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Summary
Background Schistosomiasis is an underestimated neglected tropical disease which affects over 236.6 million peo-
ple worldwide. According to the CDC, the impact of this disease is second to only malaria as the most devastating
parasitic infection. Affected individuals manifest chronic pathology due to egg granuloma formation, destroying the
liver over time. The only FDA approved drug, praziquantel, does not protect individuals from reinfection, highlight-
ing the need for a prophylactic vaccine. Schistosoma mansoni Cathepsin B (SmCB) is a parasitic gut peptidase neces-
sary for helminth growth and maturation and confers protection as a vaccine target for intestinal schistosomiasis.

Methods An SmCB expressing human adenovirus serotype 5 (AdSmCB) was constructed and delivered intramuscu-
larly to female C57BL/6 mice in a heterologous prime and boost vaccine with recombinant protein. Vaccine induced
immunity was described and subsequent protection from parasite infection was assessed by analysing parasite bur-
den and liver pathology.

Findings Substantially higher humoral and cell-mediated immune responses, consisting of IgG2c, Th1 effectors,
and polyfunctional CD4+ T cells, were induced by the heterologous administration of AdSmCB when compared to
the other regimens. Though immune responses favoured Th1 immunity, Th2 responses provided by SmCB protein
boosts were maintained. This mixed Th1/Th2 immune response resulted in significant protection from S. mansoni
infection comparable to other vaccine formulations which are in clinical trials. Schistosomiasis associated liver
pathology was also prevented in a murine model.

Interpretation Our study provides missing preclinical data supporting the use of adenoviral vectoring in vaccines for
S. mansoni infection. Our vaccination method significantly reduces parasite burden and its associated liver pathology
- both of which are critical considerations for this helminth vaccine.
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Introduction
Schistosomiasis is a neglected tropical disease affecting
over 236.6 million individuals in over 70 countries
worldwide.1 The impact of this disease has been esti-
mated by the CDC to be the second most devastating
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Research in context

Evidence before the study

There are currently no helminth vaccines approved by
the FDA to date. Vaccines for schistosomiasis which are
in clinical trials have demonstrated varying protective
capacity reaching a maximum of 70% when tested in
animals. These vaccines utilize a homologous vaccina-
tion strategy, consisting of 3 doses of adjuvanted
recombinant protein, to confer protection that has yet
to be validated in human trials. Adenovirus vectored
vaccines are generally tested in high doses though cell-
mediated responses can be delivered by lower doses.

Added value of the study

This low dose adenovirus vaccine is effective in mount-
ing a robust immune response against a helminth anti-
gen and conferring protection from schistosomiasis and
its resulting pathology to the liver. The protection we
demonstrated is higher than most in human clinical tri-
als and provided by one less recombinant protein dose,
without the need of an adjuvant.

Implications of all the available evidence

The development of a low-dose adenoviral vectored
vaccine administered with less protein boosts which are
unadjuvanted would greatly ease its production for the
global population. This would increase vaccine availabil-
ity while lowering both cost and potential adverse
events. With the nearly one billion individuals at risk of
schistosomiasis infection, the threat of resistance to
chemotherapy, and lethal prognoses to affected individ-
uals due to increased susceptibility to coinfections, the
need for a preventative vaccine is urgent.
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parasitic infection behind malaria. Of the species that
affect humans, the most widespread cause of schistoso-
miasis is Schistosoma mansoni, from which egg deposi-
tion in digestive tissues causes chronic disability and
morbidity in endemic regions.

Current control strategies rely mainly on chemother-
apy with praziquantel (PZQ). Although effective, PZQ
does not protect from reinfection and drug resistance is
a rising concern,2,3 justifying the development of vac-
cines for this parasite. S. mansoni Cathepsin B (SmCB)
is a cysteine peptidase predominantly found in adult
worms and migratory larvae and is involved in the
digestion of host blood macromolecules for nutrient
acquisition. We have previously described the protective
efficacy of SmCB both as an adjuvanted protein4�6 and
when expressed by a Salmonella vector.7,8

Adenovirus vectored vaccines have been developed
for multiple infectious diseases and tested in both
healthy9�11 and immunocompromised patients12�14

showing strong induction of cellular and humoral
immune responses despite the presence of pre-existing
immunity to the vector.12,15,16 A positive safety profile in
immunocompromised patients becomes more impor-
tant in areas where S. mansoni is endemic due to co-
infections with other pathogens (e.g., HIV,17,18 hepati-
tis,19 malaria,20 tuberculosis,18,21 etc.). In response to
the 2019 COVID-19 pandemic, several vaccines using
adenovirus technology were engineered since they are
cost effective, and production can scale up easily to
meet the needs of a global disease.22

In this study we describe the construction and pre-
clinical evaluation of a replication-incompetent recom-
binant human adenovirus serotype 5 (Ad) expressing
SmCB (AdSmCB) when delivered in a heterologous
prime-boost method with recombinant SmCB. The
development of an efficacious anti-schistosome vaccine
would aid in the elimination of this parasite, protecting
nearly one billion individuals at risk of infection.23
Methods

