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Abstract

The development of safe and effective vaccine formulations against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
represents a hallmark in the history of vaccines. Here we report a COVID-19 subunit vaccine based on a SARS-CoV-2 Spike protein receptor
binding domain (RBD) incorporated into nano-multilamellar vesicles (NMV) associated with monophosphoryl lipid A (MPLA). The results
based on immunization of C57BL/6 mice demonstrated that recombinant antigen incorporation into NMVs improved antibody and T-cell
responses without inducing toxic effects under both in vitro and in vivo conditions. Administration of RBD-NMV-MPLA formulations
modulated antigen avidity and IgG subclass responses, whereas MPLA incorporation improved the activation of CD4+/CD8+ T-cell re-
sponses. In addition, immunization with the complete vaccine formulation reduced the number of doses required to achieve enhanced serum
virus-neutralizing antibody titers. Overall, this study highlights NMV/MPLA technology, displaying the performance improvement of subunit
vaccines against SARS-CoV-2, as well as other infectious diseases.
© 2022 Elsevier Inc. All rights reserved.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was first reported in Wuhan, China, in late 2019. The
high transmissibility and associated rapid global spread of the
virus resulted in a pandemic that may persist for several years [1].
Numerous mutations of the SARS-CoV-2 viral genome and the
consequential emergence of exceedingly transmissible variants
have resulted in an uncontrolled spread of the virus in several
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countries. Currently, approximately half a billion confirmed
cases and six million deaths have been reported worldwide [2].
As such, the spread of SARS-CoV-2 is still regarded as a serious
public health concern that necessitates integrated global efforts to
develop effective preventive and therapeutic measures [3,4]. The
prime and most successful example of this is the expeditious
development of various coronavirus disease (COVID-19) vac-
cines and subsequent public accessibility thereof, representing an
unparalleled hallmark in the history of vaccinology [5–11].
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SARS-CoV-2 is an enveloped, single-stranded RNA virus
that is 80–120 nm in diameter and consists of nearly 30,000
base pairs, encoding structural (S, E, M, and N) and non-
structural proteins [12]. The spike (S) protein, located on the
viral particle surface as a homotrimer, has been extensively
researched, particularly as a target for vaccine development.
The S protein contains the receptor-binding domain (RBD), a
region responsible for virus binding to host cell receptors,
such as the angiotensin-converting enzyme (ACE2), present
in epithelial cells of the lungs, intestine, heart, and kidney
[13].

The efficiency of recombinant protein utilization as antigen
targets is reliant on the combined use of delivery systems and
adjuvants [14]. Considering this, nanoparticles may improve the
immunogenicity of antigens, owing to their physicochemical
characteristics, intrinsic capability to target antigens to immune
cells, and inherent adjuvant effects. For instance, lipid nano-
particles have been reported to protect antigens from degradation
by plasma proteins, promote antigen delivery to cells involved in
both innate and acquired immune response modulation, and
mimic the virus surface by presenting the target antigens in a
multivalent manner [15–21]. Nano-multilamellar vesicles
(NMVs) represent a particular class of nanosized lipid vesicles
previously used in vaccine studies with bacterial and viral-de-
rived antigens [20,21]. Administration of antigen-loaded NMVs
results in an enhanced immune response compared to that of
vaccines containing only the purified protein combined with
conventional adjuvants [20,21]. In addition, NMVs allow for the
incorporation of antigens and immunostimulant molecules, such
as FDA-approved monophosphoryl lipid A (MPLA), a non-toxic
portion of bacterial lipopolysaccharide (LPS). MPLA exerts an
immunostimulatory effect by activating innate immune cells,
thereby stimulating antigen-presenting cells and, subsequently,
effector T and B cells. Thus, antigen-specific adaptive immune
responses, including immunological memory, may be mediated
by MPLA [22–25].

In the current study, a novel vaccine formulation comprising a
combination of recombinant SARS-CoV-2 RBD protein and
MPLA in NMVs was evaluated. The results demonstrated that
RBD-loaded NMVs boosted the immunogenicity of the target
antigen, leading to the generation of antibodies capable of effi-
ciently neutralizing the viral infection and reducing the number
of required doses. Altogether, this study provides a novel per-
spective for future development of SARS-CoV-2 subunit vac-
cines by means of lipid-based nanoparticles that can be tested
under pre-clinical conditions.

