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Purpose: The use of adjuvants can significantly strengthen a vaccine’s efficacy. We sought
to explore the immunization efficacy of bacterial outer membrane vesicles (OMVs) display-
ing the Schistosoma mansoni antigen, SmTSP-2, through a biotin-rhizavidin coupling
approach. The rationale is to exploit the nanoparticulate structure and the adjuvant properties
of OMVs to induce a robust antigen-specific immune response, in light of developing new
vaccines against S. mansoni.

Materials and Methods: OMVs were obtained from Neisseria lactamica and conjugated
with biotin. The recombinant SmTSP-2 in fusion with the biotin-binding protein rhizavidin
(tRzvSmTSP-2) was produced in E. coli and coupled to biotinylated OMVs to generate
an OMV complex displaying SmTSP-2 on the membrane surface (OMV:rfSmTSP-2).
Transmission electron microscopy (TEM) and dynamic light scattering analysis were used
to determine particle charge and size. The immunogenicity of the vaccine complex was
evaluated in C57BL/6 mice.

Results: The rRzvSmTSP-2 protein was successfully coupled to biotinylated OMVs and
purified by size-exclusion chromatography. The OMV:rSmTSP-2 nanoparticles showed an
average size of 200 nm, with zeta potential around — 28 mV. Mouse Bone Marrow Dendritic
Cells were activated by the nanoparticles as determined by increased expression of the co-
stimulatory molecules CD40 and CD86, and the proinflammatory cytokines (TNF-a, IL-6
and IL-12) or IL-10. Splenocytes of mice immunized with OMV:rSmTSP-2 nanoparticles
reacted to an in vitro challenge with SmTSP-2 with an increased production of IL-6, IL-10
and IL-17 and displayed a higher number of CD4+ and CD8+ T lymphocytes expressing
IFN-y, IL-4 and IL-2, compared to mice immunized with the antigen alone. Immunization of
mice with OMV:rSmTSP-2 induced a 100-fold increase in specific anti-SmTSP-2 IgG anti-
body titers, as compared to the group receiving the recombinant rfSmTSP-2 protein alone or
even co-administered with unconjugated OMV.

Conclusion: Our results demonstrate that the SmTSP-2 antigen coupled with OMVs is
highly immunogenic in mice, supporting the potential effectiveness of this platform for
improved antigen delivery in novel vaccine strategies.

Keywords: Schistosoma mansoni, vaccine, TSP-2 antigen, outer membrane vesicles, OMV,
biotin-avidin coupling, nanoparticle

Introduction
Many decades of research have been dedicated to developing vaccines against
human parasitic diseases, such as schistosomiasis and malaria, considered by the

World Health Organization (WHO) as the most devastating parasitic diseases for
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their socioeconomic and public health impact.! Current
chemotherapeutic approaches are highly effective in elim-
inating parasites, but do not protect from reinfection, and
sequential mass chemotherapies are required. Therefore,
an effective vaccine would be an invaluable asset to con-
trol these diseases.”

Over the last decades, many Schistosoma antigens have
been evaluated as vaccine candidates, revealing Sml4,
Sm29, Calpain and SmTSP-2 as the most promising
candidates.*”” Among these, rSmTSP-2 provided high
levels of protection against cercarial challenge in the
mouse model.” In humans, individuals resistant to infec-
tion after years of exposure displayed high levels of IgG1
and IgG3 antibodies rSmTSP-2. Therefore,
rSmTSP-2 holds great potential as a Schistosoma vaccine
candidate.”®

The high level of protection achieved in mice was

against

demonstrated when antigens were administered with
Freund’s adjuvant, which is not suitable for use in human
vaccines. Recombinant proteins per se usually show low
immunogenicity, a limitation that can be overcome with
new formulations that include adjuvants, and with differ-
ent antigen delivery systems.”'' Classical approaches
using subunit vaccines with different adjuvants, such as
emulsions, cytokines and microbial products (eg, CpG and
cholera toxin), did not increase protection significantly.''?

A variety of antigen delivery systems can be used to
enhance antigen recognition by the immune system.'*'*
They include engineered viruses, bacteria, virus-like parti-
cles (VLPs) and outer membrane vesicles (OMVs)."?
OMVs are naturally occurring nanoparticles, released by
many microorganisms, in particular by Gram-negative
bacteria, with a diameter of 30-200 nm.">"'” An example
of OMV-based vaccine is the Bexsero®™ (4CMenB) vaccine
against Meningococcus B, composed of recombinant pro-
teins selected by reverse vaccinology and including OMVs
to increase immunogenicity and protection in humans.'®
OMVs have been evaluated for decades in animals and
humans, showing adjuvant properties, compatibility with
different vaccine platforms and the ability to stimulate
both humoral and cellular immune responses.'> OMVs,
as nanoparticulate delivery systems for vaccination, have
advantages in antigen presentation and adjuvanticity, due
to their physical, chemical and biological characteristics,
including size, surface charge and immunostimulatory
properties. The exposure of antigens on the surface of

some of these systems allows for binding with B cell

receptors, leading to

19,20

improved antibody-mediated
responses.

The recently developed Multiple Antigen Presenting
System (MAPS) is an antigen delivery platform that can
integrate several antigen components, including polysac-
charides and proteins, in a macromolecular complex. The
technique involves the association of pathogen-specific
antigens, genetically in fusion with the biotin-binding pro-
tein rhizavidin,”' with a biotinylated backbone.”> This
approach enables the generation of broad immune
responses, with the induction of antibody, Thl and Th17
responses, to multiple antigens.*?

