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ARTICLE INFO ABSTRACT

Keywords: Schistosomiasis (bilharzia) is a neglected tropical disease caused by Schistosoma spp. Clinical manifestation of chronic
SchistoShield® schistosomiasis include but not restricted to anemia, growth stunting, hepatosplenomegaly, cognitive impairment in
Vaccine

children and male/female genital schistosomiasis. Praziquantel (PZQ) remains the principal standard treatment for
schistosomiasis, but concerns about its reduced effectiveness against larval stages, reinfections, and emerging drug
resistance reinforces the urgent need for a vaccine. SchistoShield®, composed of Sm-p80 antigen with GLA-SE adju-
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Schistosomiasis vant, is a promising vaccine candidate that has successfully completed phase 1 and 1b clinical trials in the USA and two
Calpain countries in Africa (Madagascar and Burkina Faso). In this study, SchistoShield® vaccine specific total IgG antibody
Sm-p80 titers were measured from serum samples collected at multiple time points from both the USA and Africa trials. Results

demonstrate that total IgG titers increased at week 5 after the first booster and peaked at weeks 9 and 12. Furthermore,
in vitro schistosomula killing assays and heterologous passive transfer of purified total IgG in mice were performed to
evaluate the role of vaccine-induced antibodies against schistosomes. Sera collected from individuals enrolled in the
USA, Burkina Faso, and Madagascar trials, exhibited 69.2%, 55.1%, and 34.3% in vitro schistosomula killing,
respectively, indicative of potent anti-worm antibody responses. Passive transfer of human total IgG from vaccinated
individuals in mice revealed notable reductions in worm burden, egg counts, and egg-hatching ability compared to
groups given pre-vaccination sera across all trials. Overall, these findings support that SchistoShield® induces gen-
eration of functional antibodies that may play a crucial role in antibody-mediated protection against schistosomiasis.
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1. Introduction

Schistosomiasis (bilharzia) is a neglected tropical disease (NTD) and
remains one of the most debilitating chronic parasitic infections. Schisto-
somiasis is caused by a digenetic trematode of the genus Schistosoma. Two
distinct types of diseases are caused by different species of blood flukes:
hepatic/intestinal schistosomiasis, which is caused by S. mansoni,
S. japonicum, S. mekongi, and S. intercalatum; and urogenital schistosomi-
asis, which is caused by S. haematobium. The clinical symptoms can vary
depending on the infecting schistosome species both in children and adults.
In school-aged children, chronic schistosomiasis infection frequently leads
to severe sequelae, anemia, growth stunting, malnutrition, and cognitive
deficits [1-4]. In adults, chronic infections cause periportal fibrosis, portal
hypertension, variceal bleeding; while urogenital schistosomiasis causes
urinary tract obstruction, renal failure, and squamous cell bladder carci-
noma [5,6]. Urogenital schistosomiasis also causes male genital schisto-
somiasis through egg deposition in the seminal vesicles and prostate,
leading to hematospermia and infertility [7]. Similarly, female genital
schistosomiasis causes pelvic pain, contact bleeding, and increased sus-
ceptibility to HIV transmission, though this relationship with HIV remains
underdiagnosed [8-10]. The World Health Organization (WHO) estimates
that 251 million people are currently affected by schistosomiasis and 800
million people are at risk of acquiring new infections [11]. Over 90% of
infected individuals with schistosomiasis live in Africa. The effectiveness of
mass drug administration (MDA) with the lead drug praziquantel is ques-
tionable due to its inability to clear the larval stages, recurrence of infec-
tion, and the risk of emergence of drug resistance [12-15].

SchistoShield® vaccine is a leading candidate that targets the large
subunit of S. mansoni calcium-activated neutral protease, Sm-p80 [16],
which plays an important role in surface membrane turnover thereby
playing a pivotal role in the immune evasion by the worm [17,18]. Potent
vaccine efficacy of Sm-p80-based formulations have been observed in
three experimental animal models of infection and disease (mouse,
hamster, and baboon). Sm-p80 with GLA-SE showed a significant reduc-
tion in adult worm count, and in egg counts in the liver and intestine, as
well as reduced egg-hatching ability, compared with control groups
[19-22]. The cross-species protective efficacy of SchistoShield® has been
demonstrated in rodents (mice and hamsters) and non-human primate
(baboon) models of both hepatic/intestinal and urogenital schistosomiasis
[23,24]. Pre-clinical baboon trials have consistently shown that vaccina-
tion with SchistoShield® elicits strong immune responses and confers
significant protection against cercarial challenge, as evidenced by a
marked reduction in worm burden, egg counts in the liver and intestine,
egg-hatching, and egg excretion in feces relative to adjuvant controls
[21,25-28]. In summary, SchistoShield® preclinical data demonstrated
prophylactic, therapeutic, anti-pathological, and transmission-blocking
efficacy supporting its progression to human clinical trials [22,23,25].

