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resent a major breakthrough in public health.

Methods: The safety and immunogenicity of a candidate Sm vaccine were assessed in this phase I, double-
blind, dose-escalation trial. Seventy-two healthy Sm-naive 18-50 year olds were randomized to receive 3
doses ~ 8 weeks apart of saline placebo, or 10 pg, 30 ug, or 100 pg of recombinant Sm-Tetraspanin-2 vaccine
formulated on aluminum hydroxide adjuvant (Sm-TSP-2/Al) with or without 5 pg of glucopyranosyl lipid A
aqueous formulation (GLA-AF). Clinical and serologic responses were assessed for 1 year after dose 3.
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Sm tetraspanin 2 (Sm-TSP-2) Results: Vaccines were safe and well-tolerated. The most common reactions were injection site tenderness
Immune responses and pain, and headache and fatigue. Tenderness and pain were more frequent in groups receiving vaccine
Immunization with GLA-AF than placebo (p = 0.0036 and p = 0.0014, respectively). Injection site reactions among those
Glucopyranosyl lipid A given Sm-TSP-2/Al with GLA-AF lasted 1.22 and 1.33 days longer than those receiving Sm-TSP-2/Al without
Adjuvant GLA-AF or placebo (p < 0.001 for both).

Dose- and adjuvant-related increases in serum IgG against Sm-TSP-2 were observed. Peak IgG levels
occurred 14 days after dose 3. Seroresponse frequencies were low among recipients of Sm-TSP-2/Al with-
out GLA-AF, but higher among subjects receiving 30 ug or 100 ug of Sm-TSP-2/Al with GLA-AF. More
seroresponses were observed among those given 30 pg or 100 pg of Sm-TSP-2/Al with GLA-AF compared
to placebo (p = 0.023 and p < 0.001, respectively). Seroresponse frequencies were 0%, 30%, 50%, and 89%,
respectively, among those given placebo, or 10 pg, 30 ug or 100 pg of Sm-TSP-2/Al with GLA-AF, suggesting
a dose-response relationship for Sm-TSP-2/Al with GLA-AF (p = 0.0001).

Conclusions: Sm-TSP-2/Al with or without GLA-AF was safe and well tolerated in a Sm-naive population. A
vaccine like the one under development may represent our best hope to eliminating this neglected tropical
disease.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction Burden of Disease report estimates that 190 million people are
infected with schistosomes, with 71 million new infections

Schistosomiasis is estimated to be the second most deadly occurring annually [3]. Children, adolescents, and women of repro-
parasitic infection of humans after malaria [1,2]. A recent Global ductive age experience the highest levels of infection, as deter-
mined by fecal egg counts, leading to growth and cognitive

delays as well as severe end-organ pathology in the intestines,
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human infections, with Sm accounting for approximately one-third
of the infections (and almost one-half of the deaths) worldwide [5].
While most cases of schistosomiasis caused by Sm occur in sub-
Saharan Africa, the second largest endemic focus is Brazil [1,2,4].

Praziquantel (PZQ) is the preferred treatment for schistosomia-
sis. However, control programs based on mass drug administration
(MDA) with PZQ are difficult and expensive to maintain, fail to
interrupt transmission, and are complicated by rapid and frequent
re-infection following treatment. Furthermore, recent studies sug-
gest Sm has the potential to develop resistance to this drug [6,7].
There is additional evidence for serious rebound morbidity if regu-
lar and periodic treatments with PZQ are interrupted [8,9]. The
development, testing and licensure of a vaccine to prevent schisto-
somiasis would represent a major breakthrough in public health.
An effective vaccine against schistosomiasis would overcome
many of the problems associated with the current disease control
strategies. Ultimately, a vaccine could become an essential
biotechnology for the elimination of schistosomiasis.

Several lines of evidence indicate that vaccination with the tet-
raspanin 2 protein (TSP-2) of Sm (Sm-TSP-2) may elicit protective
immune responses against infection: as an antigen on the surface
of newly transformed schistosomula, TSP-2 is highly accessible to
the host antibody response [10,11]; Sm-TSP-2 is uniquely recog-
nized by antibodies from individuals naturally resistant to Sm
infection (i.e., ‘endemic normals’) [11]; suppression of Sm-TSP-2
RNA expression results in malformed adult worm tegument [12];
and vaccination with recombinant Sm-TSP-2 protects different
strains of mice against schistosomal challenge infection when for-
mulated with aluminum hydroxide, as evidenced by significant
reductions in adult worm, liver egg, and fecal egg burdens com-
pared to controls [11].

The goals of the current study were to assess the safety, reacto-
genicity, and immunogenicity of Sm-TSP-2/Alhydrogel® (hereafter
referred to as Sm-TSP-2/Al) with and without glucopyranosyl lipid
A in aqueous formulation (GLA-AF) among healthy adults residing
in a non-Sm endemic area.

2. Materials and methods
2.1. Study design

This phase 1, randomized, double-blind, placebo-controlled,
dose-escalation clinical trial was conducted at the Baylor College
of Medicine NIH-funded Vaccine and Treatment Evaluation Unit.
The protocol was approved by the relevant ethics committee and
written informed consent was provided by subjects prior to enroll-
ment (NCT02337855).

