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Abstract

Microlipid vesicles (MLV) have a broad spectrum of applications for the delivery of molecules, ranging from chemical compounds to
proteins, in both in vitro and in vivo conditions. In the present study, we developed a new set of nanosize multilayer lipid vesicles
(NMVs) containing a unique combination of lipids. The NMVs enable the adsorption of histidine-tagged proteins at the vesicle surface
and were demonstrated to be suitable for the in vivo delivery of antigens. The NMVs contained a combination of neutral (DOPC) and
anionic (DPPG) lipids in the inner membrane and an external layer composed of DOPC, cholesterol, and a nickel-containing lipid
(DGS-NTA [Ni]). NMVs combined with a recombinant form of the B subunit of the Shiga toxin (rStx2B) produced by certain
enterohemorragic Escherichia coli (EHEC) strains enhanced the immunogenicity of the antigen after parenteral administration to mice.
Mice immunized with rStx2B-loaded NMVs elicited serum antibodies capable of neutralizing the toxic activities of the native toxin;
this result was demonstrated both in vitro and in vivo. Taken together, these results demonstrated that the proposed NMVs represent an

alternative for the delivery of antigens, including recombinant proteins, generated in different expression systems.
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Introduction

During the last four decades, micro and nanosize particles of
different chemical compositions have been intensively studied
and successfully applied in several biomedical and biotechno-
logical fields [1]. The possibility of targeting antigens to
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specific cells of the immune system and the capacity to acti-
vate innate and/or adaptive immune responses by means of
different types of vesicles are a relevant and promising plat-
form for the development of vaccines and pharmaceutics for-
mulations for clinical or veterinary use [2, 3]. Currently, sev-
eral human vaccines are based on micro or nanoparticles, in-
cluding those designed for the control of papillomaviruses and
hepatitis B virus [2, 4]. Additionally, there are several ongoing
clinical trials of formulations based on nano/microparticles
targeting different infectious and chronic diseases [5].
Lipid-based particles, such as liposomes or lipid vesi-
cles, are monolayer vesicles known for their ability to
deliver antigens and to promote the activation of immune
responses [6—12]. Liposomes are usually non-toxic, bio-
degradable, and capable of transporting soluble antigens
in their hydrophilic or hydrophobic phases [13]. The im-
munological activity of liposome-based vaccine formula-
tions relies on such factors as lipid composition, surface
structure, size, lipid layer structure, preparation method,
nature of the loaded antigen, and incorporation of immu-
nomodulatory molecules, such as monophosphoryl lipid A
(MPL-A). Such features may impact both the protection
and release of the antigen, as well as the interaction with
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antigen presenting cells (APCs), leading to the modula-
tion of mammalian species immune systems [2, 3, 14, 15].

Multilamellar lipid vesicles (MLV) are generated after fu-
sion of vesicles in the presence of calcium or magnesium ions
[16]. MLVs allow efficient encapsulation and a gradual and
continuous release of antigens, which leads to enhanced
antigen-specific immune responses [17-21]. These character-
istics favor the application of MLVs, either alone or in com-
bination with different adjuvants, of poorly immunogenic an-
tigens, including several recombinant proteins, to promote the
induction of humoral and/or cellular responses [9, 20, 22-25].

In this study, we report the use of nanosized MVLs
(NMVs) employing a unique and innovative combination of
lipids that enabled the incorporation of histidine-tagged anti-
gens in both the intra-vesicle compartments and on the NMV
surface. A recombinant antigen, specifically the B subunit of
the type 2 Shiga toxin (Stx2B) produced by a number of
enterohemorragic Escherichia coli (EHEC) strains, was
employed as model to probe the immunogenicity of the
NMV formulations. Stx2B is able to promote serious renal
damage, including hemolytic uremic syndrome, within infect-
ed subjects [26, 27]. However, since the Stx2B antigen is a
weakly immunogenic agent, it requires the use of strong ad-
juvants or a suitable delivery system to induce large antibody
responses capable of neutralizing the native Stx2B under ex-
perimental conditions [26, 28-35]. In this study, we addressed
whether the encapsulation of rStx2B enhanced the immune
response against this toxin in a mouse model.

