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Inhalable hybrid nanovaccines with virus-
biomimetic structure boost protective
immune responses against SARS-CoV-2
variants
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Abstract

Background Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), with different antigenic variants, has
posed a significant threat to public health. It is urgent to develop inhalable vaccines, instead of injectable vaccines, to
elicit mucosal immunity against respiratory viral infections.

Methods We reported an inhalable hybrid nanovaccine (NVzgp-MLipo) to boost protective immunity against SARS-
CoV-2 infection. Nanovesicles derived from genetically engineered 293T cells expressing RBD (NVggp) were fused with
pulmonary surfactant (PS)-biomimetic liposomes containing MPLA (MLipo) to yield NVggn-MLipo, which possessed
virus-biomimetic structure, inherited RBD expression and versatile properties.

Results In contrast to subcutaneous vaccination, NVggn-MLipo, via inhalable vaccination, could efficiently enter
the alveolar macrophages (AMs) to elicit AMs activation through MPLA-activated TLR4/NF-kB signaling pathway.
Moreover, NVggp-MLipo induced T and B cells activation, and high level of RBD-specific IgG and secretory IgA (sIgA),
thus elevating protective mucosal and systemic immune responses, while reducing side effects. NVpgp-MLipo also
demonstrated broad-spectrum neutralization activity against SARS-CoV-2 (WT, Delta, Omicron) pseudovirus, and
protected immunized mice against WT pseudovirus infection.

Conclusions This inhalable NVggp-MLipo, as an effective and safe nanovaccine, holds huge potential to provoke
robust mucosal immunity, and might be a promising vaccine candidate to combat respiratory infectious diseases,
including COVID-19 and influenza.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
with different antigenic variants, has spread rapidly
around the world, thus threatening public health, finan-
cial and social systems [1-3]. Respiratory tract is the
primary site of SARS-CoV-2 transmission, where SARS-
CoV-2 enters the host cells through viral spike (S) pro-
tein binding to angiotensin-converting enzyme 2 (ACE2)
receptor [4—6]. Therefore, it is believed that introduction
of mucosal immunity as the first-line of defense is essen-
tial for effective resistance to SARS-CoV-2 infection.
However, multiple approved COVID-19 vaccines, such
as inactivated virus vaccines [7], recombinant protein
subunit vaccines [8, 9], and messenger (mRNA) vaccines
[10], are suboptimal in producing secretory IgA (sIgA) to
neutralize viruses in the respiratory tract, leading to lim-
ited mucosal immune response [11, 12].

To date, inhalable COVID-19 vaccines have drawn
great attention, which can evoke a significant mucosal
immune responses in the mucosa-associated lymphoid
tissue (MALT), especially nasal-associated lymphoid
tissue (NALT) [13, 14], and antibody titers to neutral-
ize virus at the first line, while also showing advantages
for needle-free and non-invasive administration [15].
For example, Convidecia Air, as an inhalable COVID-19
vaccine has been approved for use in China [16]. Espe-
cially, inhalable recombinant protein vaccine, which con-
tains antigen (e.g., receptor-binding domain (RBD)) from
pathogen, has been extensively studied as an attractive
vaccine candidate due to their safety [17, 18]. However,
antigen production is time-consuming and expensive,
premature degradation and low immunogenicity of
antigen require incorporation of a suitable adjuvant to
reduce the number of vaccinations and boost immune
responses [19, 20]. Monophosphoryl lipid A (MPLA) is
a well-known toll-like receptor 4 (TLR4) agonist, which
plays a critical role in the induction of innate and adap-
tive immune responses through activation of TLR4/
nuclear factor kappa-B (NF-«kB) signaling pathway [21—
24]. In addition, as one of the most common, safe and
approved adjuvants, Alum adjuvant can enhance anti-
gen immunogenicity, whereas the protective efficacy
of Alum-formulated vaccine is limited due to the lack
of cellular immunity [25, 26]. Although other adjuvants
have demonstrated promising efficacy, they have not
been approved for widespread use due to safety concerns
[27]. Alternatively, pulmonary surfactant (PS) that is an
aggregate of lipid and surfactant proteins (SP-A, SP-B,
SP-C and SP-D), acts as a natural biological barrier for
the respiratory surface, thus imposing restrictions on the
entry of foreign nanoparticles and hydrophilic molecules
into the alveolar macrophages (AMs) [28—-30]. As such, it
is highly imperative to develop inhalable vaccine delivery
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systems with potent antigen presentation, adjuvant and
PS-penetrating capabilities to boost mucosal immunity.

Cell-derived nanovesicles (NVs), which are prepared
by sonicating or extruding cell membrane, have gained
considerable attention as a promising candidate to extend
the potential of vaccine delivery systems [31-35]. N'Vs
incorporate the lipids and proteins of original parent
cells, which assist in inheriting unique biological proper-
ties of source cells [36—38]. It has been proved in mul-
tiple studies that NVs possess significant advantages
over conventional delivery carriers, including excellent
biocompatibility and prolonged circulation time [39].
However, poor cargo-loading efficacy and low stability
have hampered the translational progress of NVs [40,
41]. To address these challenges, genetic engineering of
cell has been shown to be an effective approach, which
allows for selective expression of specified protein, espe-
cially antigen, thus further optimizing the antigen deliv-
ery efficiency of N'Vs [42]. In addition, liposome has been
served as promising candidate for vaccine carriers thanks
to their excellent merits of high stability, cargo-loading
capacity and versatile structure modification [43-46].
Encouragingly, PS-biomimetic liposomes that composed
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/
dipalmitoyl phosphatidylglycerole (DPPG)/1,2-dipal-
mitoyl-sn-glycero-3-phosphoethanolamine (DPPE)-
COOH/cholesterol can enter AMs via pulmonary
surfactant-associated protein (SP)-A/D-mediated endo-
cytosis with negligible PS layer disruption [47]. Thus, we
hypothesized that hybrid NVs-liposomes nanoplatforms
can be fabricated based on their similar structures to
accomplish complementary and versatile performance.
In this regard, the hybrid nanoplatforms can inherit both
the features of biological properties and antigen expres-
sion from genetically engineered N'Vs, as well as PS-pen-
etrating ability of liposomes.