2.2. Vaccines

The Sm-TSP-2 schistosomiasis vaccine tested in this study was
technology transferred and produced according to current Good
Manufacturing Practice at Aeras (Maryland, USA) as a recombinant
protein expressed in a modified Pichia Pink system and adsorbed to
an aluminum hydroxide salt adjuvant (Alhydrogel®; Al) [13,14].
Sm-TSP-2/Al (0.1 mg Sm-TSP-2 absorbed to 0.8 mg/mL Al in
10 mM imidazole, 15% sucrose, 2 mM phosphate, pH 7.4 buffer;
Lot 11-69F-003) was evaluated at three dose levels of the recombi-
nant protein: 10 ug, 30 pug, and 100 pg; these were delivered by
administering different volumes (0.1 ml, 0.3 ml and 1.0 ml, respec-
tively) of a 0.1 mg/ml suspension of recombinant Sm-TSP-2 in
0.8 mg/ml Al.. Each dose level was administered with or without
5 ng of the Toll-like receptor (TLR-4) agonist GLA-AF supplied by
the Infectious Diseases Research Institute (IDRI; Seattle, WA).

GLA-AF was combined with Sm-TSP-2/Al vaccine within 4 h prior
to administration. Placebo was sterile normal saline for injection.

2.3. Clinical procedures

Seventy-two healthy individuals 18-50 years of age (inclusive),
non-pregnant females and males with no history of past Sm infec-
tion and with no significant risk for exposure to Sm were enrolled.
Detailed inclusion and exclusion criteria are available in online
Supplemental materials. Three cohorts were enrolled sequentially
in a dose-escalation fashion based on the Sm-TSP-2 dose level
(cohort 1 =10 pg; cohort 2 =30 pg; and cohort 3 =100 pg of Sm-
TSP-2/Al). Within each cohort, subjects were assigned randomly
to 1 of 3 groups, as follows: Sm-TSP-2/Al without GLA-AF
(N =10); Sm-TSP-2/Al with GLA-AF (N = 10); or placebo (N = 4 sub-
jects) (Table 1). Subjects received 3 doses of the assigned vaccine
delivered into the deltoid muscle using a 1 in. needle on Days 1,
57 (+/-7 days), and 113 (+/-7 days). Subjects were followed for
12 months after the third dose of vaccine.

Within each cohort, the first 5 subjects were assigned randomly
to receive Sm-TSP-2/Al without GLA-AF, Sm-TSP-2/Al with GLA-AF,
or placebo in a 2:2:1 ratio. The subsequent 19 subjects were
assigned randomly to these groups in an 8:8:3 ratio. For each
cohort, the initial 5 subjects were enrolled, randomized, vacci-
nated, and completed the Day 3 visit before enrolling the rest of
the cohort. Escalation to the next dose level cohort was determined
based on evaluation of pre-defined escalation criteria by a Safety
Monitoring Committee, requiring that 7-day safety data be
reviewed after all subjects in the current cohort received their first
dose of vaccine. As with dose-escalation decisions, evidence of sig-
nificant reactogenicity required further review prior to proceeding.
Recruitment and enrollment into the study occurred on an ongoing
basis, with each cohort being recruited and vaccinated in sequence.

Enrollment was performed using an internet data entry system
(AdvantageEDCM). The unblinded pharmacist had exclusive access
to the treatment key, which was kept in a secure location with lim-
ited access. Subjects, investigators, and study personnel perform-
ing any study-related assessments following study vaccine
administration, and laboratory personnel performing antibody
assays were blinded to group assignment.

Subjects were observed for at least 30 min after each vaccina-
tion to detect adverse events (AEs). Subjects recorded a daily oral
temperature and the occurrence of injection site (pain, tenderness,
erythema and induration) and systemic (chills, arthralgia, myalgia,
headache, nausea, vomiting, dizziness, malaise, and fatigue) reac-
togenicity for 7 days after each vaccination. Subjects were also
seen in-clinic 2 and 7 days after each immunization (i.e., study
Days 3 and 8). Unsolicited AEs were assessed for 28 days after each

Table 1
Schematic of Study Design.
Cohort Group Study Product Number
17 A 10 ug Sm-TSP-2/Alhydrogel® 10
B 10 pg Sm-TSP-2/Alhydrogel®/GLA-AF 10
C Placebo’ 4
2" D 30 pg Sm-TSP-2/Alhydrogel® 10
E 30 pg Sm-TSP-2/Alhydrogel®/GLA-AF 10
F Placebo’ 4
3 G 100 pg Sm-TSP-2/Alhydrogel® 10
H 100 pg Sm-TSP-2/Alhydrogel®/GLA-AF 10
1 Placebo’ 4
Total 72

T Saline for injection.
" Dose escalation decisions were made after the last subject in the cohort com-
pleted the 7 day post dose 1 visit.
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dose. New-onset chronic medical conditions (NOCMCs), including
adverse events of special interest (AESI), and serious AEs (SAEs)
were recorded from the time of first study vaccination through
approximately 12 months after the third study vaccination. Sub-
jects graded the severity of their symptoms, as follows: mild (1;
no interference with normal activities), moderate (2; some inter-
ference with normal activities), or severe (3; prevented normal
activities). Mild fever was defined as an oral temperature of 100-
101.1°F. Clinical laboratory safety evaluations [alanine amino-
transferase, creatinine, white blood cell count, hemoglobin, and
platelet levels] were performed on blood samples collected before
each dose of vaccine, 7 days after the first and second doses of vac-
cine, and 14 days after the third vaccination. Serum samples for
determination of IgG levels against Sm-TSP-2 were collected before
and two weeks after each dose of vaccine and at approximately 3
and 6 months after the third dose of vaccine.