In a phase 1 first-in-human dose-escalation clinical trial conducted in
a disease-naive US population, SchistoShield® was evaluated for safety,
reactogenicity, and immunogenicity in 45 healthy volunteers. This trial
demonstrated the safety of the vaccine with no serious adverse events
including in high dose groups mirroring the results of our pre-clinical
trials [29]. Serum antibodies from this trial and other preclinical
studies have recently shown to inhibit the Sm-p80 catalytic activity in
vitro, an indication that these functional responses could interfere with
the parasite's biology [30]. We have also demonstrated robust cell-
mediated effector and memory responses induced by SchistoShield®
in subjects who participated in the phase 1 and 1b clinical trials [31].

Assessing the antibody response induced by the SchistoShield®
vaccine in various populations is crucial for validating its performance
in different geographical settings. Furthermore, demonstrating a func-
tional antibody response provides early confidence that the vaccine may
have protective efficacy in the field. Therefore, we tested sera from both
disease-naive and endemic-population subjects after SchistoShield®
vaccination using key functional assays, including in vitro schistosomula
killing, and heterologous passive transfer of total IgG in a mouse model
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of schistosomiasis.
2. Methods
2.1. Ethics statement, mice, and parasites

All experimental procedures involving mice were performed in
accordance with the guidelines established by the Institutional Animal
Care and Use Committee (IACUC) of Texas Tech University Health Sci-
ences Center under approved protocol number 20010202. Female
C57BL/6 mice (6-8 weeks of age) were sourced from Charles River
Laboratories (Wilmington, MA, USA). For the S. mansoni cercarial chal-
lenge, Biomphalaria glabrata snails infected with the Puerto Rico PR-1
strain of S. mansoni were obtained from the Schistosome Resource Cen-
ter (Biomedical Research Institute, Rockville, MD, USA).

2.2. Study design and ethics statement for the phase 1 and 1b
SchistoShield® human clinical trials

A phase 1, open-label, randomized clinical trial aimed to assess the
tolerability, safety and immunogenicity of the Sm-p80 + GLA-SE (Schis-
toShield®) vaccine in healthy adult volunteers was carried out at the Kaiser
Permanente Washington Health Research Institute in Seattle, WA, USA
(Registration date: 23/03/2022; ClinicalTrials.gov ID, NCT05292391)
using an IRB approved protocol (DMID 18-0018; IRB-approval through
Advarra Inc., Columbia, MD, USA). Informed consent was secured from
each participant prior to their enrollment in the trial. The study was con-
ducted in accordance with the International Council for Harmonization
(ICH) and Good Clinical Practice (GCP) guidelines. A total of 45 healthy
adults aged 18 to 55 years were recruited. Participants were assigned to five
groups (Groups A, B, C, D and E, with 9 participants per group) and were
vaccinated three times intramuscularly. For volunteers in group A, the
vaccine contained 100 pg of the recombinant Sm-p80 protein antigen and
no GLA-SE adjuvant. In the remaining groups, the vaccine doses contained
5 pg of GLA-SE but with varying doses of Sm-p80 (groups B, D, and E) and a
different second booster vaccination day (group C). Volunteers in groups B,
D, and Ereceived low-dose (10 pg Sm-p80 + 5 pg GLA-SE), mid-dose (30 ug
Sm-p80 + 5 pg GLA-SE), and high-dose (100 pg Sm-p80 + 5 pg GLA-SE)
vaccines on day 0, 28, and 56, respectively. Participants in group C
received mid-dose (30 pg Sm-p80 + 5 pg GLA-SE) vaccines on day 0 and 28
similar to other groups, but with a delayed booster was given at day 179.