Here, we investigated the efficacy of OMVs as back-
bone for presentation of S. mansoni antigens and induction
of antigen-specific immune responses. Biotinylated OMVs
(OMV-B) were coupled with the SmTSP-2 antigen in
fusion with rhizavidin (rRzvSmTSP-2). The OMV-B:
rRzvSmTSP-2 complex (OMV:rSmTSP-2) was character-
ized by transmission electron microscopy (TEM) and
dynamic light scattering and immunogenicity was evalu-
ated in mice. Our results showed that the OMV:rSmTSP-2
complex induces very high levels of specific antibodies
and a broad cellular immune response in mice, supporting
future studies of this platform for improved antigen
delivery.

Materials and Methods
Ethics Statement

This study was carried out in accordance with the guide-
lines of the Guide for Care and Use of Laboratory Animals
from the Committee of the Sociedade Brasileira de
Animais de Laboratorio (SBAL). The experimental proto-
cols for this work were approved by the Committee on
Ethics of Animal Experiments of Butantan Institute (Sao
Paulo, Brazil) (permit number: CEUA3314160715).

OMV Production and Detoxification

The Neisseria lactamica N.799/98 strain was gently pro-
vided by Instituto Adolfo Lutz (Nucleo de Colegdo de
Micro-organismos; Sdo Paulo, Brazil) and used to obtain
the OMVs. Bacterial samples maintained at —80°C were
thawed at 36°C, and the bacterial suspension inoculated
onto Miiller—Hinton agar (DifcoTM; BD Biosciences, San
Jose, CA, USA) and cultivated at 36°C in anaerobic con-
ditions for 24 h. The bacterial lawn formed on the agar
was resuspended in 3 mL of the Catlin’s modified
MC2LAA-YE medium (Supplementary Table 1),%
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inoculated in shaker flasks containing 30 mL of the same
media, and was incubated at 36°C for 20 h at 200 rpm
(Amerex Instruments, Inc., Concord, CA, USA). The cul-
tures were used to inoculate a second shaker flask with
100 mL media (300 mL Tunair Flask — full baffled: Merck
KGaA, Darmstadt, Germany), which was further expanded
to 1 L of MC2LAA-YE under the same conditions (mod-
ified from).>* The optical density was monitored until the
end of the stationary phase when cultivation was inter-
rupted, and the supernatant recovered after centrifugation
at 3200 x g. OMVs were recovered from the culture
medium by ultracentrifugation (L8-M Ultracentrifuge;
Beckman Coulter, Indianapolis, IN, USA) of 50 mL sam-
ples at 100,000 x g for 3 h and resuspension in 50 mL of
PBS with 3% sucrose (pH 7.4). This procedure provided
105 mg of OMV protein.

In order to reduce the LPS content, the OMV suspen-
sion (50 mL) was treated with 50 mL of a solution con-
taining 1% sodium deoxycholate (DOC) in 100 mM Tris,
2 mM EDTA, pH 8.5, and the mixture incubated at room
temperature for 15 min. To remove DOC and concentrate
the sample, the OMV suspension was washed with 3%
sucrose in PBS by tangential flow filtration, performed
with  a  Biomax® membrane (Merck-Millipore,
Burlington, MA, USA) with a 100 kDa cut-off in
LabScale™ TFF System (Merck-Millipore).”* The total
protein concentration of the OMVs was determined either
by Bradford or by the Kjeldahl method,*® and the endo-
toxin concentration was determined by the gel-clot assay
(Lonza Group Ltd., Basel, CH).

Biotinylation of OMVs and rSmTSP-2
Binding

The detoxified OMVs (dOMVs) (~25 mg) were conju-
gated with biotin using 10 mg of the biotin derivative
Amine-PEG3-Biotin (ThermoFisher Scientific, Waltham,
MA, USA) and N-(3-Dimethylaminopropyl)-N’-
Ethylcarbodiimide hydrochloride (EDAC; Merck) at
a final concentration of 0.1 M in phosphate buffer saline
(0.137 M NaCl; 0.0027 M KCl; 0.01 M Na,HPO,4; 0.0018
M KH,PO,), 150 mM NaCl and 3% sucrose. The mixture
was incubated at 4°C for 18 h, then dialyzed in a 3.5 kDa
cut-off membrane (SnakeSkin; ThermoFisher Scientific) to
eliminate unbound biotin. The biotinylated OMVs (OMV-
B) (13 mg) were mixed with the fusion protein of rhiza-
and SmTSP-2 (rRzvSmTSP-2;

vidin obtained as

previously described in detail)*® at a ratio of 5:1 (mass/
mass) and incubated at 4°C for 18 h.

OMV:rSmTSP-2 Purification

The OMV:rSmTSP-2 complex was purified by size-
exclusion chromatography in a Sephacryl S-200 XK 26/
100 column (Cytiva, Marlborough, MA, USA), under
pyrogen-free conditions. Blue Dextran 2000 (Sigma-
Aldrich, Inc., St. Louis, MO, USA) was used to establish
Vo (column void volume) of the column, peak A, and
a protein with similar molecular weight (rRzvSmCDS59,
26.9 kDa) was used to estimate the free rRzvSmTSP-2
protein elution volume. Aliquots corresponding to the V
of the column and soluble protein were collected and
analyzed by Western blot using an anti-serum previously
generated in mice immunized with rSmTSP-2.

Characterization of OMV:rSmTSP-2

Particle size, polydispersity index (PDI), and zeta potential
(€) were assessed by dynamic light scattering and electro-
phoretic mobility techniques using a Zetasizer Nano ZS90
(Malvern Panalytical Ltd., Malvern, UK). Aliquots (1 mL)
of particle suspension were gently stirred and then ana-
lyzed at a fixed detection angle of 173° and a temperature
of 25°C. The samples were measured with a Zetasizer
version 7.12 software (Malvern); and results are presented
as the mean + SD of three measurements.

