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Abstract

Background: Upper respiratory tract is the primary target of SARS-CoV-2. Therefore, nasal immune responses act
as the first line of defense against SARS-CoV-2 infection.

Objective: We aim to investigate the immune responses of human nasal epithelial cells (HNEpCs) upon stimulation
with a COVID-19 vaccine candidate. This candidate named RBD-NPs is composed of SARS-CoV-2 receptor-binding
domain (RBD) encapsulated within the N,N,N-trimethyl chitosan nanoparticles (TMC-NPs).

Methods: HNEpCs were stimulated with RBD-NPs, empty NPs, or soluble RBD at various concentrations. After 24 and
48 h of treatment, cells viability and delivery of the immunogens were assessed using XTT assay and flow cytometry.
Levels of cytokines and chemokines in the supernatant were quantified with Bio-plex Human Cytokine Assay.
Communication between RBD-NPs-stimulated HNEpCs and monocyte-derived dendritic cells (MoDCs) was assessed
through differentiation of MoDCs into mature phenotype.

Results: RBD-NPs as high as 100 ug exerted no toxicity to HNEpCs and could effectively be delivered to HNEpCs.
Treatment of HNEpCs with RBD-NPs strongly activated production of several pro-inflammatory cytokines,
chemokines, Thl-related cytokines and the monocytes/macrophages growth factors. Interestingly, soluble mediators
secreted from RBD-NPs treated HNEpCs significantly upregulated the expression of maturation markers (CD8O,
CD83, CD86 and HLA-DR) on the MoDCs.

Conclusion: This study demonstrated that our COVID-19 vaccine candidate drove HNEpCs into immunologically
competent cells that not only exerted anti-viral innate immune responses but also potently induced MoDCs maturation.
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Introduction
Since 2019, the COVID-19 pandemic caused by
Affiliations: the severe acute respiratory syndrome coronavirus
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(SARS-CoV-2) has affected human lives in many aspects.
Unfortunately, its overall impact and termination are yet to
be foreseen. SARS-CoV-2 is an airborne coronavirus that
initially invades epithelial cells of the mucosal surface in
the upper respiratory tract.! Specific interaction between
SARS-CoV-2 receptor-binding domain (RBD) of the spike
glycoprotein and human angiotensin-converting enzyme 2
(ACE2) initiates the first step of SARS-CoV-2 infection.?
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Thus, RBD is one of the key targets for COVID-19 vaccine
development owing to its major role in mediating viral entry.
RBD also contains multiple conformational neutralizing
epitopes that induce neutralizing antibodies and activate
specific cellular immune responses.’

At present, approved COVID-19 vaccines for emergency
uses have been designed for traditional intramuscular
injection. This excellently stimulates systemic immune
response but fails or poorly induces local mucosal immune
system. Since respiratory tract serves as the primary target
of SARS-CoV-2, protective responses against the virus
in this organ should be crucial to prevent its infection
and transmission. Nasal cavity is well suited for vaccine
administration because immunogens will be recognized
by several types of TLRs on the epithelial cells,
resulting in production of anti-viral mediators including
pro-inflammatory cytokines and chemokines. These mediators
from nasal epithelium will then stimulate mucosal immune
responses through nasopharynx-associated lymphoid tissue
(NALT), which contains networks of immune cells
including dendritic, T and B cells.** In addition, intranasal
administration is a non-invasive, needle-free route which is
suitable for mass vaccination.® Thus, intranasal vaccination
may serve as an alternative strategy to control SARS-CoV-2
epidemic.