Methodology
Mice

Female Balb/c mice, aged 6 to 8 weeks, were supplied to and
maintained at the Department of Parasitology of the Institute
for Biomedical Sciences at the University of Sdo Paulo.
Animal handling was performed according to the protocols
for the use of animals in experimentation (license number
113 of the Ethics Committee on Animal Use of the
University of Sdo Paulo). Immunization was performed sub-
cutaneously on the flanks of the animals, whereas serum sam-
ples were collected by submandibular bleeding. Mice were
euthanized in CO, chambers.

Preparation of lipid nanosize multillamelar
vesicles—NMVs

NMVs were prepared with DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine—catalog number 850375P), DPPG (1,2-
dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol)—catalog
number 840455P) and 18:1 DGS-NTA (Ni) (1,2-dioleoyl-sn-
glycero-3-[(N-(5-amino- 1-carboxypentyl) iminodiacetic acid)
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succinyl] (nickel salt)—catalog number 790404P), and
Cholesterol (catalog number 700000P) (all from AVANTI
POLAR LIPIDS, Alabaster, AL). The internal vesicles used
for protein incorporation were prepared with 1.26 puM of the
DOPC and DPPG phospholipids in a molar ratio of 3:1, cor-
responding to 970 pg of lipid equivalent. The lipids were
dissolved in chloroform and dried under nitrogen flow. The
lipid film was suspended with 500 pg OVA or rStx2B, which
was previously prepared in phosphate buffer, and the mixture
was incubated for 2 h at 37 °C at 400 rpm in an orbital shaker.
Next, the emulsion was sonicated for 2 min at 240 W with the
aid of a microtip to obtain a translucent material (BRANSON
SONIFIER). After sonication, CaCl, was added to a final
concentration of 10 mM, and the samples were incubated for
2 h (37 °C at 400 rpm) for MLV formation [36]. The amount
of unincorporated proteins was measured in aliquots centri-
fuged at 10,600xg for 5 min. Proteins were quantified by a
colorimetric method (BCA Kit—THERMO SCIENTIFIC).
The outer vesicle preparation included 3.164 uM of DOPC
and cholesterol at a molar ratio of 4:1, corresponding to
2.24 mg of lipid equivalent. The phospholipid DGS-NTA
(Ni) used in the preparation of the outer vesicles corresponded
to 15% of the total mass of DOPC:Cholesterol. The lipids
were solubilized in chloroform and dried under a nitrogen
flow forming a film, the film was later suspended in 10 mM
Bistrispropane buffer with pH 7.4 (SIGMA) and agitated for
2 h at 37 °C in an orbital shaker. The lipid emulsion was
cleared by sonic treatment, as described above in the prepara-
tion of the internal vesicles. NiCl, was added to a final con-
centration of 10 mM followed by a new stirring step of 2 h.
The suspension containing the DOPC:Cholesterol: DGS-NTA
(Ni) vesicles was centrifuged at 10,600xg for 5 min, and the
supernatant containing the smaller vesicles was transferred to
the tube containing the internal vesicles (DOPC:DPPG) al-
ready coupled with the protein. The mixture was incubated
at 400 rpm for 18 h at 37 °C. The samples containing the
NMVs were centrifuged at 10,600 xg for 5 min, and the pellet
containing the NMV's was suspended in 300 ul of phosphate
buffered saline (PBS-pH 7.4) and stored at 4 °C until use. The
amount of unincorporated protein was measured in the super-
natant by colorimetric method (BCA Kit—THERMO
SCIENTIFIC).

Cryo transmission electron microscopy (Cryo-TEM)

Liposomes were prepared as described above and analyzed by
cryoelectron microscopy as previously published [37]. For
this, 3 ul protein-free liposomes were spotted to a holey
carbon-film grid (Quantifoil Micro Tools GmbH, Jena,
Germany), previously pretreated with Gatan Solarus 950 plas-
ma cleaner. Specimen-coated grids were plunge-frozen in lig-
uid ethane using a Gatan Cryoplunge 3 (Gatan Inc.,
Pleasanton, CA, USA). Low-dose imaging of the frozen,
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hydrated specimen kept in liquid nitrogen with a Gatan 626
single tilt cryoholder was performed on a JEM2100 electron
microscope (JEOL Ltd., Tokyo, Japan, operating at 200 kV).
A Gatan Ultrascan 4000 CCD camera was used to record
images (~ x 40,000 magnification).

