need for 63 

additional control strategies such as vaccines. Vaccine research is encouraged by data suggesting 64 

some level of immunity, but not full protection i.e. sterile protection, to Schistosoma 65 

(re)infection is acquired after multiple infections. This includes epidemiological data from 66 

Schistosoma-endemic areas that show an age-dependent decrease in infection burden most likely 67 

due to partially decreased susceptibility to infection over time (2), as well as promising results of 68 

immunisation studies with irradiated cercariae resulting in 70-80% worm burden reduction in 69 

rodent and non-human primate models (3).  Despite such studies, our knowledge of what 70 

immune mechanisms result in (natural) immunity or, in other words,  partial protection from 71 

infection remain limited and correlates of protection are not well defined and differ between 72 

studies (4-7). Previously, we established a controlled human infection model with schistosomes 73 

(CHI-S) and demonstrated that single-sex exposure to 20 male Schistosoma mansoni (Sm) 74 

cercariae resulted in detectable infection in 82% (9 out of 11) of individuals based on serum 75 

circulating anodic antigen (CAA) detection and resulted in few severe side effects. Moreover, 76 

CHI-S led to induction of high levels of schistosome-specific IgG1, which in animal models 77 

have been associated with protection against reinfection (7). We therefore used this CHI-S model 78 

to investigate (protective) immune responses to repeated exposure and treatment cycles, to 79 

measure the development of protective immunity in humans and investigate the safety of 80 

(repeated) exposure to male cercariae. 81 
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RESULTS  82 

Study population 83 

In total, 25 individuals were screened for eligibility, of which one was excluded based on 84 

inability to attend all study visits (Fig. 1). Twenty-four participants were randomly allocated to 85 

the reinfection (n=12) or infection control group (n=12). The reinfection group was exposed to 86 

20 Sm cercariae three times (week 0, 9, and 18), while the infection control group was only 87 

exposed once (week 18) and received two mock exposures (week 0 and 9). Treatment with PZQ 88 

60 mg/kg (or placebo tablets for infection controls) was given 8 weeks after the first and second 89 

(mock) exposure and 12 weeks after the third exposure for all participants. One participant in the 90 

reinfection group was lost to follow-up shortly after the third exposure and was given PZQ 91 

treatment to clear the infection.  92 

The median age of participants was 23 years old (range 18-44), 13 were female (54.2%) and the 93 

median BMI was 24.7 kg/m2 (range 19·3-31·4) at baseline (Table 1). To monitor potential failed 94 

skin invasion we performed microscopy on rinse water after each Schistosoma exposure, finding 95 

very few remaining whole cercariae (range 0-2), or heads (range 0-3) (Supplementary Table 96 

S1). 97 

 98 

Safety  99 

Adverse events (AE) data was analysed for all 24 participants. No serious adverse events were 100 

reported. Over the course of the study, 246 related AEs were reported, of which 143 (58%), 66 101 

(27%), and 37 (15%) were categorised as mild, moderate, and severe, respectively. Of these, 102 

75% (n=185) were associated with Schistosoma exposure and 24% (n=58) were common side 103 

effects of PZQ. The reinfection group reported 114 AEs related to Schistosoma exposure (Table 104 
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2), with the highest number reported after the first exposure (n=51, 45%). After the second and 105 

third exposure comparable numbers of AEs were reported (exposure 2: n=31, 27%; exposure 3: 106 

n=32, 28%). In the infection control group, most AEs related to Schistosoma exposure were 107 

reported after the third exposure (n=45, 63%), although notably a considerable number of AEs 108 

were observed after the two initial mock exposures, suggesting a relatively high background 109 

incidence of these AEs (exposure 1: n=8, 11%; exposure 2: n=18, 25%).  110 

The risk of PZQ-related AEs was similar after each treatment in the reinfection group 111 