Madharan M, et. al. had recently investigated phase I
trial of intranasal ChAdOxI vaccine against COVID-19 and
had revealed some disappointing results. They reported
that naive individuals who received two intranasal doses
of ChAdOxI failed to develop mucosal IgA or Ig responses.
While those who received the intranasal ChAdOxI vaccine
as a booster did not elicit strong mucosal antibody response.”
These might be resulted from an inappropriate vector used
in the vaccine platform. As an attenuated-chimeric virus
which utilizes simian adenovirus as a vector, the intranasal
ChAdOxI vaccine may not effectively penetrate the human
respiratory mucosa due to the low expression of host
receptors for the simian.® In contrast, a nasal spray vaccine,
Bharat Biotech’s iNCOVACC, had recently been approved
by the India’s Central Drugs Standard Control Organization
due to its potent immunogenicity.’ In addition, a booster
of the orally inhaled version of the adenovirus type5 vector
encoding SARS-CoV-2 spike protein had been demonstrated
to induce stronger neutralizing antibody responses when
compared to the intramuscular dose.”® In addition, although
positive outcomes of intranasal vaccination in animal models
had been observed, its failure to induce mucosal immune
responses in human highlights the need for alternative
preclinical models for the vaccine testing.

In this study, the primary human nasal epithelial
cells (HNEpCs) have been chosen as an in vitro
model to investigate immune responses and cytotoxicity
induced by a COVID-19 candidate vaccine. Our vaccine
candidate named RBD-NPs contains RBD encapsulated in
adjuvanted-nanodelivery system; N,N,N-trimethyl chitosan
nanoparticles (TMC-NPs). We recently reported that
TMC-NPs are a promising adjuvant and delivery system for
mucosal subunit vaccine.!** This is due to its mucoadhesive
property, the controlled release of immunogens at cellular
level, and the capability to enhance both local innate and
systemic immunity.'''* Innate immune responses of HNEpCs
upon RBD-NPs stimulation were investigated. The ability of
RBD-NPs-treated HNEpCs to drive the immature MoDCs
into mature phenotype was monitored.

Methods
Cultivation of primary human nasal epithelial cells
(HNEpCs)

HNEpCs (C-12620, PromoCell, Germany) were cultured
in the commercial airway cell growth medium (PromoCell)
at 37°C with 5% CO,, using culture flasks coated with human
collagen solution (50 ug/mL, Advanced BioMatrix, USA).

Preparation of SARS-CoV-2 RBD protein

Recombinant RBD protein was purified using the affinity
chromatography on Nickel-chelate resin (Invitrogen). Purified
RBD was confirmed with immunoblotting using rabbit
anti-SARS-CoV-2 RBD polyclonal antibody (Sino Biological,
China). The level of contaminated endotoxin in the purified
RBD protein was quantified using the Limulus amebocyte
lysate assay (QCL-1000; Pierce, Rockford, IL, USA) and found
to be < 0.1 EU/mg.

Formulation and characterization of RBD-NPs

RBD-NPs were constructed using ionotropic gelation
method as previously described.”®  Briefly, sodium
tripolyphosphate (TPP) solution containing RBD protein
(0.3 mg/mL) was mixed with an aqueous solution of TMC
(I mg/mL) containing 1% Tween 80 in HEPES buffer.
After centrifugation at 10,000 x g for 10 min, supernatant
with unbound proteins was collected for loading efficiency
calculation.” Entrapped RBD in RBD-NPs was subjected to
immunoblotting using anti-RBD antibody. Physical properties
of RBD-NPs (size, polydispersity and zeta potential) were
assessed using Zetasizer (Malvern Instrument, UK).

Cytotoxicity assay

HNEpCs monolayer cultures were washed with PBS
before being treated with various concentrations of empty
NPs or RBD-NPs (25 to 200 pg/mL), 10% DMSO or medium.
The viability of the treated HNEpCs was quantitated using
XTT assay (Sigma Aldrich, USA) at 24 and 48 h after
treatment.
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Cellular uptake of RBD- NPs

To examine the cellular uptake of RBD-NPs, HNEpCs
monolayer cultures were treated with medium, soluble RBD
(7 and 28 pg/mL) or RBD-NPs (25 and 100 pug/mL which
contained 7 and 28 pg/mL of entrapped RBD, respectively).
At 24 and 48 h of treatment, cells were washed, fixed
and permeabilized with Cytofix/Cytoperm™ solution kit
(BD biosciences). Intracellular RBD antigen was stained with
rabbit anti-SARS-CoV-2 RBD polyclonal antibody (Sino
Biological, China) followed by Alexa Fluor 488-conjugated
goat anti-rabbit antibody (Invitrogen). The percentage of
fluorescence positive cells and mean fluorescence intensity
(MFI) were quantitated using flow cytometry.