Transmission Electron Microscopy (TEM)
Aliquots of purified, detoxified and biotinylated OMV
(dOMV and OMV-B) and the OMV:rSmTSP-2 complex
were fixed in Karnovsky’s solution (4% paraformaldehyde
+ 2% glutaraldehyde in 0.1 M cacodylate bufter, pH 7) for
microscopy. A JEM-1230 transmission electron micro-
scope (JEOL Ltd, Tokyo, Japan) was used for imaging
and size confirmation. Aliquots (20 puL) of the fixed sam-
ples of nanoparticle suspensions were dispersed in formvar
film-coated grids and contrasted with 2% uranyl acetate.

Mouse Dendritic Cell Generation and

Activation

C57BL/6 female mice of 4-5 weeks of age (supplied by
the Breeding Facility of the Instituto Butantan) were
euthanized in a CO, chamber for femur removal. The
bone marrow was flushed out with a syringe using
RPMI-1640 medium (GIBCO by Life
Paisley, UK) to obtain the bone marrow precursor cells.

Technology,
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The cells were centrifuged at 11,000 x g for 10 min at 4°C,
and suspended in 10 mL RPMI-1640 medium supplemen-
ted with 5% heat-inactivated fetal bovine serum (Sigma-
Aldrich, Inc.), 0.5% 10 mM B-mercaptoethanol, 1%
L-glutamine, 1% MEM vitamins, 1% penicillin/ strepto-
mycin and HEPES buffer (complete medium).

Cells were plated in 6-well culture plates (1 x 10° cells/
mL; 5 mL/well) in complete medium supplemented with
10 ng/mL GM-CSF and 5 ng/mL IL-4 (both from
InVitrogen, ThermoFisher Scientific) at 37°C in 5% CO,.
On days 2 and 4, the floating cells were gently removed,
and fresh medium containing GM-CSF and IL-4 was
added. On day 7, non-adherent cells and loosely adherent
proliferating bone marrow-derived dendritic cell (BM-DC)
aggregates were harvested, resuspended, counted, sepa-
rated in microtubes containing 1 x 10° cells in 1 mL
complete medium (modified from).?” The BM-DC were
stimulated with LPS (10 ng/mL, from E. coli O55:BS;
Sigma-Aldrich, Inc.), OMV-B (1 pg/mL), rRzv:SmTSP-2
(1 pg/mL) or OMV:rSmTSP-2 (1 pg/mL) and plated in 96-
well plates (0.25 mL/well in quadruplicate) and incubated
for 20 h at 37°C in 5% CO,. The supernatant was recov-
ered and stored at —20°C for cytokine quantification.

Analysis of Surface Markers and
Cytokines by Flow Cytometry

The analysis of surface markers was performed on mouse
BM-DC after stimulation with antigens as described
above. Stimulated cells were resuspended in flow cytome-
try staining buffer, pooled and incubated with anti-FcyRII
/RIII receptor monoclonal antibodies (mAb) for 15 min/
4°C. Then, BM-DCs cells (1 x 10°) were stained with anti-
mouse anti-CD11c-PE-Cy7 (clone N418), anti-CD40-
BV421 (clone 3/23); anti-CD80-FITC (clone 16-10A1);
anti-CD86-PE (clone GL-1) or anti-MHC-II-FITC (clone
AF6-120.1) mAbs (BD Biosciences) for 30 min at 4°C in
the dark. BM-DCs were incubated with the viability
reagent (BD Biosciences) according to the manufacturer’s
protocol and fixed with 0.1% paraformaldehyde (Sigma-
Aldrich, Inc., St. Louis, MO, USA) in PBS. The gating
strategy is displayed in Supplementary Figure 1. The

fluorescent intensities of the cells were measured by flow
cytometry and the results expressed as Mean Fluorescence
Intensity (MFI). Cell acquisition of at least 30,000 events
per sample was performed in a FACS Canto II flow cyt-
ometer (BD Biosciences) and data were analyzed using the
FlowJo 10 software.

The levels of proinflammatory cytokines (TNF-a, IL-6
and IL-12) or IL-10 were measured after 24 h of stimula-
tion with the different antigens from the BM-DCs super-
natants using ELISA Kits (PeproTech, Cranbury, NJ,
USA), according to the manufacturer’s instructions.

Mouse Immunization

Groups of C57BL/6 female mice (4-5-week-old) were
inoculated intraperitoneally with 500 pL of either 5 pg
of rSmTSP-2, a mix of 2 ug rSmTSP-2 and 8 pg of dOMV
or 10 pg of the OMV:rfSmTSP-2 complex, all with alumi-
num hydroxide, Alum, 1:9 (mass protein: mass Alum)
(Brenntag Specialties, Inc., South Plainfield, NJ), or sterile
saline (with the highest amount of Alum). Mice were
immunized with three doses 15 days apart. All experi-
ments were performed in triplicate.

SMmTSP-2 Specific Responses in Spleen
Cells

Fifteen days after each immunization, splenocytes were
obtained from five animals in each group. Organs were
dissociated with a Potter tissue homogenizer (Corning,
Inc., Corning, NY, USA), and erythrocytes were lysed
with Gey’s solution (0.15 M NHyCl and 10 mM
KHCO3;). The cells were plated in 24-well plates (1 x
10° cells/mL; 1 mL per well) and incubated either in
RPMI medium + 10% FBS (non-stimulated), stimulated
with rSmTSP-2 (10 pg/mL) or Concanavalin A (10 pg/
mL; Sigma-Aldrich, Inc.) as positive control, and incu-
bated in a 5% CO, incubator for 24 at 37°C. Culture
supernatants were collected to evaluate cytokine produc-
tion using the BD™ Cytometric Bead Array — Th1/Th2/
Th17 kit (BD Biosciences), following the manufacturer’s
recommendations.