A phase 1b trial (ClinicalTrials.gov ID: NCT05762393) was con-
ducted as a multicenter, randomized, placebo-controlled, observer-
blinded, dose-escalation trial to evaluate the safety, tolerability, and
immunogenicity of the SchistoShield® vaccine in healthy adults in
Burkina Faso (Registration date: 2023-03-17) and Madagascar (Regis-
tration date: 2023-02-28) using the approved IVI VASA 001 protocol
from the International Vaccine Institute (IVI) Institutional Review Board
(IRB number 2022-011). In the phase 1b trial, a total of 120 healthy
volunteers aged between 20 and 59 years were recruited across
Madagascar and Burkina Faso. Participants were assigned to three co-
horts (Cohort A, B, and C), each contains 20 participants. Within a
cohort, 5 out of 20 volunteers were randomly selected as placebo con-
trols. Three doses were administered to the low-, mid-, and high-dose
cohorts using the same amount of Sm-p80 and GLA-SE, as in the phase
1 trial. To study the antibody response to the SchistoShield® vaccine in
both endemic and disease-naive populations, pre-vaccination (Day 0)
serum samples were used as a control for each experimental cohort/
group. All the volunteers received the SchistoShield® vaccine intra-
muscularly on Day 0, Day 28, and Day 56. Serum samples were collected
on Day 0, 7, 28, 35, 56, 63, 84, and the last time point was collected on
Day 180 for the phase 1 USA trial and on Day 224 for the phase 1b
African trial. After receipt from clinical sites, serum samples were
immediately stored in a dedicated —80 °C freezer and aliquoted into 50
pL in 1.5 mL centrifuge tubes to avoid frequent freeze-thawing cycles.
Additional groups in the phase 1 USA trial received high dose (100 pg
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Sm-p80) with unadjuvanted, mid-dose with a delayed booster (30 pg
Sm-p80 + 5 pg GLA-SE) followed different dosing regimens and were not
included in this study. Similarly, placebo groups from each cohort in the
phase 1b trials (Madagascar and Burkina Faso) were not included.

2.3. Human serum ELISA

Serum from all participants and time points across all three trials
(USA, Madagascar, and Burkina Faso) was used to determine total IgG
titers per participants in this study (Suppl. Table 1 and Suppl. Fig. 1).
Endpoint titers were determined as follows: 384-well microtiter plates
(Corning, Kennebunk, ME, USA) were coated with recombinant Sm-p80
(30 ng/well) (Quratis Inc., Seoul, South Korea). Plates were blocked
with blocking buffer (10% BSA) for 2 h at room temperature. Serially
diluted samples (4-fold) were added to the plates and incubated for 1 h
at room temperature. Goat anti-human IgG-HRP secondary antibody
(1:25000) (Cat. No: 2040-05, Southern Biotech, AL, USA) was added
and incubated for 1 h at room temperature. TMB substrate solution
(SeraCare, MA, USA) was added and incubated for 10 min at room
temperature. Finally, the reaction was stopped using TMB stop solution
(1% HCI) (SeraCare, MA, USA). Plates were read at 450 nm in triplicate
using SoftMax Pro® and a SpectraMax iD3 microplate reader (Molecular
Devices, CA, USA). Raw optical density (OD) values for all samples from
the three human clinical trials were uploaded using the Lab Upload Tool
provided by the Vaccine Immunology Statistical Center (VISC) at the
Fred Hutchinson Cancer Center in Seattle, WA, USA.

Statistical analysis of the total IgG response across all three trials was
performed by VISC using R software packages (CRAN R 4.4.0). Assay
repeatability and variability were evaluated, and plate-level replicate
values were summarized using the arithmetic mean, geometric mean,
and median. The geometric mean was calculated by taking the mean of
the natural log-transformed optical density (OD) values and back-
transforming to the original scale. Distributions of OD values on both
the raw and log-transformed scales were examined to determine the
most appropriate plate-level summary measurement (Suppl. Fig. 2).
Total IgG responses were summarized as endpoint titers derived from
OD versus serum dilution titration curves. For each participant and time
point, the corresponding pre-vaccination (baseline) sample was used to
define a cutoff value, calculated as the mean OD plus two standard de-
viations [32]. The endpoint titer was defined as the highest dilution at
which the OD value remained above the cutoff.