Cytokine and chemokine production

HNEpCs were washed with PBS before being treated
with  RBD-NPs (25 and 100 pg/mL), empty NPs (25
and 100 pg/mL), soluble RBD (28 ug/mL) or medium.
Supernatants were harvested at 24 and 48 h to quantify the
levels of seventeen cytokines and chemokines (IL-6, IL-1p,
TNF-a, IL-2, IL-12, IL-17, IFN-y, IL-4, IL-5, IL-10, IL-13,
MCP-1, MIP-1p, IL-8, G- CSE, GM-CSF and IL-7) using
Bio-plex human cytokine assay kit (Bio-Rad, Hercules, CA,
USA). The amount of type I interferon (IFN-a) was quantified
separately using an ELISA kit (VerKine™, USA).

Isolation and cultivation of MoDCs

Human peripheral blood mononuclear cells (PBMCs)
were isolated from buffy coat using Lymphoprep (Axis-Shield,
Oslo, Norway). The use of PBMCs from healthy donors has
been approved by the Ethic Committee on Human Rights
Related to Human experimentation, Mahidol University,
Bangkok, Thailand (protocol: 2022/279.1710), in accordance
to ethical standards of the Declaration of Helsinki. CD14*
monocytes were subsequently purified using magnetic cell
isolation (Miltenyi Biotech, USA). The purified monocytes
were differentiated in MoDCs in RPMI-1640 medium
following the previously described method."* Flow cytometry
(CytoFLEX, Beckman Coulter, IN, USA) was used to confirm
the differentiation of MoDCs using CD209-specific antibody
(R&D Systems, USA).

The effects of HNEpCs-derived immune mediators on MoDCs
maturation

HNEpCs were treated with RBD-NPs (25 and 100 pg/mL),
empty NPs (25 and 100 pg/mL), soluble RBD (28 pg/mL)
or medium. Supernatant of treated-HNEpCs harvested at
48 h was then added onto the MoDCs cultures. After
24 and 28 h, treated MoDCs were stained with specific
antibodies to detect the maturation markers (CD80, CD83,
CD86 and HLA-DR) using flow cytometry (CytoFLEX,
Beckman Coulter, IN, USA).

Statistical analysis

All data shown were statistically analyzed from at least
three independent experiments. Results were reported
as mean * SD. Statistical analysis was performed using
student’s t-test. Statistically differences were considered when
the p-value is less than 0.05.

Results
Characterization of RBD- NPs

SARS-CoV-2  RBD  proteins  were  encapsulated
into TMC NPs via ijonotropic gelation to generate
RBD-NPs. The physical properties of the RBD-NPs

were then determined. The RBD-NPs showed an average
diameter of 386.5 + 5896 nm, with a narrow size
distribution of 0.407 + 0.019 and positively-charged surface
of +12.9 + 0.65 mV (Table 1).

Table 1. The physical properties of RBD-NPs and empty
NPs, including particle size, polydispersity (PDI) and
zeta-potential, were determined using Zetasizer.

. Particle size Polydispersity Zeta-potential
Nanoparticles (nm) (PDI) (mV)
empty NPs 362.7 £ 44.19 0.374 £ 0.021 +15.4 £ 0.306
RBD-NPs 386.5 + 58.96 0.407 +0.019 +12.9 £ 0.651

We found that RBD proteins were encapsulated within
TMC NPs with remarkably high loading efficiency of
93.57 + 8.64%. RBD-NPs at 25 and 100 pg/mL were found
to contain 7 and 28 pg/mL of RBD, respectively. Moreover,
RBD released from NPs was found to strongly interacted
with anti-RBD antibody used in immunoblotting (Figure 1).
These results indicated that ionotropic gelation method
could be effectively used to encapsulate RBD proteins within
TMC NPs without disrupting the antigenicity detected by
an anti-SARS-CoV-2 antibody (Cat# 40592-VO5H).