For intracellular cytokine detection, spleen cells were
plated in 96-well plates (1 x 10° cells per well), incubated
either in RPMI medium + 10% FBS (non-stimulated),
stimulated with rfSmTSP-2 (10 pg/mL) or Concanavalin
A (10 pg/mL) as positive control, and incubated in a 5%
CO, incubator for 4 h at 37°C. Monensin solution (3 pM)
(eBioscience™, ThermoFisher Scientific) was then added
to the cells and incubated for a further 6 h. The cells were
harvested and labeled with PercP-anti-mouse CD4 (clone
RM4-5) or PE-Cy7-anti-mouse CDS8 (clone 53-6.7)(BD
Biosciences) for 30 min, then fixed and permeabilized
with  BD  Cytofix/Cytoperm™ (BD
Biosciences), according to the manufacturer’s instructions,

solution kit
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and further incubated with FITC-anti-mouse TNF-a (clone
MP6-XT22), PE-anti-mouse IL-4 (clone 11B11), APC-anti
- mouse IFN-y (clone XMG1.2) and BV421-anti-mouse
IL-2 (clone JES6-5H4) (all BD Biosciences) for 30 min.
Cell acquisition of at least 100,000 events per sample was
performed in a FACS Canto II flow cytometer (BD
Biosciences) and data were analyzed using the FlowJo
10 software. The results are displayed as the number of
each cell type in the total of spleen cells obtained.

For evaluation of the number and activation of neutro-
phils, eosinophils and macrophages, the splenocytes were
plated in 96-well plates (1 x 10° cells per well) and treated
as described above. The cells were then labeled with
BB515-anti-mouse CDI11b (clone M1/70), PE.Cy7-anti-
mouse CDIllc (clone HL3), APC-anti-mouse Ly6G
(clone 1AS8), BV421-anti-mouse F4/80 (clone T45-2342)
(all BD Biosciences) for 30 min. Then, the cells were fixed
and permeabilized with BD Cytofix/Cytoperm Kit and
further incubated with PE-anti-mouse IL-4 (clone 11B11)
for 30 min. Cell acquisition of at least 100,000 events per
sample was performed in a FACS Canto II flow cytometer,
and data were analyzed using the FlowJo 10 software.?®
The results are displayed as the total number obtained of
each IL-4 producing cell type.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Fifteen days after each immunization (before each new
dose), blood samples were collected from the immunized
mice. Serum was separated by centrifugation and stored
at —20°C. Ninety-six well polystyrene plates (Nunc®,
ThermoFisher Scientific) were coated with rSmTSP-2
(100 pL of a 10 pg/mL rSmTSP-2 solution per well) in
0.05 M sodium carbonate/bicarbonate buffer (pH 9.8) and
incubated at 4°C overnight. The wells were blocked for 30
min with PBS containing 5% skim milk. The serum sam-
ples were serially diluted starting at 1:400, added to the
wells and incubated for 2 h at 37°C. Biotinylated second-
ary antibodies (anti-mouse IgG, IgGl or IgG2c;
PharMingen®, BD Biosciences) diluted 1:5000 were
added to the wells, which were then incubated for 2 h at
37°C. Streptavidin peroxidase was added in 1:1000 dilu-
tion and the plates were incubated again for 1 h at 37°C.
Substrate solution (100 puL of 0.5 mg/mL o-phenylenedia-
mine, Sigma Aldrich, Inc., in 0.1 M sodium citrate buffer,
pH 5) was added and the reaction maintained at room
temperature to develop. The reaction was interrupted by

the addition of H,SO,4, and the absorbance at 492 nm was
an ELISA
Spectrophotometer; BioTek Instruments, Winooski, VT,

read with reader (Epoch Microplate
USA). The results are presented as antibody titers (the
inverse of the highest dilution giving positive results) or
in arbitrary units (AU) vs a standard curve using dilutions
of an anti-SmTSP-2 hyperimmune sera. One arbitrary unit
(1 AU) is equivalent to the reciprocal plasma dilution that

gives an OD of 1.0 over background.

Statistical Analysis

The statistical significance of differences between experi-
mental groups was analyzed using one-way analysis of
variance (ANOVA) followed by Tukey’s multiple-
(GraphPad Prism 5.0; GraphPad
Software, Inc.); p < 0.05 was considered statistically sig-

comparisons test

nificant. Values are reported as the mean &+ SD.

Results
Construction of OMV-B:rRzvSmTSP-2

Nanoparticles

The fusion protein rRzvSmTSP-2 was expressed in
E.  coli,
described.”® OMVs were isolated from N. lactamica
and detoxified using DOC treatment. Detoxified OMVs
were chemically conjugated to the biotin derivative

purified and detoxified as previously

Amine-PEG3-Biotin, to provide a coating of binding
sites for the rhizavidin-displaying antigen. Once com-
bined, the fusion antigen spontaneously attaches to the
biotinylated OMVs via the high-affinity binding between
biotin and rhizavidin, resulting in an OMV:rSmTSP-2
macromolecular complex exposing the SmTSP-2 antigen
on its surface (Figure 1).