Methods

Animals and ethical statement

Six- to eight-week-old female C57BL/6 mice were main-
tained under specific pathogen-free conditions at the isogenic
mouse facility of the Microbiology Department, University of
São Paulo, Brazil. All mice were handled according to proce-
dures approved by the Committee for the Ethical Use of Labo-
ratory Animals from the Institute of Biomedical Sciences of the
University of São Paulo (CEUA 6961041120).
Plasmid and protein production

The pCAGGS mammalian expression vector, containing the
SARS-CoV-2 S glycoprotein RBD sequence, was obtained from
BEI Resources (NIAID, NIH) (NR-52309). The RBD protein
was produced in Expi293 cells (Thermo Fisher Scientific Inc.,
MA, USA) according to the manufacturer's guidelines and pu-
rified via single-step His-based affinity chromatography using a
HisTrap FF 5 ml column (GE Healthcare, IL, USA). Further
details are provided in the Supplementary Materials.

Preparation of lipid nano-multilamellar vesicles (NMVs) loaded
with RBD

NMVs were prepared as previously described [20,21], using
the following lipids obtained from Avanti Polar Lipids Inc. (AL,
USA): dipalmitoyl phosphatidyl choline (DOPC, 850375P),
dipalmitoyl phosphatidyl glycine (DPPG, 840455P), dipalmitoyl
glycerol succinyl (DGS-NTA(Ni), 790404P), cholesterol
(700000), and MPLA (699800). First, DOPC and DPPG phos-
pholipids are suspended in the protein solution and form a lipid
bilayer that makes up the inner layer. In this vesicle, the protein
can only be incorporated in its hydrophilic portion. The phos-
pholipid DGS-NTA (Ni), present only in the outer vesicle con-
taining also DOPC and CHOL, permits that the histidine tail
present in the RBD protein remains bound to the outer surface of
the vesicles. The amount of unincorporated protein was mea-
sured using the BCA protein assay (Thermo Fisher Scientific
Inc., MA, USA).

Dynamic light scattering (DLS) and zeta potential

The polydispersity and volume size distribution of the
nanoparticles and proteins were determined via dynamic light
scattering (DLS) at 90° (Zetasizer Nano ZS90, Malvern Pana-
lytical Ltd., UK). Measurements were performed in triplicate at
25 °C, and the zeta potential was measured in six replicates.

Evaluation of cell viability

Cell viability was assessed using Cell Proliferation Reagent
WST-1 (Roche Applied Science, Mannheim, Germany). Briefly,
Vero cells were seeded in a 96-well plate and, upon reaching 70
% confluence, were exposed to the different formulations. After
24 h, the culture medium was replaced and 10 μl of WST-1
reagent was added. Absorbance was measured, after 1 h of in-
cubation, at 440 and 600 nm using a Labsystems Multiskan plate
reader (Thermo Fisher Scientific Inc., MA, USA). All assays
were performed in six replicates.

Quantification of RBD release from NMVs at different temper-
atures

The RBD-NMV-MPLA formulations were incubated at 4, 25,
and 37 °C. RBD release measurements were performed in trip-
licate at each temperature over a period of 7 days. NMVs were
first separated from the released protein by centrifugation at
15,000 ×g for 10 min at 4 °C, after which protein quantification
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was performed using the BCA protein assay (Thermo Fisher
Scientific Inc., MA, USA).

Mice immunization

Two independent experiments were performed to assess im-
munogenicity of the vaccine formulations. Five mice were in-
cluded per vaccine formulation group and received one to three
intramuscular immunization doses separated by 2-week inter-
vals. The control groups were injected with saline, while the
vaccinated mice received either RBD, RBD-MPLA, RBD-
NMV, or the complete RBD-NMV-MPLA formulation. The
standard antigen dose was 10 μg/mouse, whereas one group re-
ceived a single dose of 20 μg. All serum samples were collected
1 day prior to each vaccine dose via submandibular bleeding.

Antibody analyses

An enzyme-linked immunosorbent assay (ELISA) was per-
formed as previously described [26]. Briefly, RBD served as a
solid-phase antigen, and the serum obtained from each mouse
was serially diluted in duplicate. Immunoenzymatic assays were
performed using mouse anti-IgG antibodies conjugated to per-
oxidase (Sigma-Aldrich, USA). Additionally, IgG subclass re-
sponses were assessed using immunized mouse sera treated with
anti-IgG1 (Sigma-Aldrich, St. Louis, MO, USA) or anti-IgG2c
(SouthernBiotech, Birminghan, USA) antibodies conjugated to
peroxidase. To evaluate the strength of antigen-antibody inter-
action in ELISA, a step involving incubation with increasing
concentrations of ammonium thiocyanate (0–4 M), prior to in-
cubation with secondary antibodies (conjugated to peroxidase),
was added to the regular protocol.