Herein, we developed inhalable hybrid nanovaccines
(known as NVypp-MLipo) with virus-biomimetic struc-
ture to provide effective protection against SARS-CoV-2
variants (Scheme 1). The NVypn-MLipo was fabricated
by efficient fusion of genetically engineered N'Vs express-
ing RBD (known as NVygp) and MPLA-containing, PS-
biomimetic liposomes (known as MLipo) with long-term
PBS or serum stability. The obtained NVypzp-MLipo
maintained the similar RBD expression to NVypp, which
mimicked the surface distribution of specific antigen on
virus, thus enabling the effective antigen presentation.
Compared with reported subcutaneous COVID-19 vac-
cines, inhalable NVpn-MLipo which inherited the capa-
bilities of liposomes and source cells, could efficiently
enter the AMs and elicit AMs activation through MPLA
-activated TLR4/NF-«B signaling pathway, generate high
titer of RBD-specific IgG in serum and RBD-specific
secretory IgA (sIgA) in bronchoalveolar lavage fluid
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Scheme 1 Schematic illustration of inhalable hybrid nanovaccines (NVggn-MLipo) with virus-biomimetic structure against SARS-CoV-2 infection.
Nanovesicles are derived from genetically engineered 293T cell expressing RBD (NVggp), which are further fused with pulmonary surfactant (PS)-biomi-
metic liposomes containing MPLA (MLipo) to yield NVggn-MLipo. After inhalable vaccination, NVpgp-MLipo effectively enters alveolar macrophages (AMs)
due to its PS-biomimetic property, and induces AMs activation through MPLA-activated TLR4/NF-kB signaling pathway. Furthermore, NVpzo-MLipo elicits
T and B cells activation, as well as generates high level of RBD-specific IgG and secreted IgA (sIgA) with broad-spectrum neutralization activity against

pseudoviruses, thus boosting protective mucosal immune and systemic immune responses

(BALF), induce lung and spleen T cells activation, thus
potentiating mucosal immunity and systemic (humoral,
cellular) immunity, while minimizing side effects. During
mucosal immune excitation, sIgA generated by effector
B cells could effectively neutralize viruses in the respira-
tory tract, thus suppressing viral adhesion to and inva-
sion of recipient cells. Therefore, inhalable NVzn-MLipo
nanovaccines might provide additional perspective in the
development of effective and safe vaccine against respi-
ratory infectious diseases, including SARS-CoV-2 and
influenza.

Methods

Preparation of NVgg,

The mixture of RBD plasmid (2.5 ug) and Lipo6000™ (5
uL) was dissolved in DMEM (250 pL), and incubated for
5 min at room temperature (RT) according to the manu-
facturer’s protocol [48]. 293T cells seeded on 6-well plates
(~80% confluence) were incubated with the mixture

(2.5 pug RBD plasmid/well) for 24 h before collecting by
centrifugation (1000 rpm, 5 min, 4 C). The collected cells
were resuspended in 1 mM PBS, and freeze-thawed for
three times. After centrifugation (14,800 rpm, 30 min,
4 C), the resulting precipitate was resuspended in DI
water and extruded by Avanti Polar Lipids to obtain
RBD-expressed 293T cell-derived nanovesicles (NVypp).
The RBD content was determined by enzyme-linked
immunosorbent assay (ELISA) kit.

Preparation of NVgg,-MLipo

MPLA-modified liposomes (MLipo) were prepared using
the thin-film hydration methods [49]. Briefly, DPPC
(13 mg), DPPE (2 mg), DPPG (2 mg), cholesterol (1 mg)
and MPLA (0.4 mg) were dissolved in chloroform (2 mL),
and the mixture was evaporated by a rotary evaporation
to yield a thin film. The dried film was hydrated with PBS,
stirred at 40 ‘C for 30 min, and extruded by Avanti Polar
Lipids to obtain MLipo. Subsequently, NV, was mixed
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with MLipo at the mass ratio of 1:1. After sonication for
4 min, the mixture was stirred at 37 C for 30 min, and
further extruded as described above to yield hybrid lipo-
somes fused with NVyppn (NVipp-MLipo). Cationic lipo-
somes (NVygp-MLipo (+)) that DPPG was replaced with
DOTAP were prepared following the above method.

Characterization of NVgg,-MLipo
The particle size, zeta potential and morphology of
NVigp, MLipo and NViypp-MLipo were measured by
dynamic light scattering instrument (DLS) and transmis-
sion electron microscopy (TEM), respectively. To assess
the stability, NVypp, MLipo and NVypn-MLipo were co-
incubated with DMEM containing 10% FBS or PBS at RT
for various time before the measurement of particle size.
In order to evaluate the fusion between liposomes and
nanovesicles, MLipo and NVyp were labeled with rho-
damine B (RB) and fluorescein isothiocyanate (FITC),
respectively. After fusion, the RB/FITC-NVyzp-MLipo
was subjected to flow cytometric analysis and confo-
cal laser scanning microscope (CLSM) observation. The
physical mixture of RB-MLipo and FITC-NVyg, served
as a control. Alternatively, the Fourier-transform infrared
(FTIR) spectroscopy was performed on the instrument
(PerkinElmer) to characterize the structure of NVygp,
MLipo, and NVygp-MLipo. To determine RBD expres-
sion on the NVypp, MLipo and NVypp-MLipo, samples
were lysed in RIPA buffer, centrifuged (12,000 rpm,
20 min) to collect protein. The RBD expression was
detected via Western blot and ELISA as described previ-
ously [50]. Na/K-ATPase was used as an internal control.