2.4. Laboratory Methods

2.4.1. Measurement of anti-Sm-TSP-2 IgG antibody

Sm-TSP-2-specific immunoglobulin G (IgG) antibodies were
measured in serum by an indirect ELISA qualified for reproducibil-
ity, parallelism, ruggedness, and linearity, as described elsewhere
for helminth vaccines [15-17]. This ELISA utilized heterologous
interpolation of test values onto a standard reference serum
(SRS) of IgG against Sm-TSP-2 consisting of pooled samples from
BALB/c mice immunized with 9.33 pig Sm-TSP-2/74.64 pg Alhydro-
gel® in a prime-boost immunization regimen. The SRS was serially
diluted in duplicate on each ELISA plate at a 1:400 initial dilution
to generate a dilution-response curve whose values were modeled
by a four-parameter logistic-log function in SOFTmax GXP PRO ver-
sion 4 (Molecular Devices) [15-17]. In brief, 96-well plates (Nunc
Maxisorp) were coated with recombinant Sm-TSP-2 at a concentra-
tion of 5 pg/mL and kept overnight at 2-8 °C. Plates were washed
and blocked with 3% bovine serum albumin (Fitzgerald), and then
serum samples added in duplicate at a 1:4000 dilution in the same
blocking buffer. Following overnight incubation at 2-8 °C, plates
were washed and a horseradish peroxidase conjugated secondary
mouse anti-human IgG was added (ThermoFisher). Plates were fur-
ther incubated at room temperature, washed, and developed using
O-phenylenediamine dihydrochloride (OPD) (Sigma Aldrich) and
read at OD4gonm following the addition of 2 N H,SO4 on a Spec-
traMax Plus 384 Microplate Reader (Molecular Devices), with data
collected using SOFTmax GXP PRO version 4. The mean OD4g,m, of
duplicates of test sera were heterologously interpolated onto the 4-
PL model of the SRS to derive the Arbitrary Units (AU) of anti-Sm-
TSP-2 IgG.

2.4.2. Western blot Reactivity of Human Sera to Sm-TSP-2

To qualitatively discern the reactivity of subjects’ sera with Sm-
TSP-2, Western blot screening was performed with a selected set of
blinded samples. Recombinant Sm-TSP-2 [13,14,18] was loaded
(2 ug) under non-reducing and reducing (with addition of 2-
mercaptoethanol, BME) conditions on a 4-20% SDS-PAGE gel
(Invitrogen) at 135 V for 80 min. An irrelevant control recombinant
protein (Na-GST-1, also expressed in a Pichia Pink system) was
loaded as a negative control. Gels were then either stained with
SimplyBlue™ (Thermo) or transferred on to 0.2 um nitrocellulose
membranes for 60 min at 30 V. Following transfer, the blots were
stained with Ponceau S (Sigma) to confirm protein transfer and
protein loads, followed by blocking with 2% milk diluted in 1X-
PBST-20 (0.05%). Serum samples were then diluted at 1:100 in
blocking buffer and incubated for 60 min at room temperature.
Blots were washed 3 times with 1X-PBST-20 (0.05%) and then incu-
bated with alkaline phosphatase secondary antibody, goat anti-
human IgG (Southern Biotech) at a dilution of 1:1000 in blocking

buffer. Following subsequent 3 washes with 1X-PBST-20 (0.05%),
the blots were developed for 15 min with BCIP/NBT substrate
(Invitrogen), then stopped with multiple washes with ultra-pure
water. Blots were scanned together on a flatbed scanner (Epson)
for visual documentation.

2.5. Statistical methods

This phase 1 study was not designed to test a specific hypothe-
sis. The primary objective was to assess the safety and reactogenic-
ity of ascending doses of Sm-TSP-2/Al vaccine with or without GLA-
AF in healthy adults, and to obtain data to properly design future
trials. Primary safety endpoints were the occurrence of vaccine-
associated SAEs and NOCMCs from the time of first vaccination
through 12 months after the last study vaccination; solicited injec-
tion site and systemic reactogenicity during the 7 days after each
vaccination; and clinical safety laboratory AEs related to the
vaccine.

All subjects who received at least one dose of vaccine were
included in the safety analyses. All subjects who received all 3
doses of study product were included in the per protocol (PP)
immunogenicity population. The antibody intention-to-treat (ITT)
population included subjects who received at least one dose and
contributed antibody results for at least one post-baseline time
point.

Safety data were summarized graphically and numerically. Pro-
portions of subjects experiencing solicited symptoms were
graphed by maximum severity, symptom, and treatment group,
combining subjects who received placebo from the three cohorts
into a single group. Fisher's Exact Tests were used to compare
the proportion of subjects experiencing at least one systemic event,
and at least one injection site event, between treatment groups. For
the analyses of solicited event data described below, subjects were
combined across dose levels into three groups (Sm-TSP-2/Al with-
out GLA-AF, Sm-TSP-2/Al with GLA-AF, and placebo) in order to
maximize power to detect a signal.