Intracellular cytokine staining

The splenocyte-derived cytokines were measured using in-
tracellular cytokine staining (ICS), as described in the Supple-
mentary Materials. Briefly, splenocytes were collected 3 weeks
after the third immunization and subsequently pulsed with an
anti-CD28 agonist antibody (BD Biosciences, USA) in combi-
nation with either RBD or a set of 14-mer peptides covering the
RBD region in overlap (NR-52402, BEI Resources, USA). After
1 h, the cells were treated with brefeldin A (BD Biosciences,
USA) and incubated for 12 h at 37 °C and 5 % CO2. Non-pulsed
cells served as the negative control. Extracellular staining was
performed using Live/Dead Fixable Aqua Dead, anti-CD3
BV786 (BioLegend, USA), anti-CD8 APC (BioLegend, USA),
and anti-CD4 BV605 (BioLegend, USA). After washing, the
fixed and permeabilized cells were intracellularly stained with
anti-IFNγ PE (BioLegend, USA), anti-IL-2 BV421 (BioSci-
ence), and anti-TNFα Pe-Cy7 (BD Bioscience, USA). The cells
were subsequently analyzed using an LSR Fortessa flow cyt-
ometer (BD Biosciences, USA).

Viral neutralization test

For this assay, the human viral isolate SARS-CoV-2/human/
BRA/SP02cc/2020 (GenBank MT350282.1) was used [27], as
described in the Supplementary Materials, and the cytopathic
effect (CPE)-based virus neutralization test (VNT) was carried
out as previously reported [28]. Briefly, mixtures of SARS-CoV-
2 and inactivated pools of immunized mouse serum were added
to Vero cells and subsequently incubated for 72 h, before plate
assessment for the presence or absence of CPE-VNT. Neutral-
izing antibody titers correspond to the highest serum dilution
capable of fully neutralizing virus growth. In accordance with the
World Health Organization recommendations [29], all proce-
dures involving SARS-CoV-2 were performed in a biosafety
level 3 laboratory located at the Instituto de Ciências Biomédi-
cas, USP, Brazil.

Immunofluorescence of SARS-CoV-2-infected Vero cells deter-
mined using sera from immunized mice

Immunofluorescence assays were performed as previously
described [30,31] and as detailed in the Supplementary Mate-
rials. Briefly, Vero cells were infected with SARS-CoV-2
(GenBank MT350282.1) at a 0.1 multiplicity of infection (MOI),
followed by a 72 h incubation period. The infection was detected
using inactivated pools of immunized mouse serum, which were
stained with Alexa488-conjugated goat anti-mouse IgG (Thermo
Fisher Scientific Inc., MA, USA) and DAPI (4,6-diamidino-2-
phenylindole; Sigma-Aldrich, St. Louis, MO, USA). Image ac-
quisition was performed using the Operetta High Content Im-
aging System (PerkinElmer, Waltham, MA, USA).

Statistical analysis

Statistical analyses were performed using Prism 9 (GraphPad
Software, USA) and included a two-way analysis of variance
(ANOVA), followed by a t-test corrected for multiple compari-
sons (post-test Bonferroni correction). P-values below 0.05 were
considered statistically significant. All values are reported either
as individual values or as mean ± SD.

Results

Characterization of NMV-based formulations

Recombinant SARS-CoV-2 RBD was produced in Expi293
cells, which demonstrated high recovery yields and near-native
conformation and glycosylation patterns. A highly pure protein
was obtained with single-step nickel-based affinity chromatog-
raphy and exhibited the expected electrophoretic mobility
(Fig. 1A). The purified RBD was incorporated into NMV for-
mulations in the inner and outer membrane layers, as illustrated
in Fig. 1S. The RBD incorporation efficiency reached 96.6 %,
with a protein distribution ratio of 0.19 in the outside/inside lipid
layers. Moreover, MPLA was also incorporated into both layers
of the NMVs. A multimodal distribution was observed for the
RBD-loaded NMVs, which demonstrated three distinct vesicle
populations with mean diameters of 51.2, 106.8, and 216.8 nm
(Fig. 1B). Zeta potential analyses indicated a negative nanopar-
ticle surface charge of −17.5 mV and an overall high
polydispersity index of 0.92. Antigen release from the loaded
NMVs was temperature-dependent, demonstrating enhanced
kinetics at higher temperatures (Fig. 1C). Accordingly, formu-
lations maintained at 37 °C released >50 % of the loaded protein