Ethics statement
All animal procedures were performed in accordance
with Institutional Animal Care and Use Guidelines
approved by the Animal Care and Use Committee at
McGill University (Animal Use Protocol 7625).
Mouse housing, husbandry, and environmental
enrichment can be found within McGill standard
operating procedures (SOP) #502, #508, and #509.
Animals were monitored for adverse events for three
days post vaccination and weekly until the end of
each experiment. Humane intervention points were
monitored according to McGill SOP #410. All ani-
mals were humanely sacrificed at endpoint by anaes-
thesia with isoflurane before euthanasia by carbon
dioxide asphyxiation followed by pneumothorax and
blood collection by cardiac puncture.
Cell lines and reagents
Cell lines were obtained from commercial sources,
passed quality control procedures, and were certified
and validated by the manufacturer. SF-BMAd-R cells
were validated for identity, as human derived.24 All
reagents were validated by the manufacturer and/or has
been cited previously in the literature. For most
reagents RRID tags have been listed in text. Detailed
information on others, and further validation of cell
lines and reagents can also be found in in the Reagent
Repository.
Generation of AdSmCB vector
The AdSmCB was developed following a similar proto-
col as described.25 Briefly, the SmCB gene cassette com-
bined a Kozak sequence with the full length of SmCB
(Genbank accession number M21309.1) followed by a
proline-linked 6X histidine tag and the poly-A signal
www.thelancet.com Vol 80 Month June, 2022
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“AATAAAATATCTTTATTTTCATTACATCTGTGTGTT
GGTTTTTTGTGTG” (GenScript, Piscataway, NJ, USA)
(Supplemental Fig. 1). The full cassette was synthesized
and codon optimized to mouse and human expression
by Integrated DNA Technologies (Coralville, IA, USA)
and cloned into the vector, pShuttle-CMV-Cuo.26 The
plasmid containing our recombinant non-replicating
human adenovirus serotype 5 (E1 and E3 genes removed
(DE1-, DE3-); 1st generation) encoding the S. mansoni
Cathepsin B gene was made through homologous
recombination in AdEasier-1 cells (strain), a gift from
Bert Vogelstein (Addgene plasmid #16399) (Addgene,
Watertown, MA, USA).27 It was then linearized with
PacI and transformed into HEK293A cells (RRID:
CVCL_6910). Our recombinant adenovirus was then
amplified using SF-BMAd-R cells,24 purified by ultra-
centrifugation on CsCl gradients as described previ-
ously,28 and titrated using the Adeno-X RapidTiter Kit
(Clontech, Mountain View, CA, USA). A second human
adenovirus serotype 5 (DE1-, DE3-; 1st generation), lack-
ing a gene cassette, was used as a negative control.
Western blot assays
Western blot analysis to determine protein expression of
SmCB by AdSmCB was performed after infection of
HEK293A cells. Briefly, cells were infected at a multi-
plicity of infection of 5 particles per cell and incubated
for 48�72 h followed by the lysis of cells using Lysis
Buffer (0.1M Tris, 10 mL EGTA, 50 mL Triton-100, 0.1M
NaCl, 1mM EDTA, 25 mL 10% NaDeoxycholate, 1X pro-
tease inhibitor, in ddH2O). Cell supernatants and
lysates were resolved on an SDS-PAGE gel under reduc-
ing conditions followed by transfer onto a nitrocellulose
membrane. The membrane was subsequently blocked
in phosphate buffered saline (PBS) with 0.05% Tween
20 (PBS-T) and (Fisher Scientific, Ottawa, ON, Canada)
5% milk (Smucker Foods of Canada Corp, Markham,
ON, Canada) (PBS-TM). The membrane was then incu-
bated with mouse monoclonal anti-polyHistidine
(RRID:AB_258251) antibody diluted 1:5000 in PBS-TM
overnight at 4°C. The membrane was then washed in
PBS-T before incubation with horseradish peroxidase
(HRP)-conjugated anti-mouse IgG (IgG-HRP) (Sigma
Aldrich) diluted 1:20 000 in PBS-T for one hour at
room temperature. After incubation the membrane was
washed again and developed using SuperSignal West
Pico Plus Chemiluminescent Substrate (ThermoFisher
Scientific, Waltham, MA, USA).
S. mansoni Cathepsin B recombinant protein
preparation
S. mansoni Cathepsin B was prepared and purified as
previously described.6 Briefly, the PichiaPinkTM system
(Thermo Fisher Scientific) was used, and recombinant
yeast cells were cultured in a glycerol medium. After
www.thelancet.com Vol 80 Month June, 2022
three days of growth, yeast cells were induced in a meth-
anol medium to allow expression of recombinant pro-
tein. Recombinant protein was purified by Ni-NTA
chromatography (Ni-NTA Superflow by QIAGEN,
Venlo, Limburg, Netherlands), eluted, and dialysed into
PBS. Recombinant SmCB was analysed by Western
Blot using antibodies directed at the His-tag (RRID:
AB_258251).
Animals and immunization protocol
Six- to eight-week-old female C57BL/6 mice were bred
from mice purchased from Charles River Laboratories
(RRID:IMSR_CRL:027) (Senneville, QC, Canada). Four
groups of mice (n=8) were immunized for humoral and
cell-mediated immunity assessment. Another four groups
of mice (n=8) were immunized and subsequently infected
for parasite burden assessment. Each mouse was immu-
nized at weeks 0, 3, and 6 (Supplemental Fig. 2) by intra-
muscular injection in the thigh in a total volume of 50mL.
Group 1 (PBS): mice were injected with PBS (Wisent Bio-
products, St. Bruno, QC, Canada). Group 2 (SmCB): mice
were immunized with 20mg of recombinant SmCB three
times. Group 3 (AdNeg:SmCB): mice were immunized
with 105 infectious units (IU) of an empty adenovirus con-
taining no gene cassette, followed by two boosts of 20mg
SmCB. Group 4 (AdSmCB:SmCB): mice were immunized
with 105 IU of AdSmCB, followed by two boosts of 20mg
SmCB. A fifth group was included in the challenge study
as a control for non-specific protection from the empty ade-
novirus vector. Group 5 (AdNeg): mice were immunized
with 105 IU of an empty adenovirus containing no gene
cassette, followed by two injections of PBS. Mice were bled
from the saphenous vein at weeks 0, 3, and 6. Mice immu-
nized for humoral and cell-mediated immunity assess-
ment were euthanised three weeks after the final
vaccination and blood and spleens were collected.
Schistosoma mansoni challenge
Biomphalaria glabrata snails infected with the Puerto
Rican strain of S. mansoniwere provided by NIAID Schis-
tosomiasis Resource Center of the Biomedical Research
Institute (Rockville, MD, USA). At week 9, S. mansoni
cercariae were shed from snails and experimental groups
immunized for the challenge study were blinded and
challenged with 150 parasites via tail exposure for one
hour. Seven weeks post infection, animals were euthan-
ised to assess parasite burden. Images of mouse livers
were taken during dissection using a Galaxy S10 cell
phone camera (Samsung Group, Seoul, South Korea).
Adult worms were perfused from the hepatic portal sys-
tem and counted manually.4,6 Liver sections were sus-
pended in 10% buffered formalin phosphate (Fisher
Scientific) and processed for histology as described
before.6,29 Remaining liver and intestines were weighed
and digested overnight at 37°C in 4% potassium
3
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hydroxide. The following day, eggs present in these tis-
sues were counted by microscopy and adjusted per gram
of tissue. Burden reductions were calculated as previ-
ously described6,29:

Percent of worms or eggs reduction

¼ 1� mean number of worms or eggs recovered in immunized mice
mean number of worms or eggs recovered in PBS control mice

� �

�100%

Serum Total SmCB-specific IgG, IgG avidity, IgM, IgE,
and IgA
SmCB-specific serum IgG was assessed by ELISA as
described elsewhere.29 Briefly, high binding 96-well plates
(Greiner Bio-One, Frickenhausen, Germany) were coated
with recombinant Cathepsin B (0.5 mg/mL) in 100 mM
bicarbonate/carbonate buffer (pH 9.6) overnight at 4°C.
Then plates were blocked with 2% bovine serum albumin
(BSA; Sigma Aldrich) in PBS-T (blocking buffer) before
serum samples were added in duplicate. When running
serum for IgG, an additional set of serum samples were
run in duplicate to determine IgG avidity. Plates were incu-
bated for one hour at 37°C then washed with PBS (pH 7.4).
IgG avidity assessment: 10M urea was added to one set of
samples while blocking buffer was added to the other set
and the standard curve. Plates were covered and incubated
for 15 min at room temperature, washed four times, then
blocked again with blocking buffer for one hour at 37°C.
Next, plates were washed with PBS and anti-mouse IgG-
HRP (Sigma Aldrich) was diluted 1:20 000 in blocking
buffer and applied. For other immunoglobulins, the same
protocol was followed without the additional avidity steps
and the appropriate HRP-conjugated antibody was applied.
HRP-conjugated anti-mouse IgM (RRID:AB_2794240,
SouthernBiotech, Birmingham, AL, USA) or IgE (RRID:
AB_2868311, Thermofisher) was diluted 1:6 000 in block-
ing buffer and applied. For IgA, HRP-conjugated anti-
mouse IgA (Sigma Aldrich) was diluted 1:10 000 in block-
ing buffer and applied. Plates were washed a final time
with PBS and 3,3’,5,5’-Tetramethyl benzidine (TMB) sub-
strate (Sigma Aldrich) was added to each well. The reaction
was stopped after 10 min using H2SO4 (0.5M; Fisher Sci-
entific) and the optical density (OD) was measured at
450 nm with an EL800 microplate reader (BioTek Instru-
ments Inc., Winooski, VT, USA). Concentrations of SmCB
specific IgG and IgA were calculated by extrapolation from
respective standard curves. IgG avidity indices were calcu-
lated by dividing the IgG titre in the urea condition by the
IgG titre in the non-treated condition. IgM and IgE were
reported as OD values.
Serum SmCB-specific IgG1, and IgG2c
SmCB-specific serum IgG1, and IgG2c were assessed by
ELISA as described elsewhere.6,29 Briefly, Immunolon
2HB flat-bottom 96-well plates (Thermofisher) were
coated with recombinant SmCB (0.5 mg/mL) in
100 mM bicarbonate/carbonate buffer (pH 9.6). Plates
were washed with PBS-T and blocking buffer was
applied for 90 min. A serial dilution of serum was
applied to plates in duplicate and incubated for 2 h at
37°C. Plates were washed again with PBS-T, and goat
anti-mouse IgG1-HRP (RRID:AB_2794426, Southern-
Biotech) or goat anti-mouse IgG2c-HRP (RRID:
AB_2794462, SouthernBiotech) was applied to plates
for one hour at 37°C. After a final wash, TMB was added
followed by H2SO4. Again, OD was measured as above.
IgG1 and IgG2c endpoint titres were calculated as the
reciprocal of the highest dilution which gave a reading
above the cut-off. The endpoint titre cut-off was statisti-
cally established as described elsewhere30 using the sera
of PBS immunized, unchallenged mice.
Cell-mediated immune responses
Three weeks after the last immunization, mice were
euthanised, spleens were collected, and splenocytes
were isolated as previously described.6 Splenocytes for
multiplex ELISA assay were resuspended in RPMI-
1640 supplemented with 10% foetal bovine serum,
1 mM penicillin/streptomycin, 10 mM HEPES, 1X
MEM non-essential amino acids, 1 mM sodium pyru-
vate, 1 mM L-glutamine (Wisent Bioproducts), and
0.05 mM 2-mercaptoethanol (Sigma Aldrich) (fancy
RPMI, fRPMI). Splenocytes for flow cytometry were
resuspended in RPMI-1640 supplemented with 10%
foetal bovine serum, 1 mM penicillin/streptomycin, and
10 mMHEPES (complete RPMI, cRPMI).
Cytokine production by multiplex ELISA. Splenocytes
were incubated at 106 cells in 200 mL with SmCB in
fRPMI (2.5 mg/mL recombinant protein). After 72 h at
37°C + 5% CO2, plates were centrifuged, and superna-
tant was collected and stored at -80°C until analysis.
Cell supernatants were assessed for the presence of 16
cytokines and chemokines (IL1a, IL1b, IL2, IL3, IL4,
IL5, IL6, IL10, IL12p70, IL17, IFNg, TNFa, MCP-1
(CCL2), MIP-1a (CCL3), GM-CSF (CSF2), and RANTES
(CCL5)) using Q-plex Mouse Cytokine � Screen (16-
plex) multiplex ELISA following the manufacturer’s
guidelines (Quansys Biosciences, Logan, UT, USA).
Samples were run in singlet.
T cell-mediated cytokine secretion by flow cytometry. Tag-

gedPSplenocytes were seeded into 96-well U-bottom plates
(BD Falcon) at 106 cells in 200 uL/well. Duplicate cul-
tures were stimulated with or without SmCB in cRPMI
(2.5 mg/mL) for 18 h at 37°C + 5% CO2. For the last 6 h
of incubation, protein transport inhibitor was prepared
according to the manufacturer’s guidelines (RRID:
AB_2869014, BD Science, San Jose, CA, USA) and
added to all samples. Cells stimulated with phorbol 12-
www.thelancet.com Vol 80 Month June, 2022