To assess whether systemic reactogenicity increased with each
successive dose, mixed effects logistic regression (i.e., a logistic-
normal model; [19]) was used to estimate and test for the effect
of dose number on the odds of experiencing a systemic symptom.
The model included dose number as the fixed effect, random inter-
cepts, and an independence correlation structure. The random
intercepts account for correlation arising from the fact that each
subject contributed up to three observations to the model (one
for each dose). This model was fit using SAS PROC GLIMMIX with
SAS version 9.4 and was repeated for the Sm-TSP-2/Al with GLA-
AF group. These analyses were repeated to assess whether injec-
tion site symptoms increased with dose number.

The proportions of subjects experiencing solicited systemic
symptoms within each group were graphed by post-vaccination
day to assess differences in the timing of these events. In addition,
a model was created to test whether the duration of systemic
symptoms differed by treatment group. The duration of systemic
symptoms was calculated as the number of days within the 7-
day follow-up period that the subject experienced at least one sys-
temic symptom. Mixed effects linear regression was used to model
the mean duration of systemic symptoms by treatment group
(Sm-TSP-2/Al without GLA-AF, Sm-TSP-2/Al with GLA-AF, and pla-
cebo). The model included treatment group indicators as predic-
tors, random intercepts, and an independence correlation
structure. The random intercepts account for correlation arising
from the fact that the duration was measured up to three times
on each subject (post-doses 1, 2, and 3). The analyses were
repeated to assess whether the duration of injection site symptoms
differed between treatment groups.
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Serum IgG levels against Sm-TSP-2 were measured on the day of
each dose, 14 days after each dose, and approximately 3 and
6 months following the third dose. Individual time trends of IgG
against Sm-TSP-2 were plotted by cohort and treatment group.
Levels of IgG against Sm-TSP-2 were summarized by their geomet-
ric mean level (GML) as well as by the number and percentage of
responders (defined as at least a four-fold rise from baseline level)
by treatment group and study day for the PP population and
repeated for the ITT population. Proportions of responders at each
time point were compared using Fisher’s Exact Tests within each
cohort for each time point.

A Cochran Armitage test of trend was performed to assess for a
possible dose-response relationship among subjects receiving
Sm-TSP-2/Al with GLA-AF on Day 127, the day with the peak anti-
body response. The placebo group was included in the test with a
dose level of zero. The test was also performed for Day 127 for
those who receiving Sm-TSP-2/Al without GLA-AF, again including
the placebo group as zero dose. For this latter test, event rates were
too low for the test statistic to follow a chi-square distribution [20],
so the p-value was instead calculated by a randomization test, as
follows: treatment assignments were randomly permuted, and
the chi-square test statistic was calculated for each permuted data
set. This process was repeated 1000 times to approximate the null
distribution of the test statistic. The estimated p-value was the
proportion of simulated statistics greater than or equal to the
observed statistic.

3. Results
3.1. Enrollment and Study Population

157 subjects were screened to enroll 72 subjects between 11
February 2015 and 29 October 2015. Of the 72 subjects who were
enrolled, 72 (100%) received the first vaccination, 67 (93%) received
the second vaccination, and 61 (85%) received all vaccinations
(Fig. 1). For cohorts 1, 2 and 3, 3 subjects, 4 subjects and 4 subjects,
respectively, did not receive all study vaccinations (they were
either discontinued from vaccination with continued safety
follow-up, N = 7; or discontinued from vaccination and withdrawn,
N =4). One additional subject in cohort 1 was lost to follow-up
after receipt of all 3 doses of vaccine, for a total of 5 withdrawals.
The reasons for dropping out were as follows: Lost to follow up (3
subjects); and voluntary withdrawal by 2 subjects who moved out
of the area.

Most subjects were female (58%), not Hispanic or Latino (83%),
and white (67%). Race and ethnicity did not vary substantially
between arms. In each cohort, more females were assigned to
the groups receiving GLA-AF than expected. Cohorts 1, 2, and 3
included 80%, 70%, and 80% females in the GLA-AF groups, respec-
tively, as compared to 30%, 50%, and 20% in the group receiving
vaccine without GLA-AF. The mean age of subjects was 30.4 years
(range: 18 to 50 years) with a median age of 27 years. Age distri-
butions were similar across treatment groups. Subject demo-
graphic data are summarized in Supplemental Table S1.

3.2. Clinical safety and reactogenicity

The vaccines were safe and well tolerated. No deaths were
reported. One SAE unrelated to vaccination was reported: an ecto-
pic pregnancy diagnosed at Day 61 requiring hospitalization and
surgical removal of the right ovary and fallopian tube. One NOCMC
unrelated to vaccination was reported: Grave's disease, docu-
mented to be an unrecognized preexisting condition.

Proportions of subjects experiencing systemic reactions are sum-
marized in Fig. 2 and were similar across treatment groups. Thirty-

seven subjects across all 3 cohorts reported a solicited systemic reac-
togenicity event during the 7 days after any vaccination. There were
no severe events. The most common systemic reactogenicity events
were headache and fatigue; most reactions were mild. Three sub-
jects, all of whom received Sm-TSP-2/Al with GLA-AF, reported mild
fever on a single day during the week after vaccination. Fisher’s
Exact tests comparing the proportion of subjects with fever in the
groups given GLA-AF to the groups given vaccine without GLA-AF,
and comparing the GLA-AF groups to the placebo control group,
were not significant (p = 0.237 and p = 0.545 respectively). Further-
more, Fisher’s Exact Tests for pairwise comparisons of proportions of
subjects experiencing at least one systemic event between these 3
groups found no significant differences.

