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Abstract

The COVID-19 pandemic is caused by the coronavirus SARS-CoV-2 (SC2). A variety of anti-SC2 

vaccines have been approved for human applications, including those using messenger RNA 

(mRNA), adenoviruses expressing SC2 spike (S) protein, and inactivated virus. The protective 

periods of immunization afforded by these intramuscularly administered vaccines are currently 

unknown. An alternative self-administrable vaccine capable of mounting long-lasting immunity 

via sterilizing neutralizing antibodies would be hugely advantageous in tackling emerging mutant 

SC2 variants. This could also diminish the possibility of vaccinated individuals acting as passive 

carriers of COVID-19. Here, we investigate the potential of an intranasal (IN)-delivered DNA 

vaccine encoding the S protein of SC2 in BALB/c and C57BL/6J immunocompetent mouse 

models. The immune response to IN delivery of this SC2-spike DNA vaccine transported on 

a modified gold-chitosan nanocarrier shows a strong and consistent surge in antibodies (IgG, 

IgA and IgM), and effective neutralization of pseudoviruses expressing S proteins of different 

SC2 variants (Wuhan, Beta, and D614G). Immunophenotyping and histological analyses reveal 

chronological events involved in the recognition of SC2 S antigen by resident dendritic cells and 

alveolar macrophages, which prime the draining lymph nodes and spleen for peak SC2-specific 

cellular and humoral immune responses. The attainable high levels of anti-SC2 IgA in lung 

mucosa and tissue-resident memory T cells can efficiently inhibit SC2 and its variants at the site of 

entry, and also provide long-lasting immunity.
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Graphical Abstract.

Schematic illustration of intranasal delivery of spike gene DNA vaccine against SARS-CoV-2 

inducing humoral and cell mediated immunity.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has affected nearly 210 million people 

around the world as of August 2021 (https://covid19.who.int/).1 The causative pathogen, 

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, or SC2), belongs to a 

family of beta coronaviruses.2 Coronaviruses are single-stranded positive-sense RNA viruses 

that infect humans and mammals. Since this virus shows high transmission and fatality 

rates specifically in vulnerable populations, a rapid, high-priority approach has been adopted 

during vaccine development and approval under emergency use authorization.3 There are 

several strategies currently considered for SC2 vaccine development, including mRNA, 

DNA, inactivated virus, adenovirus expressing SC2 spike (S) protein, and peptide vaccine 

varieties.4 Most vaccines are currently targeted against the S protein of SC2 as the primary 

antigen, such as mRNA-1273 by Moderna, or mRNA-BNT162b2 by Pfizer.5 Inactivated 

virus (Covaxin) and adenovirus expressing SC2 S protein (Covishield and Sputnik) vaccines 

are also administered in humans.6

mRNA vaccines are developed from synthetic in vitro transcribed RNA sequences coding 

for viral protein, but the variations between vaccines are based on the stability of these 

synthetic mRNAs and that of their nanoformulation vehicles.7 Although intramuscular (IM) 

vaccination induces systemic humoral and cell-mediated immune responses that protect the 

lungs against infection and pathology, it does not confer sterilizing immunity.8 Moreover, 

inadvertent injection of a vaccine into the subcutaneous fat layer with poor vascularity can 
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result in slow mobilization and processing of antigen leading to vaccine failure.9–12 Hence, 

whether adequate long-lasting active immunity develops or not after IM vaccination is still 

unknown.8, 12–16 An optimal vaccination strategy would aim for sterilizing vaccines to result 

in long-lasting immunity. An advantage of both DNA and mRNA constructs coding for 

antigens is that they are simpler and faster to produce than developing inactivated viruses 

or making recombinant proteins, and the risks of working with live virus/pathogen can be 

avoided.17

In contrast to IM injection, intranasal delivery (IN) of vaccine is preferred for respiratory 

infections to achieve both humoral and innate immune responses, while also producing 

sterilizing immunity in the respiratory tract and lungs.8, 18, 19 However, IN delivery requires 

a nanocarrier that can transport the loaded nucleic acid vaccine across the nasal cavity and 

down into lungs. An efficient nanoparticle (NP) as a delivery system can mount an effective 

immune response to DNA/RNA vaccines. Similarly, an ideal delivery system should possess 

high cargo loading capacity, stability, and biocompatibility. In that respect, apart from 

liposomes, a cationic polysaccharide and natural biopolymer, such as chitosan, has been 

used as an adjuvant in vaccine delivery systems.20

Recent studies have shown that the nasal cavity may become a reservoir for SC2 in the 

absence of mucosal immunity, placing patients at risk for reinfection or spread of disease 

to others.21 IN vaccination can overcome this drawback as it can serve to stimulate broad 

immune responses via neutralizing IgG, mucosal IgA, and T cells, which can instigate a 

local mucosal immunity in the nasal cavity that in turn can block both infection and spread 

from this reservoir. The lungs share many features with other mucosal sites, but preservation 

of its delicate histomorphological integrity requires a fine interplay between pro- and anti-

inflammatory responses in the face of external insults. Well-timed, appropriately located, 

and tightly regulated T and B cell responses are essential to protect from infection, whereas 

dysregulated inflammation contributes to disease development and tissue damage.22,23 There 

are many other advantages to IN delivery, including the avoidance of injections, and 

likely high tolerance and compliance in clinical practice. Furthermore, respiratory tract 

immunization via the IN route can target a large surface area for immune response induction, 

through antigen presenting cells (especially dendritic cells) present in abundance throughout 

the upper and lower respiratory tract from the nasal mucosa to the lung periphery.24–26 IN 

vaccination triggers upper and lower respiratory tract mucosal and sub-mucosal surfaces for 

protective humoral and cellular pathogen-specific immune responses that also remain at high 

levels at the port of entry for these pathogens. Previous studies have demonstrated that IN 

vaccination provides a better protection compared to subcutaneous and IM immunizations in 

the context of respiratory pathogens, capitalizing on the role of mucosal immunity at the site 

of initial infection.27–30

Alveolar macrophages (AMs), dendritic cells (DCs), epithelial M cells, intraepithelial 

lymphocytes, as well as lymph nodes and lymphoid tissues of the upper respiratory tract 

and the bronchial tree all help in mediating a strong immune response to vaccines.31 Tissue 

resident and circulatory leukocyte migration through the lungs plays a vital role in IN 

vaccination. To track this dynamic interaction, we evaluate this vaccination approach in 

C57BL/6J transgenic mice with Ccr2RFPCx3cr1GFP dual-reporter (C57BL/6J-DR), as well 
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as BALB/c mice. The CX3CR1+ receptor is predominantly expressed in leukocytes such 

as CD4+, CD8+, and γδ T lymphocytes, as well as natural killer (NK) cells, DCs, and 

monocytes/macrophages. On the other hand, engineered CCR2-RFP enables the tracking of 

resident monocytes and AMs.32

Chitosan is a nontoxic, biodegradable, bioadhesive, and biocompatible polymer that can 

penetrate across epithelial cells lining the mucosal surfaces and their tight intercellular 

junctions for vaccine delivery.33, 34 While chitosan provides effective loading and delivery 

of nucleic acids across cell membranes as an effective transfection agent, it requires coating 

onto the surface of a biocompatible solid nanocarrier to provide mobilization across the 

nasal cavity for transfection into lungs. Here, we develop and evaluate a gold-nanostar-

chitosan (AuNS-chitosan) nanoformulation for IN delivery of a DNA vector expressing 

S protein of SC2, plus mRNA coding for Firefly luciferase reporter protein. In addition 

to its inherent advantages for IN delivery of nuclei acids, chitosan serves as an immuno-

potentiating agent to augment vaccine immunogenicity and effectiveness, as reported by 

Saenz et al.35 Antigens formulated onto/into NPs can reach the respiratory mucosa in the 

airways and lungs for uptake by relevant immune cells.36 With growing concerns over 

IN administration of live-attenuated viral vaccines (especially in immunocompromised 

patients), NP-based carriers are a promising alternative to generate safer mucosal 

immunity.37 We thus investigate in mice the potential of AuNS-chitosan for IN delivery 

of a SC2 vaccine delivered to the upper and lower respiratory tract mucosa. Gold NPs 

have recently been used as antigen carriers as well as activators of immune cells for 

different vaccination approches.38 These NPs are non-toxic and have been used in various 

applications.39 Gold NPs formulated for IN administration have been shown to trigger robust 

antigen-specific cytotoxic T cell immune responses in the lymph nodes.40 With this in mind, 

we test DNA (expressing the S protein of SC2) vaccine-mediated antibody production using 

AuNS-chitosan as a carrier for IN delivery in mice. Additionally, we test the feasibility of 

IN delivery of AuNS-chitosan carrying mRNA coding for luciferase reporters to target the 

respiratory airways and as a proof-of-concept and model platform for future adaptation of 

our strategy to delivery of a SC2 mRNA vaccine. The eventual clinical translation of this 

approach should be a seamless extension of current mRNA vaccines.

Unlike pDNA (plasmid DNA) vaccines that rely on cell and nuclear membrane poration 

to reach the nucleus for transcription and further translation into proteins, it is sufficient 

for an mRNA strand to gain access to the cytosol for translation. On the other hand, 

stability of DNA may yield a robust vaccine with a longer shelf life suitable for worldwide 

distribution. However, DNA expression cassettes carry the theoretical risks of genome 

integration, insertional mutagenesis, long-term expression, and the induction of anti-DNA 

antibodies. Given the many pros and cons of these two nucleic acid vaccines, we here 

initially develop and pre-clinically evaluate an IN administered anti-SC2 DNA vaccine 

using our AuNS-chitosan delivery vehicle. Conceptually, we aim to establish proof-of-

principle for our IN delivery platform using this DNA vaccine by firstly validating its 

stability and successful organ specific expression (using in vivo imaging of simultaneously 

delivered luciferase reporter mRNA), and to establish the presence of an ensuing robust 

vaccine-mediated immune effect in mice. However, a critical pre-requisite applicable to 

both proposed vaccines is whether sufficient SC2 nucleic acids can be transferred across 

Kumar et al. Page 4

ACS Nano. Author manuscript; available in PMC 2024 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell membranes using our AuNS-chitosan NPs. Since electroporation is normally required 

for DNA uptake across cell and nuclear membranes, we reasoned that initial testing of an 

anti-SC2 DNA vaccine would be useful to establish the ability of this NP vehicle to replace 

electroporation.