OMV:rSmTSP-2 Nanoparticle Purification

The assembled OMV:rSmTSP-2 nanoparticles were iso-
lated by size-exclusion chromatography in the early elu-
tion fractions, due to their high molecular weight
(Figure 2A, peak A, green line), whereas the unbound
antigen would separate in latter fractions (Figure 2A,
peak B, red line). However, no protein was detected in
peak B fractions (Figure 2A, green line), indicating that
most of the recombinant protein was bound to the OMVs.
The rRzvSmTSP-2 protein was visualized by Western blot
in peak A fractions of the elution (Figure 2B), confirming
its association to biotinylated OMVs.
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expression of the rRzvTSP-2 protein. (B) Biotinylation of OMV and coupling with the fusion protein to produce the OMV:rSmTSP-2 multimolecular complex.
Abbreviations: rzv, rhizavidin; ss, secretion signal sequence; HHHHHH, 6xHis tag, OMV, outer membrane vesicles.
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Figure 2 Purification of the OMV:rSmTSP-2 complex. (A) Gel filtration chromatography fractions by absorbance at 280 nm. Peak A is the V, of the column determined by
Blue Dextran 2000 (blue line); peak B is free protein not bound to OMVs (red line); Sample fractions obtained in the purification (green line). (B) Western blot of the

fractions that compose peak A visualized with anti-rSmTSP-2 antibody.

OMV:rSmTSP-2 Biophysical
Characterization

Electron microscopy of the purified, detoxified, biotiny-
lated OMVs and the OMV:rSmTSP-2 complex showed
that the vesicles remained spherical after the sequential
procedures for endotoxin removal, biotinylation and cou-
pling with the antigen (Figure 3A—C). The electrophoretic
profiles of the OMVs, rfSmTSP-2 and OMV:rSmTSP-2
complexes showed the presence of the band corresponding
to rSmTSP-2 and another one corresponding to PorB, the
major protein present on the surface of the N. lactamica
OMVs (Figure 3D). Particle size analysis showed that
purified OMVs and dOMV are homogeneously distributed,

presenting moderate polydispersity (PDI 0.21 and 0.20)
and a mean hydrodynamic size of 80.1 and 178.5 nm,
respectively. Biotinylated OMVs and the OMV:rSmTSP-
2 complexes display a higher polydispersity (PDI 1.0 and
0.49) and a mean hydrodynamic size of 399.9 and 196.3
nm, respectively (Table 1). After antigen coupling, the
potential of the complex becomes more negative.
Evaluation of the endotoxin activity indicated that the
detoxification process was effective in decreasing by 100
times the amount of active endotoxin on the OMV mem-
brane. Purification steps following biotinylation and anti-
gen coupling further decreased the LPS activity, with the
OMV complexes being within the accepted endotoxin
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dOMVs; (C) the OMV:rSmTSP-2 complex. (D) Electrophoretic profile of purified (P), detoxified (D) and biotinylated (B) OMVs; purified rRzvSmTSP-2 and the purified

OMV:rSmTSP-2 complex.

range for OMV-containing products
(Table 1).%°

(<400 EU/ug)

Activation of Dendritic Cells by

S. mansoni Antigen Formulations

In order to investigate possible induction of innate immune
responses, mouse BM-DCs were exposed to the rSmTSP-2
soluble antigen or to the OMV:rSmTSP-2 complex, and the
expression of co-stimulatory markers and production of immu-
nomodulatory cytokines were assessed. In the case of surface
molecules involved in antigen presentation, the expression of
CD40 and CD86 was increased by LPS and OMVs (both non-
conjugated and conjugated with antigen) but not by the soluble
antigen, while the expression of CD80 was not substantially
affected by any of the agents (Figure 4A) (FACS display in
Supplementary Figure 1). The results show that the production

of TNF-a and IL-12 were induced equally well by the soluble
and conjugated antigen, at levels comparable to LPS (used as

Table I OMV Physical Characteristics and Endotoxin Content

positive control) or dOMVs (Figure 4B). Conversely, the pro-
duction of IL-6 was induced by LPS and the OMV nanoparti-
cles more abundantly than by the soluble antigen, as did the
production of IL-10 (Figure 4B). On the other hand, similar to
TNF-a, MHC-II expression was increased to a different degree
by all agents (Figure 4A). Thus, IL-12 production in mouse
DCs seems to be stimulated by the soluble antigen rather than
by the nanoparticles, while both are active in inducing TNF-a
and IL-6 production and increasing MHC-II expression; only
the nanoparticles/LPS can induce increased CD40 and CD86
expression and IL-10 production.

OMV:rSmTSP-2 Particles Induce
Antigen-Specific Cellular Immune

Responses
To evaluate the induction of cellular immune responses,

groups of mice were immunized with three doses of either

Nanoparticles Hydrodynamic Size (nm) £ SD | Polydispersion Index (PDI) | { Potential (mV) £ SD | Endotoxin (EU/mg)*
Purified OMV 80.1 + 4.21 0.210 —10.1 £ 0.19 15,600,000-156,000,000
Detoxified OMV 178.5 £ 1.65 0.203 —8.09 + 0.23 1,560,000-15,600,000
Biotinylated OMV 399.9 + 422 1.000 —8.04 + 0.54 31,200-312,000
OMV:rSmTSP-2 196.3 £ 6.73 0.497 —28.03 + 6.07 83,000-830,000
Note: *Endotoxin activity determined by gel clot LAL assay.
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Figure 4 Activation of mouse dendritic cells by the OMV:rSmTSP-2 complex. Expression of co-stimulatory markers and production of immunomodulatory cytokines by
mouse BM-DC was measured after exposure for 24 h to either culture medium alone (RPMI, negative control), LPS (10 ng/mL; positive control), OMV-B (I pg/mL), rRzv:
SmTSP-2 (I pg/mL) or the OMV:rSmTSP-2 complex (I pg/mL). The response was measured as (A) expression of the surface molecules CD40, CD80, CD86 and MHC-II;
(B) production of TNF-q, IL-6, IL-12 and IL-10. Data are reported as mean * SD of 2—4 replicate samples and expressed in MFl (mean fluorescence intensity) for surface
marker molecules and ng/10° cells for cytokine production. Statistical analysis was performed with One-way ANOVA. ##p < 0.01; *#p < 0.0001.