Fig. 3 displays the proportions of subjects experiencing injection
site reactions by symptom, treatment group, and maximum sever-
ity. Fifty-seven subjects across all 3 cohorts reported a solicited
injection site reaction during the 7 days after vaccination. No severe
reactions were reported. The most common injection site reactions
were tenderness and pain. Tenderness was reported more fre-
quently among subjects receiving Sm-TSP-2/Al with GLA-AF (28 of
30 subjects) than controls (6 of 12 subjects, p = 0.0036, Fig. 3). Pain
was reported more frequently among those receiving Sm-TSP-2/Al
with GLA-AF than controls (24 of 30 vs. 3 of 12 subjects,
p =0.0014). Rates of other injection site symptoms were similar
across groups (Fig. 3). More subjects receiving Sm-TSP-2/Al with
GLA-AF experienced at least one injection site reaction than controls
(p = 0.046) or those receiving vaccine without GLA-AF (p = 0.042).

The linear mixed model relating dose number to the occurrence
of an injection site symptom estimated an odds ratio of 0.58 for
the Sm-TSP-2/Al with GLA-AF group, meaning that the odds of an
injection site symptom is decreased by a factor of 0.58 for each suc-
cessive dose. However, this estimate was not significant (p = 0.169).
The odds ratio comparing the Sm-TSP group to placebo and the anal-
ogous estimates for systemic symptoms were not significant, either.
As such, no evidence was found for an association between dose
number and the odds of experiencing a systemic or injection site
symptom.

Fig. 4 displays the proportions of subjects experiencing injection
site events by day post vaccination, treatment group, and maximum
severity. Most injection site reactions occurred within a day or two
after vaccination. The mixed effects model estimated the mean
duration of injection site symptoms for a person receiving vaccine
with GLA-AF to be 1.33 days longer than that of one receiving pla-
cebo (p <0.001)and 1.22 days longer than one who received vaccine
without GLA-AF (p < 0.001). No evidence for a difference in duration
of systemic symptoms between groups was found.

3.3. Unsolicited adverse events

Forty-six subjects experienced 80 non-serious AEs, of which five
(all mild) were considered related to study treatment. Of these, one
(mild itching at the injection site) occurred in a subject in cohort 1
who received 10 pg Sm-TSP-2/Al with GLA-AF; and 4 subjects
experienced mild decreased heart rates judged to be related to
study product due to lack of clear alternative etiology (1 in a pla-
cebo recipient; one in a subject given a 30 ug dose; and 2 in the
group that received a 100 ug dose). Note that these episodes of
slow heart rate occurred before a blood draw on a day that vaccine
was not administered. Although judged related, these slow pulse
rates are more likely related to physiological variation and were
not considered clinically significant.

3.4. Laboratory safety

Overall, 17 subjects experienced mild clinical laboratory abnor-
malities after receiving study product. There were no specific
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Fig. 1. Disposition of Subjects. *The sole volunteer who contributed no post-baseline antibody results also did not complete the treatment regimen. The reason this person
was excluded from the ITT population was lack of post-baseline antibody results, but both reasons were exclusion criteria for the PP population.

trends or patterns with regard to laboratory abnormalities, but the
numbers are small. Three subjects developed mild changes in pla-
telet counts considered related to study vaccine: Two subjects had
mild increases in platelet counts (10 pg and 100 pg Sm-TSP-2/Al
with GLA-AF dose level groups), and one subject had a mild
decrease in platelet count; this subject received 10 ug Sm-TSP-2/

Al without GLA-AF. None of these changes in platelet counts were
considered clinically significant. A single subject in the 10 pg
Sm-TSP-2/Al with GLA-AF group developed 2 mild increases in
serum creatinine levels on days 8 and 15 after the first dose consid-
ered related to vaccine administration. All laboratory abnormali-
ties resolved.
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Fig. 2. Number and Percentage of Subjects Experiencing Solicited Systemic Events Post any Dose by Symptom, Maximum Severity, and Treatment Group.
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Fig. 3. Number and Percentage of Subjects Experiencing Solicited Injection Site Events Post any Dose by Symptom, Maximum Severity, and Treatment Group.

3.5. Immunogenicity

The immunology results described below are restricted to the
PP population. All comparisons between vaccine groups and pla-

cebo controls included the placebo recipients from all 3 cohorts

(Table 2; Fig. 5).

Serum IgG ELISA Levels against Sm-TSP-2. Although most PP sub-
jects had undetectable levels of IgG against Sm-TSP-2 at baseline,
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Fig. 4. Percent of Subjects Experiencing Solicited Injection Site Symptoms by Treatment Group, Severity, and Day Post-Vaccination, Post Any Dose. NOTE: A linear mixed

effects model estimated the mean duration of injection site symptoms for a person receiving vaccine with GLA-AF to be 1.33 days longer than that of one receiving placebo
(p<0.001) and 1.22 days longer than one who received vaccine alone (p < 0.001).