(Supplementary Table S2) and only very few AEs were reported after treatment with placebo in 112 

the infection control group (Supplementary Table S3).   113 

Symptoms of Schistosoma exposure included local skin reactions as well as systemic responses 114 

(acute schistosomiasis, AS) starting after three weeks. Systemic symptoms lasted a median one 115 

day (IQR: <1 – 4 days). Clustering of symptoms was observed in some participants, suggestive 116 

of AS (Supplementary Fig. S1). Severe AS (i.e. interfering with daily activities) was observed 117 

in four participants and all occurred after their first (true) exposure, two in the infection control 118 

group and two in the reinfection group (Supplementary Table S4). Three were treated with 119 

prednisolone 30mg for five days, with subsequent tapering of the dose (20mg, 10mg, to 5mg 120 

over the course of a week) to alleviate symptoms. Participants with severe AS after the first 121 

exposure in the reinfection group reported no (n=1) or milder (n=1, moderate) AEs after 122 

subsequent exposures. Eosinophil levels peaked in the reinfection group after the third exposure 123 

(Figure 2A). No clinically relevant changes in liver function tests were observed.  124 

 125 

Protective efficacy 126 
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The attack rate based on CAA positivity after the third exposure in the reinfection group was 127 

82% (9/11) and 92% (11/12) in the infection control group, corresponding to a protective 128 

efficacy of 11% with a wide 95% confidence interval that included zero (-24% to 35%), 129 

indicating no protection (p=0.5). The proportion of CAA positive participants in the reinfection 130 

group after the first and second exposures was 64% (7/11) for both exposures. CAA levels over 131 

time did not decrease with subsequent exposures in the reinfection group (Figure 2B). There was 132 

no association between severe acute schistosomiasis and CAA levels (Supplemental Fig. S2). 133 

After treatment following the third exposure, three participants received additional PZQ 134 

treatment, because of persistent CAA positivity six and/or eight weeks after. Complete clearance 135 

of infection, i.e. negative CAA, was achieved in all participants and confirmed at a final visit one 136 

year after. 137 

 138 

Accidental exposure to female cercariae and potential egg production 139 

Schistosoma PCR on faeces were all negative after the first and second exposure, however after 140 

the third exposure, one participant showed a positive result (CT ~32) indicating presence of 141 

Schistosoma DNA and egg-production, which was later confirmed by microscopy. The number 142 

of eggs found was low (6 eggs in three separate Ridley x 6 slides). All procedures for production 143 

of challenge material were rechecked and no irregularities in study processes found. Upon 144 

molecular retesting of all stored cercariae used for infection, we discovered that five participants, 145 

during the second exposure, were accidentally exposed to 20 female, instead of male cercariae 146 

due to sample mislabelling. We hypothesise that persistent single-sex females, which are more 147 

resistant to treatment with PZQ (8), after the second infection-treatment cycle in these 148 

individuals could have led to a patent egg-producing male-female worm pair after third infection. 149 
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Procedures were adapted and a second molecular confirmation step was implemented to avoid 150 

such incidents in the future.    151 

In post-hoc analyses, participants with mixed-sex (male-female-male (M-F-M)) exposure had 152 

higher peak eosinophil counts after the third exposure compared to those with single-sex male 153 

(M-M-M) exposure (Figure 2C) , but adverse events and CAA positivity/kinetics did not seem 154 

to differ between the two groups (Figure 2D). Of the three participants requiring additional PZQ 155 

treatment, two were infection controls and one was a reinfection participant who was only 156 

exposed to male cercariae.  157 

 158 

Antibody, chemokine, and cytokine responses  159 

M-F-M exposure appeared to influence the (egg-specific) antibody and cytokine responses and 160 

are therefore presented separately. Within 8 weeks after the initial exposure to cercariae, 21 (out 161 

of 23) participants had seroconverted for worm-specific IgM (Figure 3A). One seroconverted 162 

later at week 18, while the other remained negative. IgG and IgG1 antibodies against adult-worm 163 

antigen increased after exposure in all but one participant. Peak levels in the reinfection group 164 

appeared to increase with subsequent exposures, suggesting boosting (Figure 3B&C). Increases 165 

in IgG against soluble egg antigen (SEA) were observed in most participants, as previously also 166 

observed in male-only exposure possibly due to antibody cross-reactivity between cercariae and 167 

eggs (9), however those exposed to M-F-M had higher peak values than those only exposed to 168 