Articles
myristate 13-acetate (Thermofisher) and ionomycin
(Thermofisher) were processed as positive controls.
Plates were then processed for flow cytometry as
described elsewhere.31 To minimize spectral overlap-
ping: single stain, fluorescence minus one, and
unstained controls were also included. All staining and
fixation steps took place at 4°C protected from light.
Briefly, splenocytes were washed twice with cold PBS,
and stained with 50 mL/well fixable viability dye eFluor
780 (Thermofisher) diluted at 1:300 for 20 min. Cells
were washed twice using PBS with 1% BSA (PBS-BSA),
and then blocked with Fc block (RRID:AB_394656, BD
Science) diluted 1:50, for 15 min at 4°C protected from
light. All surface stains were diluted 1:50 in PBS-BSA
and 50 mL/well of extracellular cocktail was applied for
30 min. The following antibodies made up the extracel-
lular cocktail: CD3-FITC (RRID:464883, Thermofisher),
CD4-V500 (RRID:AB_1937327, BD Bioscience) and
CD8-PerCP-Cy5 (RRID:AB_394081, BD Science). Cells
were then washed as before and fixed with 1X fixation
buffer (RRID:AB_2869005, BD Science) overnight.
The next day, plates were washed twice with 1X permea-
bilization buffer (perm buffer) (RRID:AB_2869011, BD
Science) and stained with an intracellular cocktail of
antibodies diluted 1:50 in perm buffer applied as 50 mL/
well for 30 min. The intracellular cocktail was made up
of: IL-2-Pe-Cy5 (RRID:AB_2123674, Biolegend, San
Diego, CA, USA), IFNg-PE (RRID:AB_395376, BD Sci-
ence), and TNFa-efluor450 (RRID:AB_1548825, Ther-
mofisher). After staining, cells were washed once with
perm buffer, once with PBS-BSA, and resuspended in
PBS-BSA and acquired on a BD LSRFortessa X-20 (BD
Science). Flow data were analysed using Flowjo software
(version 10.0.8r1) (Treestar, Ashland, OR, USA) and
SPICE software (version 6.1).32 Our gating strategy is
shown in Supplemental Fig. 3.
Histology, egg granuloma assessment, and fibrotic
area measurements
Liver sections in 10% buffered formalin phosphate were
processed for histopathology and stained using haema-
toxylin and eosin to assess granuloma size and egg mor-
phology and Masson’s trichrome to measure fibrotic
area. Granuloma sizes were measured using Zen Blue
software (version 2.5.75.0; Zeiss) as previously
reported.6,29,33�36 Briefly, while working at 400X mag-
nification, the pointer was used to trace the perimeter of
24-32 granulomas in an exudative-productive stage with
a clearly visible egg per experimental group, which the
software converted into an area. Hepatic eggs were clas-
sified as abnormal if their internal structure was lost or
the perimeter of the egg was crenelated. Abnormal eggs
were counted and reported as a percent of the total eggs
counted per field of vision. Eighteen to 32 different
fields of vision were assessed per experimental group
over two independent experiments. Slides stained with
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Masson’s trichrome were imaged using the Aperio AT
Turbo digital whole slide scanning system (Leica Biosys-
tems, Concord, ON, Canada) at 20X magnification.
Twenty-five to 37 single egg formed granulomas per
group were delimited and the area of visible blue was
measured using QuPath 0.3.0.37
Statistical analysis
Experimental units are defined as individual animals.
Sample size determination: Sample sizes (n=7) were cal-
culated using G*Power (3.1.9.3)38 based on the means
and standard deviation of preliminary data to achieve at
least 90% power and allow for a five percent type I
error. One mouse was added (n=8) to each group to
compensate for a possible attrition rate of 10%. To mini-
mise potential confounders, mice were matched for age,
sex, and body weight. Randomisation: Mice were rando-
mised into experimental groups before the start of each
study. Blinding: For challenge experiments, staff per-
forming infections and sample harvesting were blinded
to groups, and unblinded after data analysis. Inclusion/
Exclusion: No animals were excluded. For the assess-
ment of granuloma size and fibrotic area around single
eggs, outliers were calculated using the ROUT method
(Q=1) and if present, they were excluded.

Statistical analysis was performed using GraphPad
Prism 9 software (La Jolla, CA, USA). Data were
assessed for normality using Shapiro-Wilk tests. Non-
parametric data were analysed by Kruskal-Wallis tests
with Dunn’s multiple comparisons. When appropriate,
one-way and two-way ANOVAs were employed with
Tukey’s multiple comparisons. P values <0.05 were
considered significant.
Role of funders
Funding agencies did not have a role in the study
design, data collection, data analyses, interpretation, or
writing of this manuscript.
Results

Vaccination with AdSmCB:SmCB results in robust
humoral responses
Humoral responses were determined throughout the
immunization schedule. No mice had detectable SmCB
specific IgG at baseline, and the PBS control remained
negative throughout the study. Mice receiving SmCB
developed IgG antibody titres by week 3, whereas mice
receiving recombinant Ad as a primary immunization
showed detectable IgG titres only after immunization
with a protein boost. However, by week 6 IgG titres
between SmCB and AdSmCB:SmCB groups were no lon-
ger significantly different and at the end of the immuniza-
tion period (week 9) AdSmCB:SmCB produced
5