Fig. 1. Production of recombinant SARS-CoV-2-derived RBD protein in mammalian cells and characterization of the vaccine formulation based on NMVs.
(A) Immunodetection of the expression of purified RBD via western blotting (WB). (B) Determination of nanoparticle diameter via dynamic light scattering
(DLS). Values correspond to the mean of the diameters obtained in three replicates. (C) Time-course measurement of RBD release from NMVs at different
temperatures. Values represent the mean ± SE of values from experiments performed in triplicate for each temperature. Statistical differences are indicated
regarding samples kept at 4 °C. ****p < 0.0001 (t-test). (D) Cellular viability of Vero cells incubated with RBD-NMV-MPLA after 24 h, as assessed usingWST.
The values represent the means ± SE of the absorbance values determined in six replicates of each vaccination formulation. Statistically significant differences
are indicated in the graph. ****p < 0.0001 for two-way ANOVA with Bonferroni's post-test correction is indicated in relation to the negative control.
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on the first day, while formulations maintained at lower tem-
peratures (25 °C and 4 °C) released <40 % of the loaded protein
after a 7-day incubation period.

Lastly, no statistically significant impact on Vero cells via-
bility was observed following the 24 h incubation period with the
tested proteins and NMV concentrations, indicating negligible
toxicity to mammalian cells (Fig. 1 D).

Analysis of the humoral responses

Immunogenicity was first evaluated using C57BL/6 mice that
were immunized intramuscularly with 10 μg of either the RBD-
MPLA combination or with the NMV-based formulation (RBD-
NMV-MPLA). The vaccination regimen comprised two doses
administered 2 weeks apart (Fig. 2 A). Furthermore, NMVs have
been reported to promote vaccine depot effects [21]. Thus, we
included an additional immunization group that was adminis-
tered a single dose containing twice the amount of the target
antigen (20 μg). Mice included in the control group were injected
with saline, and the corresponding results were subtracted from
that obtained from the immunized groups. As shown in Fig. 2B,
antigen assembly into nanoparticles resulted in a significant in-
crease in antigen-specific IgG titers. Notably, the single-dose
regimen demonstrated significantly lower antibody titers com-
pared to the two-dose regimen, indicating that the prime/boost
immunization regimen is more efficient than the putative depot
effect obtained with the single-dose regimen.

The analysis of IgG subclass responses (Fig. 2 C) suggested
that although the presence of NMV had no significant impact on
IgG1 titers, it directly increased the antigen-specific IgG2c re-
sponses, thus promoting a balanced IgG subclass response with a
slightly polarized Th1 profile. ELISA was performed in the
presence of a dissociating agent (ammonium thiocyanate) and
demonstrated a prominent increase in the antigen-antibody
avidity in mice immunized with the antigen-loaded NMVs
(Fig. 2 D).

Immunofluorescence was used to investigate the binding
capacity of antibodies raised in mice immunized to the SARS-
CoV-2 virus. The infected cells were exposed to serially di-
luted serum samples collected from mice immunized with two
doses of either RBD-MPLA or RBD-NMV-MPLA. As
depicted in Fig. 3, sera from RBD-MPLA immunized mice
failed to bind to the virus particles present in infected cells,
whereas sera from the RBD-NMV-MPLA immunized mice
successfully bound to SARS-CoV-2 virus particles up to a
dilution of 1:320. These results clearly demonstrate the po-
tential of NMV incorporation to result in the induction of
efficient antibody responses.

Image of Fig. 1


Fig. 2. Immunization with RBD-NMV-MPLA induces strong humoral responses in vaccinated mice. (A) Two-dose vaccination regimens, indicated as 2D, of
C57BL/6 mice immunized with 10 μg of antigen per dose, or a single dose (20 μg), indicated as 1D. Serum samples were collected 14 days after each dose.
(B) Anti-RBD-specific total IgG titers. (C) Anti-RBD IgG1 and IgG2c subclass titers. Values above the dashed red line correspond to the mean IgG1/IgG2c titer
ratio. The values obtained in the control group were subtracted from the values obtained in the experimental groups (Mean ± 2 × SD). (D) Antigen affinity for
RBD-specific antibodies after incubation with different ammonium thiocyanate concentrations could dissociate 50 % of the bound antibodies. Antigen affinity
values represent the means ± SE of values from experiments performed in duplicate. Statistical differences are indicated in the graphs. ns: not significant; ***p <
0.001; **p < 0.01; *p < 0.05, as determined using a two-way ANOVA with Bonferroni's post-test correction.