M-M-M cercariae (Figure 3D).  169 

Serum cytokines and chemokines show similar kinetics after the first exposure in both 170 

reinfection and infection controls (Figure 3E-J) as  none of these mean cytokine/chemokine 171 

levels differed between the groups 4 weeks after primary exposure. We observed some evidence 172 
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that levels of CCL4 were lower at week 22 (4 weeks after third exposure) compared to week 4 173 

(mean difference -70.3, 95%CI: -129.7; -11.3, p =0.04). Although visually, CXCL10 and TNF 174 

levels also appear lower after the third infection, we were unable to detect a statistically 175 

significant difference, potentially due to the small sample size. After the third exposure, in the 176 

reinfection group CCL23 (p<0.001), CCL4 (p=0.05), and TNF (p<0.001) were higher in the M-177 

F-M exposed compared to the M-M-M exposed. No association was observed between severe 178 

acute schistosomiasis symptoms and circulating cytokines or chemokines (Supplementary Fig. 179 

S3). 180 

 181 

 182 

DISCUSSION    183 

In this study, we demonstrate that repeated controlled exposure to Sm cercariae does not lead to 184 

protection against reinfection, but induces tolerance to clinical symptoms already after the first 185 

infection with fewer AEs being reported after subsequent infections. 186 

In line with previous CHI-S, local skin reactions (rash and itch) and systemic symptoms of acute 187 

schistosomiasis (AS) were commonly observed albeit of short duration, with severe AS reported 188 

in four of 24 individuals after the first exposure. This risk of severe AS after primary exposure is 189 

both consistent between the reinfection and infection control group and across previous studies 190 

(8, 9). The risk of AS decreased with subsequent exposures, which may explain why AS is 191 

infrequently reported in endemic populations (10), where exposure to Schistosoma antigens is 192 

thought to start at an early age, potentially even in utero (11), and occurring further throughout 193 

life. In our earlier work we have shown severe acute schistosomiasis to be accompanied by a Th1 194 

biased inflammatory response at week 4 (12), but no relationship between CAA and symptoms 195 
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(8, 9), which was confirmed in the current study. Clinical tolerance is likely to be accompanied 196 

by regulatory responses but further research will be needed to delineate the details of the 197 

underlying mechanisms.  198 

Different to earlier CHI-S studies, here we included an infection control group that received 199 

mock infections with water. Both participants and investigators were masked to group allocation, 200 

resulting in a large number of adverse events classified as potentially related to infection with 201 

Schistosoma, even after water exposure. This demonstrates that AS symptoms, e.g. abdominal 202 

symptoms or headache, are aspecific and have a high incidence in the general population, 203 

making AS diagnosis challenging. While individual symptoms are aspecific, our data indicates 204 

that particularly clustering of symptoms 4-5 weeks post-challenge are highly suggestive of AS. 205 

By looking at the difference in risk of symptoms between those exposed to Schistosoma and 206 

water, we can now more reliably assess the safety of CHI-S. For future studies looking to 207 

establish safety of a novel controlled human infection model, the inclusion of an infection 208 

control group may be considered, especially if the expected symptoms are aspecific and 209 

common.    210 

Contrary to our hypothesis, we did not observe any evidence for sterile protection based on 211 

serum CAA levels after two exposure and treatment cycles. Moreover, the CAA kinetics 212 

following the second and third exposure did not show any sign of partial protection despite IgG1 213 

boosting, as peak CAA values did not decrease with consecutive exposures. Our current 214 