It is well established that S protein mediates viral transduction via interaction with 

angiotensin-converting enzyme 2 (ACE2) receptors followed by endocytosis. Thus, vaccines 

based on the S protein are expected to induce antibodies that can block virus binding and 

fusion with respiratory airway columnar ciliated cells (and their progenitor cells) expressing 

ACE2 receptors, or neutralize the virus infection.41 Moreover, compared to all structural 

proteins of SC2, the S protein appears to be the prominent immunogenic protein to induce 

both humoral and cellular immunity against virus infection.

As compared to the short half-life of injected protein antigens, DNA vaccines can provide 

tissue specific expressions of antigens over much longer periods, thereby better priming 

the immune system.42 We therefore designed AuNS-chitosan to IN deliver a SC2 DNA 

vaccine to stimulate a wide spectrum immune response, including both local immunity 

(mucosal IgA, and lung resident T cells) in the nasal cavity and respiratory tract, as well 

as systemic (neutralizing IgG) immunity. We find that this IN-vaccination strategy also 

achieves prominent levels of anti-SC2 IgA in the lung mucosa and tissue-resident memory 

(TRM) T cells that efficiently neutralize SC2 pseudovirus and its variants, thus providing 

long-lasting immunity.

Results and Discussion

In vitro characterization of gold nanostar synthesis, physicochemical properties, stability, 
chitosan coating, and DNA loading efficiency at different molar ratios.

We prepared AuNS-chitosan using a modified procedure that we outlined previously.39 We 

optimized the reaction conditions to generate gold nano-octopods that provide ample surface 

area for incorporating the payload. The surfaces of as-prepared AuNSs were modified 

using cationic biopolymer chitosan to improve their biocompatibility, colloidal stability, 

and to achieve sufficient surface potential for loading anionic nucleic acids. The uniform 

monolayer of chitosan on the modified AuNS was evident on high resolution transmission 

electron micrographs (TEM), which also correlated with evident changes in NP surface 

potential measurements. TEM revealed a narrow size distribution of NPs, with an average 

size of the NP core as 20 nm and protruding spikes of ~20–30 nm (Figure 1a–c). The 

pristine AuNS had a surface potential of −5.6 mV (±2.89 mV) that shifted to a cationic 

surface potential of +35.8 mV (±3.59 mV) upon capping with cationic chitosan polymer. 

We estimated the pcDNA-SC2 (the coding sequence of SC2 S protein) loading efficiency 

for AuNS-chitosan using a gel retardation assay. We complexed the SC2 plasmid (2 μg) 

with increasing amounts of AuNS-chitosan and the resultant polyplexes demonstrated a 

consistent increase in encapsulated pcDNA. The polyplex amount of 2.5 μL AuNS-chitosan 

encapsulated 2 μg of pcDNA-SC2 plasmid in the NPs, resulting in pDNA being completely 

retained in the well during electrophoresis in the gel retardation assay (Figure 1d). We also 

evaluated the polyplexes for hydrodynamic size using dynamic light scattering (DLS) and 

surface zeta potential measurement, which also agreed with the gel electrophoresis findings. 
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With increasing amounts of SC2 plasmid in polyplexes with AuNS-chitosan, pDNA was 

increasingly trapped on the surface of NPs by electrostatic interactions, and as a result of 

which the zeta potential declined to a nearly net neutral surface potential of +2.12 mV (±3.4 

mV) at a polyplex ratio of 1 μL NPs with 1 μg of SC2 plasmid, indicating the maximum 

loading efficiency of AuNS-chitosan. Likewise, at polyplex ratios with more than 1 μg 

pDNA, the surface zeta potential diminished further to a negative surface potential indicating 

an excess of loosely bound pDNA on the surface of NPs, which was also clearly evident 

in the gel retardation assay. Although each ratio of polyplexes displayed different surface 

potentials, the size of the pDNA loaded AuNS-chitosan was constantly in the range of 35–48 

nm (Figure 1e–f). In order to determine the optimum polyplex ratio for plasmid delivery, we 

loaded AuNS-chitosan with a pcDNA-FLuc-eGFP plasmid and evaluated it for transfection 

efficiency in A549 (non-small cell lung carcinoma) cells using bioluminescence imaging 

(BLI). In agreement with the gel retardation assay and zeta potential measurements, we 

observed maximum transfection efficiency with a combination of 1 μg of plasmid and 1 μL 

of AuNS. To evaluate S protein expression using pcDNA-SC2 plasmid (the DNA vaccine), 

we transfected HEK293T cells with different variants of SC2 plasmid (Wuhan, Beta, and 

D614G) using AuNS with the optimal ratio, and the cell lysates were probed for expression 

of S protein using rabbit anti-SC2-spike antibody. We also assayed the CoV-2 and CoV-1 

proteins using an anti SC2 antibody to validate their implications in subsequent dot blot 

and ELISA immunoassays (Figure 1h). Overall, the proposed DNA vaccine formulation 

comprised of three components: AuNS, chitosan polymer, and plasmid DNA.

Intranasal administration of AuNS-chitosan loaded with SC2 DNA vaccine in transgenic 
C57BL/6J-DR and BALB/c mice.

The growing interest in IN vaccination, and the recent phase I clinical trial of COVI-VAC 

– an attenuated live viral IN vaccine by Codagenix, developed by introducing hundreds 

of underrepresented mammalian codons through a deoptimization process – have both 

prompted us to develop this proof-of-principle IN DNA vaccine platform as the groundwork 

for a future similar IN mRNA vaccine. A long-term study is required to evaluate the 

clinical reversion rate of the live attenuated viral vaccine of Codagenix. More recently, it 

has been shown that a subunit vaccine of SC2 S protein, along with a liposomal STING 

agonist as an adjuvant, can induce a strong mucosal immunity upon IN delivery in a mouse 

model.21 However, a subunit vaccine may not elicit neutralizing antibodies sufficient to 

cover protection against the wide range of variants currently spreading across the globe. 

Hence, we evaluated our IN-DNA vaccine against SC2 S protein, and this strategy can, in 

theory, be extended to mRNA vaccines coding for different SC2 structural proteins (S, N, 

E, and M) to elicit immunity that can protect from all different variants in all viral proteins. 

We used BALB/c and C57BL/6J-DR transgenic mice to validate the broad immunization 

capabilities of this IN delivered vaccine, while the C57BL/6J-DR transgenic mice allowed 

more specifically for evaluation of T cell activation and trafficking using the engineered 

fluorescence proteins. In the past, there was great interest in using the IN route to deliver 

influenza A virus vaccines because of their potential to elicit cellular and humoral immune 

responses along the respiratory tract.43 Indeed, prevention of influenza A virus re-infection 

requires sterilizing immunity primed by local adaptive immune responses in the lungs. 

This can only be achieved by IN delivery of antigens, and not through IM inoculation44. 
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To evaluate the efficiency of IN delivery of the SC2 DNA vaccine, we delivered pDNA 

expressing S protein loaded onto AuNS-chitosan via IN delivery in BALB/c and C57BL/6J-

DR mice (N=5, each). Mice were given 20 μg of DNA at the intervals shown in Figure 2a–b.

The reactivity of sera from SC2-vaccinated mice with the S protein of SARS-CoV-1 and SC2 
determined using S protein-based dot blot assay.

With the established in vitro evidence for SC2 delivery and expression by AuNS-chitosan, 

we investigated the anti-SC2 specific immunoglobulins generated in mice upon IN 

vaccination. We also investigated the sera cross-reactivity with the S1 subunit of SARS-

CoV-1 (CoV-1) from the 2003 SARS outbreak.45 We tested sera collected at different time 

points from both control and SC2 vaccinated BALB/c and C57BL/6J-DR mice for the anti-S 

protein antibody against purified S protein from SARS-CoV-1 and SARS-CoV2 (CoV-2) 

using a chemiluminescence dot blot assay. We clearly observed that the antibodies to the 

delivered SC2 DNA vaccine were produced in as early as two weeks after vaccination 

(p<0.001) (Figure 2c). Even though the S protein of CoV-1 shows significant homology with 

that of CoV-2, the serum of mice induced using the SC2 vaccine showed less sensitivity to 

the CoV-1 S protein compared to CoV-2. Evaluation of serum collected from both BALB/c 

and C57BL/6J-DR mice at all time points indicated that the sensitivity of CoV-2 protein 

detection was much higher compared to CoV-1, and was also consistent in both mouse 

models (Figure 2c). The CoV-1 detection signal was nearly 40–60% lower (p<0.01, for 

time point 1 to time point 7) than that of CoV-2, indicating significant cross reactivity, 

which is consistent with the earlier findings that the vaccination approach outlined here 

can potentially provide protection against related viruses of the sarbecovirus subgenus, 

with similar efficiency compared with CoV-2.38, 45–47 This provided the evidence for a B 

cell-mediated humoral immune response triggered upon DNA vaccination (Figure 2c–d). 