Fig. 3. Binding of anti-RBD antibodies raised in vaccinated mice to SARS-CoV-2 virus particles. Vero cells infected for 72 h with SARS-CoV-2 were incubated
with different dilutions of serum samples collected after the second vaccine dose. Images captured on Operetta.
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Image of Fig. 2
Image of Fig. 3
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To this point, the evaluated parameters represent an indirect
demonstration of the quality of the induced antigen-specific
antibodies. Therefore, we performed VNTs, which provide a
highly accurate indication of antibody effectiveness, using a
SARS-CoV-2 strain (Wuhan, China) isolated from the first
Brazilian patient infected with the virus in 2020 [27]. The
VNT100 results indicated the maximum dilution of antibodies in
which complete neutralization was obtained, with a threshold
value of 20 considered significant. The results obtained here
demonstrated that while the RBD-MPLA immunized mouse
serum induced a significant humoral response, the resulting an-
tibodies failed to neutralize SARS-CoV-2 in vitro, with a
VNT100 < 20 (Table 1). Nonetheless, mice immunized with
RBD-NMV-MPLA produced antibodies with a strong virus-
neutralizing activity that could block viral infection in vitro up to
a dilution of 1:320.

Effects of RBD-NMV-MPLA components on immunogenicity of
the vaccine formulation

Results obtained during the initial immunization experiment
demonstrated that the RBD-NMV-MPLA formulation provided
a promising vaccine strategy against SARS-CoV-2. Next, the
contribution of each of the three vaccine formulation compo-
nents to the induction of immune responses was assessed. This
was done by immunizing mice with RBD, RBD mixed either
with MPLA or NMV, or with the complete formulation (RBD-
NMV-MPLA). As described previously, the control group was
injected with saline, and antibody titer results were obtained
following deduction calculations. A three-dose vaccination reg-
imen was employed with the hypothesis that an additional dose
may further increase the ensuing IgG and virus neutralization
titers (Fig. 4 A).

Analysis of total serum IgG titers (Fig. 4 B) indicated that
RBD is a highly immunogenic antigen capable of inducing el-
evated antibody titers following a three-dose vaccine regimen.
However, RBD incorporated into NMVs displayed no signifi-
cant difference between IgG titers obtained after two or three
Table 1
Evaluation of the neutralizing effect of antigen-specific IgG antibodies by cytopa

Formulation(a) Immunization(b) VNT100

RBD-MPLA (2 doses) 1 –
RBD-NMV-MPLA (2 doses) 1 –
Saline (2 doses) 1 –
RBD-NMV-MPLA (1 dose) 1 <20
RBD (3 doses) 2 –
RBD-MPLA (3 doses) 2 –
RBD-NMV (3 doses) 2 –
RBD-NMV-MPLA (3 doses) 2 –
Saline (3 doses) 2 –

Different dilutions of sera after the first, second, and third doses of mice immunize
subsequently added to a monolayer of Vero cells. After incubation for 72 h, the cyto
microscope.
a Experimental vaccine formulations.
b Immunization experiments based on a two (1) or three (2) dose regimen.
c Neutralizing effect of sera after single-dose immunization.
d Neutralization effect of sera after the second dose
e Neutralization effect of sera after the third dose.
doses, regardless of MPLA addition, emphasizing the inherent
adjuvant effects of NMVs. Furthermore, the RBD-MPLA-im-
munized mice required three doses to reach antibody levels
comparable to those obtained with two doses of the NMV-con-
taining formulations. Collectively, these results suggest that the
inclusion of MPLA had a negligible impact on the immunoge-
nicity (IgG titers) of the NMV vaccine formulation. In addition,
incorporation of RBD into NMVs allowed for maximum anti-
gen-specific antibody titers after only two doses.

Analyses of IgG subclass responses showed that NMVs and
MPLA affected the induced antibody responses. While RBD alone
induced a strong polarization towards IgG1 (IgG1/IgG2c ratio of
1046), its incorporation into NMVs induced a more balanced IgG
subclass response. The latter is indicated by the distinct induction of
IgG2c (Fig. 4 C), resulting in a reduced IgG1/IgG2c ratio of 2.36
(RBD-NMV) and 0.75 (RBD-NMV-MPLA).

Regarding antigen-binding avidity, the dissociation of RBD-
specific antibodies with ammonium thiocyanate revealed that
while addition of MPLA and NMV individually contributed to
an increase in avidity, both components acted synergistically in
the promotion of antibody-antigen avidity (Fig. 4 D). These re-
sults indicated that although total IgG titers were statistically
similar in mice immunized with either NMV, MPLA, or a
combination of both, major differences were observed in the
induced subclass profiles and antigen avidity.

