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Chapter 3

SUMMARY

Background: A controlled human infection model for schistosomiasis (CHI-S)
can speed up vaccine development and provides insight into early immune
responses following schistosome exposure. Recently, we established CHI-S
model using single-sex male-only Schistosoma mansoni (Sm) cercariae in
Schistosoma-naive individuals. Given important differences in antigenic profile
and human immune responses to schistosomes of different sex, we pioneered
a single-sex female-only CHI-S model for future use in vaccine development.

Methods: We exposed 13 healthy, Schistosoma-naive adult participants to
10 (n=3) or 20 (n=10) female cercariae and followed for 20 weeks, receiving
treatment with praziquantel (PZQ) 60 mg/kg at week 8 and 12 after exposure.

Findings: The majority (11/13) participants reported rash and/or itch at the site
of exposure, 5/13 had transient symptoms of acute schistosomiasis. Exposure
to 20 cercariae led to detectable infection, defined as serum circulating anodic
antigen levels >1-0 pg/mL, in 6/10 participants. Despite two rounds of PZQ
treatment, 4/13 participants showed signs of persistent infection. Additional
one- or three- day PZQ treatment (1x60 mg/kg and 3x60 mg/kg) or artemether
did not result in cure, but over time three participants self-cured. Antibody,
cellular, and cytokine responses peaked at week 4 post infection, with a mixed
Th1, Th2, and regulatory profile. Cellular responses were (most) discriminative
for symptoms.

Interpretation: Female-only infections exhibit similar clinical and
immunological profiles as male-only infections but are more resistant to
PZQ treatment. This limits future use of this model and may have important
implications for disease control programs.

Funding: European Union’s Horizon 2020 (grant no. 81564)

Keywords: Controlled Human Infection model, Neglected Tropical Diseases,
Schistosomiasis, Schistosoma mansoni
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RESEARCH IN CONTEXT

Evidence before this study

A controlled human infection model for schistosomiasis has the potential to
speed up vaccine development and provide insight into early immune responses
following schistosome exposure. Previously, a male-only Schistosoma mansoni
(Sm) infection model has been successfully developed in Schistosoma-naive
participants. However, animal studies suggest there are significant differences
between immune responses to male and female worms, and differential
expression of some vaccine antigens in male and female adult worms suggests
important differences in the use of single-sex models for vaccine testing.

Added value of this study

This study aimed to establish a controlled human Schistosoma mansoni infection
with female cercariae. We show that exposure to 20 female cercariae leads to
detectable infection and is well-tolerated, however resulting infections are
refractory to (repeated) praziquantel treatment. We observe strong similarities
between immune responses in male- and female-only infections, which show
a mixed Th1/Th2 immunophenotype contrasting the existing dogma that Th2
responses result from egg deposition

Implications of all the available evidence

Female-only infections exhibit similar clinical and immunological phenotypes
profiles, but are more resistant to PZQ treatment than male-only infections.
This limits future use of this model for vaccine testing, but may have important
implications for disease control programs.

59



Chapter 3

INTRODUCTION

Schistosomiasis, an infection with Schistosoma parasites, remains an important
neglected tropical disease (NTD) that adversely affects global health with an
estimated prevalence of 240 million (1). Infection occurs through contact with
fresh water that contains cercariae, the larval stage of Schistosoma, which are
secreted by freshwater snails. Subsequent egg deposition by the matured male
and female worm pair is responsible for schistosome morbidity as it causes
local inflammation and granulomas (2). Control of disease relies heavily on
mass drug administration (MDA) with praziquantel (PZQ), however reinfections
occur rapidly. Modelling studies suggest that an efficacious vaccine against
schistosomiasis is needed to improve disease control (3). Currently, four
vaccine candidates are in clinical testing (4). A controlled human infection
with Schistosoma (CHI-S), whereby healthy adult participants are deliberately
exposed to schistosomes, may be instrumental to get an early vaccine efficacy
estimate and guide vaccine selection and design for larger phase 3 studies
(5). To avoid egg-induced pathology, we previously developed a single-sex,
CHI-S model with male-only, Schistosoma mansoni (Sm) cercariae. In this
study, exposure of Schistosoma-naive participants to 20 male cercariae led
to detectable infection by worm-derived circulating anodic antigen (CAA) in 9
out of 11 participants (82%) before clearing infection with one to two doses of
PZQ (6). However, animal studies suggest that there are significant differences
between immune responses to male and female worms (7). In addition,
differential expression of vaccine antigens in male and female adult worms
may require the development of CHI-S for both schistosome sex for testing of
vaccines targeting adult worm antigens (8). We thus aimed to develop a single-
sex, female CHI-S model complementary to the previous male model to enable
exploration of sex-specificimmune responses and future vaccine testing.

MATERIAL AND METHODS

Study design

This open label, dose-escalation study (clinicaltrials.gov identifier:
NCT04269915) took place at the Leiden University Medical Centre, The
Netherlands between September 2020 and April 2022. Healthy, 18-45 year
old schistosome-naive participants without prior (suspected) exposure to
schistosomes and without travel plans to Schistosoma-endemic regions during
the study period were recruited through advertisements. Participants were
excluded if they had a history or evidence of any illness that could compromise
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the health of the participant during the study or affect the interpretation
of study results. Participants with a known hypersensitivity to or contra-
indications for use of PZQ, artesunate or lumefantrine were also excluded.
The complete in- and exclusion criteria are given in Supplementary Table 1.
Participant’s sex was self-reported.