Overall, the trend in serum detection levels followed the same pattern as observed in the 

ELISA assay, with the highest serum levels of anti-SC2 S protein antibody peaking at Weeks 

4 and 5 of treatment in C57BL/6J-DR and BALB/c mice, respectively. In addition, the peak 

antibody levels in serum of C57BL/6J-DR was ~25% higher than in BALB/c mice. The 

observed difference in serum antibody levels and their time to peak values were possibly 

owing to immunological differences in these two inbred mouse strains.48, 49 However, 

the vaccination efficacy and pattern in humoral immune response was prominent in both 

models.

Intranasal vaccination boosts cross-variant humoral immune response against mutant 
variants of SC2.

With the global surge in SC2 infections, the viral susceptibility to undergo mutations also 

increases with spread and time, which results in emergence of new mutant variants.50 

Emerging SC2 variants have raised concerns because of resistance to neutralizing antibodies 

generated upon by vaccination or previous infection. Mutations found in emerging S protein 

variants limit the outcome of neutralization by convalescent plasma, monoclonal antibodies, 

and sera from vaccinated individuals.51 As a result of such growing concerns, we further 

evaluated whether IN SC2 (Wuhan) vaccinated mice sera could show cross-reactivity with 

other emerging variants of SC2. We used an immunoblot assay with total cell lysates of 

HEK-293 cells transfected with plasmids encoding SC2-Wuhan S protein and SC2-Beta-

Kumar et al. Page 7

ACS Nano. Author manuscript; available in PMC 2024 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mutant S protein to probe serum collected from BALB/c and C57BL/6J-DR mice for cross-

variant neutralizing antibodies against SC2-Beta-mutant. We found that both SC2-Wuhan 

and SC2-Beta-mutant S proteins were equally detected by serum collected at all time points 

(Figure 3a–b). These findings were consistent in both mouse models, and they strongly 

indicate the efficacy of our vaccination approach against new strains of SC2. On the other 

hand, these results also point out the importance and need of future vaccination to both 

previously infected and uninfected subjects to elicit cross-variant neutralizing antibodies 

when using our proposed strategy.52 We verified the trend in serum levels of SC2 S antigen 

specific immune response by using different assays. Moreover, in order to establish the 

consistency of this vaccination approach, we compared serum levels of neutralizing antibody 

from two independent studies with a batch of five C57BL/6J-DR mice in each group (Figure 

3c). Comparative immunoblot analyses of serum collected four weeks after immunization 

were evaluated against purified SC2 and SC1 proteins, and the results indicated similar 

serum levels of neutralizing antibodies in both batches, supporting the reproducibility of this 

IN immunization approach.

To draw comparisons between DNA vaccine-mediated immunity and actual infection-

mediated immunity, we investigated immune responses of transgenic mice expressing 

human ACE2 receptor along with respective control strains (C57BL/6J and C57BL/6J-

ACE2) to SC2 pseudovirus delivered via the IN route. We tested two different variants 

of pseudoviruses corresponding to SC2-Wuhan and SC2-Beta-mutant in wild type and 

ACE2 engineered C57BL/6J mice. Evaluation of serum collected from mice five days after 

pseudovirus infection showed significant (p<0.01) levels of anti-SC2 antibody in both wild 

type and ACE2 transgenic mice (Figure 3d). We tested immune responses in wt-C57BL/6J 

and ACE2-C57BL/6J animals IN delivered with lenti-pseudovirus expressing SC2 S protein 

and compared with antiserum taken from BALB/c animals IN treated using pcDNA 

(control) and SC2 S DNA loaded on chitosan capped AuNS for comparison. Although 

both procedures are entirely different in terms of induced immunity, the results indicated 

that the extent of humoral immune response generated by IN administration of our SC2 

DNA vaccine loaded onto AuNS-chitosan NPs was nearly 30% higher than that achieved 

by pseudovirus-mediated transduction at the similar time point of the study (5 days post 

treatment of 3 doses of SC2 DNA vaccine or SC2-Wuhan and SC2-Beta pseudoviruses).

Intranasal delivery of DNA vaccine expressing SC2 S protein using AuNS-chitosan showed 
effective activation of humoral pulmonary immunity.

The entry of SC2 into cells is mediated by the interaction of ACE2 receptors present on the 

target cell membrane with the receptor-binding domain (RBD) of the viral S glycoprotein.53 

Antibodies generated against SC2 S antigen can be screened using S protein-based ELISA. 

Immunization through the IN route can trigger mucosal immune responses with elevated 

levels of secretory IgA antibodies to confer protection at or near the site of initial entry 

of respiratory pathogens.54 To assess the immune response and protective efficacy of AuNS-

chitosan loaded with SC2 S DNA vaccine, we used two different mouse strains, BALB/c and 

C57BL/6J-DR.
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We analyzed the S protein antibody responses in serum collected at different time points 

from SC2-DNA vaccinated mice to determine SC2 S protein specific IgA, IgG and IgM 

titers in vaccinated mice as compared to control mice. As indicated in the ELISA results, 

IN immunization of AuNS-chitosan-SC2-spike, but not control DNA loaded AuNS-chitosan, 

induced high levels of S protein specific IgA, IgG and IgM antibodies in serum (Figure 

3e–g). We measured vaccine induced IgG, IgA and IgM in serum serially, up to eight 

weeks in both BALB/c and C57BL/6J-DR mice using an ELISA assay. S antigen-specific 

IgG levels rose exponentially in both mice strains as early as in the first week (after three 

doses) and remained at the peak for eight weeks, independent of further doses of vaccination 

(Figure 3e). The animals were maintained for 14 weeks without any further doses. In 

the 14th week, we collected blood samples and given an additional booster dose. Upon 

administration of the booster dose in Week 14, IgG levels increased further, reaching a 

maximum on Week 15, and remained elevated for subsequent weeks (Figure 3e). Likewise, 

AuNS-chitosan-SC2-spike DNA vaccination also elicited IgA specific to S antigen with 

similar kinetics of induction, as well as time to reach the peak levels (Figure 3f). It also 

exhibited a sustained peak plateau in serum for two to eight weeks, which is not usually 

observed after IM vaccination, especially because of its short half-life and seroconversion 

pattern.8, 55

This distinct pattern of consistently higher levels of IgA generated over the course of 

treatment can be regarded as a critical advantage, specifically because of the spatial 

distribution of IgA on mucosal surfaces and the IN route of administration used in this 

research.55 Multiple studies have found that IgA possesses superior antiviral properties when 

compared to the IgG for influenza and for SC2. Sterlin et al. recently reported that IgA 

dominates the early neutralizing response to SC2, and they deduced that serum IgA is 7-fold 

more potent in viral neutralization compared to serum IgG;56 these advantages could be 

effectively harnessed by the vaccination strategy adopted in our study. Our finding of the 

heightened mucosal immunity via IgA could confer an important advantage in preventing 

SC2 infections, given that the virus attacks respiratory epithelial cells by docking to ACE2 

protein on the surface of type-2 alveolar cells.57, 58

On the other hand, existing evidence indicates good correlations between serum and salivary 

IgG and IgM antibody levels, whereas there is a much weaker correlation between salivary 

and serum IgA antibodies. This is not unexpected, as salivary IgG and IgM are mainly 

derived from the circulation, whereas salivary IgA is mostly secreted locally in the salivary 

glands.59 Thus, it can be inferred with confidence that the levels of S antigen specific IgA 

in the bronchoalveolar lavage and saliva of vaccinated mice would be much higher than 

the values determined from serum. SC2 specific IgM and IgA were generated as early 

antibody responses followed by SC2 specific IgG antibodies.56 The IgG levels are assumed 

to continue lifelong as protective antibodies against SC2. However, onset of seroconversion 

also determines respective levels of immunoglobulins, including IgM and IgG synchronous 

seroconversion; IgM seroconversion later than IgG, and IgM seroconversion earlier than 

IgG.60 This could plausibly account for the intriguing spike in IgM levels observed after 

booster dose administration in C57BL/6J mice. IgG and IgA sustained their levels till 

Week 14 and rose even higher with a single booster dose (Figure 3e–g). The quick surge 

in levels of IgG, IgA, and IgM following a booster dose in Week 14 also represents 

Kumar et al. Page 9

ACS Nano. Author manuscript; available in PMC 2024 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



clear evidence of long-lasting memory T and B cells that are able to trigger a memory 

cell mediated rapid recall response. Humoral immune responses are typically characterized 

by primary IgM antibody responses followed by secondary immune memory antibody 

responses composed of IgA, IgG and IgE. Here, we observed humoral responses to SC2 in 

the form of SC2-specific antibodies in the blood pool. Overall, our findings demonstrate that 

AuNS-chitosan-SC2-spike DNA vaccines effectively induce S-antigen specific IgG, IgA, 

and IgM responses in immunocompetent mice, with marked differences in their persistence 

in serum.

Intranasal delivery of DNA vaccine expressing the S-protein if SC2 using AuNS-chitosan 
showed efficient activation of pulmonary immunity with neutralizing antibodies.