Next, the ability of the antibodies elicited in mice immunized
with different vaccine formulations to neutralize SARS-CoV-2
was assessed. The three-dose immunization regimen with RBD
alone was not capable of inducing neutralizing antibodies.
Similarly, the mice immunized with RBD and NMV generated
antibodies with a low virus neutralization titer (VNT100 reverse
titer of 20), while mice immunized with RBD-MPLA generated
antibodies with a VNT100 of 180 after three doses (Table 1). In
contrast, mice immunized with the complete vaccine formulation
(RBD-NMV-MPLA) produced significant virus-neutralizing
antibody titers at maximal values after a two-dose regimen (320–
640), indicating that antigen incorporation into adjuvanted
nanoparticles promoted antibody induction without the need for
thic effect (VNT).
(c) Dose 1 VNT100(d) Dose 2 VNT100(e) Dose 3

<20 –
320 –
<20 –
– –
<20 <20
<20 180
<20 20
640 320
<20 <20

d from 1:20 onwards were incubated with MOIs 0 and 1 of SARS-CoV-2 and
pathic effects at the different tested dilutions were observed using an inverted



Fig. 4. Roles of NMVs andMPLA in the induction of humoral responses in mice immunized with RBD-NMV-MPLA. (A) Schematic representation of the three-
dose vaccine regimen. (B) RBD-specific IgG titers. (C) RBD-specific serum IgG subclass responses. Values above the dashed red line correspond to the mean
IgG1/IgG2c titer ratio. (D) Antigen affinity of RBD-specific antibodies after incubation with different ammonium thiocyanate concentrations could dissociate 50
% of the bound antibodies. In total IgG and subclass analyses, the values obtained in the control group were subtracted from the values obtained in the
experimental groups (means ± 2 × SD). The antibody titers represent the mean ± SD of the individual titers determined in duplicate for each dose. Individual
values are indicated by triangles. In the antigen affinity determination, the values represent the mean ± SE of values from experiments performed in duplicate.
Statistical differences are indicated in the graphs. ns: not significant; ****p < 0.0001; ***p < 0.001; **p < 0.01, as determined via a two-way ANOVA with
Bonferroni's post-test correction.
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additional booster doses. Notably, no significant signs of mor-
bidity, such as bristling hairs, curved spine or paralyzed legs, and
any additional signs of physical pain including closed eyes and
slowness, were observed in mice subjected to either the two- or
three-dose vaccine regimens or the different tested vaccine for-
mulations (data not shown).

Analysis of the cellular (T cell) responses

Our results demonstrate that the RBD-NMV-MPLA vaccine
formulation is capable of inducing significant virus-neutralizing
antibody responses. Lastly, the concomitant activation of anti-
gen-specific T-cell responses in vaccinated mice was assessed
via intracellular cytokine staining (ICS). No significant results
were observed for mice subjected to the two-dose vaccine regi-
men. The production of IL-2, TNF-α, and IFN-ɣ by CD4+ and
CD8+ T cells was analyzed using splenocytes collected 3 weeks
after the third vaccine dose (Fig. 5A–F). Splenocytes were ex-
posed to 3 different conditions: stimulated with the purified RBD
(labeled as “RBD” in the x axis of graphs on Fig. 5A-F), stim-
ulated with a peptide pool covering the complete RBD sequence
(labeled as “pep” in the x axis of graphs on Fig. 5A-F), and in
addition, a non-stimulated group serving as the negative control
(labeled as “C −” in the x axis of graphs on Fig. 5A-F). The
results demonstrated that only MPLA-containing vaccine for-
mulations were capable of inducing RBD-specific immune cell
responses. The lack of significant differences between unsti-
mulated and stimulated cells suggests that RBD and RBD-NMV
formulations do not induce specific T-cell activation. Further-
more, no significant cytokine differences were observed between
RBD-MPLA- and RBD-NMV-MPLA-immunized mice, sug-
gesting that the activation of T cell-dependent responses is as-
cribed to the presence of MPLA.

Discussion

One positive impact associated with the COVID-19 pandemic
was the unparalleled advances observed in the development of
new vaccine formulations in a short period of time. Such ad-
vances included the deployment of new vaccine technologies,
such as those based on messenger RNA and the adenovirus-
vectored vaccines [5–11]. Nonetheless, unmatched challenges,
such as the need to induce long lived protection and activation of
broader protective immune responses capable of facing the in-
herent natural variability of coronaviruses, demands further
technological improvements.