Figure 1. Humoral response to vaccination. (a) SmCB-specific IgG titres measured by ELISA. Immunizations are denoted by arrows.
(b�e) Further analysis of the IgG antibody response at time of challenge (week 9). (b) Avidity of antigen-specific IgG reported as the
avidity index. SmCB binding (c) IgG1 and (d) IgG2c measured by endpoint titre ELISA. (e) IgG immune skewing represented by the
ratio of IgG1/IgG2c. All data are presented as the mean § SEM of two independent experiments. (n=8). *p<0.05, **p<0.01,
***p<0.001 ((a,d-e) analysed using Kruskal-Wallis test (b-c) analysed using one-way ANOVA).
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significantly higher titres than the AdNeg:SmCB group
(p=0.0261, Kruskal-Wallis test) (Figure 1a). We also sought
to determine antigen-specific IgG avidity (Figure 1b) and
IgG subtypes at the time of infection. All vaccinated ani-
mals produced highly avid IgG antibodies. Although there
was no significant difference in IgG avidity between
groups SmCB and AdSmCB:SmCB, mice which received
the AdSmCB prime showed significantly greater avidity
compared to the group which was primed with the empty
Ad vector followed by 2x SmCB protein (AdNeg:SmCB)
(p=0.0371, one-way ANOVA). There were no statistical dif-
ferences between the amount of IgG1 produced by any of
the experimental groups (Figure 1c), however AdSmCB:
SmCB significantly increased the production of SmCB
specific IgG2c (3.66e5 § 1.39e5) when compared to both
the SmCB (9.64e3 § 7.78e3) (p=0.0017) and AdNeg:
SmCB groups (3.05e3 § 9.04e2) (p=0.0037, Kruskal-
Wallis test) (Figure 1d). Finally, when compared to the
SmCB group, the ratio of IgG1 to IgG2c was significantly
reduced in mice first given a priming immunization of
recombinant adenovirus (p=0.0046, Kruskal-Wallis test)
(Figure 1e). Throughout the immunization schedule, all
vaccinated animals saw a trend of increasing antigen-spe-
cific IgM, however this trend was not significant. Addition-
ally, no animals developed antigen-specific IgE or IgA in
response to vaccination (Supplemental Figure 4).
AdSmCB:SmCB enhances cytokine and chemokine
expression
To determine the immune landscape of lymphocyte
responses created by vaccination, we ran a multiplex
ELISA on the supernatants of stimulated splenocytes.
For many of the cytokines and chemokines tested, the
AdSmCB:SmCB group generated elevated levels of
molecular signals as shown in the radar plot
(Figure 2a). Each vaccine formulation can be seen to
produce a unique cytokine and chemokine signature.
Notably, AdSmCB:SmCB maintains the significant
expression of IL5 (p=0.0100) also seen in the SmCB
group (p=0.0308, Kruskal-Wallis test) (Figure 2b), while
enhancing expression of IFNg from both PBS
(p=0.0009) and AdNeg:SmCB groups (p=0.0152, Krus-
kal-Wallis test) (Figure 2c), and RANTES (CCL5) com-
pared to SmCB alone (p=0.0100, Kruskal-Wallis test)
(Figure 2d), among others (Supplemental Figure 5).
AdSmCB:SmCB increases IFNg+ T cell frequency and
promotes CD4+ T cell polyfunctionality
IFNg is a key contributor of protection in Schistosoma radi-
ation attenuated vaccine models, so we were interested in
its increased expression in mice vaccinated with our vec-
tored vaccine. Since AdSmCB:SmCB immunized animals
www.thelancet.com Vol 80 Month June, 2022



Figure 2. Cell-mediated memory responses to SmCB. (a) Mean levels of cytokines and chemokines from restimulated splenocytes
shown in the radar plot. Data are calculated as the fold change above the PBS control along the axis in log scale. Bar graphs depict-
ing expression levels of cytokines (b) IL5, (c) IFNg , and chemokine (d) RANTES (CCL5). All data are presented as the mean § SEM of
two independent experiments. (n=8). *p<0.05, **p<0.01, ***p<0.001 (Kruskal-Wallis test).
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also displayed elevated levels of RANTES, a T-cell associ-
ated chemokine, we used flow cytometry to determine if T
cells could be responsible for IFNg production. Indeed,
when splenic T cells were stimulated ex vivo with SmCB,
we observed an increased frequency of CD4+ T cells
(Figure 3a) expressing IFNg in mice vaccinated with
AdSmCB:SmCB (0.141 § 4.27e-2%) compared to PBS
(0.013 § 8.40e-3%) (p=0.0032), SmCB (0.015 § 8.86e-
3%) (p=0.0040), and AdNeg:SmCB (0.026 § 8.00e-3%)
(p=0.0105, two-way ANOVA). The percent of CD4+ T cells
expressing IL2 was also increased in the recombinant ade-
novirus group (0.098 § 5.85e-2%) when compared to the
PBS control (0.001 § 7.89e-4%) (p=0.0429, two-way
ANOVA). Using Boolean and SPICE analyses, we then
assessed the polyfunctional profiles of our experimental
groups. Figure 3b shows the distribution of CD4+ T cell
populations expressing one, two, and three cytokines. We
saw that our recombinant adenovirus elicited a larger rep-
ertoire of polymorphic CD4+ T cells than the recombinant
protein and empty viral vector groups, with an emergence
in triple positive cells (IFNg+TNFa+IL2+), as well as
IFNg+TNFa+, and IL2+TNFa+ cells. Since these pie charts
are not to scale, we included a heat map which graphically
represents the frequencies of cells in each polymorphic
category. Each category depicts a different cytokine expres-
sion profile which has been established in the legend to
www.thelancet.com Vol 80 Month June, 2022
the right of the heat map. By the increased intensity of red
observed in our recombinant adenovirus group, we saw
that AdSmCB:SmCB has a larger proportion of each
CD4+ T cell type (categories 1-6) except for those express-
ing only TNFa (category 7) which was higher in the
SmCB vaccinated mice. While there was a marked
increase in cells expressing IFNg alone (category 4) and
IL2 alone (category 6), the increased percentage of CD4+