2.4. Heterologous IgG passive transfer

A total of 108 C57BL/6 female mice were included in the passive
transfer experiment using serum samples collected from the three clinical
trial sites. Total IgG antibody was purified from the sera of study partic-
ipants used in our recent study [31] at selected time points using a
standard protein A/G spin kit (Cat No: 89950, Thermo Scientific, MA,
USA). Purified total IgG was analyzed by SDS-PAGE to assess purity. After
measuring the concentration of purified total IgG on NanoDrop ND-1000
Spectrophotometer (Thermo Fisher Scientific, DE, USA), samples were
stored at -80 °C until use. Three doses of purified total IgG were trans-
ferred to the mice intravenously on days 0, 3, and 9. Each mouse from the
control group received an intravenous injection of purified total IgG (75
pg) isolated from Day O (pre-immunization) control human sera, while
those in the experimental group received purified total IgG (75 pg) from
Sm-p80- immunized human sera collected on Days 56, 84, and 180 of the
US trial and Days 56, 84 and 224 of the Africa trials. Three mice were used
for each purified total IgG individual sample for each time point across
the three trials. Each mouse was challenged with 150 S. mansoni cercariae
on day 6 via tail immersion in water to allow for percutaneous infection.
Mice were euthanized six weeks post-cercarial challenge, and adult
worms were recovered from the mesenteric vasculature and hepatic
portal system by perfusion. The percent reduction in adult worm burden
was determined by comparing the number of worms recovered from the
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experimental groups (I) to the control group (C). Protection (P) level was
calculated using the formula: % P = [(C — I)/C x 100]. To assess the
schistosome egg burden in the livers and intestines, euthanized mouse
samples were digested with 4% potassium hydroxide at 37 °C overnight,
washed, and resuspended in a 1.2% (w/v) sodium chloride solution. Light
microscopy was used to determine the number of eggs per gram of liver
and intestinal tissue. Tissue egg-hatching rates were also determined:
Briefly, a 0.5-1 g section of liver was collected from each mouse following
euthanasia. Tissue samples were minced using razor blades before being
placed into 50 mL tubes containing PBS. Collagenase B (0.1 U/mL),
penicillin (33 U/mL), and streptomycin (40 pg/ml) were added to each
sample, which was then incubated at 37 °C overnight with agitation at
220 rpm. The samples were then centrifuged at 4 °C and 1000 rpm for 5
min. The supernatant was discarded, and the pellet resuspended in 20 mL
of cold 1.2% NaCl. The homogenized samples were then passed through a
series of sieves (425, 180, 106, and 45 pm mesh opening). S. mansoni eggs
were collected from the 45 pm sieve and centrifuged at 1000 rpm for 10
min. The egg pellet was resuspended in fresh water after discarding the
supernatant and seeded into 24-well plates. The plates were placed under
alight source for 2 h to induce egg-hatching. Mature eggs, dead eggs, and
hatched eggs were counted using a light microscope, and the egg-
hatching rates were expressed as the percentage of eggs hatched per
gram of liver. An unpaired Student's t-test (GraphPad Prism 9) was
applied to compare the statistical difference in averages + SEM in total
worm counts, liver and intestine egg per gram, and egg-hatching capacity
in each group compared to Day O (pre-immunization) versus post-
immunization in a heterologous total IgG passive transfer experiment.
P-values less than 0.05 were considered statistically significant.

2.5. In vitro schistosomula killing assay

Schistosomula killing assays were performed using sera collected
from subjects enrolled in clinical trials of SchistoShield® vaccine. Serum
from randomly selected nine human volunteers was used in this study:
three each from the USA, Madagascar, and Burkina Faso clinical trials.
Sera were heat inactivated by incubating samples at 56 °C for 30 min.
S. mansoni cercariae were shed from snails by exposure to light at 28 °C for
1 h and 30 min. Cercariae were mechanically transformed into schisto-
somula by repeated passes through a 22-gauge needle-syringe. Schisto-
somula were incubated in the presence of heat-inactivated Sm-p80-
immunized and control human sera (1:50 dilution) with exogenous
guinea pig complement at a 1:50 dilution (Sigma-Aldrich, MO, USA). The
treated schistosomula were cultured overnight at 37 °C with 5% CO3 in
complete RPMI-1640 media (Cytiva-HyClone, UT, USA) supplemented
with 100 pg/mL penicillin G (Sigma Aldrich, MO, USA), 100 pg/mL
streptomycin (Sigma Aldrich, MO, USA), 10 pg/mL gentamycin (Sigma
Aldrich, MO, USA), and 10% fetal bovine serum (FBS) (ThermoFisher
Scientific, NC, USA) at a density of approximately 50 schistosomula per
well in 2 mL of media using 24-well plates (Corning Costar) [33]. Schis-
tosomula were observed under bright field at 10x magnification with an
inverted microscope (Nikon, Model TMS) to determine whether they
were alive or dead based on morphological changes (blebbing, granu-
larity, and/or loss of membrane integrity) and motility. The number of
dead and viable schistosomula was counted in each well. Percentage in
schistosomula killing was calculated using the following formula: (%
protection) = (% killing of schistosomula in experimental groups — %
killing of schistosomula in control groups) / % killing of schistosomula in
experimental groups x 100. Each assay was carried out with three tech-
nical replicates. Data collected from in vitro schistosomula killing assays
were analyzed by unpaired Student's t-test using GraphPad Prism 9. Data
were presented with error bars denoting the standard error of the mean
(mean + SEM). In addition, paired Student's t-test was used to determine
confidence intervals (CI) for three volunteers of each trial site using
GraphPad Prism 9.
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3. Results
3.1. SchistoShield® vaccine induces a robust IgG antibody response