M 1 2 3
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Immunoblotting

Figure 1. Entrapped RBD protein in TMC NPs detected
by immunoblotting using an anti-RBD antibody. Lanel;
RBD-NPs, Lane 2; soluble RBD, Lane3; empty NPs.
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Figure 2. Toxicity of RBD-NPs on HNEpCs. HNEpCs were treated with (A) empty NPs or (B) RBD-NPs at various
concentrations (25 to 200 pg/mL) or 10% DMSO (positive control) or medium (negative control) for 24 and 48 h. Cell viability
was quantitated using XTT assay. All data are presented as mean + SD. * and * indicate significant differences (p < 0.05) between
empty NPs or RBD-NPs treatments compared to that of the medium control at 24 h and 48 h, respectively.

Cytotoxicity assay

To determine the safety of RBD-NPs at cellular level, the
toxicity of RBD-NPs or empty NPs on HNEpCs was assessed.
The cytotoxicity was not detected at 24 h of treatment. At 48 h
after treatment, however, cell viabilities were determined
to be 100% and 90.12 + 0.52% following empty NPs and
RBD-NPs treatment at 100 pg/mL, respectively (Figure 2).
Treatments with RBD-NPs concentrations lower than
100 pg/mL exerted undetectable toxicity. Hence, RBD-NPs
and empty NPs at 100 pg/mL were chosen for the further
experiments.
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Cellular uptake of RBD-NPs

The efficiency of nanoparticles in delivering RBD into
HNEpCs was investigated. As shown in Figure 3, HNEpCs
treated with 100 pg/mL of RBD-NPs showed a significant
(p < 0.05) higher percentage of RBD* HNEpCs after treatment
and stronger mean fluorescence intensity (MFI) compared
to that of the soluble RBD treatment (28 pg/mL). Treatment
with RBD-NPs at 100 pg/mL showed 64.03 + 1.69% and
64.85 + 0.30% RBD* cells at 24 and 48 h after treatment,
respectively. Moreover, treatment with this condition revealed
mean fluorescence intensities at 186,427.2 + 11,811.51 and
190,113.5 + 23,028.84 for 24 and 48 h after treatment,
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Figure 3. Delivery of RBD into HNEpCs. HNEpCs were treated with various concentrations of RBD-NPs, soluble RBD or
medium. At 24 and 48 h of treatment, the harvested cells were intracellularly stained with anti-RBD antibody before being
analyzed using flow cytometry. (A) Percentage of RBD" cells. (B) Mean fluorescence intensity (MFI). (C) Dot plot analysis of
HNEpCs treated with isotype control, soluble RBD at 28 pg/mL and RBD-NPs at 100 pg/mL at 48 h after treatment. *indicates
significant differences between 100 pg/mL of RBD-NPs and 28 ug/mL of soluble RBD. **indicates significant differences between
25 pg/mL of RBD-NPs and 7 pg/mL of soluble RBD. ***indicates significance difference between RBD-NPs at 25 and 100 pug/mL

(p < 0.05).
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Figure 3. (Continued)

treatment (28 pg/mL) resulted in only 7.80 + 0.96% and
9.94 + 1.71% RBD" cells at 24 and 48 h of treatment,
respectively. The soluble protein treatment could slightly
deliver immunogens into HNEpCs, but not significantly
higher than that of the control treatment. These results
indicated that TMC NPs could efficiently facilitate the
delivery of RBD antigens into HNEpCs.