After successful evaluation of antibody induction by the delivered DNA vaccine, we tested 

the neutralizing effects of antibodies using lenti-pseudoviruses displaying the S protein of 

SC2 and expressing Firefly luciferase (FLuc)-ZsGreen reporter gene as a pseudovirus for 

a neutralization assay (BEI resources, NIAID). We first tested the specificity of spike-lenti-

pseudoviruses for their infectivity to cells expressing the human ACE2 receptor. We infected 

viruses of the same titer to control cells and ACE2 expressing HEK293T (HEK293T-ACE2) 

cells, and assessed for infectivity 72 h post transduction using BLI. We observed selective 

transduction of pseudovirus into HEK293T-ACE2 cells, which established them as a suitable 

model to mimic infectivity of SC2 in the presence of neutralizing antibodies in different 

conditions (Figure 4a). After confirmation of pseudovirus for its selectivity, we used the 

virus along with serum from mice (BALB/c and C57BL/6J-DR) collected different time 

points after DNA vaccine delivery to evaluate neutralizing antibody effects. Antibodies 

from mice immunized with AuNS-chitosan-SC2-spike protein of Wuhan strain neutralized 

luciferase-expressing SC2 pseudovirus encoding the S protein of the same strain, which 

was reflected in the decline of FLuc signal. The time dependent variation in the antibody 

titer was also measured using ZsGreen-based FACS analysis, which correlated well with the 

trend observed in BLI (Figure 4b–d). The histogram for pseudovirus transduced ZsGreen 

expression in HEK293T-ACE2 cells in the presence of serum collected from vaccinated 

mice on Week 3 was fully displaced towards the lower end and overlapped with that of 

control cells that were not subjected to pseudovirus transduction. Our findings indicated 

presence of a high titer of neutralizing anti-SC2 S antigen specific antibodies generated in 

the vaccinated mice, which could completely prevent the infection of SC2 pseudovirus in 

HEK293T-ACE2 cells.

Intranasal delivery of DNA vaccine expressing the S-protein of SC2 using AuNS-chitosan 
induced efficient production of neutralizing antibodies effective against different variants 
of SC2.

To investigate the efficacy of neutralizing antibodies generated in vaccinated mice against 

new emerging mutant variants of SC2, we evaluated the infectivity inhibition of vaccinated 

mice serum against SC2 pseudovirus with the S protein of Wuhan strain, D614G mutant, 

and the South African variant (SC2-Beta-mutant).61 We observed a dose dependent 

neutralizing effect by serum collected from mice treated with the DNA vaccine, and the 

results were represented as relative inhibition of infectivity (Figure 4e–g). The HEK293T-

ACE2 cells transduced with pseudovirus in the presence of serum collected from control 
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DNA treated mice served as control, with 100% infectivity. In the absence of SC2 S antigen 

specific antibodies in the control DNA treated mice sera, the levels of pseudovirus infectivity 

were similar to those of cells transduced using pseudovirus in the absence of serum. We 

used vaccinated C57BL/6J mice serum with peak titers of anti-SC2 antibody achieved after 

booster dose administration for evaluating the neutralization assay, which corresponded 

to serum collected at Week 18 of the study. We used the serum at different dilutions 

to study the correlation of antibody titers in serum with infectivity of pseudovirus, and 

compared with that of commercial anti-SC2 antibody. We observed a dose dependent (serum 

dilutions) decline in infectivity, and at 1:10 dilution of serum, we found nearly complete 

inhibition of infectivity, which was almost similar to that achieved by commercial antibody 

at 4μg/mL concentration (SARS-CoV/SARS-CoV-2 Spike antibody, Chimeric MAb). These 

trends were consistent across all three strains of pseudoviruses engineered for different 

variants of SC2 S proteins (i.e., SC2-Wuhan, SC2-Beta-mutant, and SC2-D614G-mutant) 

with observable difference in inhibition at higher serum dilutions. At 1:10 serum dilution, 

the infectivity of both SC2-Wuhan pseudovirus and SC2 D614G-mutant variant diminished 

to 38% ± 22% and 38% ± 5%, respectively, whereas for SC2-Beta-mutant variant, the 

infectivity dropped to only 67% ± 7%. Despite these variations at higher dilutions of 

serum, when we used 1:10 serum dilution for the assay, infectivity of all three variants 

was inhibited completely, indicating the efficacy of this DNA vaccination approach against 

emerging mutant variants (Figure 4e–g). The IC50 infectivity inhibition concentrations 

were determined to be 1:83.8, 1:47.5 and 1:150 serum dilutions for SC2-Wuhan, SC2-Beta-

mutant, and SC2-D614G-mutant variants, respectively (Figure S1).

Intranasal delivery of DNA vaccine expressing SC2 S protein using AuNS-chitosan 
effectively induced cell-mediated immunity in C57BL/6J-DR mice.

A cell-mediated immune response plays a critical role in combating viral infections.62 

It is comprised of T cell responses that fundamentally differ from humoral responses in 

that they establish receptor mediated cell-to-cell interaction to eliminate the infection. Cell-

mediated immunity is primarily driven by mature T cells, macrophages, DCs, NK cells, 

and the released cytokines, in response to antigen delivery.63 In order to deduce the role 

of cell-mediated immunity after IN DNA vaccination, we performed immunophenotyping 

of leukocytes collected from lungs, spleen, thymus, and lymph nodes of mice delivered 

using control DNA and DNA coding for S protein of SC2 using AuNS-chitosan NPs. 

The major immune cell subsets that confer protection to the pulmonary immune system 

include T helper (TH) lymphocytes, AMs, DCs, cytotoxic T lymphocytes, NK cells, memory 

lymphocytes, and B cells.64, 65 We succeeded in isolating CD45+ positive populations with 

greater than 90% purity in all four sample sources (Figure S2) and phenotyped them for 

different immune cell populations.

SC2-spike DNA vaccine mediated antigen processing and immune cell activation in the 
lungs and spleen.

The important cellular mediators of pulmonary immunity consist of NK cells and 

phagocytic cells (AMs, eosinophils, neutrophils).66 They have the capacity to recognize and 

neutralize SC2-spike antigen expressing cells. Although prominent cell mediated immunity 

is manifested by circulating naïve T lymphocytes, their ability to leave the blood stream 
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and migrate into peripheral tissues is limited. Thus, adaptive immunity of SC2 requires 

initial transport of S antigen from the site of initial exposure to the T cells of the 

draining lymph nodes.67 Such a transportation of antigen via afferent lymphatics is a 

specialized function of alveolar DCs.68 We observed these initial events of interaction in 

our immunohistochemistry analysis of lungs from SC2-spike vaccinated mice. Figure S3 

shows the expression of transfected S protein in the endothelial cells lining the bronchi 

and alveoli, which are selectively recognized by the DCs. Some of these spike-DNA NPs 

are also directly internalized into DCs and antigen presenting cells (APCs), which possess 

cellular extensions through epithelial junctions of alveoli.69 These S antigen primed DCs 

are expected to process the antigen and drain into lymph nodes to prime other components 

of the cell-mediated immune response to home to the lungs. The presence of DCs in high 

density in the proximal airways and their inherent high phagocytic ability places them in 

a perfect position to capture S antigens expressed by the endothelial cells. Their strategic 

distribution, and their ability to capture and process antigen, and present them to T cells in 

the lymph nodes, all make DCs the key APCs in the lungs and in other mucosal surfaces.70 

Our FACS analysis results of lymphocytes in spleens of S treated mice revealed an increase 

in CD11c+ DCs (7.5%), also accompanied by a surge in CD8+ T cells (5.5%). This explains 

the arrival of CTLs (MHC class I-restricted T cells) from lungs to spleen (Figure S2a). 

The CD11c+ DCs represent the major DC subset required for cross-presenting antigens 

to CD8+ T cells, directing T helper type 2 (Th2) responses to S antigen and promoting 

viral clearance.71 On the other hand, CD4+ T cells respond to the antigen processed and 

presented with MHC-II complex on the surface of APCs.

A plausible exposure to S antigen can induce naïve CD4+ T cell expansion and 

differentiation into effector cells, TH1, TH2, TH17, or Treg-phenotypes, which eliminate 

the infection. On the other hand, a small fraction of these activated CD4+ T cells undergo 

further differentiation into memory cells that reactivate rapidly upon antigen re-exposure.72 

Thus, we evaluated the expansion of CD4+ T cells in lungs of S vaccinated mice, not only 

for effector and memory functions, but also for their role as T helper cells in the germinal 

centers of spleen and lymph nodes.73 We observed the levels of CD4+ T helper cells in S 

treated mice to be increased marginally by 4.2%, which plausibly accounts for the presence 

of surviving T cells that remain in the alveoli as resident effector memory cells (n=3). 

Once activated, T helper cells activate B cells in the lymph node (B cell zone) and redirect 

them into lungs via the systemic circulation.74 In agreement with this pathway, SPK treated 

mice manifested a 6.1% increase in CD19+ B cell populations (n=3) (Figure S2). As these 

lung resident B cells represent a major component of adaptive immunity and account for 

antigen specific immunoglobulins against SC2 vaccine, it can be deduced with certainty that 

increase in B cells in the lungs correlate with generation of systemic SC2 specific IgM, IgA 

and IgG immunoglobulin responses (Figure 3e–g).