T cells expressing more than one cytokine can be easily
visualized (categories 1-3, and 5) within the heat map.
When looking at the proportion of AdSmCB:SmCB CD8+

T cells expressing IFNg (0.158 § 6.68e-2%) we again see
a striking increase when compared to all other groups:
PBS (0.021 § 1.29e-2%) (p=0.0026), SmCB (0.041 §
1.41e-2%) (p=0.0137), and AdNeg:SmCB (0.014 § 1.10e-
2%) (p=0.0014, two-way ANOVA) (Figure 3c). We saw
similar trends of increased TNFa expression from both
CD4+ and CD8+ T cells in groups SmCB and AdSmCB:
SmCB; however, these were not significant. Although
Boolean analysis and pie chart depictions of each vaccine
resulted in a unique CD8+ T cell signature (Figure 3d), the
differences between groups were far less drastic than in
the case of the CD4+ T cells, as seen in the corresponding
heat map. In summary, our polymorphic T cell analysis
nicely corroborated the striking expression of IFNg and
IL2 witnessed in our AdSmCB:SmCB vaccinated animals.
7



Figure 3. Responding T cell signature. Frequencies of (a) CD4+ and (c) CD8+ T cells expressing IFNg , IL2, and TNFa shown as % of the
parent population. Polyfunctional signatures of both (b) CD4+ and (d) CD8+ T cells shown in representative pie charts. Heat maps
were included, for each subset of T cell, to describe the relative amounts of each polyfunctional profile. Both heat maps show the
percentage of CD4+ or CD8+ T cell in each category on a continuum from 0% (blue) to increasing % (red). Numbered and colour
coded categories within each pie chart/heat map represent various T cell profiles of cytokine expression and are explained in the
included legends. All data are presented as the mean § SEM of net values (stimulated cells � unstimulated cells) from two indepen-
dent experiments. (n=8). *p<0.05, **p<0.01 (two-way ANOVA).

Figure 4. Parasite burden reduction. Reduction from the PBS control of (a) adult worms, (b) hepatic eggs, and (c) intestinal eggs at
week 16. All data are presented as the mean § SEM of two independent experiments. (n=8). *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001 (one-way ANOVA).
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AdSmCB:SmCB significantly reduces parasite burden
To determine the protective efficacy of our Ad vaccine,
immunized animals were infected with S. mansoni and
assessed for adult worms, hepatic eggs, and intestinal
eggs. A fifth group of mice, vaccinated with an empty
adenovirus vector without protein boosts, was included
www.thelancet.com Vol 80 Month June, 2022
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to control for any non-specific protective capacity of the
vector itself. The average amount of adult worms col-
lected from control mice was 37 § 7 worms over two
independent experiments. Relative reduction was calcu-
lated against the PBS control group within the same
experiment to reduce batch discrepancy between infec-
tions. The AdNeg vector group was unable to signifi-
cantly reduce adult worm burden from the PBS control
(Supplemental Figure 6). However, when this empty
vector was boosted twice with recombinant protein, pro-
tection increased to 24.2 § 8.1% (p=0.0380, one-way
ANOVA) (Figure 4a). Worm burden was further
reduced in animals vaccinated with 3 doses of recombi-
nant protein, and those initially primed with our recom-
binant Ad by 42.8 § 4.2% (p=0.0001) and 71.7 § 7.8%
(p<0.0001, one-way ANOVA), respectively. The main
cause of pathology in schistosomiasis is egg deposition
by adult worms. Therefore, egg burden reductions in
both livers (Figure 4b) and intestines (Figure 4c) were
also calculated. Hepatic eggs averaged 14 096 § 3 953
eggs per gram and intestinal eggs averaged 15 327 § 4
705 eggs per gram of tissue in the PBS control. Similar
to worm reduction, AdNeg alone was unable to confer
any significant protection from egg deposition. When
boosted twice with recombinant protein, mice initially
immunized with the AdNeg vector had liver and intesti-
nal egg reductions of 22.3 § 7.1% (p=0.0245) and 22.4
§ 7.4% (p=0.0798, one-way ANOVA), respectively. Ani-
mals immunized with recombinant protein alone
reduced liver and intestinal eggs by 42.9 § 4.8%
Figure 5. Pathological outcomes. (a) Whole livers imaged post-infec
prepared for histology and stained using haematoxylin and eosin or
granuloma sizes (outlined in orange) and (c) egg-induced fibrosis
100 mm. (n=8). Quantitative (d) granuloma sizes (n=24-32) and (e)
and QuPath software, respectively. All data are presented as the me
***p<0.001 (Kruskal-Wallis test).
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(p<0.0001) and 41.6 § 5.4% (p=0.0004), respectively,
whereas animals immunized with AdSmCB:SmCB
were protected from liver and intestinal eggs by 68.6 §
5.8% (p<0.0001) and 75.7 § 8.7% (p<0.0001, one-way
ANOVA), respectively.
Liver pathology is markedly reduced in vaccinated
animals
During animal dissection, images were taken of whole
livers. Visual analysis showed an increased number of
granulomas (white formations) and hepatomegaly in
infected PBS mice. Despite the presence of granuloma
formation, livers in all vaccinated animals showed
reduced pathology post infection, which was marked in
groups SmCB and AdSmCB:SmCB (Figure 5a). Micro-
scopic examination of liver tissue stained by haematoxy-
lin and eosin or Masson’s trichrome was used to assess
granuloma formation (Figure 5b) and egg-induced liver
fibrosis (Figure 5c), respectively. Granulomas in control
mice were large and well formed with an average size of
69 982 § 7 636 mm2 harbouring intact eggs with nor-
mal appearances. When compared to both the PBS con-
trol and the AdNeg:SmCB groups, recombinant protein
(SmCB) and recombinant adenovirus (AdSmCB:SmCB)
groups were able to reduce granuloma sizes to 38 902
§ 2 954 mm2 (p=0.0095, p=0.0003) and 37 796 §
4 189 mm2 (p=0.0089, p=0.0004, Kruskal-Wallis test),
respectively (Figure 5d). Larger and more developed
granulomas were found to have collagen deposition
tion showing visual pathology. Liver portions were subsequently
Masson’s trichrome. Representative images show qualitative (b)
(collagen stained in blue) for each group. Scale bars represent
fibrotic areas (n=25-37) delimited and measured using ZenBlue
an § SEM of two independent experiments. *p<0.05, **p<0.01,
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within them. Only animals vaccinated with AdSmCB:
SmCB displayed a reduction in egg-induced fibrotic
areas compared to control mice, from 114 815 § 13 575
mm2 to 64 891 § 7 146 mm2 (p=0.0159, Kruskal-Wallis
test) (Figure 5e). Through microscopic visualization, we
also determined the amount of liver eggs which were
abnormal in structure. Although the number of abnor-
mal eggs increased in all mice which received recombi-
nant protein, only the AdSmCB:SmCB group showed a
significantly increased proportion (Supplemental
Figure 7), reaching 32 § 4% compared to the 14 § 4%
of the PBS control (p=0.0136) and the 12 § 4%
(p=0.0135, Kruskal-Wallis test) of the SmCB group.
Discussion
Schistosomiasis continues to be a major public health
problem despite ongoing control efforts. The emer-
gence of drug resistant strains and high reinfection
rates after drug therapy highlight the need for additional
anti-schistosome tools.39�41 The development of an
effective vaccine against Schistosoma is of global impor-
tance. Although many preclinical efforts are in the pipe-
line, none yet have been approved for human use.
Current Schistosoma vaccine strategies include recombi-
nant protein and DNA-based vaccines; however, recent
work has demonstrated protection via pathogen-vec-
tored vaccines, for example Salmonella YS1646.7,8 With
the development, proposed safety, and wide distribution
of adenoviral vectored vaccines during the SARS-CoV-2
pandemic, we decided to develop our own vaccine
using this technology. Only a single other adenoviral
vectored vaccine has been tested in models of
schistosomiasis.42,43 In our work, we targeted the most
widespread species causing human infection, S. man-
soni. Our group has previously demonstrated the protec-
tive efficacy of recombinant SmCB4�6 which acts
primarily through Th2 mediated immunity.44 There-
fore, in our present study, we focused on increasing this
protection through the use of viral vectoring and heter-
ologous prime-boosting.