Ethics

The study was approved by the local medical ethics review board (METC-LDD:
P20.015) and was conducted in accordance with ICH-GCP guidelines and the
Declaration of Helsinki. All participants provided written informed consent
for participation.

Study procedures

After inclusion, small groups of three people were then exposed to a pre-
defined number of female Sm cercariae. The doses were based on our previous
study with male Sm cercariae. Depending on safety and infectivity, dose was
either escalated or an additional seven participants were exposed to the
same dose after discussions with the safety monitoring committee, taking
into account safety data from the study with male cercariae. Sample size was
based on the number of other proof-of-concept vaccine efficacy studies, where
small groups of 10 subjects are preferred.

Female Sm cercariae were produced as described previously (9), with the
addition of a confirmatory PCR on 10 individual, hand-picked cercariae from
each snail to ascertain female-only cercariae. Cercariae were applied in 0.5 mL
mineral water to the skin of the participant’s forearm for 30 minutes. Next,
microscopy was performed on rinse water to count the remaining cercarial
tails.

Participants were followed up weekly until week 16 for adverse event and
sample collection. PZQ treatment (60 mg/kg) was provided at week 8 and 12.
Long-term visits were at week 18, week 20 and week 52 after infection.

Outcomes

Safety was assessed through adverse events (AEs) reporting and blood tests.
Severity of adverse events was assessed as follows: symptoms that do not
interfere with daily activities (mild); symptoms that interfere with or limits
daily activities (moderate); and symptoms resulting in absence or required bed
rest (severe). AEs were assessed as related or unrelated to study procedures
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based on clinical judgement. Symptoms of acute schistosomiasis were defined
as: fever, urticaria, angioedema, night sweats, myalgia, arthralgia, dry cough,
diarrhoea, abdominal pain, and headache occurring between 2-8 weeks after
exposure without other clear cause. Classification of acute schistosomiasis (yes/
no) was performed separately by two clinicians and in case of disagreement,
consensus was reached after discussion.

Patent infection was determined by upconverting reporter particle lateral flow
(UCP-LF CAA) assay in serum (10) and defined by at least one value >1-0 pg/
mL before week 8. Values below the limit of detection (<0-5 pg/mL) were set to
0-25 pg/mL. In addition, schistosome-specific antibodies were measured using
in-house adult worm IgM antibody (IFA) and soluble egg I1gG antibody (ELISA)
assays (11). To rule out egg production, Schistosoma PCR was performed on
faeces (12). Adult worm antigen (AWA)-specific IgG, IgG1, and IgE were measured
by ELISA as previously described (6) with the following modifications: 1) plates
were coated with 25pg antigen and 2) pooled positive participants from the
previous CHI-S was used as standard (6).

Serum samples were assessed for CCL2, CXCL10, IL-4, CCL4, IL-18 and IL-10 using
a custom Luminex kit (LXSAHM-06, R&D systems) according to manufacturer
instructions. Cytokines with over 40% of samples under the limit of detection
were not included in the analysis (IL-4, IL-13 and IL-10).

PBMCs were isolated using a ficoll gradient, cryopreserved, thawed and
stimulated with AWA, media or SEB for 24 hours as previously described [6].
Cells were centrifuged at 400g for 4 minutes, supernatants were cryopreserved
at -80°C for cytokine analysis using a Luminex kit (LKTM008, R&D systems)
per manufacturer’s instructions. The following cytokines were measured:
GM-CSF, IFNy, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12-p40, IL-13 and TNFa. IL-
12p40 was excluded from further analysis as all samples were below the LOD.
Antibody staining and flow cytometry of cells was performed as previously
described [6]. Antibodies used in flow cytometry staining were FcBlock (BD
biosciences, 1:100, 564219), CD3 (APC-ef780, eBioscience, 1:800, 47-0038-42),
CD4 (PE-Cy5, eBioscience, 1:400, 555348), IFNy (BV421, BioLegend, 1:1000,
502531), IL-2 (FITC, FITCXBD biosciences, 1:25, 340448), Th2-cytokines IL-4 (PE,
BD biosciences, 1:20, 340451), IL-5 (PE, BioLegend, 1:250, 504303), IL-13 (PE,
BioLegend, 1:100, 501903), TNFa (PE-Cy7, eBioscience, 1:1000, 25-7349-41), IL-10
(BV711, BD biosciences, 1:250, 564050), Foxp3 (PE-CF594, BD biosciences, 1:100,
562421) and CD25 (BD biosciences, 1:800, 340907). All antibodies are available
commercially and validated by the referenced supplier. Data was analyzed with
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FlowJo 10.8, gating scheme in Supplementary Figure 1. FMO controls were
used for gating, with SEB as a positive control.