Measurement of the size and zeta potential of NMVs

The NMV diameter and the polydispersity indices were deter-
mined by dynamic light scattering in the ZetaSizer Nano ZS
equipment (MALVERN INSTRUMENTYS). Aliquots (100 )
of the samples containing the NMV-OVA or NMV-1Stx2B, as
well as non-coupled NMVs, were suspended in 1 ml of phos-
phate buffered saline (PBS). The polydispersity index of 0.0
corresponds to a sample containing homogeneous particles
with a completely uniform size, whereas 1.0 indicates a sam-
ple with a distribution of broad particles sizes. The zeta po-
tentials of the NMVs preparations were measured at room
temperature in 1 ml of sample volume. Samples with zeta
potential larger than 30, positive, or negative are generally
considered to be stable colloidal suspensions.

Immunization of mice with antigen-loaded NMVs

Balb/c mice were immunized with three subcutaneous (s.c.)
doses (at an interval of 29 days), containing NMVs with either
25 pg of rStx2B or OVA or equal concentrations of purified
proteins only. A control immunization group received the
protein-free NMVs. To evaluate the longevity of the induced
antibody responses, serum samples were collected at 60, 90,
and 105 days after the last dose by submandibular plexus
bleeding. Another group of animals was submitted to a differ-
ent immunization regimen with the same number of doses but
with a 2-week interval between doses, to evaluate the influ-
ence of the interval between doses on the induction of antigen-
specific humoral immune responses.

Induction of antigen-specific serum antibody
responses in mice immunized with NMVs

Individual mouse serum samples were analyzed to determine
the antigen-specific IgG, IgG1, and IgG2a titers. Enzymed-
linked immunosorbent assays (ELISA) were performed in 96
well plates (COSTAR-CORNING—HIGH BINDING) coat-
ed with 100 pl (1 pg/ml) of the antigen diluted in PBS
(pH 7.4) and kept at 4 °C for 18 h before use. Blocking was
performed with 3% gelatin (SIGMA) in PBS for 2 h at 37 °C
(200 pl per well), followed by three washes with PBS con-
taining 0.05% Tween 20 (PBS-T). Serum samples were dilut-
ed in 1% gelatin in PBS-T, applied to plate wells, submitted to
twofold serial dilutions with the same buffer and kept at 37 °C
for 2 h. The wells were washed with PBS-T and subsequently
incubated for 2 h at 37 °C with HRP-conjugated anti-mouse

polyclonal IgG (SIGMA—catalog number A9044). In paral-
lel, plaques were incubated with HRP-conjugated anti-mouse
monoclonal IgG1 or IgG2a (SOUTHERN BIOTECH—
catalog number 1070-05 and 1080-05) under the same condi-
tions. After additional washes with PBS-T, the reactions were
developed with o-phenylenediamine dihydrochloride sub-
strate (OPD, SIGMA) and read at 492 nm on a plate reader
(EPOCH model, BIOTEK).

In vitro neutralizing effects of anti-rStx2B antibodies

The in vitro Stx2 neutralizing antibody titers were determined
by VERO cells assay (2 x 10* cells per well). The amount of
tested Stx2a (purchased from Tufts University School of
Medicine, Boston, MA, USA) was initially determined with
cells exposed to different amounts of the toxin and cultured in
5% CO, at 37 °C for 48 h. An aliquot of Stx2a (1CDs)
capable of killing 50% of the cells (15 ng/ml in a final volume
50 ul) was mixed with twofold serially diluted sera for 1 h at
37 °C and 1 h at 4 °C. The mixtures were transferred to mi-
croplates, with each well containing 2 x 10* VERO cells and
incubated for 2 days in 5% CO, at 37 °C. The control cells
were incubated with a non-immune mouse serum sample and
without addition of the toxin Stx2a. After washing with PBS,
100 pl of crystal violet was added per well, and the plates were
incubated at 37 °C for 15 min. Additional washing was per-
formed with distilled water, followed by incubation at room
temperature for 20 min after addition of 100 pl of acetic acid
(99%). Absorption readings were performed at 570 nm on the
microplate reader. The percentage of viable cells was defined
according to the formula [(Absioxin + antibody — AbS¢oxin) /
(AbS,g toxin — AbSioxin)] X 100. The half maximal inhibitory
concentrations (ICs) of the anti-rStx2b antibody titers were
calculated by non-linear regression curves using the Prism 6
program (GraphPad software, La Jolla, CA).