Table 2
ELISA IgG Geometric Mean Levels, Fraction and Percent of Responders (Subjects with Fourfold Rise), by Cohort and Treatment Group, Per Protocol Population.
10 g 10 pg with GLA-AF Placebo”
Cohort Study Day GML  95% CI n/N (%) 95% CI*  GML 95% CI n/N (%) 95% CI°  GML  95% CI n/N (%) 95% CI*
Cohortl 1 1.60  0.95,2.72 NA NA 1.39 0.90, 2.15 NA NA 2.06 055,215 NA NA
15 1.50 0.98,2.29 0/8 (0) 0,32 1.56 0.97, 2.51 0/10 (0) 0, 28 1.93 0.59,2.51 0/10(0) 0,28
57 149 097,230 0/8 (0) 0,32 1.53 0.97, 2.41 0/10 (0) 0,28 193 0.59,241 0/10(0) 0,28
71 1.41 0.86, 2.30 0/8 (0) 0,32 1.50 0.95, 2.37 0/10 (0) 0,28 1.99 0.57,2.37 0/10(0) 0,28
113 139 0.88,2.21 0/8 (0) 0,32 1.37 0.92, 2.04 0/10 (0) 0,28 1.92 0.60,2.04 0/10(0) 0,28
127 1.63  0.93,2.85 0/8 (0) 0,32 3.29 1.42,7.61 3/10 (30) 11, 60 2.03 0.56,7.61 0/10(0) 0,28
203 1.67 091, 3.07 0/8 (0) 0,32 1.88 1.04, 3.38 1/10 (10) 2,40 2.08 0.54,3.38 0/10(0) 0,28
293 145 0.83,2.55 0/8 (0) 0,32 1.50 0.99, 2.29 0/10 (0) 0,28 2.07 054,229 0/10(0) 0,28
30 g 30 ug with GLA-AF Placebo”
Study Day GML 95% CI n/N (%) 95% CI° GML 95% CI n/N (%) 95% CI° GML 95% CI n/N (%) 95% CI*
Cohort2 1 1.75  0.90, 3.40 NA NA 1.87 0.59, 5.93 NA NA 2.06 055,777 NA NA
15 1.64 092,292 0/8 (0) 0,32 1.94 0.56, 6.71 0/8 (0) 0,32 193 0.59,631 0/10(0) 0,28
57 1.58  0.96, 2.60 0/8 (0) 0,32 1.87 0.59, 5.96 0/8 (0) 0, 32 1.93 0.59,6.30 0/10(0) 0,28
71 153 097,242 0/8 (0) 0,32 4,53 1.17,17.52 3/8 (38) 14, 69 1.99 057,692 0/10(0) 0,28
113 1.71 0.90, 3.28 0/8 (0) 0,32 2.61 0.70, 9.76 1/8 (13) 2, 47 192 0.60,6.19 0/10(0) 0,28
127 1.86  0.88,3.94 0/8 (0) 0,32 17.71  2.20,142.68  4/8 (50)° 22,78 203 056,741 0/10(0)° 0,28
203 1.55 0.97,2.47 0/8 (0) 0,32 5.49 1.46, 20.59 3/8 (38) 14, 69 2.08 0.54,8.00 0/10(0) 0,28
293 137 0.89,2.11 0/8 (0) 0,32 2.84 0.79, 10.16 1/8 (13) 2, 47 2.07 0.54,7.87 0/10(0) 0,28
100 ug 100 ug with GLA-AF Placebo”
Study Day GML 95% CI n/N (%) 95% CI* GML 95% CI n/N (%) 95% CI° GML 95% CI n/N (%) 95% CI*
Cohort3 1 115 NA NA NA 1.15 NA NA NA 206 055,777 NA NA
15 173  091,3.27 2/8 (25) 7,59 1.15 NA 0/9 (0) 0, 30 1.93 0.59,6.31 0/10(0) 0,28
57 143 0.85,2.39 1/8 (13) 2,47 1.15 NA 0/9 (0) 0, 30 193 059,630 0/10(0) 0,28
71 1.68  0.93,3.02 2/8 (25) 7,59 1.65 0.94, 2.90 2/9 (22) 6, 55 1.99 057,692 0/10(0) 0,28
113 1.41 0.86, 2.29 1/8 (13) 2,47 1.33 0.94, 1.86 0/9 (0) 0, 30 1.92 0.60,6.19 0/10(0) 0,28
127 354 061,2061 2/8(25)¢ 7,59 1325 4.41,39.86 8/9 (89)*¢ 57,98 2.03 056,741 0/10(0)° 0,28
203 159 0.73,3.48 1/8 (13) 2,47 3.17 1.21, 8.26 4/9 (44) 19,73 208 054,800 0/10(0) 0,28
293 142 086,234 1/8 (13) 2,47 1.91 1.02, 3.60 2/9 (22) 6, 55 2.07 0.54,7.87 0/10(0) 0,28

n = number of responders (subjects with a 4-fold increase in ELISA IgG relative to Day 1).

N = number of subjects in the PP population with results available.

% = Percentage of responders.

P-values for significantly different (Fisher’s Exact Test) proportions of responders between pairs of treatment groups within the same cohort are included in footnotes.
¢ 95% CI1-95% confidence interval from Wilson score.

b Placebo subjects are pooled across cohorts.

¢ p=0.023.

4 p=0.015.