Statistical analyses

All 13 participants were included in the intention-to-treat analysis. Given the
low number of participants, adverse event, CAA, and antibody data were
mostly descriptive and no formal statistical testing was used to compare
dose groups Data analyses and visualisation was performed using R (v4.2)
and R studio (v2022.02.3). A Kaplan Meier plot was used to describe when
participants first become CAA positive. For cytokine analysis, linear mixed
models were fitted to compare mean responses within participants over time,
with participant as a random effect and time in weeks as a fixed effect (as a
factor; weeks 0,4,8,12) using the packages Ime4 (version 1.1-29) and ImerTest
(version 3.1-3). No other variables, such as dose group, were included in the
model. Model assumptions of normality and homogeneity of residuals were
checked through residual plots.

Data integration was performed using the ‘mixOmics’ package in R (version
6.8.0) (13). For comparability, data from both male (6) and female models were
separately centered and scaled using the base R scale function. Multiblock
sparse partial least squares discriminant analysis (multiblock sPLS-DA)
was used to identify correlated variables in multiple dataset ‘blocks’ predictive
of acute schistosomiasis symptoms (13). Feature selection was performed using
Lasso-like penalization for all analyses. For both the male-only and combined
model the number of components was set to two and tuned to determine the
features per block (1-4 per component). Correlations between blocks of 0-1
were trialed, with 0.75 and 1 chosen because of the lowest error rate for the
combined and male-only models. For the combined model 3,4,6 and 5 features
were chosen from the Luminex, Antigens, Antibodies and Cellular blocks
respectively. For the male-only model 4,4,5 and 2 features were chosen from
the Luminex, Antigens, Antibodies and Cellular blocks respectively. Weighted
votes consider correlation between the latent components of the block and
the predicted outcome.

Role of funders

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 815643.
The funder had no role in study design, data collection, data analysis, data
interpretation, writing the manuscript, and the decision to submit.
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RESULTS

Out of 26 individuals screened for eligibility, 13 were included. In line with
the adaptive dose design, three were exposed to 10 female Sm cercariae,
while the remaining ten were exposed to 20 female Sm cercariae (Figure 1)
after discussions with the SMC. There was no loss to follow-up. Eight (62%)
participants were female(Supplementary Table 2). Median age at infection
was 26 years (range: 18-38). Immediately after exposure, rinse water was
examined and showed very few remaining cercarial heads (median 0, range
0-2) or whole cercariae (median 0, range 0-1), but many cercarial tails (median 7,
range 4-13), suggesting successful skin penetration (Supplementary Table 3).

10 cercariae 20 cercariae
Assessed for eligibility (n=6) Assessed for eligibility (n=20)
Excluded (n=2) Excluded (n=6)
- Pre-existing condition (n=1) _| - Druginteraction (n=1)
- Unable to adhere to visits (n=1) - Unable to adhere to study
protocol (n=1)
-BMI > 30 (n=2)

- Pre-existing morbidity (n=1)
- Positive CAA at screening (n=1)

Back-up (n=1)

., Withdrew consent (n=4)

A\

Challenge (n=3) Challenge (n=10)

l

Completed study (n=3) Completed study (n=10)

Figure 1. Consort flow diagram of study participants. Participants were exposed to either 10
or 20 female cercariae.
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All (n=13) 10 cercariae group 20 cercariae group
(n=3) (n=10)
Age in years, median 26 (18-38) 33(22-38) 26 (18-35)
(range)
Sex, n (%)
Male 5(38%) 1(33%) 4 (40%)
Female 8 (62%) 2 (67%) 6 (60%)

Table 1. Baseline characteristics of study participants

No serious adverse events were reported. Adverse events related to
Schistosoma infection occurred in all participants (Figure 2) of which more
than half (55%) were mild. Most participants developed a local skin reaction
at the site of infection and reported rash (11/13, 85%) and itching (10/13, 77%)
shortly after exposure. While itching resolved within 1-2 days, rash remained
visible for median 23 days (range: 1-42). From week three onwards, systemic
adverse events occurred (Supplementary Figure 2) in 5/10 participants
exposed to 20 cercariae, indicative of acute schistosomiasis. One participant
experienced moderate symptoms and four participants experienced severe
symptoms (median duration: 2 days) that could effectively be managed with
common analgesics (paracetamol and NSAIDs). One participant had prolonged
symptoms that required treatment with prednisolone, after which symptoms
swiftly resolved. During this period, this participant also showed transient
elevations of liver enzyme tests (ALT >5 x ULN) without focal abnormalities on
abdominal ultrasound, which over the course of three weeks also resolved.
Apart from common PZQ side effects, no related adverse events were reported
after week 8. Eosinophil counts for both dose groups peaked between 5-8
weeks after exposure (Supplemental Figure S3).
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Figure 2 Safety and infectivity of exposure to female cercariae. The number of partici-
pants developing Schistosoma-related symptoms (possibly, probably or definitely related) in
the eight weeks following exposure by dose and severity (a). Reverse Kaplan-Meier plot for
the probability of CAA positivity (CAA 21.0 pg/mL, at any time point after exposure) over time
per dose group (b). Individual trajectories for CAA levels (c). CAA values < 0.5 pg/mL (LoD)
were set to 0.25 pg/mL. Horizontal line at 1.0 pg/mL shows the CAA cut-off for CAA positivity.
Cercs = cercariae.
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None of the participants exposed to 10 female cercariae showed patent
infection (CAA values >1-0 pg/mL) at any time point after exposure, whereas
in those exposed to 20 cercariae six (out of 10, 60%) did starting at three weeks
after exposure (Figure 2). Schistosoma PCR on faeces at week 8 was negative
for all participants indicating no eggs were produced.