In vivo anti-Stx2 serum neutralizing activity

In vivo protective immunity to Stx2 was determined in female
Balb/c mice (n = 10 animals per group), immunized with dif-
ferent vaccine formulations. Mice were challenged by intra-
venously inoculated with 1 DL, corresponding to 3 ng of
Stx2a (120 ng/kg) and monitored daily for a period of 7 days.

Statistical analyses

Statistical analyses were performed with Prism 6 (Graph Pad
software, La Jolla, CA). Data were analyzed using One or
Two-way ANOVA for analyses of variance, followed by
post-Bonferroni or ¢ test for multiple comparisons. p values
below 0.05 were considered to be statistically significant. All
values are reported with mean + s.e.m.
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Results

Preparation and physico-chemical analyses
of antigen-loaded NMV's

NMVs were loaded with OVA, as a model antigen, or rSx2B
to evaluate the protective immunity associated with the
antigen-specific antibodies. Based on the composition of the
NMVs, the antigens are expected to remain adsorbed onto the
vesicle outer surface and embedded in the hydrophilic por-
tions of the lipid layers (Fig. 1a). Under cryo transmission
electron microscopy, the NMVs formed bilamellar vesicles
(Fig. 1b). Incorporation of OVA in the final NMV preparation
corresponded on average to 55% of the total added protein,
and the final preparation contained 74 pg of protein/mg of
lipid. Regarding the distribution of the protein in the outer
and inner vesicles, approximately 20% of the protein
remained associated with the outer surface, while 80% was
associated with the inner part of the vesicles (Table 1). NMVs
were evaluated for antigen release rate, net electric charge,
particle size, and polydispersity. Tests performed with
NMVs loaded with OVA showed that approximately 50% of
the protein was released during the first day of incubation at
37 °C, whereas most of the protein was released after a week
(Fig. 1c). Similar protein release rates were observed during
incubation of the NMV-OVA at 25 °C, while a lower release
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rate was observed at 4 °C (Fig. 1¢). The NMV-OVA showed a
negative residual surface electric charge of —36.3 mV, while
unloaded NMV presented a significantly lower surface poten-
tial of —16.7 mV (Table 1); this finding demonstrates the
effect of OVA incorporation on the colloidal stability.
Approximately 90% of the protein-free NMVs had an estimat-
ed size of 142.2 nm, while NMV-OVA had an average size of
115.5 nm (Table 1). Both protein-free and NMV-OVA had
polydispersion indices of 1, indicating a broad size distribu-
tion but retaining the bilamellar structure.

Incorporation of rStx2B in the final NMV preparation
corresponded to 80% of the total added protein, and the
final preparation contained 109 pg of protein/mg of lipid,
considering both the adsorption on the surface (26%) and
the distribution of the protein in the inner hydrophilic
parts (74%) of the vesicles, as shown in Table 1. Half of
the incorporated protein was released after 3 days, irre-
spective of the incubation temperature (Fig. 1c¢). One
week after incubation at either at 37 °C or 25 °C, approx-
imately 85% of the protein was released from the vesicles
(Fig. 1c). NMV-rStx2B is constituted by approximately
115 nm diameter bilamellar vesicles with a net negative
residual surface charge of —14.4 mV (Fig. S2), similar to
that measured for NMV and significantly lower than that
for NMV-OVA, and a polydispersity index of 0.79
(Table 1).
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Fig. 1 Preparation and physical characterization of NMVs. a Schematic
representation of the delivery system based on NMVs composed of
anionic, neutral, and MPL-A phospholipids. The addition of Ca®* ions
promotes the entrance of the smaller vesicles into the larger ones gener-
ating stable fused bilamellar vesicles [38]. The protein is incorporated in
the inner hydrophilic portions and/or is adsorbed on the surface. For
example, the rStx2B protein is incorporated into the hydrophilic portions
of the nanoparticle and is coupled to the outer membrane via the histidine
tail (Stx2B structure reproduced from CONRADY, D.G. et al., 2010). b

@ Springer

T T
2 3 4 5 6 7
Days

Cryo transmission electron microscopy (Cryo-TEM) image of
synthesized protein-free nanoparticles confirming the bilamellar
structure of NMVs. The size distribution is quite broad with
predominantly particles much smaller than 100 nm and few larger
particles (scale bar 100 nm). ¢ Kinetics of protein release after
incorporation in NMVs, considering the initial protein mass as 100%, at
4, 25, and 37 °C as a function of time in days. Values correspond to
average + standard error of two experiments in duplicate