€ p<0.001.

f p=0.033.
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Fig. 5. Individual Time Trends of ELISA IgG Antibody Levels by Treatment Group, Per Protocol. Population. NOTE: V1, V2, and V3 indicate the scheduled days for vaccinations
1, 2, and 3, respectively (days 1, 57, and 113). Of 61 volunteers in the PP population, antibody levels for 25 vaccinated and 9 control volunteers were undetectable for all time

points.

several subjects in each cohort did have detectable levels at base-
line (3 vaccine recipients in cohort 1; 3 vaccine recipients in cohort
2; no vaccine recipients in cohort 3; and 1 placebo recipient, Fig. 5).
Because the baseline anti-IgG-Sm-TSP-2 levels were unexpected, a
second run of the qualified indirect ELISA was performed to con-
firm these results. The correlation between the log-transformed
levels from the first and second indirect ELISAs was 0.95. As no evi-
dence was found for a lab error, the first set of results was used for
analysis.

Peak levels of IgG against Sm-TSP-2 in vaccinated subjects
receiving Sm-TSP-2 with and without GLA-AF were observed at
Day 127, which is two weeks after the third dose, with the excep-
tion of the 10 pg dose group (Fig. 5 and Table 2), whose GML was
similar at all of the time points. While significant GML differences
between groups receiving Sm-TSP-2 with or without GLA-AF were
not observed, groups that received Sm-TSP-2/Al with GLA-AF had
higher levels of IgG against Sm-TSP-2. Levels of IgG against Sm-
TSP-2 declined considerably by Day 293 in all groups.

No placebo recipients developed an IgG seroresponse against
Sm-TSP-2 at any time point in the study. The proportions of
responders after vaccination were highest in subjects receiving
30 pg of Sm-TSP-2/Al with GLA-AF and 100 pg of Sm-TSP-2/Al with
GLA-AF. Interestingly, no vaccine recipients with IgG against Sm-
TSP-2 detected at baseline developed IgG responses to Sm-TSP-2
after immunization. No significant differences were observed in
cohort 1 between the vaccine groups and placebo group, whereas
there were significantly more responders in the 30 pg Sm-TSP-2/
Al with GLA-AF and the 100 pg Sm-TSP-2/Al with GLA-AF groups
than in the placebo group (p=0.023 and p <0.001, respectively)
at Day 127. The proportion of responders in the 30 ug Sm-TSP-2 |
Al with GLA-AF group (3 of 8) was higher than the 30 ug Sm-TSP-
2/Al without GLA-AF group (0 of 8) at Day 71. Results are similar
for the ITT analyses (Supplemental Table S2) but, in those analyses,

significantly more responders were found on Day 203 between
those who received 30 ug of Sm-TSP-2/Al with GLA-AF than con-
trols (4/9 vs. 0/11, p=0.026). At Day 127, response frequencies
were 0%, 0%, and 25%, respectively, for the 10pug, 30 pg, and
100 pg Sm-TSP-2/Al without GLA-AF groups, suggesting a dose-re-
sponse relationship for Sm-TSP-2/Al (p = 0.024; Cochran Armitage
test for linear trend). For the groups given 10png, 30pug and
100 pg of Sm-TSP-2/Al with GLA-AF, the frequencies of responders
were 30%, 50%, and 89%, respectively, also suggesting a dose-re-
sponse relationship for Sm-TSP-2/Al with GLA-AF (p=0.0001;
Cochran Armitage test for linear trend).

Western blot analysis to confirm presence of IgG against Sm-TSP-2

To confirm the reactivity of sera from subjects either vaccinated
with Sm-TSP-2/Al with or without GLA-AF or placebo, Western
blots were performed on a randomly selected set of sera. In brief,
the drug substance contained in the vaccine (recombinant
Sm-TSP-2) and an irrelevant recombinant hookworm protein (Na-
GST-1) [15], which was also produced in a Pichia Pink system, were
loaded on SDS-PAGE gels. Both non-reducing and reducing condi-
tions were utilized to determine disulfide or reduction seropositiv-
ity of IgG against Sm-TSP-2, as the recombinant version of the Sm-
TSP-2 protein contains four cysteines. Both the Coomassie stained
(SimplyBlue™) gel images and Ponceau S staining post transfer con-
firmed that the antigen was pure, intact, and present in equal loads
that successfully transferred to nitrocellulose on the SDS-PAGE and
Western blots (Supplementary Figure S1). In brief, test sera that
reacted positively in the qualified indirect ELISA for IgG against
Sm-TSP-2 also demonstrated positive reactivity by Western blot
(Supplementary Figure S2). Sera from several subjects reacted to
both the non-reduced and reduced forms of Sm-TSP-2. Sera from
two subjects showed reactivity specifically to the reduced form
of Sm-TSP-2 but not the non-reduced form of Sm-TSP-2, which is
most likely due to the ablation of epitopes presented specifically
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under reducing conditions in the absence of disulfide bond forma-
tion. Lastly, negative controls (irrelevant recombinant antigen) as
well as secondary antibody alone (bottom right panel, Supplemen-
tary Figure S2) showed that the sera did not contain any non-
specific reactivity. In summary, from the 26 sera analyzed-
including sera from all subjects who had positive IgG at baseline-
sera that demonstrated reactivity of an OD4gs nm greater than
0.200 in the indirect ELISA showed positive reactivity by Western
blotting.