After PZQ 60 mg/kg treatment at week 8 and 12, four (out of 10) participants
in the 20 cercariae group showed signs of persistent infection without any
symptoms (Figure 3) at the one-year follow-up timepoint. Three were CAA
positive (= 1-0 pg/mL) infection, while one had an indeterminate result (CAA
between 0-5-1-0 pg/mL). Remarkably, serum CAA levels first fell to below
detection limit to then recur. Because repeated treatment with PZQ as a single
day schedule was unsuccessful in these participants, a three-day schedule
with 60 mg/kg PZQ split into three doses (morning, afternoon, and evening,
20 mg/kg each) was tried in two participants. One of these participants had
self-cured already at the time of PZQ distribution and the other was not cured
after the three-day course. Another participant was treated with artemether
(artemether/lumefantrine 20/120mg, 24 tablets split in 6 equal doses at time
=0, 8, 24, 36, 48, and 60 hours), as artemisinin derivatives have reported to
be active also against immature worms (2). Artemether/lumefantrine is the
only oral artemisinin derivative registered in The Netherlands. Unfortunately,
this also did not result in cure. After 6-12 additional months of follow-up three
participants had self-cured, while the remaining participant remains under
follow-up.
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10 cercariae 20 cercariae

—
—_

Serum CAA (pg/mL) >
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N
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o @
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2
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Weeks after exposure

Treatment ® 60 mg/kg PZQ,oneday AAL W60 mg/kg PZQ, three days

Figure 3 Serum CAA levels after treatment with PZQ. Individual CAA trajectories after
treatment with PZQ 60 mg/kg at week 8 and 12 for each dose group (a). Overview of additional

treatment regimens in 4 participants with persisting CAA levels (b). CAA values < 0.5 were set
to 0.25. Horizontal line at 1.0 pg/mL shows the cut-off for CAA positivity. PZQ: praziquantel.

AL: artemether-lumefantrine.

All participants seroconverted for adult-worm IgM between 4-7 weeks after
exposure (Figure 4A), using IFA. Also total IgG and IgG1 against AWA measured
by ELISA increased from week 8 onwards (Figure 4B+C), while no changes in
lgG4 and IgE against AWA were observed (Supplementary Figure 4). Two out
of 13 and 10 out of 13 participants showed detectable IgG against soluble egg
antigen (SEA) at week 20 and 52, respectively.
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Figure 4 Antibody responses after exposure to female cercariae. Plots show individu-
al changes in antibody levels over time in worm-specific IgM (a), AWA-specific 1gG (b), and
AWA-specific IgG1 (c).

Cytokines and chemokines in serum revealed an increase in the pro-
inflammatory chemokines CXCL10 and CCL4 at week 4 post infection
(Supplementary Figure 5A). Other serum cytokines measured were either
unchanged during infection (CCL2) or below the limit of detection (IL-4, IL-13
and IL-10).

To understand the development of cellular S. mansoni specific immune
responses peripheral blood mononuclear cells (PBMCs) were stimulated
with AWA and both intracellular (Supplementary Figure 5B) and secreted
(Supplementary Figure 5C) cytokines assessed. At week 4 post infection, CD4*
T-cells showed a mixed response to S. mansoni AWA by secreting cytokines
which encompassed Th1 (IFNy, TNFa, IL-2 & IL-1B), Th2 (IL-4, IL-5, IL-13)
and regulatory responses (IL-10) as well as the regulatory T cell transcription
factor Foxp3. AWA-induced Th2 cytokine and Foxp3 expression remained
significantly elevated to week 8 post infection.

Next, we wanted to understand how host and parasite parameters were
associated with the occurrence of acute schistosomiasis syndrome. In line
with our previous study, we used multiblock sparse partial least squares
discriminant analysis (multiblock sPLS-DA), to identify correlated variables in