Antibody responses were determined for non-endemic and endemic
subjects, and titers were assessed for differences due to endemicity.
Among phase 1 and 1b trial participants, total IgG titers began to in-
crease at week 5 (7 days after the first booster) across all trials (Fig. 1).
Titer continued to rise thereafter, with peak total IgG titer was observed
in week 9 (7 days after the second booster), and week 12 (28 days after
the second booster) across all groups in the phase 1 and 1b trials. When
total IgG titer induced by SchistoShield® were evaluated across trials,
participants in the Burkina Faso trial exhibited lower total IgG titers
across all time points than those in the Madagascar trial (Fig. 1). A
slightly higher antibody response was observed particularly early in the
endemic sites compared with the non-endemic USA trial.

3.2. Heterologous passive transfer of SchistoShield® vaccine elicited-IgG
antibodies in mice

To assess the protective efficacy of Sm-p80-specific total IgG against
S. mansoni infections, C57BL/6 mice were infused with purified anti-
bodies from sera obtained from clinical trial participants and subse-
quently challenged with cercaria (Fig. 2a). Results demonstrated that
the passively transferred Sm-p80-specific total IgG antibodies protected
the mice from S. mansoni challenge. Significant reductions were
observed in adult worm numbers from each of the trials (USA,
Madagascar, and Burkina Faso, respectively) as follows: total worms:
39.5% (P = 0.02), 44.5% (P = 0.006), and 62.6% (P = 0.002); female
worms: 49.3% (P = 0.01), 40.1% (P = 0.01, and 73% (P = 0.001);
(Fig. 2b and c). Liver and intestine tissue samples from control and
experimental groups were also assessed for tissue egg burden. A signif-
icant reduction in egg burden was observed in the livers of experimental
groups: 55.9% (P = 0.0001), 35.9% (P = 0.001), 70.5% (P = 0.00001);
and intestine: 54.2% (P = 0.0001), 40.8% (P = 0.0003), and 76.9% (P =
0.00002) compared to the control groups (Fig. 2d and e). To assess egg
viability, we compared hatching rates of eggs isolated from mouse liver
tissue samples in the control and experimental groups. Hatching rate
analysis of eggs isolated from the tissues of mice which had received Sm-
p80-specific total IgG showed a significant reduction of 50.4% (P =
0.005), and 53.9% (P = 0.02) in the liver (USA and Burkina Faso clinical
trials, respectively) when compared to that of the control mice (Fig. 2f).
We also observed a 33.4% reduction in egg-hatching ability in the livers
of mice that had received IgG from the Madagascar trial, but the
reduction was not statistically significant (P = 0.06) (Fig. 2f).
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3.3. Invitro killing of schistosomula by SchistoShield® vaccinated human
sera

There was a significant increase in in vitro schistosomula killing
induced by serum samples collected from the USA and Burkina Faso
clinical trial sites at different time points post-SchistoShield® immuni-
zation, compared to pre-vaccination controls (Day 0) when the sera were
supplemented with exogenous complement. A 69.2% of the schistoso-
mula were killed by serum from volunteers in the phase 1 (USA) trial at
different time points, as depicted in Fig. 3b. Serum samples collected
from vaccinated volunteers in the phase 1b (Madagascar and Burkina
Faso) trials exhibited 34.3% and 55.1% killing, respectively (Fig. 3b).
Across all post-vaccinated groups, a notable increase in schistosomula
killing compared to pre-immunization was observed.