Macrophage uptake in vitro

To evaluate the macrophage uptake under PS treatment,
RB-NVypp-MLipo or RB-NViypp-MLipo (+) (0.05 mg/
mL) was mixed with PS for 1 h. RAW 264.7 cells seeded
on 24-well plates (~ 80% confluence) were incubated with
the mixture for 4 h, stained with DAPI (5 pg/mL) and
observed by CLSM. Alternatively, cells were treated with
the mixture for 4 h as above and lysed with RIPA buffer.
The RB and protein contents were detected by spectro-
fluorimetry (A,,=488 nm, A,,=525 nm) and BCA kit,
respectively. NVs without PS treatment were used as con-
trols. In addition, cells that treated with different groups
for 30 min as described above were washed three times
with PBS, collected and used for flow cytometric analysis.

In vitro macrophage activation

RAW 264.7 cells seeded on 24-well plates (~80% con-
fluence) were incubated with different groups (0.05 mg
RBD/mL, 0.25 mg Lipo/mL) for 12 h. The collected cells
were stained with anti-CD86-FITC and anti-CD80-FITC
for 30 min, and then detected by flow cytometry. The
concentration of IL-6, IL-12, TNF-a and IEN-y in culture
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supernatants was determined by ELISA kits according to
the experimental protocol.

In vivo biodistribution

C57BL/6  mice were administered Cy5.5-RBD,
Cy5.5-NVygp-MLipo  (+), Cy5.5-NVypp-MLipo  via
inhalation (nebulization, N) (25 pg RBD/mouse, n=3).
Mice that were subcutaneously immunized with
Cy5.5-NVygp-MLipo in the mice back skin served as con-
trols. At different time points, fluorescence imaging was
obtained using In vivo imaging system (IVIS® Lumina III,
PerkinElmer, USA). In addition, the heart, liver, spleen,
lung and kidney of mice were collected at 12 h post injec-
tion, and subjected for ex vivo imaging.

To further assess the in vivo uptake of NV pp-MLipo
in AMs, mice were administered different groups labeled
with FITC as described above (25 pg RBD/mouse, n=3),
and sacrificed at 12 h post injection. The lungs were col-
lected, frozen in Optimal Cutting Temperature (OCT)
embedding compound, sectioned, stained with DAPI for
fluorescence microscope imaging. Alternatively, pneu-
monocyte was stained with anti-CD11b-APC and ana-
lyzed by flow cytometry.

Mice vaccination in vivo

C57BL/6 mice were randomly assigned to five groups,
and immunized with PBS, RBD, NV-MLipo, and
NVygp-MLipo via inhalation (nebulization, N) on day 0,
7, 14 (25 pg RBD/mouse, n=5). Mice with subcutane-
ous injection (Sc) of NVypp-MLipo served as controls.
The body weight of mice was monitored every two days.
On day 18, immunized mice were sacrificed, and serum,
BALEF, nasal wash, spleen and lung were collected. More-
over, nasal wash, BALF, and serum were collected at day
28, 42 for further use.

To evaluate the AMs activation, the pneumonocytes
of immunized mice were collected on day 18. Pneu-
monocyte were stained with anti-CD11b-APC, anti-
CD80-FITC and anti-CD86-FITC for 30 min before
flow cytometric analysis. In addition, the concentration
of IL-6, TNF-«a and IL-12 in BALF was detected using
ELISA kit.

RBD-specific IgG and IgA antibody detection

The antibody titer assay was performed using an indirect
ELISA method [51]. Briefly, the 96-well microtiter plates
were coated with RBD protein (5 ug/mL), stored at 4 C
overnight, and washed three times with PBS. The serial
dilutions of collected serum were added into wells, and
further incubated at 37 ‘C for 2 h. Then, the plates were
washed three times with PBS, and incubated with HRP-
conjugated IgG, IgG2c, IgG1 secondary antibody at 37 C
for 1 h, respectively. After three washes with PBS, TMB
solution was added and incubated for 15 min. Finally, the
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stop solution (2M H,SO,) was added and the absorbance
at 450 nm was measured by microplate reader. The posi-
tive data were defined 2.1 times more than the negative
data. The RBD-specific IgA from BALF or nasal wash
was determined following a similar protocol as described
above. HRP-conjugated IgA was used as secondary
antibody.

Humoral immunity in vivo

To evaluate B cells responses, spleens were collected from
immunized mice on day 18, and splenocytes were pre-
pared by passing the spleen through 40 pum cell strainer,
followed by red blood cell (RBC) lysis. After three washes
with PBS (0.1 M), splenocytes were collected, stained
with anti-IgD-FITC and anti-CD19-APC for 30 min, and
detected by flow cytometry. Alternatively, pneumono-
cytes were also isolated on day 18 and stained with anti-
IgD-FITC and anti-CD19-APC before flow cytometric
analysis.

Cellular immunity in vivo

To investigate the T cells responses, pneumonocytes or
splenocytes were collected from immunized mice on
day 18 as described above, stained with anti-CD3-APC
and anti-CD4-FITC for 30 min before flow cytometric
analysis. To further evaluate the RBD-specific CD8*
T cell activation, splenocytes and pneumocytes were
co-cultured with RBD (5 pg/well) for 4 h, respectively.
After blocking with 0.1% BSA to inhibit extracellular
cytokine secretion, cells were stained with anti-CD8-
FITC, and fixed with fixation buffer. Subsequently,
cells were permeabilized in permeabilizing buffer and
stained with anti-IFN-y-APC before flow cytometric
analysis.

To assess the proliferation of splenocytes, spleno-
cytes seeded on 96-well plates (~80% confluence) were
retreated with RBD (5 pg/well) for 48 h. The cells were
counted, and the IFN-y level in the culture medium was
measured via ELISA kit. Alternatively, the splenocytes
were seeded on 96-well IFN-y enzyme-linked immuno-
sorbent spot (ELISPOT) plates at 5x10° cells/well, and
further re-stimulated with RBD (5 pg/mL). After incuba-
tion for 48 h, the cells were measured according to the
manufacturer’s protocols.