69



Chapter 3

multiple dataset ‘blocks’ predictive of acute schistosomiasis symptoms (13).
Using immunological and parasitological parameters from male-only infection
as a training set, we were able to correctly discriminate acute schistosomiasis
in 9/13 (69%) of female-only infected participants (Figure 5A). To improve
performance of this model and potential generalizability to future studies we
combined both male and female only infection studies into one multiblock
sPLS-DA (Figure 5B). This combined model assigned 25 of 29 participants
(86%) correctly (Figure 5B). Serum CAA and AWA-specific antibodies were
poorly discriminative for symptoms. In contrast, serum cytokines performed
better (65%) and the cellular block performed as well as the combined model|
(86% correct) (Figure 5B). Important variables, chosen in over 75% of the LOO
models, are shown in Figure 5C. Our findings were confirmed by separate sPLS-
DA analysis per block, the cellular block remaining the most discriminative (83%
correct) (Supplementary Figure 6). AWA-specific Th2 cytokines and Foxp3
expression at week 8, the two features chosen in the highly discriminative
cellular block of the male and female model (Figure 5B&C), together could
separate the majority of symptomatic from non-symptomatic individuals
(Figure 5D). In line with this, there were significantly higher Tregs at week 8 in
individuals with acute schistosomiasis (Figure 5E).
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Figure 5 Data integration and symptom prediction. (a-b) Filled circles indicate a correct
prediction and open circles a false prediction of acute schistosomiasis using multiblock sPLS-
DA. Individual participants shown in columns, blocks in rows. (a) Capacity of multiblock sPLS-
DA trained on male-only infection data to predict symptoms during female-only infection
(n =13). (b) Capacity of multiblock sPLS-DA trained on combined male and female infection
(n =29) to predict symptoms, result of leave one out cross validation (LOO-CV). (c) Consensus
features present in over 75% of LOO-CV models displayed. The z score-normalized levels
of chosen features are indicated in the heat map, one column corresponds to one partici-
pant. (d) Scatterplot of AWA-specific Foxp3 and Th2 cytokine expression at week 8. Points
representindividual participants, coloured by symptoms. (e) Boxplot displays Foxp3 levels at
week 8 in the combined studies, split by symptoms. For plotting, negative values have been
placed at zero. Points represent individual participants, coloured by study, showing median,
interquartile range, with whiskers extending to the largest or smallest value no further than
1.5X the interquartile range.

DISCUSSION

In this study, we established a single-sex female, Schistosoma mansoni
controlled human infection model with 60% of participants showing serum
CAA detectable infection after exposure to 20 female cercariae. Transient local
(rash and itch) and systemic (acute schistosomiasis) symptoms were observed.
The resulting female-only infections were refractory to treatment with PZQ.
Despite double treatment with PZQ, four (out of 13) participants showed signs
of persistent infection, all after exposure to 20 cercariae. Additional one- or
three- day PZQ treatment (1x60 mg/kg and 3x60 mg/kg) or artemether did not
resultin cure, but over time three participants self-cured.

Based on animal studies, unpaired female worms are thought to remain
immature and therefore excrete lower amounts of gut-derived antigens (14).
However, we did not find evidence of reduced CAA secretion or symptoms in
this small group of individuals. Similar attack rates were observed for exposure
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to 20 female cercariae (60%, 6 out of 10) and 20 male cercariae (82%, 9 out of
11). (6) Moreover, exposure to female cercariae resulted in similar symptoms as
in the single-sex male infection study, with nearly all participants having local
skin reactions and roughly 50% developing symptoms of acute schistosomiasis
syndrome in the 20 cercariae group, similar to 55% after exposure to 20 male
cercariae (6). These symptoms could effectively be managed with standard
analgesics and prednisolone. Although this risk of challenge-related symptoms
was substantial, symptoms are well-tolerated and of short duration without
irreversible harm in line with other controlled human infection model studies
(15).

Immune responses to female-only infection were markedly similar to our
previous findings during male-only schistosome infection. As observed
in male-only infection, antibody responses to female-only infection were
characterised by increases in worm-specific IgM, AWA-specific total IgG and
IgG1 after four weeks, but not IgE. Cellular and cytokine responses peaked
at week 4 post infection, with a mixed response encompassing Th1, Th2 and
regulatory profiles (6). These findings contrast the dogma that schistosome
infection induces initial Th1 responses, with Th2 responses induced upon egg
deposition (16), instead supporting more recent evidence of mixed Th1/Th2
responses to maturing schistosomes (17). The similarity between male- and
female-induced immune responses is in line with recent work using long-term
male and female schistosome infections in a murine model (18). However, it
contrasts prior literature which suggested male-only infections induce a more
pro-inflammatory response, whilst female-only infection are characterized by
more regulatory profiles (7, 19). However, given the very small set of individuals
in both our male- and female-only CHI-S studies, more in- depth immunological
assessments will be needed to confirm similarity of immune interaction
between male and female worms.

We did not find evidence for (unfertilised) egg excretion in stool by PCR, but
did observe egg-specific IgG at later time points (week 20 and 52) which may
be suggestive of antibody cross-reactivity, similar to the male-only study, to
for instance glycan epitopes that are shared between cercariae and eggs (20).
However, we cannot entirely rule out the presence of unfertilised eggs below
the PCR detection threshold or that do not penetrate the gut. In contrast to
male-only infections where egg production has not been reported, we and
others have in rare occasions observed egg production in single-sex female
infection of mice (14, 21). The number of eggs recovered in mice were negligible
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compared to mixed-sex infections and were never found to contain a viable
miracidium.

Integrating immune and parasitological parameters with acute schistosomiasis
symptoms revealed that symptoms were related to interindividual variability
in host responses rather than the levels of active infection as measured by
CAA. Long-lasting (week 8) AWA-specific Treg expansion was particularly
discriminatory for symptomatic individuals. We suggest that both week 8 Treg
expansion, and week 4 symptoms may result from enhanced inflammation
at week 4 in symptomatic individuals, supported by a trend for increased
inflammatory chemokine (CCL4) in symptomatic individuals. ( Further
immunological characterisation is required to establish a definitive causal
relationship however. Tregs have been shown to be elevated during endemic
S. mansoni infection (22), with murine models revealing a crucial role for Tregs
in reducing immune pathology following egg-production (23, 24). Whether
the enhanced AWA-specific Treg response found in symptomatic individuals in
CHI-S could dampen immune responses to subsequent schistosome infection
remains to be investigated.