Cytokines and chemokines production in response to
RBD-NPs

To investigate the immunostimulatory effect of RBD-NPs,
HNEpCs cultures were treated with RBD-NPs (25 or
100 pug/mL), empty NPs (25 or 100 pg/mL), or soluble RBD
(28 pg/mL). Supernatants were harvested at 24 and 48 h
of treatment and subjected to cytokine and chemokine
quantification. Here, we revealed that the productions of
cytokines, chemokines and growth factors were upregulated
in the supernatants of HNEpCs treated with RBD-NPs
(100 pg/mL) at 24 and 48 h of treatment (Figure 4). These
included pro-inflammatory cytokines (IL-6, TNF-a and
IL-1B), chemokines (IL-8 and MIP-1P), Th-1 related cytokines
(IFN-y and IL-12) and growth factors (G-CSF and GM-CSE).
Upon treatment, the production of IL-6 was significantly
stimulated at 48 h after treatment. This stimulation occurred
in a dose- and time-dependent manner. TNF-a was
significantly induced in HNEpCs treated with RBD-NPs
(100 pg/mL) at 24 h after treatment and was gradually
downregulated at 48 h of treatment. Although not very
high, the level of IL-1P in the supernatant was significantly
upregulated in response to RBD-NPs (100 pug/mL).

For chemokines, IL-8 and MIP-1p were produced in
dose- and time- dependent manner in HNEpCs treated with
RBD-NPs (100 pg/mL) comparing to those of the other
groups. As shown in Figure 4B, productions of IL-8 and
MIP-1f peaked at 48 h after treatment, at which our study
terminated. The means of production were 5,288.6 + 3472.08
and 18.13 + 9.41 pg/mL for IL-8 and MIP-1p, respectively.
In terms of growth factor, G-CSF production was induced
in all treated conditions at 24 h and peaked at 48 h after
treatment. As expected, RBD-NPs were the most potent
inducers of G-CSF among tested stimuli. Interestingly,
soluble RBD and RBD-NPs strongly stimulated the
production of GM-CSF when compared to those of the
other stimuli tested. This could be evidenced by the levels
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of GM-CSF in the supernatant at 24 and 48 h of treatment.
Results shown in Figure 4C suggested that RBD was a strong
inducer of growth factors.

For Th-1 related cytokines, the production of IFN-y and
IL-12 were also determined. As expected, treatment with
RBD-NPs (100 pg/mL) stimulated the highest level of IL-12
production, but not IFN- y production, at 24 h of treatment
(Figure 4D).

The effects of HNEpCs-derived immune mediators on MoDCs
maturation

We next investigated the possible roles of soluble
mediators secreted from RBD-NPs- treated HNEpCs in
adaptive immune response. Since dendritic cells provide the
important cross-talking between the innate and adaptive
immune responses, the impact of the secreted mediators on
the dendritic cell maturation was assessed. Supernatants
obtained from HNEpCs stimulated with RBD-NPs, empty
NPs, soluble RBD protein, or medium were subjected to
MoDCs treatment. The expressions of MoDCs maturation
markers were monitored using flow cytometry.

As shown in Figure 5, the expressions of CD80,
CD83, CD86 and HLA-DR were upregulated in response
to treatment with soluble mediators secreted from
RBD-NPs-treated HNEpCs. For CD80 expression, treatment
with the supernatant from RBD-NPs-treated culture
was able to upregulate CD80 expression on the surface
of MoDCs within 24 h and peaked by 48 h of the
treatment. Stimulation of CD80 expression was revealed
in both the percentages of positive cells and the intensity
of expression per cell (MFI) in which > 80% of MoDCs
upregulated CD80 expression (MFI = 20,353.9 + 3,877.45
and 27,214.07 + 2,226.33 for 25 and 100 pg/mL RBD-NPs
groups at 48 h of treatment, respectively) upon stimulation
by supernatant from RBD-NPs treated cells. Similarly,
expression of CD86 was induced by mediators secreted
from RBD-NPs-treated HNEpCs. This was revealed through
the data that 42.56 + 3.27% and 58.91 *+ 14.52% of treated
MoDCs upregulated CD86 expression with MFI were
30,523.8 + 1,035.20 and 41,922.35 + 8,179.17 for 25 and
100 pg/mL RBD-NPs groups at 48 h of experimentation,
respectively. Whereas surface expression of CD83 by MoDCs
treated with mediators from RBD-NPs treated medium
was significantly higher (p < 0.05) than that of mediators
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Figure 4. Production of cytokines and chemokines in response to RBD-NPs. HNEpCs were treated with RBD-NPs (25 pg/mL
and 100 pug/mL), empty NPs (25 ug/mL and 100 pg/mL), soluble RBD (28 pg/mL) or medium. The level of (A) pro-inflammatory
cytokines, (B) chemokines, (C) growth factors and (D) Th-1 related cytokines were quantified using Bio-plex human cytokine
assay kit. All data were represented as mean + SD. * and * indicate significant difference between HNEpCs treated with RBD-NPs