understanding of resistance to reinfection in humans comes from epidemiological studies in 215 

endemic settings, that suggest immunity can develop as a result of worm death and subsequent 216 

antigen release, as observed in occupationally exposed adults in endemic settings (13). Worm-217 

specific IgG responses are associated with protection in animal immunisation studies with 218 
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irradiated cercariae (14), and with protection in endemic settings (15). Although some individual 219 

studies in endemic settings have suggested that higher levels of worm-specific IgE levels are 220 

protective,  this could not be confirmed after meta-analysis (5). Apart from the infectious dose, 221 

which is much higher in animal studies (>1000 cercariae) and in endemic settings, the apparent 222 

discrepancy between these studies and our findings could be explained by the quality and 223 

specificity of the IgG response. Perhaps the anti-worm IgG responses we observed are not 224 

against specific protective antigens on the worm, or not reach a higher enough titre, two factors 225 

previously shown to be critical for protection (16, 17). Moreover, antibody functionality may 226 

also be shaped by the number of cumulative exposures, which in endemic settings is higher than 227 

in our study.    228 

Several participants were accidentally exposed to male-female-male (M-F-M) cercariae, of 229 

which we confirmed egg production in one participant, suggesting that 1) female worms are not 230 

fully cured with PZQ 60 mg/kg; and 2) surviving female worms are able to pair with incoming 231 

male worms. Unlike female-only infection where decreased susceptibility to PZQ is observed 232 

(8), the potential resulting mixed-sex and single-sex male infections responded well to PZQ, as 233 

only few participants (3 out of 23) required a second dose of PZQ before being fully cured. Cure 234 

rates after initial treatment with PZQ 60 mg/kg were also higher compared to our previous male-235 

only CHI-S study in which 6 (out of 14) participants required an additional dose after being 236 

initially treated with PZQ 40 mg/kg (9).  237 

CAA levels in those exposed to M-M-M and M-F-M cercariae did not differ, however the 238 

composition of single vs. paired worms cannot be determined. We noted several differences 239 

between potentially mixed-sex vs single sex infected participants in the reinfection group. From 240 

our data, it seems that potential egg production is accompanied by higher eosinophil, CCL23, 241 
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CCL4, and TNF levels, as well as higher IgG antibody titres against soluble egg antigen. An 242 

increasing dominance of type-2 responses after egg production is well described (18, 19), and is 243 

evidenced here by the increase in eosinophils and CCL23, a chemokine constitutively produced 244 

by eosinophils during type-2 inflammation (20, 21). Notably, the initial response to potential egg 245 

production is also characterised by the pro-inflammatory cytokines CCL4 and TNF, as 246 

previously reported in murine systems (22-24).  247 

Although there are clear limitations of the CHI-S model in its comparability to natural infection, 248 

the fact that we did not find any protection suggests that the immune regulatory potential by 249 

schistosomes may be much stronger than we originally envisioned. However, we note several 250 

methodological choices which may have affected the protection outcome. Compared to irradiated 251 

schistosomes, our strategy of pzq treatment abrogates infection at a later timepoint maybe 252 

allowing for more regulatory responses to develop. Additionally, the use of schistosomes of one 253 

sex only may also limit the induction of immunity as well as the low number of schistosomes for 254 

immunisation and the limited number of immunisation. To further investigate natural immunity, 255 

we are looking forward to CHI-S studies in pre-exposed individuals which will answer these 256 

questions. It is also good to note that although we observe clinical tolerance, the study was not 257 

primarily powered to detect differences in AE incidence.    258 

All together this study shows the rapid induction of clinical tolerance to schistosomes and lack of 259 

protective immune responses despite induction of antibodies and boosting thereof. An in-depth 260 

study of the antigen specificity of these responses, the cellular immune environment, and egg-261 

driven immune responses, can not only boost our understanding of schistosome immune 262 

regulation, but also provide a starting point to downselect vaccine targets.  263 