Even though individuals were treated twice with PZQ, infection could not
be fully cleared in four out of six individuals. Moreover, repeated treatment
with a one- and or three- day PZQ or artemether-lumefantrine did not lead to
cure, however three participants self-cleared within 2 years after exposure.
The remaining participant, although showing low CAA levels, just above the
limit of detection, will remain under follow-up and is also expected to self-
clear. Unfortunately, oxamniquine which is also used to treat Sm infecton is not
registered nor available in The Netherlands and could therefore not be used.
Decreased drug susceptibility of single-sex females to PZQ had previously only
been reported in animal models and is not well understood (25, 26). One of
the explanations proposed is the aforementioned incomplete maturation of
the female in the absence of a male worm which would result in decreased
sensitivity.. Artemisinin derivatives have reported efficacy against immature
stages of the worm (27), but in our participant did not lead to cure. Another
explanation for the reduced susceptibility may be the location of the worms:
single-sex female worms may be unable to migrate to the mesenteric vessels
and stay in the liver, where the effective drug concentration is lower due
to high first-pass effect of PZQ. Other individual pharmacogenetic factors,
particularly in drug-metabolising cytochrome P450 enzymes, have also been
found to influence effective drug concentrations (28), however given the high
frequency of PZQ failure in our study, this seems unlikely as a single cause of
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drug failure. Despite the excellent safety profile, the lack of cure after PZQ
treatment unfortunately precludes the use of the female-only CHI-S model at
a larger scale.

The decreased susceptibility of unpaired female worms to PZQ may also have
important implications for schistosomiasis control programs in endemic areas.
Even though the frequency of single-sex infection in nature is unclear, it seems
likely unpaired female worms can survive treatment and can persist for over
two years. Recently, Winkelmann et al. hypothesised that female worms may
have developed more effective evasion strategies than males as demonstrated
through repulsion of the opsonized surface, faster regeneration after PZQ, and
upregulation of gene expression associated with tegument maintenance after
incubation with serum (29). This was observed in paired (and separated) female
worms from a mixed-sex infection as well as in unpaired female worms from a
single-sex infection. If natural resistance of female worms to PZQ indeed also
holds true for paired worms, surviving females may explain the findings of low
cure rates, such as a recent study in schoolchildren investigating repeated PZQ
treatment, which found a considerable decrease in CAA in urine but a lack of
clearance (30).

An important limitation of this study involves the small sample size and
the intrinsic difference to natural, mixed-sex egg-producing infections.
Nevertheless, we were able to gain valuable insights into host responses
following exposure to female cercariae, which were clinically and
immunologically very similar to those in the male-only model. Moreover, this
study shows decreased susceptibility of female worms to PZQ in the human
host which limits the use of this model for future vaccine testing but may have
important implications for disease control programs.

Contributors:

MR acquired funding. JK, MR prepared the research protocol. JK, MR, CH,
MY. were involved in study design. JS, MC, IVvA, PM, AvD, HH were involved in
production and release of cercariae. JK, EH, JJ, MC, OL, JS, CD, SH, AO, VK, GR,
LdB, YK generated the data. LvL, LW, GvD, PC were involved in the infection
endpoint measurements and interpretation. JK, JJ were involved in data
curation, project administration, and accessed and verified the data. JK, EH
performed the data analyses and prepared the first draft. S) provided support
for mixomics analyses. All authors have read and approved the final version of
the manuscript. All authors have confirmed full access to all data in the study
and were responsible for the decision to submit the manuscript for publication.

74



Safety and infectivity of female cercariae in Schistosoma-naive, healthy participants

Data sharing statement: After publication, all data will undergo FAIRification
and will be made available anonymised through a LUMC-based fair data point
which will be made accessible through data visiting. The study protocol is
available as supplementary material with this publication.

Declaration of interests: Authors declare that they have no competing
interests

Acknowledgments: The authors wish to thank Perry van Genderen, Amaya
Bustinduy, and Anne Wajja for their valuable advice as members of the safety
monitoring committee.

75



Chapter 3

REFERENCES

10.

1.

12.

13.

14.

15.

76

World Health Organization. Schistosomiasis (bilharzia) 2021 [Available from: https://
www.who.int/health-topics/schistosomiasis.

McManus DP, Dunne DW, Sacko M, Utzinger J, Vennervald BJ, Zhou XN. Schistosomiasis.
Nat Rev Dis Primers. 2018;4(1):13.

Kura K, Truscott JE, Toor J, Anderson RM. Modelling the impact of a Schistosoma
mansoni vaccine and mass drug administration to achieve morbidity control and
transmission elimination. PLoS Negl Trop Dis. 2019;13(6):e0007349.

Molehin AJ, McManus DP, You H. Vaccines for Human Schistosomiasis: Recent Progress,
New Developments and Future Prospects. Int ] Mol Sci. 2022;23(4).