Pseudovirus neutralization

C57BL/6 mice were immunized with PBS, and RBD, NV-
MLipo, and NVypp-MLipo via inhalation (nebulization,
N) or subcutaneous injection (Sc) on days 0, 7, and 14 fol-
lowing the protocol described above (25 pug RBD/mouse,
n=3). Two weeks after the final vaccination, mice were
challenged intranasally with DiD-labelled SARS-CoV-2
WT pseudovirus (2.5x10* TCID;,, 50 uL). Mice were
imaged once a day using the In vivo Imaging System,
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and lungs collected on day 34 were subjected for ex vivo
imaging. In addition, the collected lungs were embedded
in OCT, sectioned, stained with DAPI for visualization by
fluorescence microscopy.

To evaluate neutralization activity against SARS-CoV-2
WT, Delta, Omicron pseudovirus, sera were collected
from immunized mice on day 28, serially diluted with
DMEM containing 10% FBS, and incubated with SARS-
CoV-2 pseudovirus at 37 ‘C for 1 h. Vero cells seeded
on 96-well plates (~80% confluence) were incubated
with the mixture for 1 h. Afterwards, the medium was
replaced by DMEM containing 2% FBS and cells were
further incubated for another 48 h. The luciferase signal
of the infected cells was measured by Nano-Glo® Lucifer-
ase Assay System (Promega).

In vivo safety

C57BL/6 mice were immunized with PBS and
NVygp-MLipo via inhalation (25 pg RBD/mouse, n=3).
To evaluate the acute toxic effects, lung, heart, kidney,
liver, brain, spleen were collected on day 14 to calcu-
late the organ coefficients (organ weight/body weight).
Besides, blood was also collected to detect globulin
(GLOB), albumin (ALB), alanine transferase (ALT), blood
urea nitrogen (BUN), alkaline phosphatase (ALKP), total
protein (TP) levels.

Mechanism of immune response

RAW 264.7 cells seeded on 24-well plates (~80% conflu-
ence) were incubated with RBD and NV pp-MLipo for
12 h (0.25 pg RBD/well), stained with anti-TLR4-PE for
30 min before flow cytometric analysis. Alternatively,
the RBD or NVygp-MLipo treated cells were lysed in
RIPA buffer on ice for 20 min. After collecting by cen-
trifugation (12,000 rpm, 4 ‘C, 20 min), the NF-«B protein
expression in the supernatants was detected by Western
blot.

For transcriptomic analysis, C57BL/6 mice were
immunized with RBD and NVypn-MLipo via inhalation
(nebulization, N) (25 ug RBD/mouse, n=3). The pneu-
monocyte was harvested 12 h after immunization, and
total RNA was extracted using Trizol and subjected to
high-throughput sequencing (Novogene, Beijing, China).
Data were performed by Novo Magic.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
9 (GraphPad). All flow cytometry data were analyzed
using FlowJo v10 software. Data could be expressed as
meantstandard deviation. The student’s t-test was used
for statistical comparisons. The differences were set to be
significant at *p<0.05 and very significant at **p<0.01,
**#*p<0.001, and ****p <0.0001.
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Results and discussion

Preparation and characterization of NVy5-MLipo

The preparation of NVypp-MLipo was illustrated in
Scheme 1, including the preparation of 293T cells
expressing RBD-derived nanovesicles (NVgypp) and
liposomes, membrane fusion between NVypp and lipo-
somes. 293T cells were transfected with RBD plasmids
(Additional file 1: Fig. S1) for 24 h, purified and extruded
to yield the genetic engineering NVppp. As shown in
Fig. 1A, the particle size and zeta potential of NV gy
were 201 nm and —21.2 mV, respectively. Moreover, the
RBD band from NVypn was similar to that of RBD pro-
tein (Additional file 1: Fig. S2A). ELISA assay revealed
that the content of RBD in the NV, was 310 pg/mg
NV;pp (Additional file 1: Fig. S2B). These results consis-
tently indicated that RBD was extensively expressed on
the NVypp. Alternatively, liposome containing MPLA
(MLipo) with the particle size of 189 nm and zeta poten-
tial of -12.8 mV was fabricated by thin film disper-
sion (Fig. 1A), and NVypp-MLipo was further prepared
through sonication-triggered membrane fusion of NVypp
with MLipo. Other nanovaccines were prepared follow-
ing the similar approach, and the abbreviations were
listed in Additional file 1: Table S1. At the NVzn/MLipo
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mass ratio of 1:1, NVypp-MLipo possessed an ideal par-
ticle size, zeta potential (154 nm, -22.4 mV) and spherical
morphology in TEM images (Fig. 1B and Additional file
1: Table S2), which was close to that of SARS-CoV-2 virus
(~140 nm). Hence, the optimized NVyzp/MLipo mass
ratio of 1 was performed for all studies unless otherwise
specified. Compared to MLipo, NVypn-MLipo exhibited
a smaller particle size and more negative zeta poten-
tial, as a result of the introduction of negatively charged
NVygp. Moreover, the particle size was maintained when
NVygp-MLipo was stored in PBS or FBS for up to 12
days, whereas the particle size of NVp, enlarged from
201 to 302 nm, indicating that the membrane fusion of
NVigp and liposomes could improve NViygp stability
(Fig. 1C and Additional file 1: Fig. S3).

To evaluate the fusion efficiency of NVyp, and
MLipo, NVgpp and MLipo were respectively labeled
with FITC and RB, and visualized by CLSM. As shown
in Fig. 1D, a divided distribution was observed in the
mixture of FITC-NVypn and RB-MLipo, as evidenced
by the separation of red and green fluorescence. In
contrast, a significant overlap of red and green fluo-
rescence was demonstrated in NVypp-MLipo, indicat-
ing the membrane fusion of NV, and MLipo. Flow
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Fig. 1 Characterization of hybrid NVpzp-MLipo. The size, zeta potential (A) and TEM images (B) of NVggp, MLipo and NVggy-MLipo (n=3). (C) Alternation
of particle size of NVggp, MLipo, NVggp-MLipo in serum (n=3). (D) CLSM images of physical mixture (NVggy and MLipo) and NVggn-MLipo. (red, Rhodamine
B-labelled MLipo; green, FITC-labelled NVpgp). (E) FCM analysis of membrane fusion in NVggn-MLipo. (F) Western blot analysis of RBD protein expression

in NVggp, MLipo and NVggn-MLipo
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cytometry further revealed that the PE* FITC" percent-
age in NVypp-MLipo was higher than that in the mixture,
which collectively substantiated that NV was fused to
MLipo (Fig. 1E).