 264 
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METHODS 265 

Study design and participants 266 

This double-blind, placebo-controlled randomised trial was performed at the Leiden University 267 

Medical Center, The Netherlands between November 2021 and September 2022.  268 

Healthy participants aged 18-45 without prior (suspected) exposure to schistosomes and without 269 

travel plans to Schistosoma-endemic regions during the study period were recruited from Leiden 270 

and surrounding area through advertising. We excluded participants with a history or evidence of 271 

any (pre-existing) illness that could compromise the health of the individual participant during 272 

the study or influence interpretation of study results. Moreover, participants with a known 273 

hypersensitivity to or contra-indications to the rescue medication (PZQ, artesunate, or 274 

lumefantrine) were also excluded.  275 

 276 

Sex as a biological variable 277 

Data on participant's sex was self-reported and used for descriptive purposes and not for 278 

analyses. Cercarial sex (male or female) was determined using molecular techniques as described 279 

elsewhere.  280 

 281 

Randomisation and masking 282 

Participants were randomised to the reinfection or infection control group in a 1:1 ratio using a 283 

randomisation list. Randomisation was performed by a researcher independent of the study team. 284 

The participants and study team were blinded to group allocation.   285 
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 286 

Study procedures 287 

The reinfection group was exposed to 20 Sm cercariae three times (week 0, 9, and 18), while the 288 

infection control group was only exposed once (week 18) and received two mock exposures 289 

(week 0 and 9). Single-sex cercariae were produced as described previously (9, 25). In brief, 290 

snails were infected with a single Sm miracidium resulting in a monosexual infection. After five 291 

weeks, infected snails started shedding cercariae that are either male or female. Sex of these 292 

cercariae was determined using molecular techniques. These cercariae were then applied to the 293 

participant’s forearm in 0.5 mL mineral water for 30 minutes to mimic the natural route of 294 

infection. Next, the rinse water was checked for remaining cercarial heads and/or tails by 295 

microscopy  by a lab technician, independent from the clinical team. After each (mock) exposure 296 

participants were followed up frequently for adverse event and sample collection to determine 297 

infection status. Treatment with PZQ 60 mg/kg (or placebo tablets for infection controls) was 298 

given 8 weeks after the first and second (mock) exposure. All participants were treated with PZQ 299 

60 mg/kg 12 weeks after the third exposure and monitored afterwards for treatment success. 300 

Treatment was repeated in persistent infections (CAA ≥1.0 pg/mL). 301 

 302 

Outcomes 303 

The primary outcomes were 1) the protective efficacy of repeated exposure to male Sm measured 304 

as the difference in frequency of serum CAA positivity (≥1.0 pg/mL) between the reinfection 305 

and infection control group after the third exposure; and 2) the frequency and severity of adverse 306 

events after (repeated) exposure to male Sm cercariae.  307 
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To determine infection status, worm-derived CAA was measured in 0.5 mL serum using the 308 

upconverting reporter particle lateral flow assay (UCP-LF CAA) as described previously (9, 26). 309 

Participants were considered infected if they had at least one CAA value ≥1.0 pg/ml before PZQ 310 

treatment. CAA values below the lower limit of detection of the assay (<0.5 pg/ml) were set to 311 

0.25 pg/ml.  CAA was measured retrospectively on serum samples after treatment of the third 312 

exposure in order to prevent deblinding.  313 

 314 

To determine the safety of (repeated) exposures, adverse events were collected and blood tests 315 

were performed. Adverse events were graded for severity and relatedness. Severity was assigned 316 

in three levels: symptoms that do not interfere with daily activities (mild); symptoms that 317 

interfere or limit daily activities (moderate); and symptoms that result in absenteeism or requires 318 

bed rest (severe). Relatedness of adverse events were assessed based on clinical judgement 319 

taking into account chronology, timing of event, and alternative diagnoses. In addition, we 320 