In addition to DCs and T cells, >90% of the cells in the alveolar lumen are comprised of 

AMs, which are indirectly in contact with DCs in the alveolar wall that prompts a response 

for S antigen presentation by DCs.75 We also observed a prominent increase (10.3%) in 

CD11b+ macrophage levels in lungs of S vaccinated mice to indicate their role in arming the 

cell-mediated immune response (n=3). As these resident AMs reside in close proximity with 

endothelial cells, they also come into contact with conventional DCs that extend dendritic 
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snorkels into the alveolar lumen (Figures 5, S3&S4). From the circulation, these DCs can 

enter the spleen in the marginal zone (MZ) sinus that separates the white and red pulp 

(RP) to mount a response. We observed such events of DC migration from marginal zones 

into GCs on spleen histology of S vaccinated mice (Figure 6 &S5). This stood in stark 

contrast to spleens from pcDNA treated mice. Increased presence of DCs in the white pulp 

(WP) triggers adaptive immune responses from the spleen against simultaneous pancreas 

kidney (SPK) antigen.76 Therefore, IN immunization induces mass DC migration into the 

WP enriched with T cells (Figures S2 and 6). In addition, such differential intrasplenic 

migration of DC subsets tailor adaptive immunity. Based on function, the structure of the 

spleen is divided into WP and RP, which are demarcated by the marginal zone (MZ). The 

cDCs arriving from spike vaccinated lungs modulate the dynamic distribution of immune 

cells in the spleen to mount appropriate T and B cell responses. Upon activation by an innate 

immune response to S antigen, the cDCs migrate from RP and MZ of the spleen to the WP, 

i.e., to the splenic T cell zone. DC migration from marginal zones into germinal centers 

leads to selective induction of T cell responses (either CD4+ or CD8+) (Figure 6). Likewise, 

FACS analysis of splenocytes from SC2-spike DNA vaccinated BALB/c mice also indicated 

7.4% increase in CD11c positive dendritic cells, which was accompanied by 6.31% increase 

in B cell population (n=3). These results correlated well with histological evidence of cDC 

(circulatory DC) migration from marginal zones into GCs (Figure S2a & Figure 6). The 

synchronous surge in DCs and B lymphocytes in the spleen of vaccinated mice suggested 

that DCs were involved in transport and transfer of SC2 antigen to naive B lymphocytes, 

and upon this adoptive antigen transfer, B cells triggered SC2 specific antibody responses 

(Figure 3e–g).77, 78 On the other hand, SC2 activated cDC interaction with B lymphocytes 

also primes subsequent T cell dependent response, and in agreement with this postulation, 

vaccinated mice manifested ~7.9% increase in CD4-CD8 double positive T cells (n=3) 

(Figure S2a).

Alongside the professional APCs, such as DCs, other APCs (macrophages) are also actively 

involved as promoters of germinal center B cell response.79 Splenic macrophages are 

compartmentalized into white pulp, red pulp and marginal zones, and each of them play 

distinct roles in immune responses. The arrival of SC2 activated macrophages in the 

strategic location of the marginal zone and white pulp, places them in close proximity for 

interactions with both B and T cells to participate in SC2 immune responses (Figure S5). 

Similarly, we observed increases in prevalence of macrophages and monocytes in the white 

pulp and the marginal zones of spleens from SC2 vaccinated mice. This correlated well with 

a synchronous surge in CD11b+ macrophages by 10.3%, accompanied by 6.3% increase in 

B cells in the spleens of SC2 vaccinated BALBc mice (Figure S2a and Figure 6).

Lastly, we evaluated for the presence of any toxic effects in the lungs of mice treated with 

multiple doses of the DNA vaccine, and in controls (N=3), using H&E histological staining 

(Figure S6). We observed that there was no significant tissue damage in the lungs of mice 

vaccinated with the S DNA vaccine.
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SC2-spike DNA vaccine-mediated antigen processing, and B and T cell activation in lymph 
nodes.

Lymph nodes, house B cells, T cells, and APCs, are the vital command centers of the 

immune response to orchestrate adaptive immunity.80 The monocytes and DCs are the 

predominant population of APCs that can internalize the S antigen expressed in the lungs 

upon IN delivery of DNA vaccine using AuNS-chitosan, and physically transport S antigen 

from site of expression into lymph nodes. In addition to this role, activated circulating 

DCs from the lymph nodes mediate antigen cross presentation for priming CD8+ T cells, 

which are not found in some tissue resident DCs.81 As evident from the interaction of 

DCs with S protein expressing cells in the lungs (Figures 9, S3&S4), it would be expected 

that the processing of S antigen into short peptide fragments by DCs can present them 

onto class I and class II MHC molecules, to enable antigen recognition by CD8+ and 

CD4+ T cells.82 At the same time, it would be expected that APCs that have encountered 

SC2-spike antigen to arrive at the nearest lymph nodes and activate naïve T helper cells for 

S antigen recognition. Upon activation of CD4+ T helper cells, they act in a costimulatory 

manner to activate B cells that have encountered the same S antigen presented by DCs 

and macrophages.83 Unlike typical macrophages, the subcapsular sinus macrophages target 

lymph-borne pathogens by presenting antigens to B cells, and triggering cytokine signaling 

cascades for recruitment of DCs, neutrophils, NK cells, and in some instance, macrophage 

mediated antigen presentation to T cells. We observed similar events in SC2 vaccinated 

mice, which showed the presence of subcapsular sinus macrophages and DCs (Figure 7).84 

Activation of B cells is often triggered by the interaction of S antigen captured APCs present 

in the lymph nodes with the B cells.85 As we could see a consistent dose dependent surge in 

S specific immunoglobulins (IgG, IgA and IgM) in vaccinated mice, it is certain that B cells 

in these mice were activated by the delivered S DNA vaccine and orchestrated the antigen 

specific response. In view of this concept, we further investigated the role of lymph nodes 

in mounting this B cell response, especially because of their crucial role in maturation and 

activation of B cells (Figure 7). Draining lymph nodes bring together spike activated cDC, 

NK cells and macrophages for generating S antigen specific immune response from B cell 

maturation centers, i.e., germinal centers (GCs). Lymph nodes of vaccinated mice depict 

characteristics of reactive lymph nodes with multifocal germinal centers with extensive B 

cell proliferation. The presence of interdigitating follicular dendritic cells (FDCs) in the 

GCs also validates the S specific B cell assortment in the GC and accounts for the rapid 

surge in immunoglobulin levels (IgG, IgM and IgA) in vaccinated mice. The events of B 

cell migration across the marginal zone into the interfollicular space represents short-lived 

antibody producing plasmablast cells. The interfollicular zone prime appropriate T cell 

response as well as B cell maturation (Figure 7).

To investigate whether the SC2 DNA vaccine could trigger such a characteristic S specific 

immune response in the lymph nodes, we harvested nodes from BALB/c mice treated 

using SC2 DNA vaccine along with pcDNA treated mice as controls (N=3 animals 

for each condition) and analyzed using FACS to identify distributions of immune cell 

populations. The nodes are also where cytotoxic T cells are trained with S antigen presented 

by professional APCs, especially the DCs.86 Our FACS analysis results indicated this 

modulation of CD4+ T cells in S vaccinated mice compared to that of pcDNA vaccinated 
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mice (Figure 5, S2). The histology of lungs from vaccinated mice indicated the successful 

delivery and expression of S antigen and also captured the interaction of DCs with these S 

expressing cells (Figures 5, S3&S4).

These migratory DCs in the lungs can present antigen to resident DCs in the lymph node.87 

These S antigen recognition events direct the activation of innate immune response to the 

antigen pattern recognition receptors or cytokines, as well as chemokines induced in the 

lymph nodes in response to S antigen-mediated immunization. FACS analysis of both B and 

T cells in lymph nodes revealed their S antigen-specific enhancement in treated mice (i.e. 

18.6% increase in CD19+ B cells and 6.3% increase in CD4+ T cells). Although preclinical 

immunization studies in other models indicate that large quantities of antigens are essential 

for mounting CD8+ T cell responses,87 our approach overcomes this limitation by efficient 

antigen processing and cross presentation by DCs achieved via the IN route, which also led 

to a surge in a T cells immune response from the lymph nodes. The presence of high levels 

of antigen and a greater production of follicular helper T cells can govern lymph node GC 

responses.

The histology of lymph nodes from C57BL/6J-DR mice vaccinated using SC2-spike 

indicated a characteristic feature of antigen activation. T and B cells were segregated into 

distinct locations, with deeper paracortex of the nodes occupied by T cells and follicles 

populated with B cells (Figures 7). The migrating lymphatic APCs carry the S antigen to 

the subcapsular sinus of the draining lymph nodes. Recognition of S antigen by B cells 

drives them into specialized subregions of the follicles called the germinal centers (GCs). 

Such dynamic mobilization of B cells was evident in the vaccinated mice when compared 

to control mice (Figure 7).88 The development of GCs in the B cell follicles of lymph 

nodes is also a clear outcome of T cell-dependent antibody responses.89 The initial events 

of GCs development and organization triggered by B cells essentially requires activation at 

the T cell rich MZ by the interdigitating dendritic cells and T helper cells.90 Follicular DCs 

(FDCs) in the light zones are expected to capture and retain S antigen via complement and 

Fc receptors and are capable of prolonged presentation to B cells in the GCs.91, 92 B cells 

acquire antigens from FDCs that are processed and presented on class II MHC molecules 

within the GC. The activated B cells exit from the GC to become plasmablasts, short-lived 

antibody producing cells. The results shown in Figure 7 illustrate the migration of B cells 

from the GC into the light zone as evidence for the movement of antibody producing 

plasmablasts in response to the SC2 DNA vaccine. The number of T follicular helper cells 

in lymph nodes directly correlates with the amount of antigen accumulated and GC B cells 

that develop in immunized lymph nodes.93 Thus, the efficiency of S antigen delivery to 

follicular DCs will also affect responses to immunization. The FDCs are located along with 

B cells in the follicles of any secondary lymphoid organs.94 FDCs play a major role in 

the generation and the selection of high affinity plasmacytes, i.e., memory B lymphocytes, 

during the adaptive immune response.95 The trapping and display of antigens as immune 

complexes is the key property of FDCs in a highly stimulatory way to proliferating B cells. 

FDCs are “antigen retaining reticular cells” that are present within the stromal network of 

cells in lymph nodes.96 Subsequently, FDCs have been recognized for their selective ability 

in retaining antigens for prolonged periods. This attribute of FDCs plays a vital role in 

GC formation and long-term immune memory.97 The histology of lymph nodes from SC2 
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vaccinated mice indicates the presence of such FDCs within the B cell follicles (BCFs) 

where GCs develop from the T cell-dependent antibody response. The activated T cells and 

APCs drain along the nasal lymphatic pathways and eventually access the cervical lymph 

nodes.98 Hence, we observed a complete remodeling of cervical nodes, with B cells centered 

on GCs and the presence of DCs in close proximity to B cells in these GCs (Figure 7). 