and empty NPs at 25 or 100 pg/mL, respectively (p < 0.05). * and ** indicate significant difference between HNEpCs treated with
soluble RBD (28 pg/mL) and HNEpCs treated with RBD-NPs at 25 or 100 pg/mL, respectively (p < 0.05).

247



/ < Asian Pac ] Allergy Immunol 2026;44:242-251 DOI 10.12932/AP-230523-1623
APJAI

CD8o B cDso
120- e 40000

100+ pa #
*k
o, ——
ﬁ'

>

604 200004

% Positive cells
n
(=]
1

1 2

24 hours 48 hours 24 hours 48 hours

CD86 D CD86

N

50000+ —I #

40000 -

]
= 30000+

=

20000 4

% Positive cells

10000

04

24 hours 48 hours 24 hours 48 hours
E F cps3
60 70000 *
50 60000 - ]
404 50000 Ho#
£ 304 40000 - i
E *
S 204 30000 " '
2 104 o 20000 :| I - —iﬁ
= = -
z = _
=]
="
X
24 hours 48 hours 24 hours 48 hours
G HLA-DR H HLA-DR
120+ 300000
250000
=z
E 200000
L]
Z & 150000
z =
(=
= 100000
&
50000
0-
24 hours 48 hours 24 hours 48 hours
B medium Il empty NPs 25 pg/mL [ RBD-NPs 25 ug/mL (containing 7 ug/mL RBD)

soluble RBD 28 ug/mL M empty NPs 100 pg/mL M RBD-NPs 100 ug/mL (containing 28 ug/mL RBD)

Figure 5. Expression of maturation markers on MoDCs upon treatment with soluble mediators secreted by RBD-NPs-treated
HNEpCs at 24 and 48 h after treatment. HNEpCs were treated with RBD-NPs (25 pg/mL and 100 pg/mL), empty NPs
(25 pg/mL and 100 pg/mL), soluble RBD (28 ug/mL) or medium. Supernatants from HNEpCs were harvested at 48 h and were
used to treat MoDCs. MoDCs maturation markers including CD80 (A and B), CD86(C and D), CD83 (E and F) and HLA-DR
(G and H) were monitored at 24 h and 48 h of treatment using flow cytometry. The expression of MoDCs maturation markers
was presented as mean fluorescence intensity (MFI) and percentages of positive cells. Histogram represents the mean of
3 independent experiments (n = 3). * and ** indicate significant differences between soluble mediators secreted by the cells
treated with soluble RBD (28 pg/mL) and RBD-NPs at 100 or 25 ug/mL, respectively. “indicates significant differences between
soluble mediators secreted by the cells treated with RBD-NPs and empty NPs at 100 pg/mL. *indicates significant differences
between soluble mediators secreted by the cells treated with RBD-NPs and empty NPs at 25 pg/mL (p < 0.05).
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from other treated conditions at 24 and 48 h of treatment
(Figure 5E-F). Expression of HLA-DR was upregulated
in MoDCs wupon treatment with mediators from
RBD-NPs-treated HNEpCs (Figure 5, G-H). These results
suggested that soluble mediators secreted from HNEpCs
treated with RBD-TMC NPs were able to drive the immature
MoDCs into the mature phenotype.