ascribed these related adverse events to either schistosome exposure, drug treatment, or study 321 

procedure (e.g. blood draws). We differentiated local (immediate) exposure site symptoms (rash, 322 

itch) and symptoms of AS. AS symptoms included (a combination of) fever, urticaria and 323 

angioedema, night sweats, myalgia, arthralgia, dry cough, diarrhoea, abdominal pain, and 324 

headache occurring between 2-12 weeks after exposure without other clear cause. Safety blood 325 

tests included eosinophil counts and liver enzyme assessment. Faecal samples were assessed for 326 

Schistosoma DNA by PCR after each exposure, before treatment (27). In addition, we measured 327 

worm-specific IgM (IFA) and soluble egg antigen-specific IgG (ELISA) antibodies in serum 328 

using our in-house diagnostic assays (9, 28). Adult worm antigen (AWA)-specific IgG and IgG1 329 

were measured using ELISA. 96-well half-area high bind Microplates (Corning) were coated 330 
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overnight at 4 °C with 25 µg/ml of AWA, prepared as described previously,(29) in 0.1 M sodium 331 

carbonate buffer (pH 9.6). Plates were washed 3 times with washing buffer (0.05% Tween in 332 

PBS) and blocked with 5% skimmed milk in PBS for 2 h at room temperature. Plasma samples 333 

were serially diluted 2.5x in 0.5% skimmed milk (1:100 to 1:12500). After 3 washes, diluted 334 

plasma samples were added to the plate and incubated at room temperature for 2 h. After 5 335 

washes plates were incubated with goat-anti-human IgG (1:5000) or mouse-anti-human IgG1 336 

(1:300, Thermofisher) conjugated with horseradish peroxidase (in 0.5% skim milk, 0·05% 337 

EDTA in PBS) for 1 h at room temperature. After 6 washes, TMB (3,3’,5,5’-338 

Tetramethylbenzidine) substrate was added. The reaction was stopped with  10% sulfuric acid 339 

after colour development. Plates were read at 450 nm, with 570 nm used as a reference 340 

measurement and subtracted. Measurements were normalized to a standard curve consisting of 341 

polyclonal IgG (Merck) and expressed as AU ml−1.   342 

We used a custom Luminex kit to measure CCL4, CXCL10, IL5, IL13, TNF, CCL23, IFN, 343 

IL10, and IL18 (Bio-techne). Cytokines were included in the analysis if over 40% of samples 344 

were above the lower limit of detection. Three cytokines were excluded from analysis - IL5, 345 

IL13, IFN - which were detectable in less than 5% of all samples.   346 

 347 

Statistical analyses 348 

Based on the previously determined attack rate (AR) of 82% after exposure to 20 male 349 

cercariae,(9) we calculated that we would require 11 participants in each group to detect a 70% 350 

relative reduction in CAA positivity with 80% power and (two-sided) α = 0·05 significance 351 

level. The effect size is based on earlier studies in non-human primates which showed that 352 

immunisation with irradiated cercariae led to a 70-80% reduction in worm burden (30, 31). To 353 
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account for loss to follow-up, we aimed to include 24 participants, 12 in each group. The adverse 354 

event data was analysed in the intention-to-treat group (n=24), protective efficacy was analysed 355 

in the per-protocol group (n=23) consisting of participants who completed follow-up until week 356 

30 and calculated similarly to vaccine efficacy estimates (1-RR or 1 −357 

𝐴𝑅𝑟𝑒𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛
𝐴𝑅𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠

⁄  ) with corresponding 95% confidence intervals. Data analyses 358 

and visualisation was performed using R (v4.3) and R studio (v2023.06.1). Cytokine levels 359 

between infection controls and reinfection participants were compared using unpaired t-tests, 360 

while differences in cytokine levels 4 weeks after first and third exposure in the reinfection 361 

group were assessed using linear mixed models with participant as a random effect and time in 362 

weeks as a fixed effect (as a factor) using packages lme4 (version 1.1–35) and lmerTest (version 363 