Overall, our results confirm that the S antigen expressed by the delivery of DNA vaccine 

using AuNS-chitosan shows an effective cell-mediated immunity in the lymph nodes.

Considering the fact that IFNγ play a major role in recognizing and eliminating pathogens, 

it has been identified as a prognostic marker for vaccine response.99 Type I IFNs are 

pleiotropic antiviral cytokines that control nearly every step of the immune response to 

SC2 vaccination, ranging from S protein expression, DC activation, to T cell differentiation. 

Unsurprisingly, type I IFNs have been found to be central mediators of T and B cell 

responses to SC2 vaccines. We also noticed an increased expression of INFγ by T cells in 

the lymph nodes and blood (Figure S7).100 The increase in splenic CD8+ T cells expressing 

IFNγ, which is a signature cytokine of both innate and adaptive immune systems, was 

evident only in SC2 vaccinated mice but not the pcDNA-control vector treated mice.

The results discussed in the preceding sections establish that AuNS-chitosan can robustly 

deliver sufficient amount of DNA into the nucleus for S protein expression. This offers other 

opportunities for a future strategy using mRNA alone, which requires gaining access only 

to the cytosol for S protein translation, and may therefore improve on the currently reported 

outcomes using S DNA. To verify if this nanocarrier can be used for IN delivery of a similar 

mRNA vaccine, we investigated the IN-delivery efficacy using FLuc mRNA as a surrogate 

for S mRNA.

AuNS-chitosan showed a robust delivery of FLuc mRNA in the lungs of mice upon IN 
delivery as measured using bioluminescence imaging.

As the IN delivery of DNA vaccine was successful in achieving significant expression and 

in inducing a pulmonary immune response, we further evaluated the stability and expression 

of mRNA delivered using AuNS-chitosan in cells, and upon IN delivery in mice using BLI. 

We used mRNA coding for FLuc reporter gene for this proof-of principle study component. 

The in vitro results in HEK-293 and A549 cells using the optimal N/P ratio complex 

transfected with different mRNA concentrations (50, 100, and 200 ng) demonstrated a 

dose-dependent luciferase expression in both cell types (Figure 8a–b). We used the optimal 

AuNS-chitosan-FLuc-mRNA complex for IN delivery in mice; 5 μL of NP complex four 

times in each nostril (a total of 20 μL for each dose; 2 μg of mRNA equivalent). We used 

3 mice each for the treatments and controls. We delivered AuNS-chitosan-mRNA, obtained 

BLI every 24 h after delivery, and continued the dosage every day for three days. Three 

days after the final dose, the mice were imaged for in vivo bioluminescence signal, and 

were then sacrificed for ex vivo biodistribution in tissues. The mice revealed strong BLI 

signals in the lungs (Figure 8c). Ex vivo analysis (lungs, spleen, liver, trachea, and kidneys) 

showed strong BLI signals in lungs and tracheobronchial junctions. Signal was absent from 

other organs, including spleen (Figure 8d). These findings clearly supported the efficiency of 

AuNS-chitosan for in vitro and in vivo delivery of synthetic mRNA, and also the stability 
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and functional efficiency of mRNA for in vivo applications. In the future, we will extend this 

same strategy to create and evaluate a similar IN administered anti-SC2 mRNA vaccine, and 

will conduct comparative studies of these two nanotechnologies prior to clinical translation.

The S protein vaccine used currently for human applications shows strong neutralizing 

antibody effects to a wide range of SC2 variants. Infection of vaccinated individuals by some 

of the escape mutants may occur in part owing to the enhanced infectivity of the virus or 

failure of the individuals to produce sufficient amounts of antibody response to previous 

vaccination. Recently it has been shown that the murine CTL epitope for SC2-specific 

CD8+ T cells upon vaccination is different from the human CTL epitopes.101 With the 

consideration of such differences, it is possible that mutations in the RBD domain of Wuhan, 

Beta and D614G variant would be expected to induce minimal differences in antibodies, 

whereas this might not be the case in humans; this difference might account for some 

variations in immunity induced in humans against the mutant strains.

CONCLUSIONS

We evaluated the potential advantages of IN delivery of a SC2 vaccine using DNA coding 

for its S protein as antigen. The delivery of DNA vaccine using AuNS-chitosan NPs yields 

successful expression of this antigen in respiratory mucosa and lungs of mice, which leads 

to recruitment of antigen presenting DCs to the lungs and an enhanced humoral antibody 

response. The antibody response develops as early as 1 week after the IN delivery of three 

doses of DNA vaccine. The antibody levels were consistently elevated for several weeks 

without a significant decline, as demonstrated in two different mouse models (BALB/c 

and C57BL/6J-DR). The antibody response results in high levels of IgG and IgA, which 

show a strong neutralizing effect against pseudoviruses expressing different spike variants of 

SC2 (Wuhan, D614G and Beta mutant). Additional evaluation using immunostaining-based 

FACS and confocal microscopy for cell-mediated immune response shows an effective 

activation of T and B cell responses in the lungs and lymph nodes, which are similar to 

immune responses normally observed against infectious diseases. Our findings highlight 

the merits of using AuNS-chitosan as an efficient in vitro and in vivo nanoformulation 

to deliver DNA and synthetic mRNA, and also its role in stabilizing nucleic acids for 

functional in vivo transfection for future mRNA vaccine development and applications. This 

proof-of-principle study highlights the capabilities of this IN SC2 DNA vaccine to yield 

a strong mucosal immune response, and to also provide a roadmap for the future use of 

mRNA vaccines coding for different antigens of SC2 (N, E, M and S proteins). This may 

result in a long-lasting, wide spectrum antibody response to combat the large number of SC2 

variants distributed around the world, and which are continuously evolving.

MATERIALS AND METHODS

Materials

We purchased TritonX-100, tetrachloroauric acid, silver nitrate (AgNO3), sodium 

borohydride (NaBH4), ascorbic acid (AA), L(+)-ascorbic acid (AA), gold(III) chloride 

trihydrate (HAuCl4·3H2O), trisodium citrate dihydrate, phosphate buffered saline (PBS) 1N 

hydrochloric acid solution (HCl) and chitosan from Sigma-Aldrich (St Louis, MO). All the 
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chemicals used in this study were of the highest grades. We used double-distilled water in all 

preparations. Carbon-coated copper TEM grids were obtained from VWR (Radnor, PA). We 

pretreated all the glassware used in this study for the synthesis of gold NPs using aqua regia 

for 30 min. We then washed several times using double-distilled water in an ultrasonication 

(3 min each) condition.

Methods

Synthesis of AuNS.—We synthesized gold nanostar octapods using a modified seed 

assisted growth of gold nanostars synthesis procedure, as reported previously.39 In brief, 

gold nanoseeds were generated from AuCl4− by means of NaBH4, in 0.15 M TritonX-100 

and the resultant colloidal gold was used as seeds for nanostar growth. 5 μL of seed gold 

NPs were added to 5 mL of an aqueous solution containing 0.1 M TritonX-100 and 250 

μL of 0.004 M AgNO3 in water. To the resulting mixture, 5 mL of HAuCl4 (0.001 M) was 

supplemented and stirred for 30 min at 70 °C. After solubilization of all the components 

into a homogenous solution, we lowered the temperature to 37 °C and added 400 μL of 

0.0788 M ascorbic acid in an aqueous solution. We stirred the aqueous solution for 30 min 

and gradually added 0.6 mL of a previously ice-cooled solution of 0.001 M NaBH4 solution 

dropwise. The reaction mixture was stirred at 1000 rpm, which resulted in a homogenous 

brownish-red suspension of NPs that subsequently changed to intense green color. After the 

color change, the NPs growth was stopped by reducing the temperature down to ~4 °C. 

The resultant gold nanostars were separated by centrifugation at 13,000 rpm for 30 min and 

washed thrice with distilled water before using them for further in vitro and in vivo studies.

Formulation of SC2 plasmid or pcDNA loaded AuNS.—The chitosan dissolved 

in 0.2% acetic acid was microfluidized using a LV1-microfluidics system (Microfluidics, 

Westwood, MA) at 30,000 psi. We extracted the suspension of chitosan at the outlet at a 

0.5 mg/mL concentration and used this for coating the AuNS. The AuNS synthesized earlier 

were dispersed by probe sonication (5 s “On”, and 5s “Off” for 1 min at 40% amplitude) 

in sterile distilled water at a concentration of 5 mg/mL. The uniformly suspended AuNSs 

were then incubated with the solubilized chitosan 400 μL (stock - 5 mg/mL) and processed 

through microfluidic system at 30,000 psi. The collected chitosan coated AuNS-CS were 

concentrated by centrifuging at 13,000 rpm for 30 min. We pooled the pellets together in 

600 μL of sterile double-distilled water and used for further experiments. We used a stock 

SC2 plasmid (2 μg) diluted to 200 ng/μL in DEPC water and complexed with increasing 

amount of chitosan capped AuNS, and then incubated at 37 °C for 15 min. The complexes 

were resolved in 0.7% agarose gel by electrophoresing at 40 V for 45 min. The gel was 

imaged in BioRad Gel Doc XR+ Gel Documentation system (Bio Rad, Hercules, CA, 

USA) to further quantify and analyze the extent of DNA encapsulation by checking the 

gel mobility pattern. The optimized SC2 plasmid or pcDNA loaded AuNS-chitosan was 

adapted for subsequent in vitro and in vivo studies. The plasmid DNA complexed with the 

AuNS-chitosan in 20 μL volume was administered at each time point of the study.