The hybrid structure of NVypp-MLipo was further
characterized by FTIR spectroscopy. As shown in Addi-
tional file 1: Fig. S4, both hydrocarbon region of lipid
and signature absorption band of NV g, (i.e., amide)
were presented in the spectrum of NV pp-MLipo, sug-
gesting successful preparation of hybrid NVyzp-MLipo.
The RBD existence was further examined using West-
ern blot. As illustrated in Fig. 1F, NVyzp-MLipo dis-
played the similar RBD expression to NVygp. Besides,
the RBD content was determined to be 104 pg per 1 mg
NVigp-MLipo using ELISA method (Additional file
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1: Fig. S2C). These results collectively indicated that
NVigp-MLipo possessed virus-biomimetic structure
and inherited high RBD content of NVypp through
membrane fusion.

PS-mediated macrophage uptake in vitro

To assess the uptake of NVypp-MLipo in macrophages,
the cationic liposomes were prepared as controls, where
the positive DOTAP replaced the negative DPPG in the
liposomes, the other components of NVypy-MLipo
and NVppp-MLipo (+) remained constant. As shown
in Fig. 2A, NV pp-MLipo (+) had higher internaliza-
tion than NVypp-MLipo in RAW 246.7 cells, since
NVipp-MLipo (+) could effectively adhere on the nega-
tively charged cell membrane. After incubation with PS

DAPI

Merge

0O
=
3

=
=
o
2
>
=z

Cell uptake level
(ug RB/ mg protein)

* %

G|
O
=
[

CD11b-APC

High —

Low

Fig.2 InvitroPS-mediated macrophage uptake and in vivo biodistribution. (A) CLSM images of RAW 264.7 cells cultured with NVggpy-MLipo or NVggp-MLipo
(+) for 4 h with or without PS treatment. (B) FCM analysis of uptake level of nanovaccines. RAW 264.7 cells were treated with NVpgp-MLipo or NVggp-MLipo
(+) as described in (A). (C) The uptake level of nanovaccines (n=3). RAW 264.7 cells were treated with NVqgn-MLipo or NVggn-MLipo (+) as described in (A).
(D) The in vivo fluorescence imaging of mice immunized with various groups via inhalation (nebulization, N) or subcutaneous (Sc) injection (n=3). Ex vivo
fluorescence (E) and immunofluorescence (F) imaging of lungs at 12 h post vaccination (n=3). (G) FCM analysis of various groups uptake in AMs at 12 h

post vaccination (n=3). Data expressed as means +SD. **p <0.01
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for 1 h, the poor uptake of NVypn-MLipo (+) was dis-
played in RAW 246.7 cells, due to aggregation into the
negative PS. In contrast, the uptake of NV zn-MLipo
increased significantly, as evidenced by stronger intra-
cellular red fluorescence, which was attributed to simi-
lar lipid composition and charge to PS. Consistent with
the qualitative results, flow cytometry revealed that the
cellular uptake level of NVypp-MLipo was markedly
increased under PS condition, resulting in 32.7% inter-
nalization following a 4 h incubation (Fig. 2B). Further-
more, the NVypp-MLipo uptake (w/ PS) was 2.6- and
3.0-fold, respectively, higher than that of NVzn-MLipo
(w/o PS) and NV p-MLipo (+, w/ PS) after 4 h incuba-
tion (Fig. 2C). These results collectively indicated that
NVypp-MLipo could enter the macrophage effectively
via PS-mediated endocytosis.

In vivo biodistribution

To evaluate the biodistribution of RBD and vari-
ous nanovaccines, mice were immunized with Cy5.5-
RBD, Cy5.5-NV;ypp-MLipo (+), Cy5.5-NVpp-MLipo
via inhalation (nebulization, N) or subcutaneous
injection (Sc), and subjected to in vivo imaging. As
shown in Fig. 2D, significantly increased lung accu-
mulation was demonstrated in mice immunized
with Cy5.5-NVygp-MLipo via inhalation rather than
subcutaneous injection, suggesting that inhalation
could contribute to NVypp-MLipo delivery to the
lung. Excitingly, the lung accumulation of inhaled
Cy5.5-NVypp-MLipo  was  maximally  enhanced
after 12 h and maintained for at least 24 h, whereas
Cy5.5-NVypp-MLipo (+) could only be retained in
the nasal cavity, indicating the satisfying lung accu-
mulation capacity of NVypzp-MLipo. Alternatively,
the tissues were isolated from immunized mice at
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12 h and subjected to ex vivo imaging, quantitative
analysis and immunofluorescence staining. Consis-
tent with the above results, the lung accumulation of
inhaled Cy5.5-NVypp-MLipo was 21.1- and 43-fold
higher than that of Cy5.5-NVgpp-MLipo (Sc) and
Cy5.5-NVypp-MLipo (+, N), respectively (Fig. 2E and
Additional file 1: Fig. S5A). In addition, extensive
green fluorescence was demonstrated in inhalable
NViep-MLipo (Fig. 2F). To further investigate the in
vivo NV pp-MLipo uptake by AMs, the harvested lung
was performed to flow cytometric analysis. As shown
in Fig. 2G and Additional file 1: Fig. S5B, the cellular
uptake level was 6.7 times higher than that of the free
RBD group, confirming that inhalable NV zn-MLipo
affording satisfying lung accumulation capacity could
effectively deliver RBD into AMs.