Braz J Microbiol (2019) 50:67-77

71

Table 1 Characterization of the

NMVs loaded with OVA or Particles Incorporation O/1 ratio Zeta potential Size (nm)” Polidispersion index
1Stx2B range (%)° (%) (mV)* (PDI*

NMVs —16.7 +£4.75 1422 £28.63  0.05

NMV-Ova 51.6-57.3 (55) 0.25 -363+ 122 1155 +22.10 0.04

NMV-rStx2B - 57.8-91.4 (80) 0.35 —144+6.34 115.0 + 2590  0.05

@ Ppercentage of OVA and rStx2B incorporation in NMVs. ® Distribution of proteins associated with the outer
(O) and inner (I) vesicles. Values represent the percentage of protein coupled to the lipid vesicle relative to the total
amount of protein added during the preparation of the MNVs. © Zeta potential of the vesicles with and without
the incorporated antigens (mean + SD). @ Average diameters of NMVs (mean + SD). © Polydispersion Index
(PDI) determined by dynamic light scattering (DLS) values main population of particles (square of the ratio
between standard deviation and mean diameter of replicates). Values indicated in © % and © refer to mean + SD
of three replicates with 13 readings each

NMV as delivery vectors for induction
of antigen-specific antibody responses

Mice were immunized with NMV-OVA following an immu-
nization regimen of three doses delivered subcutaneously at
29-day intervals (Fig. 2a). OVA-specific serum IgG titers
reached maximal values 2 weeks after the third dose both in
mice immunized with OVA and with NMV-OVA. NMV-
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Fig. 2 NMV-OVA induce high antigen-specific titers and long-lasting
serum antibody response. Female BALB/c mice (n =5/group) were
subcutaneously immunized with three doses of the vaccine
formulations: OVA protein, NMV-OVA, and NMVs. Serum was
collected on days 7, 14, 21, and 28 after each dose and at 60, 90, and
105 days after the last dose. On day 91 after the last dose, mice were
inoculated with a boost of the OVA antigen (25 pg), except for the control
group (NMV). a Schematic representation of the vaccination protocol. b,
¢ Anti-OVA-specific IgG antibody titers from sera of 14 days after each
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T
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OVA-immunized mice produced an amount of OVA-specific
serum IgG titers approximately two orders of magnitude larg-
er than those immunized only with the protein (titer of 10 in
mice immunized with NMV-OVAs versus approximately 10*
in mice immunized with OVA protein 2 weeks after inocula-
tion of the third dose) (Fig. 2b). The OVA-specific IgG titers
declined continuously 60 and 90 days after the end of the
immunization regimen, both in mice immunized with OVA
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dose analyzed by ELISA (b) or 60, 90, and 105 days after the third dose
(c). The antibody titers were determined by ELISA and the data
correspond to mean values + SD of individual experiments carried out
in duplicate. Titers values (MEAN + 2 x SD) of the values obtained in the
control group (NMV) were subtracted from the titer values determined for
the other immunization groups. Statistical differences were determined by
One-way ANOVA with Bonferroni post-test ***p <0.001. Intergroup
analysis carried out with Student’s ¢ test was applied with *eep <0.001
and *sp <0.01
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and those immunized with OVA-MNVs. An additional dose
of purified OVA (25 pg), given subcutaneously to mice vac-
cinated with OVA or NMV-OVA, boosted the serum antibody
responses. Notably, mice immunized with NMV-OVA elicited
a considerably stronger response and considerably higher anti-
OVA IgG titers than in mice immunized with OVA (Fig. 2c).
These results demonstrated that the incorporation of antigens
into NMVs led to a significant increase in the antibody re-
sponses elicited in immunized mice.

NMV-rStx2B induces high and long-lasting antibody
responses capable of neutralizing Stx2

Next, the vaccine potential of antigen-loaded NMVs was eval-
uated in mice. Protein rStx2B produced in E. coli cells
retained its ability to bind to VERO cells and preserved the
conformational epitopes that allow their recognition by anti-
bodies raised against the native toxin (Fig. S1). NMV-rStx2B
nanoparticles did not show any cytotoxic effects to mamma-
lian cells (Fig. S3) but induced enhanced antigen-specific se-
rum IgG responses after subcutaneous immunization in mice
(Fig. 3a). NMV-rStx2B elicited maximal antibody titers
2 weeks after the end of the immunization regimen, and
anti-rStx2B serum IgG titers were approximately twofold
higher than those achieved in mice immunized only with the
protein (Fig. 3b). The anti-rStx2B titers did not decrease sig-
nificantly 2 or 3 months after the end of the immunization
regimen when immunized with NMV-rStx2B nanoparticles.
No increase in the antigen-specific antibody titers could be
detected in immunized mice after a boost dose of purified
rStx2B given 3 months after the end of the immunization
regimen (Fig. 3c).