Abbreviation: ns, not significant.
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the rfSmTSP-2 antigen, a mixture of rfSmTSP-2 and dOMYV,
or the OMV:rSmTSP-2 nanoparticles. The antigen-specific
cell-mediated immune response was assessed in vitro by
exposing splenocytes from immunized mice to the cognate
antigen rSmTSP-2. Splenocytes were collected 15 days
after the second or the third vaccine dose, and cellular
immunity was evaluated as cytokine production in the
culture supernatant. After 2 doses, production of IL-6,
IL-17 and IL-10 was higher in the group receiving OMV:
rSmTSP-2 as compared to the groups immunized with
rSm-TSP-2 alone or the combination of antigen and
dOMV (Figure 5). After the third dose, splenocytes from
both the mixture and the OMV:rSmTSP-2 immunized
groups produced higher levels of these cytokines
(Figure 5). No difference between groups was identified
in terms of production of IFN-y, TNF-a, IL-4 and IL-2.

In parallel, we investigated whether immunization with
the nanoparticle complex could drive a distinct lympho-
cyte phenotype in comparison to the administration of the
recombinant antigen. Splenocytes from immunized ani-
mals were stimulated with rfSmTSP-2 in vitro and analyzed
by flow cytometry. CD4" and CD8" T cells expressing
TNF-0, IFN-y, IL-4 and IL-2 were determined using spe-
cific antibodies. Mice immunized with OMV:rSmTSP-2
showed an increased number of CD4" and CD8" T cells
expressing TNF-a and IL-4 (Figure 6) as compared to the
rSmTSP-2 group. Moreover, the OMV:rSmTSP-2 group
showed a significantly higher number of CD8" T cells
expressing IFN-y and IL-2 as compared to rSmTSP-2
immunized animals (Figure 6).

The flow cytometry experiments had indicated that
production of IL-4 could derive from activation of other
immune cells, such as macrophages, neutrophils and eosi-
nophils. Splenocytes of mice immunized with either the
rSmTSP-2 protein or the OMV:rSmTSP-2 complex were
stimulated with rSmTSP-2 and stained for the different
cell types and IL-4. The OMV:rSmTSP-2 group showed
increased IL-4 production in macrophages (F4/80+CDl1c¢
+) and neutrophils (Ly6G+CD11b+) as compared to the
rSmTSP-2 immunized group (Figure 7). There is no dif-
ference in IL-4 production in eosinophils (Ly6G+F480+)
between the groups.

OMV:rSmTSP-2 Particles Induce

Antigen-Specific Antibody Responses
of mice with rSmTSP-2
anti-SmTSP-2 IgG antibody

Immunization induced

a significant response

(Figure 8A). Total anti-SmTSP-2 IgG titers in mice immu-
nized with the OMV:rSmTSP-2 complex was 100-fold
higher than that observed in mice that received the
rSmTSP-2 protein (Figure 8A). Immunization with
rSmTSP-2 induced mainly antibodies of the IgG1 isotype,
while immunization with the OMV:rSmTSP-2 nanoparti-
cles induced a more balanced profile, displaying both IgG1
and IgG2c, and at much higher levels (Figure 8B).
Additionally, we measured antibody levels as arbitrary
units against a standard curve of specific hyperimmune
sera. The nanoparticle complex induced an increase of ~10
log, AU of anti-rSmTSP-2
(Supplementary Figure 2).

specific antibodies

Discussion

Live attenuated Schistosoma cercariae are a highly effec-
tive vaccine model in eliciting broad and long-lasting
immunity and protection against challenge infection with
cercariae.”® However, the use of attenuated parasites
would pose important safety concerns and, additionally,
significant difficulties in a production process in compli-
ance with good manufacturing practice. These limitations
encourage the development of subunit vaccines®' or vac-
cines that include defined antigens and components. The
poor immunogenicity of recombinant proteins often leads
to the addition of adjuvants or to the development of new
antigen-presenting systems.*>>*

OMVs have several advantages in optimizing antigen
presentation, eg, the trace amounts of LPS in the mem-
branes have significant adjuvant properties with reduced
toxicity, and the nanoparticle structure engage antigen-
presenting cells in particular, but also non-specific ampli-
fication of the
immunity.'®>> Genetically engineered OMVs have been

immune response, such as innate
successful in antigen presentation.®® The fusion of differ-
ent antigens with cytolysin A (ClyA) was shown to be
translocated to E. coli-derived OMVs displaying the anti-
gens on the vesicle surface,*® but the type of protein may
interfere with externalization of the fusion protein.’’
Therefore, there are challenges in the use of these recom-
binant vehicles and alternative strategies for effective cou-
pling to OMV MAPS

technology was first described for efficient coupling of

surfaces are pursued. The
recombinant proteins to polysaccharides.22 Furthermore,
it was shown that presentation of antigens in larger com-
plexes (of biotinylated dextran) induced significantly
higher immune responses as compared to antigens in
smaller complexes.”” In this study, we describe the use
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Figure 5 Antigen-specific cytokine production by splenocytes of immunized mice. Mice received either rSmTSP-2 (5 ug), dOMVs (10 pg), rSmTSP-2 (2 pg) + dOMVs (8 pg)
or OMV:rSmTSP-2 (10 pg), all with Alum, 1:9 (mass protein: mass Alum); or Saline (with the highest amount of Alum) in 3 doses with 15 days interval. Splenocytes were
recovered after the 2nd and the 3rd dose and stimulated in vitro for 24 h with the rSmTSP-2 protein. Cytokine production was analyzed by Cytometric Bead Array in the
cell culture supernatant. The results are reported as the mean + SD of values (ng/10° cells) from 5 animals. Statistical significance between groups was determined by One-

way ANOVA. #p < 0.1; #p < 0.01; **p <0.001; *==5p < 0.0001.