In vitro macrophage activation

The nanovaccines-elicited macrophage activation was
further evaluated by flow cytometry and ELISA assay
(Fig. 3A). RAW 264.7 cells were treated with RBD,
NVgpp-Lipo, NV-MLipo, NV;ypy,-MLipo under PS
condition for 12 h, and analyzed by flow cytometry to
determine the level of activated macrophage that over-
expressed co-stimulatory molecules, including CD80 and
CD86 [52]. Compared with free RBD, NVgp-Lipo (w/o
MPLA) or NV-MLipo (w/o RBD) only elicited partial
macrophage activation, whereas significantly increased
percentage of CD80" and CD86% (16.5- and 14.1-fold,
respectively) macrophage was noted in NVypp-MLipo
group (Fig. 3B, C), suggesting that NV zn-MLipo was
able to elicit significant macrophage activation. Alter-
natively, the cytokine level in the supernatant harvested
from RAW 264.7 cells was further revealed the similar
results. IFN-y can stimulate immune cells activation to
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Fig. 3 /n vitro macrophage activation. (A) Schematic illustration of macrophage activation. (B-C) FCM analysis of activated RAW 264.7 cells following
incubation with different groups for 12 h (n=3). The level of IL-6 (D), IL-12 (E), TNF-a (F) and IFN-y (G) secreted by activated RAW 264.7 cells. Cells were
treated as described in (B) (n=3). Data expressed as means+ SD. *p < 0.05; **p < 0.01; ***p <0.001
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interfere virus replication, and IL-6, TNF-a and IL-12
contribute to T cell proliferation and cellular immunity
[53, 54]. As shown in Fig. 3D-G, NV pp-MLipo elicited
2.9-4.8-fold higher levels of cytokines (TNF-«, IFN-y,
IL-6, IL-12) than RBD group, respectively. These results
collectively identified that NVgypp-MLipo could effec-
tively provoke macrophage activation in vitro.

In vivo AMs activation

In order to evaluate the in vivo AMs activation, random-
ized mice received three vaccinations with PBS, RBD,
NV-MLipo, NVypp-MLipo on days 0, 7, 14 via inhala-
tion (nebulization, N) or subcutaneous injection (Sc), and
lungs and BALF were collected from immunized mice on
day 18 (Fig. 4A and Additional file 1: Table S3). As shown
in Fig. 4B, C and Additional file 1: Fig. S6, immune activa-
tion level of AMs was not obvious in RBD or NV-MLipo
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group due to the lack of nano-adjuvant or RBD (antigen),
respectively. Excitingly, higher percentage of CD11b*
CD80* and CD11b™ CD86* AMs was noted in lungs
harvested from NVypp-MLipo (N)-immunized mice,
indicating that more AMs were activated by inhalable
NVygp-MLipo. To further investigate the effect of dif-
ferent routes of administration on AMs activation, mice
were immunized with NVypp-MLipo via Sc injection
and the lung was harvested as described above. Due to
the fact that the subcutaneously injected NVypp-MLipo
would circulate throughout the body rather than respi-
ratory tract and lungs, the activation level of AMs was
2.3-2.5 times low than that via inhalation (Fig. 4B, C).
Alternatively, the level of cytokines, including TNF-q,
IFN-y, IL-6, IL-12 in BALF was detected by ELISA. Con-
sistent with flow cytometric results, the maximal cyto-
kine content was shown in NVgypn-MLipo (N) group
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Fig. 4 NVqsp-MLipo elicited in vivo AMs activation and mucosal immune response. (A) Timeline of the in vivo vaccination. Mice were immunized with
different groups on days 0, 7, and 14 (25 ug RBD/mouse, n=5). Serum, BALF and nasal wash were collected on days 18, 28 and 42, lung and spleen were
collected on day 18. FCM analysis of CD80* CD11b* (B), CD86* CD11b™ (C) AMs proportion in lungs on day 18 (n=5). (D)The secretion level of IL-6, IL-
12, TNF-q, IFN-y in the BALF collected on day 18 (n=5). FCM analysis of CD4* CD3* (E) and IFN-y* CD8" (F) T cells, CD19* IgD* B cells (G) proportion in
lungs on day 18 (n=5). RBD-specific IgA titers in BALF assessed by ELISA on days 18 (H), 28 (I) and 42 (J) (n=4). Data expressed as means+SD. *p < 0.05;
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rather than other control groups (Fig. 4D). Collectively,
these results indicated that inhalable NVypn-MLipo
significantly elicited AMs activation, thus providing a
prerequisite for further antibody production and virus
neutralization.

Inhalable NV;5-MLipo elicited mucosal immune response
As the major entry route of SARS-CoV-2 is respira-
tory tract, strengthening the host’s immune system,
especially mucosal immunity through antigen-specific
sIgA responses serves as the first line of immunological
defense against SARS-CoV-2 infection [54]. After anti-
gens are taken up and presented to T cells by AMs, the
activated T cells will further proliferate and differentiate
into CD4" T cells that promote the B cells activation and
differentiation to produce antibody, and CD8" T cells that
can recognize and kill infected cells [55]. To determine
the level of T cells activation and differentiation, pneu-
monocytes were collected from immunized mice on day
18, and subjected to flow cytometric analysis. As demon-
strated in Fig. 4E, F and Additional file 1: Fig. S7, signifi-
cantly increased proportion of CD3* CD4*, [IFN-y* CD8*
T cells was elicited by NVygp-MLipo (N) rather than
controls, suggesting that NVyzn-MLipo (N) had poten-
tial to assist CD4" and CD8* T cells activation. Moreover,
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the proportion of CD19" IgD" B cells in NVypp-MLipo
(N) was 2.1-27-fold higher than that in the other groups
(Fig. 4G, and Additional file 1: Fig. S8), which contributed
to produce more antibodies for neutralizing virus.

To evaluate mucosal immune response, nasal wash and
BALF of immunized mice were collected on days 18, 28,
and 42, and the titer of RBD-specific sIgA was measured
by ELISA. As shown in Fig. 4H-J and Additional file 1:
Fig. S9, slightly increased titer of sIgA was seen in mice
that were vaccinated with RBD (N) and NVypp-MLipo
(Sc). Comparatively, inhalation of NVypp-MLipo effec-
tively elicited the highest titers of sIgA in nasal wash and
BALF, and the satisfactory amount of sIgA was main-
tained for up to 42 days. Notably, the titer of sIgA reached
a maximum at day 28, which was 7766-fold higher than
that in RBD group. In summary, these data highlighted
that inhalable NV pp-MLipo could induce robust titer of
RBD-specific sIgA for enhancing mucosal immunity.