Nanoparticle characterization.—The AuNS size before and after surface modification 

with chitosan (AuNS-CS) was characterized for mean hydrodynamic diameters and zeta 

potential measurements using a Malvern Zetasizer Nano Z system at 25 °C with a scattering 
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angle of 90°. We determined the ζ-potential (surface charge) of the AuNS based NPs using 

Smoluchowski approximation. The chitosan capped AuNS prepared in PBS was diluted 

with deionized water to accurately measure surface charge of NPs low ionic strength. We 

characterized the particle size and morphology of the AuNS-CS loaded with SC2 plasmid 

using transmission electron microscopy (TEM, FEI-Tecnai G2 F20 X-TWIN) equipped with 

an ORIUS CCD camera through digital micrography. For sample preparation, 10 μL of 

AuNS-CS loaded with SC2 plasmid were drop casted on glow discharged carbon coated 

copper grids by incubating for 10–15 min. We washed the grids briefly using ultrapure water 

and used for imaging.

In vitro evaluation of AuNS-chitosan mediated DNA transfection in cells.—
We estimated cellular uptake and FLuc plasmid delivery by AuNS-chitosan quantitatively 

using BLI. The A549 cells were treated with FLuc EGFP (1 μg) plasmid loaded on 

AuNS-chitosan. At 48 h we imaged the treated cells for bioluminescence signal using 

an IVIS Lumina-III -In Vivo -Imaging System in the presence of D-Luc (150 μg/mL) 

substrate. The bioluminescence signal was quantified for all treatment conditions to draw 

clear correlations.

Mice strains and immunizations.—We purchased 6–8 weeks old BALB/c female 

mice, from Charles River Laboratories (Wilmington, MA); and C57BL/6J mice, as well 

as mice carrying the Ccr2RFPCx3cr1GFP dual-reporter from the Jackson Laboratory (Bar 

Harbor, ME). Mice were maintained under specific pathogen-free conditions. All animal 

experiments were performed under the guidance of the Administrative Panel on Laboratory 

Animal Care (APLAC) of Stanford University. We immunized mice IN with 20 μg of SC2 

DNA or pcDNA vaccine in solution. We performed the IN delivery of the NP formulation 

in mice under mild gas anesthesia (0.5% isoflurane in O2), in an induction chamber with 

oxygen flowmeter set at 0.8–1.5 L O2/min. Once a steady breathing rate was established, 

20 μL of the nanoformulation were administered IN by applying 5 μL/drop dose over 2–5 

min time frame. We carefully monitored to ensure complete inhalation of the IN dose as 

well as recovery of steady state breathing. We also monitored the nostrils for any indications 

of blockage, irritation or bleeding. After completion of the 20 μL dose, each animal was 

allowed to recover from anesthesia and then transferred to its cage.

Serum neutralization assay with pseudotyped lentivirus.—Virus neutralization 

assay is a commonly used technique to assess patient antibody levels in many viral diseases. 

We developed a pseudovirus based neutralization assay to easily and rapidly measure 

neutralizing antibodies titer in serum and plasma. The SC2 spike D614G pseudotyped 

lentiviruses were produced using SC2 Spike (Genbank Accession #QHD43416.1; with 

D614G mutation) as the envelope glycoproteins instead of the commonly used VSV-G. 

These pseudovirions contain the FLuc gene driven by a CMV promoter; therefore, the 

spike-mediated cell entry can be conveniently determined via FLuc imaging. The SC2 Spike 

D614G pseudotyped lentivirus can be used to measure the activity of neutralizing antibody 

against SC2 in a Biosafety Level 2 facility. A variant called B.1.351 was first identified in 

the fall of 2020 in the Republic of South Africa. This South African variant, also known 

as 501Y.V2 or Beta, has many mutations which may lead to higher transmissibility and 
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infectivity. The Spike (B.1.351 Variant) (SC2) pseudotyped lentiviruses were produced using 

SC2 B.1.351 Variant Spike (Genbank Accession #QHD43416.1 with B.1.351 mutations; as 

the envelope glycoproteins instead of the commonly used VSV-G.

We seeded HEK293T-ACE2 cells in 96-well plates at 5 × 104 cells per well the day 

prior to infection. We seeded HEK293FT and HEK293T-ACE2 cells in 96-well plates 

(ThermoFisher, US) the day before infection. We added pseudotyped viruses to the pre-

cultured cells. We cultured cells at 37 °C with 5% CO2 for 2 days. All cells in each 

well were assayed for luciferase expression levels in the presence of D-Luc substrate. 

After validating the ACE2 receptor specific transfection of pseudovirus, we evaluated its 

infectivity in the presence of animal serum. We serially diluted sera in 50 μL using serum 

free DMEM with P&S as diluent, and pre-incubated with 50 μL of pseudotyped viruses 

at 37 °C for 1 h. For the positive control infections, virus stocks in similar dilution 

without any neutralizing serum were used as control. We used a validated neutralizing 

antibody from a commercial source (SARS-CoV/SARS-CoV-2 Spike antibody, Chimeric 

Mab [SinoBiological]) as a positive control, while serum collected from control DNA 

treated mice was used as a negative control. We incubated the serum/Ab in different 

dilutions with pseudovirus (5×106 viral particles) in 50 μL serum free medium for 1 h 

and added to cells (0.5 ×104 cells/well in 96-well plates) by mixing with 50 μL of 2X 

medium. We incubated the cells further for 60 h and used for Luciferase BLI after addition 

of 100 μg/mL D-Luciferin (D-Luc) using an IVIS Lumina imaging system. We plotted 

neutralization titers using Prism 8 (GraphPad, US).

Measurement of SPK-specific IgG, IgM and IgA antibodies in peripheral blood.
—We drew blood by submandibular vein puncture from each mouse. The time point of 

blood collection was adopted as indicated in schematic workflow in Figure 2(a). The 

blood was collected in a Push Cap Micro Tube 1.1 ml Serum-Gel Polypropylene tube, 

and the serum was separated out to estimate SC2 specific IgA, IgG and IgM levels by 

enzyme-linked immunosorbent assay (ELISA). Briefly, we coated 96-well plates (Maxisorp, 

Nunc) with 50 μL of 5 μg/mL SPK peptide in phosphate buffered saline (PBS) overnight 

at 4 °C. We blocked the plates using 100 μL of 2% bovine serum albumin in PBS for 

2 h at room temperature. We diluted serum from individual mice to 1:1600 or 1:400 and 

added them to wells, and incubated for 1 h at room temperature. After the incubation 

time, the wells were briefly washed three times with PBS-T (PBS with 0.05% Tween 20), 

and incubated with secondary antibodies, i.e. rabbit anti-mouse IgG, IgA or IgM (1:2000) 

conjugated to horseradish peroxidase (Serotec, Oxford, UK) for 1 h at room temperature. At 

the end of incubation time, the plates were washed three times using 300 μL of PBS-T. The 

plates were added with 50 μL of substrate TMB (3,3′,5,5′-Tetramethylbenzidine)/H2O2 (BD 

Biosciences, San Jose, CA, USA) and incubated in the dark for 20 min at room temperature. 

The reaction was stopped by adding 50 μL of 2N H2SO4. The plates were read at OD450 

nm using Tecan Spectrophotometer, and antibody titers were expressed as mean absorbance 

± standard deviation (SD).

Immunoblot analysis.—To determine the expression of SPK protein in transfected cells 

and screen the specificity of SC2 antibody against mutant variants of SC2 with respect to 

Kumar et al. Page 20

ACS Nano. Author manuscript; available in PMC 2024 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



purified SPK proteins, we performed immunoblot analysis using anti-SC2 SPK antibody. 

We seeded 3×106 HEK293 cells in 10 cm well plates and transfected with 10 μg pDNA 

(pcDNA, SC2-Wuhan, SC2-Beta-mutant, and SC2-D614G-mutant) using lipofectamine 

3000 reagent (Thermo Fisher Scientific) and after 48 h treatment, we harvested and 

processed cells further for immunoblot analysis using anti-SPK antibody as outlined in our 

earlier work.39

Histology of lungs, spleen, and lymph nodes.—We performed cardiac perfusion of 

animals under deep anesthesia to harvest the organs for histology. Briefly, under anesthesia 

we dissected each mouse below the diaphragm and cut the rib cage to expose the heart. We 

made a left ventriculotomy and inserted a needle into the aorta and clamped, and then cut 

the right atrium to allow flow. Each animal was transcardially perfused using 30 mL PBS 

for 4–5 min or until the liver was cleared of blood. Next, to preserve tissue morphology 

and retain the antigenicity of the target molecules, we perfused the animal with 30 mL 4% 

paraformaldehyde for 4 min. Following aldehyde fixation, we harvested the tissues (spleen, 

lymph nodes, and lungs), transferred into 30% sucrose in PBS for overnight equilibration, 

and then processed for OCT embedding. The OCT blocks were sectioned at 5 μm thick 

tissue sections using a cryostat and thaw-mounted onto gelatin-coated histological slides. 

We then dried the slides for 30 min at 37 °C and rehydrated in a wash buffer for 10 

min. The tissues were blocked using 1% bovine serum albumin in PBS for 30 min at 

room temperature and then incubated with antigen specific anti-mouse fluorophore tagged 

antibody (CD4- FITC, CD8-Alexa-700, CD19 Alexa-700) and incubated overnight at 2–8 

°C. After the incubation time, we washed the antibodies three times for 15 minutes in wash 

buffer. We then incubated the slides in 300 μL of the diluted solution of Hoechst 33342 

and incubated for 5 min at room temperature. The slide were finally rinsed once with PBS 

and mounted with an anti-fade mounting media and visualized using a Leica DMi8 confocal 

microscope under respective filters.