4. Discussion

The results of this phase 1, double-blind, randomized, dose-
escalation clinical trial of a candidate recombinant protein vaccine
against S. mansoni are summarized herein. When administered to
healthy young adults who reside in an area with no active Sm
transmission, the Sm-TSP-2 schistosomiasis vaccine was found to
be safe and well tolerated. Mild injection site tenderness and pain,
headache, and fatigue were the most common reactions. Tender-
ness and pain were reported significantly more frequently among
subjects receiving Sm-TSP-2/Al with GLA-AF than control subjects.
Rates of other injection site symptoms were similar between
groups, as were systemic symptom rates, although an indication
of a possible trend for the occurrence of mild fever among recipi-
ents of Sm-TSP-2/Al with GLA-AF compared to the other groups
across all cohorts was observed. While the proportion of subjects
experiencing fever in those receiving Sm-TSP-2/Al with GLA-AF
did not differ significantly from either Sm-TSP-2/Al without GLA-
AF or the placebo control group, the relatively small sample size
limited our power to detect a trend. The estimated duration of
injection site symptoms for GLA-AF recipients at any dose level
was longer than that for recipients of placebo or Sm-TSP-2/Al with-
out GLA-AF. The frequencies of clinical laboratory events judged to
be associated with vaccination were low, and these events were
mild, transient, and clinically insignificant. Larger studies would
be needed to determine the true relationship between Sm-TSP-2/
Al vaccine with or without GLA-AF and these reactogenicity events.
We recommend investigating the association of fever with receipt
of Sm-TSP-2/Al with GLA-AF in future studies.

Dose- and adjuvant-related increases in serum IgG levels
against Sm-TSP-2 were noted. The GMLs of IgG against Sm-TSP-2
tended to be highest in the groups given 30 ug of Sm-TSP-2/Al with
GLA-AF and 100 pg of Sm-TSP-2/Al with GLA-AF, suggesting the
advantage of adding a second immunostimulant such as GLA to
this aluminum hydroxide-adjuvanted recombinant protein, but
again the group sizes were too small to detect significant differ-
ences between the different groups. The frequencies of anti-Sm-
TSP-2 IgG responses were low among recipients of Sm-TSP-2/Al
without GLA-AF, whereas the majority of subjects given the high-
est two dose levels of Sm-TSP-2/Al with GLA-AF (30nug and
100 pg) developed significant increases in IgG to Sm-TSP-2. The
highest levels of IgG against Sm-TSP-2 were noted at day 127,
14 days following receipt of the third dose of vaccine. IgG levels
declined significantly and rapidly after the peak in all groups,
which may present a challenge for long-term vaccine efficacy given
the presumed antibody-mediated mechanism of protection of this
vaccine. However, the magnitude and longevity of vaccine-induced
antibody responses in populations living in endemic areas may be
different given the background of prior and ongoing exposure to
the parasite. A Phase 1 trial is underway in an endemic area of Bra-
zil to evaluate this (NCT031100757). To address this potential lim-
itation, additional vaccine adjuvants and delivery platforms are
being explored to both increase the magnitude and duration of
the antibody response. For instance, reformulation of the

tetraspanin-2 molecule (TSP-2), which has a predicted molecular
weight of only 9.1 kDa (kDa), as a conjugate protein with carrier
proteins such as CRM;97 or Exoprotein A (EPA) is being explored
[21,22]. Reformulation by these methods would increase the
immunogenicity of Sm-TSP-2 as well as increase the “loading”
ratio of Sm-TSP-2 in a total protein dose.

While no subjects in the placebo group developed an antibody
response to Sm-TSP-2, a single subject in the placebo group had
high levels of IgG against Sm-TSP-2 at enrollment, with these levels
remaining stable for the duration of the study. Seven subjects in
the various vaccine groups/cohorts also had detectable levels of
IgG against Sm-TSP-2 at baseline, and none of 6 of these who
received vaccine responded following vaccination. Additional stud-
ies will be needed to determine whether these subjects had anti-
bodies that specifically react with the vaccine antigen versus
potentially cross-reacting tetraspanins or other proteins. Notably,
S. japonicum cercariae have been shown to express transcripts of
a related tetraspanin [23], raising the possibility that other avian
or mammalian schistosomes responsible for cercarial dermatitis
or ‘swimmer’s itch’ in the United States [see 24 for a review] could
be responsible for the antibody detected at baseline. While sub-
jects enrolled in the current trial were not queried regarding a past
history of cercarial dermatitis, consideration could be given to this
issue in future studies. It is unknown is antibodies against Sm-TSP-
2 from cercarial dermatitis would confer protection.

Currently, the WHO estimates that almost 70% of at-risk school-
aged children have access to PZQ [25]. Despite this success, a
recent Global Burden of Disease Study (2017) observed that the
years lived with disability from schistosomiasis decreased only
20-30% over the last decade [26], an observation that reflects
ongoing transmission of Schistosooma spp and continued, new
post-treatment infections. A recent modeling manuscript found
that a partially efficacious vaccine could interrupt schistosomiasis
transmission during the next decade [27]. The Sm-TSP-2 schistoso-
miasis vaccine evaluated herein is potentially suitable for
industrial-scale manufacture and delivery in endemic areas of
Africa, Brazil, and the Middle East. Potential large-scale manufac-
turers could include multinational pharmaceutical companies or
members of the Developing Country Vaccine Manufacturers Net-
work. The vaccine is designed to be used in health systems in
which it can be delivered following MDA with PZQ in a program
of “vaccine-linked chemotherapy” or as part of early childhood
vaccination programs. Ultimately, it would become a key technol-
ogy and our best hope for eliminating this neglected tropical
disease.

Based on the results of this phase I clinical trial, we conclude
that the vaccine was safe and immunogenic in a Sm-naive
population.
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