Image of Fig. 4


Fig. 5. RBD-NMV-MPLA vaccine induced antigen-specific CD4+ and CD8+ T-cell responses. Spleen cells of immunized mice were collected and exposed to 3
different conditions: stimulated with the purified RBD (labeled as “RBD”), stimulated with a peptide pool covering the complete RBD sequence (labeled as
“pep”), and in addition, a non-stimulated group serving as the negative control (labeled as “C −”). The induced cytokine responses were measured using ICS
assays and flow cytometry. Data based in one experiment correspond to means ± SD of two pools of splenocytes for each tested experimental group performed in
triplicate. Statistical differences are indicated in the graphs. ns: not significant; **** p < 0.0001; ***p < 0.001; **[< 0.01; *p < 0.05, as determined via a two-way
ANOVA with Bonferroni's post-test correction.
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The incorporation of protein antigens into lipid nanoparticles
is a well-known approach to enhance mammalian immune re-
sponses by particularly influencing the activation of antibody-
producing cells [32]. Here, we evaluated an immunization
strategy based on NMVs that allows coupling of antigens and
adjuvants at both the outer and inner NMV lipid layers [19–21].
Various vaccine formulations were produced from combinations
of a SARS-CoV-2-derived recombinant antigen (RBD) and an
adjuvant (MPLA) incorporated into NMVs. The results dem-
onstrated that although all formulations were capable of inducing
high serum antibody titers, disparities were present regarding the
quality of antigen-specific antibodies raised in mice immunized
with the complete vaccine formulation (RBD-NMV-MPLA).
Antibodies raised in RBD-NMV-MPLA-immunized mice were
able to bind and neutralize viral particles after two vaccine doses.
Additionally, the presence of MPLA and NMV modulated an-
tigen-specific antibody avidity and serum IgG subclass re-
sponses. Interestingly, the incorporation of MPLA into NMVs
induced higher cellular immune responses, as determined by the
presence of specific cytokines produced by CD8+ and CD4+ T
cells. Altogether, these results support the use of adjuvanted
NMVs as a technological platform for the generation of subunit
vaccines using purified recombinant proteins, including, but not
limited to, vaccines against COVID-19.

The use of an RBD as an antigen is evident when considering
that it constitutes the S protein region responsible for binding to
host cell receptors and mediating virus entry into cells [13]. The
recombinant RBD was incorporated in both inner and outer
layers of the NMVs, resulting in nanoparticles with a multimodal
size distribution encompassing three populations of 50–200 nm
in diameter. This is consistent with previous reports, which in-
dicated that NMVs display an average size of 50 nm under cryo-

Image of Fig. 5
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TEM but tend to aggregate by self-attraction forces into small
clusters that appear larger upon DLS [33]. The observed size
range of the RBD-loaded NMVs was of particular interest,
considering that it would avoid renal clearance, characteristic of
nanoparticles <5 nm, while remaining in the appropriate size
range that allows efficient draining to lymphoid organs and,
consecutively, phagocytosis by antigen-presenting cells that may
present the target antigen epitopes to effector immune cells [34].

The RBD-loaded NMV formulations showed moderate sta-
bility at lower temperatures but released >50 % of the protein at
physiological temperatures after 24 h. Despite previous in vivo
observations that NMVs could promote a moderate depot effect
[21], the current results demonstrated that single-dose immuni-
zation containing a twofold antigen load, combined with the fast
antigen release exhibited at 37 °C, did not support a significant
booster effect on the induced antibody responses. Nonetheless, it
is noteworthy that NMVs did not show any clear toxic effects
either in vitro or in vivo in any vaccine formulation.

The initial two-dose regimen was aimed at establishing
whether the presence of NMVs would impact the quantity and/or
quality of the induced antibody responses. In accordance with
previous reports [20,21], our results indicated that the RBD-
NMV-MPLA formulation was capable of inducing higher anti-
body titers than the RBD-MPLA formulation. Additionally, the
NMV-containing formulations induced a more balanced IgG
subclass response and induction of IgG2c, which was not ob-
served in mice immunized with RBD-MPLA, thereby indicating
probable activation of both cellular (T cell) and humoral (B cell)
responses via NMV incorporation. NMVs also had a major impact
on antigen-antibody binding avidity, higher than the one observed
for the RBD-MPLA. Our results demonstrate that, similar to what
has been extensively described for adjuvants, nanoparticles can also
modulate the immune response, which is maximized when admin-
istered in combination with adjuvants [35–37]. Altogether, these
results substantiate the notion that the combination of recombinant
purified antigens with adjuvanted NMVs affects both the magnitude
and quality of the induced antigen-specific immune responses.