Flow cytometry immunophenotyping: We performed cell surface marker based 

immune cell analysis using flow cytometry for lungs, spleen, lymph nodes, thymus, and 

blood samples. Briefly, we prepared single-cell suspensions from tissues using mechanical 

dissociation, and red blood cells were removed using ACK lysing buffer. After the final 

wash, we filtered cells through a 70-μm cell strainer and viability was checked using 0.1% 

trypan blue. One million cells were labeled with cell surface marker specific anti-mouse 

antibody labelled with fluorochrome, i.e., CD45–Pac-Blue, CD3/CD4/CD8 PE-CY7/FITC/

Alexa-700, CD45/CD11b PacBlue/APC-Cy7, CD45/CD11c PacBlue/PE-Cy7, CD45/CD86 

Pac Blue / PE, CD19 Alexa-700, CD22 Alexa-700 (Biolegend). Isotype antibodies were 

included for gating and compensation. Following addition of antibodies, we kept cells in the 

dark for 30 min. We washed cells using PBS and suspended in fresh PBS, then analyzed for 

20,000 events using a Guava® easyCyte™ Flow Cytometer.

Statistical analyses: We used GraphPad Prism 8 (version 8.0a; GraphPad Soft-ware, 

Inc., La Jolla, CA, USA) to plot all graphs and perform statistical analyses. We pooled data 

from 3–5 mice from independent experiments and presented results as mean ± standard 

deviation (SD) or standard errors of means (SEM), as indicated in the figure legends, 
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and interquartile range between the first (25th percentile) and third (75th percentile) was 

adopted for analysis. We compared grouped data using two-tailed Students t-test and 

calculated multiple comparisons of grouped data. For correlation analysis between ELISA 

and neutralization assay titers, significance of p-values were calculated using Prism 9.0 

(GraphPad). Differences were considered significant when p-values were less than 0.05. If 

the p-value is not indicated in respective figure legends, the level of significance are as 

follow: (*denotes 0.01<p<0.05, **denotes 0.001<p<0.01, ***denotes 0.0001<p<0.001, and 

****denotes p<0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
In vitro characterization of SC2 DNA vaccine loaded on AuNS-CS NPs. (a,b&c) FE-SEM 

micrographs indicate uniform morphology of AuNS-chitosan and SC2 DNA; (d) Evaluation 

of DNA loading efficiency of AuNS-chitosan by gel retardation assay; (e-f) DLS results 

measured for zeta potential and particle size (nm) of SC2 vaccine loaded AuNS at different 

ratios; (g) Transfection efficiency of AuNS-chitosan evaluated by delivery of pcDNA-FLuc-

eGFP plasmid by bioluminescence imaging; (h) Immunoblot analysis for expression of SC2 

S protein transfected in HEK293 cells by AuNS-chitosan. The data are plotted as mean ± 

SEM; The significance of comparison was determined by one-way ANOVA with Bonferroni 

post hoc test. The comparisons were considered statistically significant at adjusted p-values 

<0.05. The notations used to indicate statistical significance were as follows: * represents 

p<0.05, ** represents p<0.01, *** represents p<0.001, **** represents p<0.0001, and ns 

represents no-significant difference.
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Figure 2. 
(a) Schematic representation of the experimental design: Five-weeks-old BALB/c mice 

and C57BL/6J mice were immunized with AuNS-chitosan loaded with control DNA or 

SC2-S DNA vaccine administered via the IN route, the serum was collected every week 

and assessed for anti-SC2 antibody against purified proteins of CoV-1 and CoV-2; (b) 
Chemiluminescence based dot blot immunoassay for screening anti-SC2 antibody levels 

in serum collected from, (c) BALB/c and (d) C57BL/6J mice at different time points of 

treatment with their respective quantitative plots (n=5). The data are plotted as mean ± SEM; 

The significance of comparison was determined by two-way ANOVA with Turkey T test. 

The comparisons were considered statistically significant at adjusted p-values <0.05. The 

notations used to indicate statistical significance were as follows: * represents p<0.05, ** 

represents p<0.01, *** represents p<0.001, **** represents p<0.0001 significance, and ns 

represents no-significant difference.
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Figure 3. 
Dot blot immunoassay for screening anti-SC2 antibody levels in (a) BALB/c and (b) 
C57BL/6J mice at different time points of treatment. The serum was probed against the cell 

lysate of HEK-293 cells transfected with plasmid encoding S protein of SC2-Beta-mutant 

and SC2-Wuhan variant to determine the efficacy of vaccination strategy in mounting an 

immune response against different variants of SC2. (c) Response in anti SC2 antibody 

levels in serum of two different treatment batches (each with n=5) indicates the consistent 

antibody response; (d) Comparison of anti-SC2 antibody levels generated in BALB/c mice 

administered with AuNS-chitosan loaded pcDNA/pcDNA-SC2 DNA vaccine with wild 

type and ACE-2 engineered C57BL/6J upon challenge with pseudovirus engineered with 

SC2-W and SC2-Beta S proteins (*p<0.05, ** p<0.01, ** p<0.001, ** p<0.0001, ns: not 

significant); Antibody mediated immune responses after IN immunization of SC2 S protein 

DNA vaccine using AuNS-chitosan. Antibody responses in sera of immunized mice at 
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different time points of treatment were evaluated using ELISA. ELISA assay measured 

against SC2 S protein-specific IgA (e), IgG (f) and IgM (g) levels. Data generated from 

pooled serum of 3–5 BALB/c and 3–5 C57BL/6J mice. All mice received a booster dose 

on Week 14 to evaluate mucosal and cell-mediated immune responses. (n=5) The data 

are plotted as mean ± SEM; The significance of comparison was determined by two-way 

ANOVA with Turkey T test. The comparisons were considered statistically significant at 

adjusted p-values <0.05. The notations used to indicate statistical significance were as 

follows: * represents p<0.05, ** represents p<0.01, *** represents p<0.001, **** represents 

p<0.0001, and ns represents no-significant difference.
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Figure 4. 
Evaluation of the specificity of lentivirus expressing SC2 S protein as a pseudovirus to cells 

expressing ACE2 receptor. (a) Mechanism of SC2 transduction in cells; lentivirus expressing 

SC2 S protein and Fluc-ZsGreen reporter gene were engineered, and these pseudoviruses 

were transduced in control and ACE2 receptor expressing cells, and subsequent infectivity 

was quantified using bioluminescence imaging. (b&c) DNA vaccine-mediated induction of 

anti-SC2-S protein specific antibody evaluated for its neutralizing effect using engineered 

pseudovirus assessed by quantifying pseudovirus-mediated ZsGreen expression in the 

infected cells in the presence of neutralizing antibody from serum of mice treated with 

DNA vaccine; and (d) Neutralizing effect of serum collected at different time points after 

vaccination. Commercial antibody was used as positive (+) control. T1, T2, T3 indicates 

time point of serum collection, i.e., after 1 week, 2 weeks, and 3 weeks, respectively; The 

neutralizing antibodies induced by the IN administration of SC2-DNA vaccine measured 
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for viral infectivity inhibition using lenti-pseudoviral particles engineered to display SC2 

S protein of different variants and expressing FLuc-ZsGreen reporter gene in HEK-293 

cells engineered to express ACE2 receptor. Serum samples from of SC2-DNA vaccinated 

C57BL/6J mice at Week 18 (pooled serum from n=3 animals) were assayed for neutralizing 

activity in comparison with commercial SC2-spike antibody. The relative inhibition in 

infectivity was performed against lentiviral particles engineered with S protein SC2-Wuhan 

(e), SC2-Beta-mutant (f) and SC2-D614G-mutant (g) variants. Each point represents the 

mean of serum collected from three mice with three technical replicates. The data are 

plotted as mean ± SEM (n=5); The significance of comparison was determined by One-way 

ANOVA with Bonferroni post hoc test as indicated. The comparisons were considered 

statistically significant at adjusted p-values <0.05. The notations used to indicate statistical 

significance were as follows: * represents p<0.05, ** represents p<0.01, *** represents 

p<0.001 and **** represents p<0.0001, and ns represents no significant difference.
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Figure 5. 
Distribution of monocytes, NK cells, and DCs in lungs of (a) untreated mice, (b) pcDNA 

treated mice, and (c) SPK DNA vaccine transfected mice. The increased presence of DCs 

(GFP cells in merged image) in the alveoli and bronchi indicate the arrival of circulatory 

DCs to complement the role of tissue resident alveolar DCs in recognition and processing 

of SPK antigen. The monocytes and alveolar macrophages are the other class of resident 

lung phagocytes that are recruited to the alveoli as well as closely associated to the bronchial 

epithelium expressing S protein to mediate recruitment of additional leukocyte subsets to the 

lungs (n=5).
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Figure 6. 
Histological section of germinal centers depicting intrasplenic migration of DC subsets 

(GFP positive) in white pulp (WP), red pulp (RP), and marginal zone (MZ) of spleen 

harvested from C57BL/6J-DR mice treated with SC2 vaccine and pcDNA.
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Figure 7. 
H&E and anti CD19b + stained (red) histological section of lymph nodes harvested from 

C57BL/6J-DR (GFP positive DCs) treated with SC2 vaccine (a&b) (cervical lymph node 

&Inguinal lymph node) and pcDNA treated(c) mice.
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Figure 8. 
In vitro delivery of Fluc mRNA using AuNS-chitosan in (a) HEK293 and (b) A549 and cells 

imaged by optical bioluminescence (BLI). (c) In vivo BLI, and (d) ex vivo BLI of tissues 

after two doses of AuNS-chitosan-FLuc-mRNA delivery. There is significant expression of 

Firefly luciferase in the lungs and this is supported by the ex vivo tissue imaging findings 

(n=3 for control group, n=2 for AuNS-chitosan-FLuc-mRNA group-3).
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