3.1–3).  364 

Study approval 365 

Ethics approval was obtained from the local ethics review committee (METC LDD, P21.070) 366 

and registered prospectively on clinicaltrials.gov (NCT05085470). The study was conducted in 367 

accordance with the ICH guidelines for Good Clinical Practice and Declaration of Helsinki. Prior 368 

to any study procedure, informed consent was obtained from all participants. 369 

 370 

Data availability 371 

Individual data underlying the figures presented in this manuscript are available in the 372 

“Supporting data file”.After publication, all data will undergo FAIRification and will be made 373 

available anonymised through a LUMC-based fair data point which will be made accessible 374 

through data visiting. 375 
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FIGURES 474 

 475 

 

Figure 1: Consort flow for study participants.  

 476 
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Figure 2: Eosinophil counts and CAA levels after (re)exposure to Sm cercariae. Plots 

show the changes over time in eosinophils (A) and CAA (B) in infection control (pink, n=12) 

and reinfection (blue, n=12) participants. Eosinophils (C) and CAA (D) in the reinfection 

group is then plotted stratified on whether single-sex (M-M-M) exposure (purple, n= 7) or 

accidental mixed-sex (M-F-M) exposure occurred. Individual participant data is plotted, 

thicker lines show the group means.  The horizontal black line shows the cut-off for abnormal 

counts (≥0.5 *10^9/mL for eosinophils; ≥1.0 pg/mL for CAA). The solid, grey vertical line 

shows Sm exposure weeks, while the grey, black vertical line shows when PZQ treatment was 

given. 
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Figure 3: Antibody, chemokine, and cytokine responses after (re)exposure to Sm 

cercariae. Plots show the individual changes in antibody levels in worm-specific IgM (A), 

AWA-specific IgG (B), AWA-specific IgG1 (C), and SEA IgG (D). For CCL23 (E), CCL4 

(F), CXCL10 (G), IL-10 (H), IL18 (I), and TNF (J) individual participant data and group 

means (thicker lines) are plotted. Data is stratified for infection controls (pink, n=12), 

reinfection single-sex (M-M-M) exposure (purple, n=7), and reinfection accidental mixed sex 

(M-F-M) exposure (green, n=5). The solid, grey vertical line shows Sm exposure weeks 

(0,9,18), while the dotted, grey vertical line shows when PZQ treatment was given (8,17,30). 

AWA = adult worm antigen; SEA = soluble egg antigen 
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TABLES 479 

Table 1. Baseline characteristics of study participants. 480 

 

All 

(N=24) 

Infection control 

(N=12) 

Reinfection 

(N=12) 

Sex    

Male 11 (45.8%) 6 (50.0%) 5 (41.7%) 

Female 13 (54.2%) 6 (50.0%) 7 (58.3%) 

Age (years)    

Mean (SD) 26.4 (8.11) 24.0 (5.85) 28.8 (9.51) 

Median [Min, Max] 23.0 [18.0, 44.0] 23.0 [19.0, 41.0] 23·5 [18.0, 44.0] 

BMI (kg/m2)    

Mean (SD) 24.7 (3.24) 24.1 (2.42) 25.3 (3.92) 

Median [Min, Max] 24.4 [19.3, 31.4] 24.4 [20.0, 29.2] 25.5 [19.3, 31.4] 

 481 

 482 
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Table 2. Number of related AEs reported after each (re)exposure to Sm cercariae. 484 

 Reinfection group, n (%) Infection control group, n (%) 

Exposure 1, week 0-8 51 (45%) 8 (11%)* 

Exposure 2, week 9-17 31 (27%) 18 (25%)* 

Exposure 3, week 18-30 32 (28%) 45 (63%) 

Total 114 (100%) 71 (100%) 

* mock exposure with water 485 
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