Abbreviation: ns, not significant.
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Figure 6 Antigen-specific cytokine production by CD4" and CD8" T cells from immunized mice. Splenocytes recovered from mice that received either, rSmTSP-2 (5 ug),
dOMVs (10 pg), rSmTSP-2 (2 pg) + dOMV (8 ug) or OMV:rSmTSP-2 (10 pg), all with Alum, 1:9 (mass protein: mass Alum); or Saline (with the highest amount of Alum) in 3
doses with 15 days interval were stimulated in vitro with rSmTSP-2, then labeled with anti-CD3, anti-CD4 and anti-CD8 antibodies (for immunophenotyping) and with
antibodies to TNF-0, IFN-y, IL-4 and IL-2 (to detect the intracellular cytokine production) and analyzed by flow cytometry. The results are reported as the mean + SD of
values (in 10° cells) from 5 animals. Statistical analysis was performed by One-way ANOVA,; differences vs the saline group or between the different groups as indicated by
bars. *p < 0.1; ¥p < 0.01; **p <0.001.

Abbreviation: ns, not significant.
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Figure 7 IL-4 production by eosinophils, macrophages and neutrophils from immu-
nized mice. Splenocytes of mice immunized with 3 doses of either rSmTSP-2 (2 pg)
or OMV:rSmTSP-2 (10 pg), all with Alum, [:9 (mass protein: mass Alum); or
Saline (with the highest amount of Alum) were analyzed by flow cytometry as to
immune cell populations. (A) Total number of splenocytes: eosinophils
(Ly6GF480"), macrophages (F4/80°CDIIc"), and neutrophils (Ly6G*CDIIb").
(B) Total IL-4+ producing eosinophils, macrophages and neutrophils in splenocytes
from immunized mice. The results are reported as the mean + SD of values from 5
animals. *p < 0.05.

of the OMYV as scaffold, decorating its surface with the
antigens using the MAPS technology. This approach com-
bines the adjuvant propertiecs of OMV with an abundant
presence of specific antigens on the OMV surface, proper-
ties that are expected to enhance immunogenicity.
Characterization of the OMV:rSmTSP-2 nanoparticles
by light scattering revealed that throughout the process
there was an increase in the average size and in polydis-
persion, according to the intensity-weighted mean hydro-
dynamic size data. The { potential of the intermediate
OMV preparations was slightly negative during the

production process, and increased significantly after
rSmTSP-2 binding, probably due to the negative charge
of the rRzvSmTSP-2 fusion protein, pl 6.78 (https://web.
expasy.org/compute pi/). Colloids with higher { potential

are more stable, while a low zeta potential is related with
flocculation or coagulation.®

Effective antigen presentation includes the activation
of antigen-presenting cells (APC), in particular (in the case
of a primary immune response as in vaccination) dendritic
cells, which are the APC mostly involved in the presenta-
tion of antigens to naive T cells in lymph nodes.**** To
examine the capacity of the OMV:rfSmTSP-2 complex to
activate DCs, we have exposed mouse BM-DCs to stimuli
in vitro. DCs were activated by both soluble rSmTSP-2
and the OMV:rSmTSP-2 complex, but with notable differ-
ences. Both bare OMVs and the OMV:rSmTSP-2 complex
induced upregulation of the co-stimulatory molecules
CD40 and CD86, while the soluble antigen did not, an
effect that may partly depend on the LPS displayed on the
particle surface (as the same effect was observed with
isolated LPS). Likewise, both particles upregulated the
production of the multi-functional cytokine IL-6, together
with the anti-inflammatory cytokine IL-10, while the solu-
ble antigen was less efficient.

Conversely, the expression of MHC-II and the inflam-
matory cytokine TNF-a increased in response to both
soluble rfSmTSP-2 and OMV:rfSmTSP-2. Furthermore,
the soluble antigen significantly increased the production
of the Thl/inflammatory cytokine IL-12, to the same level
as the OMV-conjugated antigen but much higher than
OMYV, suggesting that IL-12 is induced by the antigens
rather than the vesicles. Previous studies have shown that
mice immunized with a chimeric rfSmTSP-2 protein pro-
duced increased amounts of the IL-4, IL-10 and IFN-y
cytokines.*! Overall, this shows that DCs are sensitive to
LPS and to the OMYV nanoparticles (with or without anti-
gen) mostly in terms of immune regulation (upregulation
of co-stimulatory molecules, production of IL-6 and IL-
10), while one of the key immunostimulatory Thl cyto-
kines (IL-12) is mainly triggered by the antigen (in soluble
or particulate form). The components of OMVs encompass
glycerophospholipids, lipopolysaccharide (LPS) and pro-