4. Discussion

First-in-human phase 1 and follow-on phase 1b SchistoShield®
clinical trials conducted in endemic and non-endemic populations,
respectively, have demonstrated that this vaccine formulation robustly
elicited antigen-specific anti-Sm-p80 antibodies in vaccinated in-
dividuals. In this report, we have established that these vaccine-induced
immune responses result in potent parasite-neutralizing efficacy in a
mouse model of schistosomiasis using passive transfer and in vitro killing
of schistosomula, respectively, using purified total IgG or serum sam-
ples. Notably, vaccine-induced antibodies mediated multifaceted pro-
tection against S. mansoni, as evidenced by a significant reduction in
adult worm burdens, tissue egg deposition, and egg viability, alongside a
marked level of in vitro schistosomula killing. These results from human
clinical trial samples provide a promising link to the potent efficacy
demonstrated in pre-clinical trials [21,22,25].

We evaluated antibody responses between the disease-naive US and
endemic African (Madagascar and Burkina Faso) trials to assess the effect
of geography and disease exposure across equivalent cumulative low-,
mid-, and high-dose groups. We had previously reported phase 1 immu-
nogenicity and safety data [29]. Now that the phase 1b samples were
available, we evaluated variations in response magnitude across pop-
ulations using an endpoint titer ELISA. Sm-p80-specific total IgG anti-
bodies were detected five weeks after the primary immunization and
showed a significant increase at subsequent time points, with peak re-
sponses at weeks 9 and 12 in vaccinated individuals across all three
clinical trial populations. The total IgG antibody titer analysis of disease-
naive and endemic populations indicates that the Sm-p80 antigen elicits
consistent humoral antibody kinetics irrespective of baseline geograph-
ical or endemic variations. Furthermore, these clinical immunogenicity
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Fig. 2. Anti-Sm-p80 purified antibodies from serum samples collected from volunteers in the US, Madagascar, and Burkina Faso SchistoShield® clinical trials
conferred protection in a mouse model of schistosomiasis. Either pre-vaccination or post-vaccination purified IgG (75 pg/mouse) was transferred to the mice
intravenously on day 0, 3, and 9; and each mouse was challenged with 150 S. mansoni cercariae at day 6 via tail immersion technique. All mice were sacrificed at 6
weeks post S. mansoni cercariae challenge. Experimental timeline (A) recovered adult total worms (B), and female worms (C) following passive transfer of purified
IgG from human volunteers immunized with SchistoShield® vaccine and control (pre-immunization). Liver egg burden (D) and intestine egg burden (E) at necropsy.
Hatching rates of eggs recovered from livers (F) of mice passively transferred with post-immunization purified IgG antibodies compared to mice received IgG purified
from pre-immunization sera. Each point represents one mouse. p < 0.05 considered to be statistically significant.

outcomes mirror the robust humoral responses previously established in
the pre-clinical trials using baboons immunized with SchistoShield®
[25,29]. The antibody titer analysis also showed variations in the total
levels of Sm-p80-specific total IgG induced across populations. Vacci-
nated volunteers from Madagascar had higher titers at all time points
after the primary immunization than the disease-naive population or the
endemic Burkina Faso population. We also observed detectable baseline
total IgG in pre-vaccination samples from a few participants in the
Madagascar trial, unlike with the disease-naive and endemic Burkina
Faso populations. However, due to the low titers in these individuals, it is
plausible that total IgG induced by natural infection is negligible
compared with the robust immune response induced by SchistoShield®
vaccination in populations.

Here, we have also demonstrated antibody-mediated protection in a
heterologous passive-transfer mouse model of schistosomiasis using pu-
rified total IgG from serum samples collected pre- and post-vaccination in
our phase 1 and 1b SchistoShield® vaccine trials. There were significant
reductions in the worm burden observed across all the mice that received
purified total IgG from post-vaccinated sera compared to those that
received total IgG from the pre-vaccinated sera. Mice that received total
IgG from the Burkina trial showed the highest reduction in total worm

numbers compared to mice that received purified total IgG from either
the USA or Madagascar trials. Similarly, the highest reduction in female
worms was observed in mice that received total IgG from the Burkina Faso
volunteers, compared with mice in the other groups.