Inhalable NVggp-MLipo elicited humoral responses

B cells are critical for the humoral immunity, which can
differentiate into plasma cells to produce antibodies for
neutralizing the incoming virus [56]. To evaluate humoral
immune response, splenocytes isolated from mice at day
18 were detected by flow cytometry. As shown in Fig. 5A
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Fig. 5 NVggp-MLipo elicited systemic immune response. (A) FCM analysis of CD19" IgD* B cells proportion in spleen on day 18 (n=5). RBD-specific IgG
titers in serum assessed by ELISA on days 18 (B), 28 (C) and 42 (D) (n=4). (E) Ratio of IgG2c to IgG1 in the serum (n=5). (F) Proliferation percentage of
splenocytes stimulated with RBD on day 18 (n=3). (G-H) Representative images and statistical analysis of IFN-y-producing cells determined by ELISpot
(n=3).The cells were collected from the spleen and stimulated with RBD on day 18. (I) The secretion level of IFN-y in the medium of cells stimulated with
RBD as described in (G). FCM analysis of CD4* CD3* (J) and IFN-y* CD8" (K) T cells proportion in spleen on day 18 (n=5). Data expressed as means +SD.
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and Additional file 1: Fig. S10, inhalable NVzn-MLipo
significantly induced the highest proportion of CD19"
IgD* B cells, whereas slightly increased proportion of
CD19* IgD™" B cells was found in RBD (antigen only), NV-
MLipo (adjuvant only), and NV pp-MLipo (Sc) group.
Alternatively, the titer of RBD-specific IgG in serum was
futher assessed. As shown in Fig. 5B-D, NV pn-MLipo
(N) elicited a predominant titer of RBD-specific IgG,
which was ~ 1000-fold higher than that of the RBD group
at day 28. Excitingly, the satisfactory titer of RBD-specific
IgG could be maintained for up to 42 days, which was
consistent with sIgA results. In addition, NVyzp-MLipo
(N) induced Thl-type immune responses, as evidenced
by the IgG2c/IgG1>1 (Fig. 5E). Collectively, these data
indicated that inhalable NV pp-MLipo significantly elic-
ited B cells activation and predominant titer of RBD-
specific IgG, thus achieving robust humoral immune
responses.

Inhalable NVg5-MLipo elicited cellular responses

The spleen is one of important peripheral lymphoid
organs that plays a critical role in cellular and humoral
immunity by providing a site for immune cells to
homing and differentiation [57]. To evaluate spleen
accumulation, the major organs of mice that received
vaccination via inhalation (nebulization, N) or sub-
cutaneous injection (Sc) were harvested at 12 h, and
assessed by ex vivo imaging (Additional file 1: Fig. S11).
Compared to RBD group with a negligible RBD sig-
nal in the spleen, the NVyzp-MLipo (N) was also dis-
tributed in the spleen in addition to lungs, which was
instrumental in boosting immune responses. To fur-
ther assess the cellular immunity, the spleen of immu-
nized mice was collected on day 18, isolated into single
cell suspensions, and re-stimulated with RBD antigen
in vitro. Specifically, the proliferation ratio of spleno-
cytes in the NV pp-MLipo (N) was 4-fold higher than
that in the RBD group (Fig. 5F). ELISpot assay revealed
that IFN-y-secreting T cells from NV pp-MLipo (N)-
immunized mice were dramatically more numerous
than those from placebo-immunized mice (Fig. 5G,
H). Besides, NV pp-MLipo (N) produced IEN-y lev-
els that was 6.9-fold higher than those of the RBD
group (Fig. 5I). These findings collectively suggested
that inhalable NV pp-MLipo could promote T cell
proliferation to elicit antigen-specific cellular immu-
nity. Meanwhile, flow cytometry results shown that
the significantly increased proportion of CD3* CD4"
and IFN-y* CD8* T cells was found in NVypp-MLipo
(N)-immunized mice (Fig. 5J, K and Additional file 1:
Fig. S12). Therefore, inhalable NV pp-MLipo robustly
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induced the cellular immune responses aside from
humoral immune responses.

The neutralizing activity of NVgg-MLipo against SARS-
CoV-2 pseudovirus

To evaluate whether nanovaccines could neutralize
pseudovirus, mice received three vaccination of various
groups as described above, and challenged with the DiD-
labelled SARS-CoV-2 WT pseudovirus (2.5x10* TCIDy,
50 uL) on day 28 (Fig. 6A). Mice were imaged at differ-
ent points post challenge to visualize pseudovirus clear-
ance. As demonstrated in Fig. 6B, NVgp-MLipo (N) had
potential to promote the rapid clearance of pseudovirus,
as evidenced by negligible signal distributed in the lungs.
Moreover, the lungs were further harvested on day 34
followed by ex vivo imaging and immunofluorescence
staining. Consistent with the above fluorescence imag-
ing results, minimal pseudovirus was found in the lung
of mice immunized with NVygp-MLipo (N) compared
to other control groups (Fig. 6C, D). Together, these
data indicated that inhalable NV p,-MLipo contrib-
uted to protect immunized mice from WT pseudovirus
infection.

In addition, the pseudovirus neutralization assay
was adopted to assess neutralization activity of serum
and BALF collected from immunized mice on day
28. As shown in Fig. 6E, F, the serum and BALF from
NVygp-MLipo group effectively blocked infection of
SARS-CoV-2 WT pseudovirus to Vero cells. Excit-
ingly, the NT;, titer (50% neutralization titers) of serum
in NVygp-MLipo group was 29.1-fold higher than that
in RBD group. The superiority and broad-spectrum of
NVygp-MLipo in neutralizing virus were also demon-
strated in another two SARS-CoV-2 pseudovirus, such as
Omicron and Delta, where NVyzn-MLipo again showed
22.8-fold higher NTj, titer than RBD. Collectively, these
results substantiated that NVypn-MLipo could elicit a
high potent, broad neutralization effect against the pseu-
dovirus of SARS-CoV-2 WT, as well as Delta and Omi-
cron variant.