Roestenberg M, Hoogerwerf MA, Ferreira DM, Mordmuller B, Yazdanbakhsh M.
Experimental infection of human volunteers. Lancet Infect Dis. 2018;18(10):e312-e22.

Langenberg MCC, Hoogerwerf MA, Koopman JPR, Janse JJ, Kos-van Oosterhoud J, Feijt
C, et al. A controlled human Schistosoma mansoni infection model to advance novel
drugs, vaccines and diagnostics. Nat Med. 2020;26(3):326-32.

Sombetzki M, Koslowski N, Rabes A, Seneberg S, Winkelmann F, Fritzsche C, et al.
Host Defense Versus Immunosuppression: Unisexual Infection With Male or Female
Schistosoma mansoni Differentially Impacts the Immune Response Against Invading
Cercariae. Front Immunol. 2018;9:861.

Zhang W, Molehin AJ, Rojo JU, Sudduth J, Ganapathy PK, Kim E, et al. Sm-p80-based
schistosomiasis vaccine: double-blind preclinical trial in baboons demonstrates
comprehensive prophylactic and parasite transmission-blocking efficacy. Ann N'Y
Acad Sci. 2018;1425(1):38-51.

Janse JJ, Langenberg MCC, Kos-Van Oosterhoud ], Ozir-Fazalalikhan A, Brienen EAT,
Winkel BMF, et al. Establishing the Production of Male Schistosoma mansoni Cercariae
for a Controlled Human Infection Model. | Infect Dis. 2018;218(7):1142-6.

Corstjens PL, De Dood (J, Kornelis D, Fat EM, Wilson RA, Kariuki TM, et al. Tools for
diagnosis, monitoring and screening of Schistosoma infections utilizing lateral-flow
based assays and upconverting phosphor labels. Parasitology. 2014;141(14):1841-55.

Deelder AM, van Zeyl RJ, Fillie YE, Rotmans JP, Duchenne W. Recognition of gut-
associated antigens by immunoglobulin M in the indirect fluorescent antibody test
for schistosomiasis mansoni. Trans R Soc Trop Med Hyg. 1989;83(3):364-7.

Meurs L, Brienen E, Mbow M, Ochola EA, Mboup S, Karanja DM, et al. Is PCR the Next
Reference Standard for the Diagnosis of Schistosoma in Stool? A Comparison with
Microscopy in Senegal and Kenya. PLoS Negl Trop Dis. 2015;9(7):e0003959.

Rohart F, Gautier B, Singh A, Le Cao KA. mixOmics: An R package for 'omics feature
selection and multiple data integration. PLoS Comput Biol. 2017;13(11):e1005752.

Casacuberta-Partal M, van Lieshout L, van Diepen A, Sijtsma JC, Ozir-Fazalalikhan A,
Koopman JPR, et al. Excretion patterns of Schistosoma mansoni antigens CCA and CAA
by adult male and female worms, using a mouse model and ex vivo parasite cultures.
Parasitology. 2022;149(3):306-13.

Adams-PhippsJ, Toomey D, Wiecek W, Schmit V, Wilkinson J, Scholl K, et al. A Systematic
Review of Human Challenge Trials, Designs, and Safety. Clin Infect Dis. 2022.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Safety and infectivity of female cercariae in Schistosoma-naive, healthy participants

Pearce EJ, MacDonald AS. The immunobiology of schistosomiasis. Nat Rev Immunol.
2002;2(7):499-511.

de Oliveira Fraga LA, Torrero MN, Tocheva AS, Mitre E, Davies SJ. Induction of
type 2 responses by schistosome worms during prepatent infection. J Infect Dis.
2010;201(3):464-72.

Sombetzki M, Reinholdt C, Winkelmann F, Rabes A, Koslowski N, Reisinger EC. A one-
year unisexual Schistosoma mansoni infection causes pathologic organ alterations
and persistent non-polarized T cell-mediated inflammation in mice. Front Immunol.
2022;13:1010932.

Boissier J, Chlichlia K, Digon Y, Ruppel A, Mone H. Preliminary study on sex-related
inflammatory reactions in mice infected with Schistosoma mansoni. Parasitol Res.
2003;91(2):144-50.

Yang YYM, Wilson RA, Thomas SRL, Kariuki TM, van Diepen A, Hokke CH. Micro
Array-Assisted Analysis of Anti-Schistosome Glycan Antibodies Elicited by Protective
Vaccination With Irradiated Cercariae. | Infect Dis. 2019;219(10):1671-80.

Shaw MK. Schistosoma mansoni: vitelline gland development in females from single
sex infections. ] Helminthol. 1987;61(3):253-9.

Watanabe K, Mwinzi PNM, Black CL, Muok EMO, Karanja DMS, Secor WE, et al. T
regulatory cell levels decrease in people infected with Schistosoma mansoni on
effective treatment. Am ] Trop Med Hyg. 2007,;77(4):676-82.

Layland LE, Rad R, Wagner H, Da Costa CUP. Immunopathology in schistosomiasis is
controlled by antigen-specific regulatory T cells primed in the presence of TLR2. Eur
J Immunol. 2007;37(8):2174-84.