The properties of the anti-rStx2B antibodies produced in
mice immunized with NMV-rStx2B were evaluated by deter-
mining their affinity to the respective antigen and their capac-
ity to neutralize the native toxin. As shown in Fig. 3d, the anti-
rStx2B showed enhanced antibody-antigen affinity after the
boost dose with the purified protein 3 months after the last
dose (Fig. 3d). We also measured the Stx2 neutralizing activ-
ity of antibodies raised in mice immunized with NMV-rStx2B
using the Vero cell assay. Interestingly, the Stx2-neutralizing
activity of sera collected from mice immunized with NMV-
rStx2B was significantly higher than those observed in mice
immunized with the same amount of purified rStx2B protein
(Fig. 3e). Notably, the boost with rStx2B, administered
3 months after the NMV-rStx2B immunization regimen, did
not enhance the Stx2 neutralization titer, but the neutralizing
effect remained superior compared with mice immunized only
with rStx2B (Fig. 3e). These results demonstrate that the in-
corporation of rStx2 protein into NMVs enhanced the gener-
ation of antibodies capable of neutralizing the toxic effects of
Stx2.
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In vivo Stx2-neutralizing activity of antibodies raised
in mice immunized with NMV-rStx2B

To demonstrate the protective immunity induced in mice im-
munized with NMV-rStx2B and to evaluate an alternative
immunization regimen with a shorter interval between doses,
a second immunization regimen was set. Mice were immu-
nized with three vaccine doses with 2-week intervals and
3 weeks after the last dose, the mice were challenged with a
lethal dose of Stx2 (Fig. 4a). Based on this immunization
regimen, mice immunized with NMV-rStx2B elicited anti-
rStx2B serum IgG titers up to tenfold higher than those ob-
tained upon immunization with rStx2B protein (Fig. 4b).
Additionally, mice immunized with NMV-rStx2B produced
a mixed Th1/Th2 response, as determined by the serum IgG
subclass responses (Fig. 4c).

In order to determine the protective effects of anti-rStx2
antibodies, aliquots containing 15 ng/ml of Stx2a were incu-
bated with sera collected 2 weeks after the last dose. Sera from
mice immunized with NMV-rStx2B showed enhanced Stx2a
neutralizing activity compared with those collected from mice
immunized with purified rStx2B (Fig. 4d). Sera generated by
administration of NMV-rStx2B and rStx2B showed a Stx2-
neutralization ICsq value of 365.7 +£46.3 and 62.72 +10.26,
respectively. Finally, 60% of the mice immunized with NMV-
rStx2B survived a lethal challenge with 1 LD;q purified
Stx2a, while none of those immunized with rStx2B or mice
non-immunized survived after the third day under the tested
experimental conditions (Fig.4e), demonstrating the signifi-
cant enhancement of the neutralizing activity. These results
demonstrate that the incorporation of rStx2B into NMVs en-
hanced the generation of antigen-specific antibodies and the
protective immunity to Stx2a.

Discussion

A new class of NMVs was formed by fusion of two lipid
vesicle preparations, an inner layer composed of neutral and
anionic lipids (DOPC and DPPG) and an outer layer contain-
ing DOPC, cholesterol, and DGS-NTA (Ni) that enabled the
coupling of recombinant His-tagged proteins as a platform for
the delivery of antigens. The new lipid-based delivery system
offers significant flexibility, enabling the incorporation of one
or more antigens either adsorbed on the surface of the outer
layers or embedded in lipid matrix. The system was also de-
signed to enable the incorporation of adjuvant molecules, such
as MPL-A, in order to further improve the activation of both
innate and adaptive immune responses. Our results demon-
strated that NMVs loaded with OVA or rStx2B, produced in
a recombinant expression system, enhanced the induction of
antibody responses without measurable side effects in mice.
The proposed nanosystem is a new and flexible platform for
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control group (NMV). Sera were collected on days 7, 14, 21, and 28 after
each dose and at 60, 90, and 105 days after the last dose and analyzed by
ELISA assay (as described in the Methodology section), and the anti-
rstx2 titers were measured. a Schematic representation of the
vaccination protocol. b, ¢ Evaluation of anti-rStx2B IgG response from
sera harvested 14 days after each vaccine dose (b) or 60, 90, and 105 days
after the last dose (c). The antibody titers were determined by ELISA and
the values obtained for the control group (NMV) were subtracted from the

the delivery of antigens, as confirmed by the enhanced induc-
tion of specific immune responses, with high potential to con-
tribute to the development of more effective vaccines based on
recombinant proteins.