Discussion

SARS-CoV-2 is a mucosal pathogen that spreads through
droplets, resulting in a high rate of transmission in human
population. Upper respiratory tract, including nasal cavity,
is the major entry site for SARS-CoV-2."" Therefore, the
nasal route is considered as an attractive route for vaccine
administration to promote mucosal anti-SARS-CoV-2
response. Epithelial cells of the nasal mucosa can sense
immunogens and initiate innate immune responses through
the production of several cytokines and chemokines. These
cells also provide signals to antigen-presenting cells (APCs)
in NALTs, resulting in stimulation of adaptive immune
response.* Another word is intranasal vaccination will not
only enable non-invasive immunization, but also promote
both systemic and local mucosal responses. This can control
viral infection on the transmission route.'* However, most
currently approved COVID-19 vaccines are administered
via the intramuscular route, which induce a robust systemic
immune response but are inefficient in inducing local
mucosal immunity. This results in incomplete protection
against infection and transmission.

In this study, we investigated the responses of human
nasal epithelial cells toward stimulation of a COVID-19
vaccine candidate, RBD-NPs. SARS-CoV-2 RBD protein
was chosen as the target antigen since it contains abundant
conformational epitopes to promote both humoral and
cellular immune responses.”” In this study, RBD protein
was successfully encapsulated into TMC NPs with high
loading efficiency (> 93%). Immunoblotting indicated that the
antigenicity of RBD was unaltered after the encapsulation.

Small size and positively-charged surface of the
nanoparticles are crucial for the immunogen delivery
efficiency. Small-sized particles can effectively penetrate into
the epithelial cells. It has been reported that the particle
with sizes smaller than 1 pm are suitable for up-taking
by mucosal M cells.!® The positively-charged surface not
only efficiently interacts with the negatively-charged
epithelial ~ surface, but also facilitates transepithelial
transportation of encapsulated antigens by widening tight
junctions between epithelial cells.””* Our RBD-NPs were
small-sized (386.5 + 5896 nm) with positively-charged
surface (129 = 0.651 mV). With these properties, the
particles aid efficient internalization of RBD. This evidenced
by higher percentages of RBD positive cells and higher
amount of RBD internalized in each cell in the RBD-NPs
treated group comparing to the soluble RBD treatment.
Notably, the percentage of positive cells and MFI at

24 and 48 h of RBD-NPs treatment were not different.
This suggested that penetration of RBD-NPs into HNEpCs
reached the maximum levels within 24 h of treatment.
The mechanism of cellular uptake was not investigated
in the present study. However, we believe that the uptake
of RBD-NPs may be mediated through the interaction
between the positively charged surface of NPs and the
negatively charged cell membrane. The low cytotoxicity was
demonstrated in the cells treated with RBD-NPs and empty
NPs, suggesting that TMC-NPs should serve as a safety
vaccine delivery system for human nasal epithelium and
possibly for intranasal vaccination.

Both innate and adaptive immune responses of the
respiratory tract have been shown to regulate the outcome
of SARS-CoV-2 infection.” In our present study, treatment
of HNEpCs with RBD-NPs could elicit both innate and
adaptive immune responses, as indicated by the increased
production of pro-inflammatory cytokines (IL-6, TNF-a and
IL-1B), chemokines (IL-8 and MIP-1f), Th-1 related cytokines
(IFN-y and IL-12) and growth factors (G-CSF and GM-CSEF).