Sera from RBD-NMV-MPLA immunized mice could bind to
and detect SARS-CoV-2 particles in infected cells, whereas sera
from RBD-MPLA immunized mice failed to do so. This is
particularly relevant because the antibodies elicited in mice im-
munized with antigens organized into different kinds of nano-
particles may show an impaired ability to bind native proteins
[26]. As such, the results generated here validate the use of the
NMV-MPLA platform for the generation of subunit vaccines
capable of preserving the conformational and immunological
features of the target virus antigen. Furthermore, sera from RBD-
NMV-MPLA immunized mice neutralized SARS-CoV-2 in vitro
up to a reverse titer of 320–640, while sera from RBD-MPLA
immunized mice did not show a significant virus neutralization
titer (<20). These results confirmed that a two-dose regimen was
sufficient to induce significant serum levels of protective anti-
bodies in mice immunized with RBD-NMV-MPLA.

In addition, we sought to determine the contribution of each
vaccine formulation component (NMV and MPLA) to the in-
duction of antigen-specific antibody responses. Incorporation of
either NMVs or MPLA did not boost the RBD-specific IgG
responses in mice immunized with purified RBD. Similarly, no
synergistic effects regarding the induction of RBD-specific an-
tibodies were demonstrated in mice immunized with RBD-
NMV-MPLA compared to mice immunized only with RBD.
Nonetheless, a more detailed analysis of the serum IgG responses
revealed that the IgG subclass varied among the immunization
groups. The RBD-immunized mice developed a strong IgG1
polarization, while mice immunized with NMV-containing for-
mulations displayed a more balanced response with a notable in-
duction of an IgG2c response. Despite IgG titer results, mice
immunizedwithRBDcombinedwith eitherMPLAorNMV-MPLA
were capable of inducing significantly higher VNT100 titers. Indeed,
MPLA is an FDA-approved adjuvant that binds TLR-4 receptors
and boosts immune responses either towards Th1 or a balanced
Th1/Th2 response, depending on the chosen antigen and adminis-
tration route [38]. Collectively, the results based on a 3-dose regi-
men revealed the high immunogenicity associated with recombinant
RBD in mice, and that the addition of NMVs and/or MPLA had a
significant impact on the quality of the induced antibody responses,
particularly regarding the capacity to recognize and block the
binding of RBD to host cell receptors.

Subunit vaccines are generally poor inducers of T cell-based
immune responses [39]. Despite no significant results being
observed in mice subjected to a two-dose regimen, mice im-
munized with three vaccine doses clearly demonstrated activa-
tion of both CD8+ and CD4+ T cells, particularly in RBD-
MPLA- and RBD-NMV-MPLA-immunized mice. Interestingly,
our results demonstrated that T-cell activation is dependent on
MPLA incorporation into the vaccine formulation.

Our results demonstrate that the incorporation of recombinant
RBD and MPLA into NMVs represents a novel strategy for
developing vaccine formulations endowed with the ability to
enhance serum antigen-specific antibody and T-cell responses.
The incorporation of both antigen and MPLA into NMVs is
necessary to modulate the quality of the induced antibody re-
sponses, including higher antigen avidity, modulation of IgG
subclass responses, and activation of antigen-specific T-cell re-
sponses, as previously reported by our group [20,21]. Notably,
the generation of virus-neutralizing antibodies was improved
after the incorporation of purified RBD into NMVs. Generation
of virus-neutralizing antibodies usually requires the maintenance
of a structural conformation in which nonlinear epitopes are
recognized by neutralizing antibodies. In this sense, the multi-
meric presentation of RBD on the surface of NMVs may mimic
the tight and well-ordered conformation found in virions, which
are recognized by both innate (antigen-presenting cells) and
acquired (B and T cells) components of the mammalian immune
system. Taken together, our results demonstrate that by adding a
viral antigen (RBD) to MPLA-containing NMV we achieved a
boost in the induction of serum antibody responses, which in-
cluded not only quantitative enhancement of the response but
also modulation of antigen affinity and IgG subclass responses.
Altogether, these effects resulted in the induction of a stronger
virus neutralization response that allowed reduction of the
number of vaccine doses. Overall, this study highlights that IgG
titers alone are not sufficient when comparing different vaccine
formulations and demonstrates that the combination of lipid
nanoparticles and a lipid adjuvant displays synergic effects that
enhance antigen capacity for the induction of immune responses.
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