Safety

To evaluate cytotoxicity of NVypp-MLipo, RAW 264.7
cells were incubated with NV py-MLipo at different
concentrations for 12 h. Over 90% cell viability was still
remained when the concentration was up to 100 pg/
mL, indicating good biocompatibility of NV pp-MLipo
(Additional file 1: Fig. S13). In addition, body weight of
immunized mice gradually increased (Additional file
1: Fig. S14), and hematoxylin and eosin (H&E) stain-
ing demonstrated that there were no pathological
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Fig. 6 NVpgp-MLipo inhibited the infection of SARS-CoV-2 pseudovirus. (A) Timeline of in vivo vaccination and challenge. Mice were immunized with
different groups via inhalation (nebulization, N) or subcutaneous (Sc) injection on days 0, 7, and 14, and further challenged intranasally with SARS-CoV-2
WT pseudovirus. (B) The in vivo fluorescence imaging of immunized mice at different time points post challenge (n=3). Ex vivo fluorescence (C) and
immunofluorescence (D) imaging of lungs at day 6 after challenge (n=3). Serum (E) and BALF (F) neutralizing capacity against SARS-CoV-2 WT, Delta,
Omicron pseudovirus (n=3). The serum and BALF were collected from immunized mice on day 28. Data expressed as means+SD. *p < 0.05; **p <0.01

abnormalities of major organs (Fig. 7A). 7 days after
immunization with NVypp-MLipo, there is no obvious
change in the level of GLOB, ALB, BUN, ALT, ALKP, TP
(Fig. 7B-H), suggesting that NV p-MLipo has excellent

in vivo safety.

Mechanism of NVg5-MLipo in regulating immune
responses

The molecular mechanism of NVyzp-MLipo in activat-
ing immune responses in vivo was investigated by the
transcriptomes analysis. Mice were immunized with
RBD and NVggp-MLipo via inhalation, and the lung
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Fig. 7 Invivo safety. (A) H&E staining of major organs sections collected from immunized mice treated as described in Fig. 4 on day 42. Organ coefficient
(B) and hematological measurement (C-H) of mice on day 18 after immunization. (H: Heart; Li: liver; S: Spleen; Lu: Lung; K: Kidney) (n=3)

was collected at 24 h for RNA sequencing (Fig. 8A).
Principal components analysis (PCA) indicated sig-
nificant differences in total gene expression between
RBD and NV, p,-MLipo groups (Fig. 8B). Volcano plot
and heat map demonstrated that total 341 differen-
tially expressed genes (DEGs) were identified accord-
ing to the standard of gene expression (fold change>2,
p-adjusted <0.05), including 307 up-regulated genes
and 34 down-regulated genes. Notably, numer-
ous immunoregulatory cytokines (IL-17a) and pro-
inflammatory chemokines (CCL12, CCL27a, CXCL9,
CXCL10, CXCL12, CXCL13, CXCR5) were found in
the up-regulated genes (Fig. 8C, D and Additional file
1: Fig. S15). Moreover, NVypp-MLipo regulated signal-
ing pathways were analyzed by kyoto encyclopedia of
genes and genomes (KEGG) enrichment analysis. As

shown in Fig. 8E, the up-regulated genes displayed sig-
nificant enrichment for pro-inflammatory signaling
(chemokine signaling pathways, NF-kB pathway, cyto-
kine-cytokine receptor interaction) and T-cell activa-
tion signaling (Thl and Th2 cell differentiation, T-cell
receptor signaling pathways, Th17 cell differentiation).

To verify whether NVypp-MLipo could activate the
TLR4/NF-kB pathway, RAW 264.7 cells were co-incu-
bated with RBD and NVgygp-MLipo for 12 h before
flow cytometric and western blot analysis. As shown in
Fig. 8F, G, NV gp-MLipo could elicit the activation of
TLR4/NF-kB pathway, which was consistent with above
transcriptomes analysis results. Collectively, these results
suggested that NVppp-MLipo robustly elicit immune
responses via TLR4/NF-kB pathway.
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Fig.8 Mechanism of NVggy-MLipo in eliciting immune responses. Lung was harvested from mice at 24 h post immunization and RNA was further isolated
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in RAW 264.7 cells. Cells were treated with different groups as described in (F)

Conclusion

In summary, we developed an inhalable hybrid
nanovaccine (NVppp-MLipo) via fusing genetically
engineered NVs expressing RBD (NVygp) with PS-bio-
mimetic liposomes (MLipo) containing MPLA, which
might serve as a safe and effective vaccine candidate
for boosting protective immunity against SARS-CoV-2
variants. NV pp-MLipo possessed a virus-biomimetic
structure based on inherited advantages of both NVygp,
and MLipo, including RBD expression, PS-biomimetic
property, and good stability in serum or PBS. Instead
of traditional subcutaneous vaccination, inhalable
NVypp-MLipo demonstrated a superior ability to

elevate internalization into AMs, thus eliciting AMs
activation both in vitro and in vivo through MPLA-
activated TLR4/NF-kB signaling pathway. Addition-
ally, inhalable NVypp-MLipo displayed superiority
over other formulations in increasing the proportion
of CD3" CD4" and IFN-y* CD8* T cells, CD19* IgD™*
B cells in lung and spleen, producing high titer of RBD-
specific IgG in serum and RBD-specific sIgA in BALF
and nasal wash, reducing side effects, thus eliciting
potent mucosal immunity and systemic (humoral, cel-
lular) immunity, as well as inducing effective, broad-
spectrum neutralization activity against SARS-CoV-2
WT, Delta, Omicron pseudovirus, and protecting
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immunized mice from WT pseudovirus infection.
Therefore, this study provides a safe and effective
means to prevent and combat respiratory infectious
diseases, such as COVID-19 and influenza.
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