Activation of pro-inflammatory cytokines during the
early phase of virus infection is crucial for activation of
innate and adaptive immune responses. The upregulation of
IL-13 upon RBD-NPs stimulation indicated inflammatory
activation. Once IL-13 binds to IL-1R, it induces
transcriptional program, resulting in increased production of
several inflammatory mediators including IL-6 and TNF-a.?
During early viral infection, activated inflammasome
initiates proper innate immune response against the
viral infection. In addition, inflammasome mediators also
induce the expression of co-stimulatory molecules on the
antigen presenting cells. These molecules are essential for
subsequent adaptive immune response activation. Elevated
IL-6 promotes the survival of phagocytic neutrophils and
the differentiation of monocytes into macrophages. IL-6 also
promotes T cell proliferation and regulates antigen-dependent
B cell differentiation.”® Upregulated TNF-a involves in
inflammatory responses, and also increases IL-6 production.
TNF-a induces a cascade of inflammatory responses by
binding to Type 1 receptors (TNF1) and Type 2 receptors
(TNF2). Activation of TNFR1 results in the formation
of Complexes I and II, while that of TNFR2 results in
Complex I generation. This functional complex I will
subsequently triggers a signaling cascade that activates
NF-kBs and MAPKs, resulting in inflammation, tissue
damage, host defense, cell survival and cell proliferation.
The functional complex II (Ila and IIb) induces apoptosis
through caspase-8, while complex Ilc can activate MLKL
which leads to inflammation and necroptosis.**

For chemokine production, elevated IL-8 and MIP-1f
were also detected in RBD-NPs treated cells. IL-8 is
associated with recruitment, activation and accumulation
of neutrophils as part of the inflammation response,”
whereas MIP-1p promotes the recruitment of various innate
and adaptive immune cells.*
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In terms of growth factors, we also found G-CSF and
GM-CSF productions upon treatment with RBD-NPs.
G-CSF can induce MoDC differentiation and granulocyte
proliferation and can also activate the effector functions of
mature neutrophils.”” GM-CSF facilitates communication
between tissue-invading lymphocytes and myeloid cells by
stimulating the production of pro-inflammatory cytokines
and chemokines such as IL-6 and TNE It also plays
an important role in inducing Th17 response, which is
significant for host defense against extracellular pathogens
such as bacteria, fungi and virus at the mucosal surface.?®*

For Th-1 related cytokine production, increased
production of IL-12 was observed in HNEpCs stimulated
with RBD-NPs. IL-12 has been shown to inhibit viral
replication by inducing IFN- y activity, as well as improving
CD8" T «cell response® Taken together, we observed
increased levels of cytokines and chemokines in HNEpCs
in response to RBD-NPs, suggesting that RBD-NPs are able
to trigger both cellular and soluble forms of anti-viral innate
responses.

Apart from the innate immune response, airway
epithelium also induces adaptive immune response by
interacting with antigen presenting cells underneath
the mucosal layer*® Here we demonstrated that soluble
mediators from RBD-NPs-treated HNEpCs were able to
drive the maturation of MoDCs, which was demonstrated
by the upregulation of CD80, CD83, CD86 and
HLA-DR expression. This may be due to the fact that
RBD-NPs-treated HNEpCs secreted IL-6, TNF-a, IL-1P,
IL-8, MIP-1f, IFN-y, IL-12, G-CSF and GM-CSE These
cytokines and chemokines are not only involved in
the inflammatory response but also participate in DCs
activation. For example, a combination of TNF-qa, IL-6, IL-1p
and PGE2 has been reported to activate DCs maturation via
activation of inflammatory response genes. A combination of
IL-1B, TNF-a, IFN-q, and IFN-y can activate DCs maturation
through the activation of indolemine-2,3-deoxygenase (IDO),
while IFN-y itself can promote DCs maturation via JAKs,
TYK2 and STAT1/2 pathways.”’** The combinations of these
various mediators provide the environment that is suitable for
DCs to undergo differentiation and maturation.

In conclusion, as a COVID-19 vaccine candidate,
RBD-NPs not only act as an effective delivery system but
also exert low toxicity to epithelium lining nasal cavity.
Importantly, this platform strongly activates production
of an anti-viral innate mediators such as IL-6, TNF-q,
IL-1B, IL-8, MIP-1B, IFN-y, IL-12, G-CSF and GM-CSF
which consequently drive immature dendritic cells to
mature into the functional phenotype. Altogether, our
results demonstrated the high potential of RBD-NPs in
activating protective mucosal responses against SARS-CoV-2
in human.
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