Based on preliminary dose response studies, we
found that contrary to the common delivery of high
doses of viral vector in the literature (>10^7 IU), our
AdSmCB elicited similar T cell cytokine expression and
higher protective capacity at very low doses (10^5 IU)
(Supplemental Figure 8), which may be preferable to
prevent vaccine related adverse events. Our vaccine
strategy, using a recombinant viral vector prime fol-
lowed by protein boosts, offered protection from S. man-
soni infection, well surpassing the WHO 40% threshold
indicating significance, and practically reaching the
75% threshold proposed at a National Institute of
Allergy and Infectious Diseases schistosomiasis vaccine
meeting.45 Parasite burden reduction seems to be
dependent on priming with a SmCB-expressing adeno-
virus followed by recombinant protein boosts as
protection was lower in mice which received homolo-
gous immunizations of SmCB protein alone and abro-
gated in animals which received either an empty
adenovirus vector alone or the empty vector boosted by
SmCB.

Humoral responses and antibodies targeting
secreted proteins, such as the abundantly expressed
SmCB, have been suggested to play a key role in cure
from schistosomiasis.46 Intramuscular immunization
with our recombinant adenovirus vectored vaccine
resulted in trends of increased antigen-specific IgM and
significant expansions of highly avid antigen-specific
IgG. The role of IgM in schistosomiasis is not well
defined. Although some groups have shown putative
effects of IgM hindering protection mediated through
other antibody isotypes47,48 it has also been shown to
recognize Schistosoma epitopes, kill larvae in vitro, and
provide passive protection in vivo.49 We hypothesize
that pentameric IgM may play a helping role in our vac-
cine by broadly sequestering the peptidase activity of
SmCB contributing to parasite starvation, prior to spe-
cialized antibody isotype switching. More solidly, the
protective effects of IgG have been demonstrated
numerous times.50�52 Although antibody production
was delayed in contrast to mice which received recombi-
nant protein alone, mice primed with AdSmCB exhib-
ited comparable levels of antigen-specific IgG by the
time of infection. Antibodies produced by both
AdSmCB:SmCB and SmCB vaccinated mice displayed
high avidity, likely due to boosting immunizations of
antigen, and given the Th1 skewing nature of adenoviral
vectors, we were not surprised to see a dramatic increase
in antigen-specific IgG2c antibodies. Despite overall
humoral responses skewing towards Th1 immunity, our
AdSmCB:SmCB vaccine maintained analogous levels of
antigen-specific IgG1 when compared with the recombi-
nant protein alone group. IgG1 has been explicitly corre-
lated with protection from schistosomiasis in animal
models53,54; protection by IgG2 antibodies has also been
described.55,56 Additionally, we assessed antigen-specific
IgA and IgE, which did not seem to be elicited by our
vaccines. Although total IgE has shown protection from
many parasitic worms,48,57�59 the lack of vaccine-
induced antigen-specific IgE is a promising feature of
AdSmCB:SmCB to avoid allergy-type hypersensitivity
reactions which have been detrimental to helminth vac-
cine safety.60

Splenocyte memory responses to antigen revealed an
increased level of cytokine and chemokine expression
from our recombinant adenovirus vaccine superior to
both protein alone and AdNeg:SmCB. Splenocytes from
mice vaccinated with recombinant protein alone showed
significant production of IL5, a key mediator of eosino-
phil activation and differentiation. Several early studies
have demonstrated schistosomula killing dependent on
eosinophils.61�63 SmCB is expressed as early as the
schistosomula stage and its suppression by RNA
www.thelancet.com Vol 80 Month June, 2022
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interference resulted in growth retardation.64 We saw
that our recombinant adenovirus vaccine also increased
IL5, which may mean targeting lung-stage larvae before
their maturity into egg-laying adult worms.