Another important outcome of the passive transfer study was a
reduction in egg numbers in tissues such as the liver and intestine.
Significant reductions in egg numbers were observed across all groups
that received total IgG from post-vaccination sera compared to those
that received total IgG from pre-vaccination sera. Again, serum from
Burkina Faso volunteers showed the greatest reduction in eggs, followed
by the USA and Madagascar. As expected, this correlates with the per-
centage reduction in female worms observed in this study. The reduced
number of tissue eggs in the current study may reflect either an imme-
diate anti-fecundity effect induced by the vaccine or a delayed initiation
of egg laying. These results suggest that the SchistoShield® vaccine will
directly affect the parasites themselves and will reduce egg loads in
tissues, thereby counteracting pathology and impacting transmission.

The egg-hatching assay demonstrated pronounced protection in the
groups that received total IgG from vaccinated individuals from the
Burkina Faso trials, followed by the USA trial. The group of mice that
received purified total IgG from vaccinated individuals in Madagascar
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Fig. 3. In vitro S. mansoni schistosomula killing by human serum samples supplemented with exogenous complement in SchistoShield® vaccine trials in the USA,
Madagascar, and Burkina Faso. Mechanically transformed schistosomula were incubated in complete media supplemented with sera and exogenous complement.
Panel (A) illustrates schistosomula in RPMI-1640 media with serum. In contrast, morphological changes indicative of schistosomula killing were evident when
incubated with pooled sera with exogenous component from vaccinated volunteers. Percentage of schistosomula killing for experimental samples were shown for
post-vaccination sera for USA trial, Madagascar trial, and Burkina Faso trial (Panel B) compared to sera samples collected at pre-vaccination. Percentage increase in
schistosomula killing was determined by comparing the experimental to the control groups. Plotted graphs represent error bars showing means and standard error of
the mean (mean + SEM). V = Day of vaccination. Unpaired student's t-test between pre- and post-vaccination groups with p < 0.05 was considered to be statistically
significant. The 95% confidence intervals for the three volunteers in each trial were as follows: USA (95% CI: 17.83-60.97), Madagascar (95% CI: —0.6367 - 16.17),
and Burkina Faso (95% CI: 3.821-25.51). Schistosomula were observed under bright-field at 10x magnification with an inverted microscope (Nikon, Model TMS).

The microscopic fields presented in Fig. 3A were randomly selected from the micrographs taken in the study.

showed slightly less protection than the other groups. A substantial
proportion of the eggs were not viable and could not transmit disease in
the environment, indicating the potential for transmission-reducing
activity.

We further explored the role of antibodies induced by the Schis-
toShield® vaccine using an in vitro schistosomula killing assay. Here,
significant parasite killing was induced by post-vaccination sera
compared to pre-vaccination sera. This is indicative that Sm-p80 antigen-
specific antibodies could be sufficient for protection against schistoso-
miasis. The outcome of the in vitro schistosomula killing studies agrees

with our previously published data [33]. Functional assays are increas-
ingly being developed and evaluated as potential biomarkers and com-
posite efficacy readouts for schistosomiasis vaccine clinical trials [33].
Although the in vitro assay does not establish the precise in vivo mecha-
nism of protection, it provides supporting evidence that vaccination
elicits antibodies capable of recognizing and killing schistosomula and
hence antibodies are functionally active. There are numerous previous
studies demonstrating antibodies play an important role in schistosomula
killing [34-38]. However, future studies with additional experimental
controls, including purified total IgG from placebo recipients, unrelated
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human total IgG, infected mice receiving no human total IgG, or post-
vaccination total IgG depleted of Sm-p80-specific antibodies by antigen
adsorption are warranted.

In addition, our planned optimization of SchistoShield® in a
controlled schistosome human challenge infection [39], will provide
further insights into, for example by comparing infection establishment,
circulating anodic antigen kinetics, surrogate measures of worm burden,
and relationships between Sm-p80-specific antibody function and infec-
tion intensity. Finally, the present work provides preliminary evidence of
functional vaccine-induced antibodies and supports further field efficacy
clinical trials. Lastly, some of the conclusions maybe constrained by the
smaller sample size, therefore, further studies are required to confirm the
data presented in the present exploratory study with additional human
volunteer samples from both the USA and Africa trials.

5. Conclusion

In summary, the SchistoShield® vaccine induced a robust humoral
immune response in human volunteers. Furthermore, sera from vacci-
nated individuals were able to kill schistosomula in vitro. Reduced
worm, egg deposition, and decreased egg viability were observed
following heterologous total IgG passive transfer. These results imply
that the vaccine in humans could have protective efficacy and interrupt
disease transmission in endemic settings.
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