The effectiveness of immune responses induced by the an-
tigens delivered by NMV nanoparticles is directly proportion-
al to the amount of antigen loading in both the inner and outer
parts of the bilamellar vesicles. Under the tested preparation
conditions, the incorporation of rStx2B in NM Vs was demon-
strated to be more efficient than of OVA (80% and 55%,
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titers determined for the experimental groups (MEAN + 2 x SD). d
Antibody affinity of the sera collected at different days after the third
dose. Bars represent the molar concentrations of ammonium
thiocyanate required to dissociate 50% of the antibodies bound to
Stx2B. e Stx2 Neutralizing activity of the anti-Stx2B antibodies against
the Stx2-induced cytotoxic effects in cell culture. The maximum dilution
required to preserve 50% of the viable cells were determined for each
serum sample. The data correspond to the mean values = SE of the
individual values for each group in duplicate. Statistical differences are
indicated by brackets: ***p <0.001, **p <0.01, *p <0.05, for one-way
ANOVA with Bonferroni’s post-test for the analysis as a function of the
day each dose inoculation “’p < 0.001, “p < 0.01, p < 0.05 (¢ test) for the
intergroup analysis

respectively). Similarly, the amount of antigen accumulated
in the outer lipid layer was higher for rStx2B than OVA; this
finding was consistent with the fact that rStx2B was synthe-
sized with a poly-histidine tail in contrast to OVA. In addition,
it was demonstrated that a significant fraction of the OVA
antigen associated with the outer layer does not require a his-
tidine tag and thus does not depend on the interaction with the
nickel coupled to DGS-NTA(Ni). The presence of protein
molecules exposed on the NM Vs surface increases the antigen
loading and, more relevantly, contributes to the attraction and
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Fig. 4 Protective immunity to Stx2 conferred by immunization with
NMV-rStx2B. a Schematic representation of the tested vaccination
regimen. BALB/c mice were immunized s.c. with three doses of each
vaccine formulation: rStx2B or NMV-rStx2B. Blood samples were
collected 14 days after the administration of each dose, and the
challenge was carried out with Stx2a toxin 21 days after the last dose.
b—c) Analysis of the serum Stx2B-specific total IgG and IgG subclass
responses 14 days following each dose (b) or 14, 60, 90, and 105 days
after the third dose (c¢). The values represent the mean = SD (n=10
mice/group) for each group. Statistical differences were determined by
one-way ANOVA with Bonferroni’s post-hoc test in the analysis

activation of antigen presenting cells (APCs), similar to other
lipid-based delivery systems [3, 39]. The effects of the NMVs
depend on the combined action of both the lipid composition
and the target protein antigen of the adjuvant delivery system.
These characteristics enable the rational design and customi-
zation of the lipid vesicles for different vaccine strategies with
a significant impact in the induced immune responses [9, 36,
40, 41].

In addition to the relevant characteristics of vesicles and the
antigen, the interval between doses was shown to have a sig-
nificant impact on the levels of antibody production. When a
29-day interval between doses was used, no significant differ-
ences were observed in antigen-specific IgG titers from the
second to third dose using NMV-OVA and NMV-rStx2B,
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Days

considering the doses and the subclasses of each group (***p <0.001,
*p <0.05) and by ¢ test (*esp <0.001, *sp <0.01) in the intergroup
analysis. d In vitro neutralization of the Stx2 toxicity. Vero cells were
exposed to the recombinant Stx2 holotoxin (1 x CDs¢—0.75 ng)
previously incubated with diluted tested serum samples. Values
correspond to the average of two independent experiments performed in
duplicates. e Protective immunity conferred by vaccination with NMV-
rStx2B. Mice (n = 10/group) were challenged with the toxin Stx2 (1 x
LD;o0 =3 ng) on the 21st day after the last immunization dose. The non-
immunized group was not submitted to any treatment. Statistical analyses
were carried out with the Mantel-Cox test (***p < 0.001)