A hallmark of schistosomiasis protection, which was
brought to light during the evaluation of radiation atten-
uated schistosome vaccines, is IFNg.65,66 This cytokine
was only increased in those mice which received our
adenovirus vectored vaccine. Since the production of
RANTES (CCL5) was also increased, even compared to
the SmCB group, we were curious to determine if T
cells could be responsible for IFNg expression. We
found that not only was the frequency of AdSmCB:
SmCB T cells expressing IFNg elevated compared to all
other groups, but CD4+ T cells expressing IL2 was also
increased. Of note, when we assessed memory
responses from restimulated T cells, we found varying
functionalities between vaccine groups. While CD8+ T
cell phenotypes were similar between groups we saw a
marked increase in the polyfunctionality of CD4+ T cells
when mice were vaccinated with our recombinant ade-
novirus. Although the role of polyfunctional T cells in
schistosomiasis protection remains elusive, their contri-
butions have been described in models of yellow
fever67,68 and influenza as functionally superior cells
which exhibit increased degranulation and expression
of CD40L and Th1 cytokines: IFNg, IL2, and
TNFa.69,70 Data from both murine and human studies
corroborate polyfunctional cell protection from influ-
enza lethality and disease severity respectively.71,72

Interestingly, these cells have also been identified as key
players in immunity conferred by vectored vaccines. A
smallpox vaccine elicited polyfunctional T cells specific
to vaccinia virus which extended to vaccine expressed
HIV gene products.73 Further, triple positive CD4+ T
cells (IFNg+IL2+TNFa+), a subset of cells which were
increased only in our AdSmCB:SmCB group, delivered
protection in a parasite infection model where an adeno-
virus vectored vaccine was tested against Leishmania
major.74

Schistosomiasis pathology is caused by the induction
of Th2 responses by the release of soluble egg antigens
from eggs trapped in host tissue. As SmCB expression
is continued into the adult worm life cycle stage, we
hypothesize that steady pressure on a worms’ ability to
acquire nutrients will lead to a reduction in its fitness
and, in turn, that of the eggs it produces. In support, when
we evaluated visual fields of egg clusters under a micro-
scope, there was a significantly larger proportion of eggs
which were crenelated with a loss of internal structures in
mice vaccinated with AdSmCB:SmCB. Through vaccina-
tion we were able to prevent many manifestations of liver
pathology, including granuloma size and fibrotic area, nor-
mally caused by S. mansoni infection. We also witnessed
visual protective effects on gross livers in those mice which
were vaccinated with SmCB alone or our recombinant ade-
novirus prior to challenge.
www.thelancet.com Vol 80 Month June, 2022
Though encouraging, there are limitations to our
current study. The use of adenovirus based vaccines
has been criticised due to neutralising antibodies to
the vector and the induction of vaccine related
adverse events.75 Although some research has shown
antigen-specific immune responses despite pre-exist-
ing anti-adenovirus immunity, these responses may
be futile if adverse events are inherent of adenoviral
vectors. To circumvent these issues, we are exploring
the expression of our target antigen from other viral
vectors. A second limitation is the use of the mouse
model for testing S. mansoni vaccine efficacy. It has
been proposed that, due to physiological features of
the murine pulmonary system, vaccine efficacy in
mouse models may be over-exaggerated (caused by
non-specific, vaccine-induced systemic T cell activa-
tion and cytokine levels being maximal at the time
schistosomes passage through the lungs).76 Despite
mice being the most feasible animal model for
screening schistosomiasis vaccines, future studies
will be needed to determine if protection can be rep-
licated in other animals (e.g., non-human primates)
and when parasite challenge is delayed. Finally, this
vaccine was tested in a prophylactic capacity without
drug intervention, which is not fully reflective of
endemic areas where many cases go undiagnosed
and individuals are likely already infected. Future
directions include testing our adenovirus vectored
vaccine in therapeutic models and in reinfection
models after chemotherapy.

Protective correlates of immunity for helminthic
infections are widely debated, thus we broadly
assessed immune responses (including immunoglo-
bulins, cytokines, and chemokines). However, the
careful balancing of targeted Th1 and Th2 responses
has been proposed.77 Due to the complex nature of
parasitic infections and their inherent modulation of
the host immune system, we expect that a multi-
pronged immune response would be necessary for
cure. Our data suggest that the use of adenovirus as
a vector alters the natural Th2 skewing of the
immune system to SmCB, facilitating enhanced cell-
mediated immunity without hindering protection
offered by the humoral response. We believe our het-
erologous strategy could be improved by adjuvanting
protein boosts to further augment immune
responses thereby increasing protection.

In summary, our findings describe a viral vectored
vaccine which prophylactically protects from schistoso-
miasis, at levels comparable to others in pre-clinical
work and those currently in clinical trials, through a
platform which has been widely used in humans and
can be easily up scaled for global production. Our ade-
novirus vectored vaccine elicits strong humoral immu-
nity and cellular effectors, balancing Th2 and Th1 arms
of immunity to target SmCB-expressing larvae and
adult worms. More importantly, parasite burden
11
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reduction by our vaccine led to a prevention of pathol-
ogy caused by S. mansoni egg deposition, which is cru-
cial to alleviating chronic morbidities and may
significantly aid regions where coinfections make liver
pathologies lethal.
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