Turner JD, Jenkins GR, Hogg KG, Aynsley SA, Paveley RA, Cook PC, et al. CD4(+)CD25(+)
Regulatory Cells Contribute to the Regulation of Colonic Th2 Granulomatous Pathology
Caused by Schistosome Infection. Plos Neglect Trop D. 2011;5(8).

Pica-Mattoccia L, Cioli D. Sex- and stage-related sensitivity of Schistosoma mansoni
to invivo and in vitro praziquantel treatment. Int J Parasitol. 2004;34(4):527-33.

Wang N, Peng HQ, Gao CZ, Cheng YH, Sun MT, Qu GL, et al. In vivo efficiency of
praziquantel treatment of single-sex Schistosoma japonicum aged three months old
in mice. Int ] Parasitol Drugs Drug Resist. 2022;20:129-34.

Bergquist R, EImorshedy H. Artemether and Praziquantel: Origin, Mode of Action,
Impact, and Suggested Application for Effective Control of Human Schistosomiasis.
Trop Med Infect Dis. 2018;3(4).

Zdesenko G, Mduluza T, Mutapi F. Pharmacogenetics of Praziquantel Metabolism:
Evaluating the Cytochrome P450 Genes of Zimbabwean Patients During a
Schistosomiasis Treatment. Front Genet. 2022;13:914372.

Winkelmann F, Frank M, Rabes A, Koslowski N, Schulz C, Bischofsberger M, et al.
Human serum activates the tegument of female schistosomes and supports recovery
from Praziquantel. Parasitol Res. 2021;120(1):209-21.

Hoekstra PT, Casacuberta-Partal M, van Lieshout L, Corstjens P, Tsonaka R, Assare
RK, et al. Limited efficacy of repeated praziquantel treatment in Schistosoma mansoni
infections as revealed by highly accurate diagnostics, PCR and UCP-LF CAA (RePST
trial). PLoS Negl Trop Dis. 2022;16(12):e0011008.

77



Chapter 3

SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. Flow cytometry gating strategy. Initial gates chose cells, live
cells, single cells and then CD4* CD3" T cells. CD4* CD3* T cells were then gated on Foxp3, IL2,
IFNy, IL10, Th2 (IL-4, IL-5, IL-13) or TNFaq, positive cells. Initial gates are shown from medium
stimulated cells. Foxp3 and cytokine gates show cells stimulated with either medium, Staph-
ylococcal Enterotoxin B (SEB) or adult worm antigen (AWA). Magenta arrows relate to order of
gating, numbers in plots are frequencies of parent population.
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Supplementary Figure 2. Timing of related adverse events after challenge for all partic-
ipants. This figure shows that a large number of AEs are reported at week O (itch and rash).
Another increase in reported AEs occurs between weeks 3-5 which correspond to the onset
of acute schistosomiasis. Note these only occurred in those exposed to 20 cercariae. High
number of adverse events reported at week 8 and 12-14 are common side effects of prazi-
quantel treatment. PZQ: praziquantel
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Supplementary Figure 3. Eosinophil counts after exposure to female cercariae. Graph
shows the kinetics in eosinophil counts for the two dose groups. The light blue and light
grey lines show the individual trajectories, whereas the bold lines show the locally weighted
smoothing (LOESS) line with 95% confidence interval. Horizontal line at 0-5 * 1019 eosinophils/L
shows the clinical cut-off for abnormality.
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Supplementary Figure 4. Antibody responses after exposure to female cercariae. Plots
show individual changes in antibody levels over time in worm-specific IgG4 (A), and AWA-spe-
cific IgE (B).
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Supplementary Figure 5. Serum cytokines, AWA induced intracellular and secreted cyto-
kines. Serum cytokines CXCL10 and CCL4, measured by Luminex multipleximmunoassay (A).
PBMCs were stimulated for 24hrs with 50pg/ml AWA or medium before analysis of intracellular
cytokines via flow cytometry (B) and secreted cytokines via Luminex multiplex immunoassay
(C). Responses are displayed post subtraction of corresponding medium stimulated values.
Dashed lines represent individual participants, solid line the overall mean and the grey ribbon
encompassing the standard error of the mean. For plotting, negative values have been shown
as 0. Linear mixed models were fitted, with p-values shown on plots estimated using Satter-
thwaite's method for degrees of freedom. *p<0-05, **p<0-01, ***p<0-001.
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Supplementary Fig 6. Individual sPLS-DA prediction analyses. Filled circles indicate a cor-
rect prediction and open circles a false prediction of acute schistosomiasis using individual
sPLS-DA analyses per row. Individual participants shown in columns, blocks in rows. Model
trained on male and female infection data, predictions result of LOO-CV. Tuning was per-
formed to determine the features chosen within each sPLS-DA, with a range of 1-4 features
per component.

Supplementary Table 1. Microscopy counts of cercariae in rinse water after exposure

10 cercariae (n=3) 20 cercariae (n=10)
Heads, median (range) 1(0-1) 1(0-1)
Tails, median (range) 8(7-9) 7 (4-13)
Whole cercariae, median (range) 0(0-2) 0(0-1)
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