demonstrating that two doses would be sufficient to reach
maximal antibody levels. The same profile was not observed
when a 15-day dose regimen was used for immunization with
NMV-rStx2B, which resulted in a significant difference be-
tween the titers achieved with the three dose regimen, which
resulted in lower anti-rStx2B antibody titers. Shorter dose
intervals may result in an inefficient induction of the immune
responses against the antigen. Therefore, based on our obser-
vations, it is more appropriate to apply a longer dose interval
with NMVs formulations. Most probably such formulations
promote the continuous in vivo release of the antigen leading
to an enhanced induction of immune responses.

The size of the NMVs is also a relevant feature in the
activation of immune cells. Particles with sizes ranging from
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70 to 170 nm exhibited intermediate retention levels [42] and
modulated the immune response in favor of activating anti-
body responses [14, 15]. The fluidity of the lipid membranes
is influenced by the transition temperature of the lipids used
for the vesicle preparation [2, 9, 24]. We demonstrated that the
protein release by NMVs also depends on the characteristics
of the protein, but the release profile of the two tested antigens
did not change with incubation temperature; the increase in
temperature increased the membrane fluidity and the amount
of proteins released. In contrast, the presence of the DGS-
NTA (Ni) phospholipid promoted their anchoring on the sur-
face of vesicles via poly-histidine and Ni-NTA tails. Thus,
coupling into NMVs preserves the antigenic integrity of the
protein, which is a highly relevant feature to enhance the
antigen-specific antibody responses [18, 43]. Therefore,
DGS-NTA (Ni) is a strong option for composing subunit vac-
cine delivery systems. In fact, the strategy of incorporating the
antigen on the surface and in the interior of the NMVs was
shown to be successful; it promotes its release at the inocula-
tion site, as well as the continuous release from the inner parts,
efficiently targeting and enhancing the serum IgG responses.

Shiga toxin (Stx) produced by EHEC strains is associated
with the development of Hemolytic Uremic Syndrome
(HUS), the most severe outcome associated with the infection
by this pathogen. The non-toxic Stx B subunit has been a well-
studied antigen target for the development of vaccines capable
of preventing HUS mortality and lifelong sequels [26, 33, 34,
38, 44-48]. According to a previous study, the protective ef-
fect to Stx is related to high levels of neutralizing antibodies
and a long duration of the induced antibody response [35].
However, immunization with Stx B subunit requires the in-
corporation of strong adjuvants or employment of more effec-
tive delivery systems in order to overcome the naturally low
immunogenicity of that protein [34, 35]. In the present study,
we demonstrated that the loading of rStx2B into NMVs
(NMV-1Stx2B) can significantly enhance the immunogenicity
of the antigen in mice, increasing the levels of antibody to
those achieved with the administration of ALUM the refer-
ence vaccine [32, 49]. This finding can be ascribed to the
presence of the antigen on the surface of the vesicles, which
likely preserves conformational epitopes found in the native
bacterial toxin, as well as the continuous release of the antigen
from the interior, thereby enhancing the immune response.
Interestingly, the amount of lipids in NMVs-Stx2B was sig-
nificantly lower but induced stronger antibody responses than
that reported in two previous studies based on unilamellar
liposomes [50, 51].

Conclusions

Collectively, our results demonstrate that the NMV nanopar-
ticles can be used as a convenient platform for incorporation

of antigens and adjuvants to generate nanosystems exhibiting
strong immunostimulatory effects that are adequate for the
development of effective and safe vaccine formulations.
Enhancement of the humoral immune responses against pro-
tein antigens by DOPC, DPPG and DGS-NTA (Ni) phospho-
lipid multilamellar lipid nanovesicles was demonstrated.
Significantly higher levels of antibodies were obtained upon
administration of nanoparticle formulations loaded with OVA
and rStx2B compared with the purified antigens. The protec-
tive effect of anti-rStx2B antibodies conferred partial but sig-
nificant protection against the native Stx2a toxin, particularly
when the mice were immunized according to a customized
protocol. In summary, all results confirmed that NMVs carry-
ing incorporated and surface-coupled protein antigens are ef-
ficient delivery systems for poorly immunogenic antigens,
thereby exhibiting high potential for the development of sub-
unit vaccine-based strategies.
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