16,35

teins, including periplasmic proteins. Therefore,

OMVs do have antigenic components, which however do
not seem to contribute to DC activation, besides the non-
specific LPS-dependent activation. It is notable that both
particles and soluble antigen are effective in inducing/
upregulating two  important

players in antigen
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Figure 8 Specific antibody response against the rSmTSP-2 protein in immunized mice. (A) Total anti-rSmTSP-2 IgG antibodies in mice immunized with either, rSmTSP-2 (5
ug), dOMVs (10 pg), rSmTSP-2 (2 pg) + dOMVs (8 pg), or OMV:rSmTSP-2 (10 pg), all with Alum, 1:9 (mass protein: mass Alum); or Saline (with the highest amount of Alum)
in 3 doses with 15 days interval. (B) IgG | and IgG2c isotypes in groups immunized with rSmTSP-2 or OMV:rSmTSP-2. The results are reported as the mean titer + SD of
values from 5 animals. Statistical analysis was performed with Two-way ANOVA; **p < 0.001.

presentation, ie, TNF-a and MHC-II. Thus, the profile of
DC activation in response to soluble antigen includes
increased TNF-a, IL-12, IL-6 and MHC-II, while the
profile upon exposure to the particulate antigens
encompasses a wider activation spectrum that also include
anti-inflammatory factors (increase in TNF-a, IL-12, IL-
10, IL-6, CD40, CD86 and MHC-II), exploiting the acti-
vation capacity of OMV/LPS.

Mice immunized with the OMV:rSmTSP-2 complex
developed antigen-specific cellular immunity, as assessed
upon exposure of spleen cells from immunized mice to
rSmTSP-2 in vitro. Stimulated splenocytes from OMV:
rSmTSP-2 immunized mice show early production of IL-
6, IL-10 and IL-17 (after the second dose). After the third
dose, spleen cells from mice immunized with either the
OMV-rSmTSP-2 complex or the mixture of the antigen
with OMV show increased levels of these cytokines.
Increased IL-6 indicates the early induction of an inflam-
matory response, which can be regulated by IL-10.** IL-
17, an evolutionarily conserved immune defensive factor,
plays an important role in defense against fungal, parasitic,
bacterial and viral infections, mainly based on the induc-
tion of an inflammatory response aiming at eliminating the
pathogen.*** Induction of an IL-17-dependent Th17
immune response is expected to contribute to protection
against Schistosoma.*® Tt should be noted that immuniza-
tion with the soluble antigen, despite the presence of Alum
as adjuvant, resulted only in the antigen-specific induction

of IL-6 production, with no detectable induction of IL-17
and IL-10, suggesting a much more limited immune
activation.

Furthermore, the increased inflammatory response is con-
firmed by the finding that mice immunized with the OMV:
rSmTSP-2 complex display an increased number of CD4"
T cells producing TNF-o and IL-2 in response to an antigen
challenge, and of CD8" T cells producing TNF-o, IL-2 and
IFN-y. Importantly, CD8" IFN-y" T cells have been asso-
ciated with the development of memory CD8" T cells and
with resistance to intracellular pathogens.*’*® Some antigens
that are not accessible to antibodies can be detected by CDS8
T cells, offering a broader range of protection.*’ IFN-y also
plays a crucial role in activation of Thl-mediated inflamma-
tory adaptive immune responses.”’

Notably, immunization with OMV:rSmTSP-2 induced
an increase in the number of antigen-specific CD4" 1L-4"
T cells in the spleen, supporting the hypothesis of
a concomitant activation of Th2 immune responses,
to parasitic

which are associated with resistance

4251 Fyrthermore, immunization with OMV:

infections.
rSmTSP-2 also induced an increase in the number of IL-
4-producing macrophages and neutrophils in the spleen,
and an increase in the number of eosinophils. IL-4 is
a central cytokine in the type 2 immune response, involved
in the activation of M2 macrophages and the production of
IgE antibodies, important in the immune response against

helminth infections.>®> In helminth infections in mice,
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a beneficial role of neutrophils was reported during the
early lung stages, where neutrophils and macrophages
collaborate in the immobilization and death of these para-
sites, however, this can also lead to increased tissue
damage.> But the presence of IL-4 and IL-13 dampens
neutrophil activity and thus prevents excessive tissue
damage.> Additionally, eosinophils are the main effector
cells, downstream of Th2 activation, in immune defense
against helminths, thus their increase in the spleen of
immunized mice reflects efficient activation of anti-
parasite Th2 responses.”

The most striking aspect of the immune response
induced by the OMV:rSmTSP-2 complex is the very
high level of specific antibodies, reaching 100-fold higher
titers as compared to the rfSmTSP-2 protein administered
with Alum. In addition, the IgGl:IgG2c ratio shows
a switch from a strongly Th2-predominant response
induced by rSmTSP-2 to a more balanced Th1/Th2
immune response induced by the complex, correlating
with the increased cellular response observed. IgGl and
IgG2c isotypes have been shown to play a central role in
the protective mechanisms mediated by the radiation-
attenuated cercariae vaccine.’® Activation of the two
types of T help can be pivotal to increase the protection
against S. mansoni infection, in which both types of
immune responses are necessary.”’ Further investigation
will determine if this increase and broadening of the
immune response will in fact improve protection against
infection. If this is confirmed for the SmTSP-2 antigen,
other identified targets or key epitopes in the host-parasite
interface®® can be included in this new antigen-presenting
platform.

Conclusion

This study shows that coupling a recombinant antigen to
OMYV, using the biotin:thizavidin affinity interaction,
induces a marked increase in the specific immune response
to the antigen, both in terms of specific antibody production
and in terms of cell-mediated immunity, in comparison with
immunity induced by the antigen alone. This underlines the
advantages of antigen presentation by a particulate carrier,
for better recognition by antigen-presenting cells and also in
terms of adjuvant capacity. Since the biotinylated OMV
platform allows for coupling of multiple recombinant anti-
gens in fusion with rhizavidin, this opens the perspective of
developing multifunctional vaccines, able to induce a broad
protection against different pathogens.
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