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Abstract: Continuous viral evolution of SARS-CoV-2 has resulted in variants capable of immune
evasion, vaccine breakthrough infections and increased transmissibility. New vaccines that invoke
mucosal immunity may provide a solution to reducing virus transmission. Here, we evaluated the
immunogenicity of intranasally administered subunit protein vaccines composed of a stabilized
SARS-CoV-2 spike trimer or the receptor binding domain (RBD) adjuvanted with either cholera toxin
(CT) or an archaeal lipid mucosal adjuvant (AMVAD). We show robust induction of immunoglobulin
(Ig) G and IgA responses in plasma, nasal wash and bronchoalveolar lavage in mice only when
adjuvant is used in the vaccine formulation. While the AMVAD adjuvant was more effective at
inducing systemic antibodies against the RBD antigen than CT, CT was generally more effective at
inducing overall higher IgA and IgG titers against the spike antigen in both systemic and mucosal
compartments. Furthermore, vaccination with adjuvanted spike led to superior mucosal IgA re-
sponses than with the RBD antigen and produced broadly targeting neutralizing plasma antibodies
against ancestral, Delta and Omicron variants in vitro; whereas adjuvanted RBD elicited a narrower
antibody response with neutralizing activity only against ancestral and Delta variants. Our study
demonstrates that intranasal administration of an adjuvanted protein subunit vaccine in immuno-
logically naive mice induced both systemic and mucosal neutralizing antibody responses that were
most effective at neutralizing SARS-CoV-2 variants when the trimeric spike was used as an antigen
compared to RBD.

Keywords: COVID-19; SARS-CoV-2; subunit vaccine; spike; receptor binding domain; mucosal
immunity; AMVAD; intranasal vaccine

1. Introduction

The ongoing emergence of highly transmissible SARS-CoV-2 variants of concern
(VOCs) have significantly hampered vaccine effectiveness against infection, COVID-19
disease and transmission [1-3]. Reduced vaccine effectiveness can also be attributed to
immune evasion by VOCs, waning immunity following prolonged periods post vaccination
or natural infection and poor induction of mucosal immunity [4,5]. Currently, approved
intramuscular (IM) vaccines induce robust systemic immunity which protects against severe
disease yet leaves the individual vulnerable to infection and reinfection at the primary point
of viral entry at the upper respiratory tract (URT) [6,7]. Indeed, breakthrough infections
with viral shedding, with both Delta and Omicron variants, have been reported in fully
vaccinated individuals, highlighting the possibility of onward viral transmission despite
vaccination [8-10]. While vaccine boosting has significantly increased vaccine effectiveness
against severe disease and hospitalization, continued viral evolution and emergence of
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highly transmissible VOCs highlight the need for revaluating our vaccine strategy, due to
the shortcomings of currently available vaccines in reducing transmission [4]. In the effort
to curtail the COVID-19 pandemic, next generation vaccines must address immune evasion
and provide improved cross-protection against rapidly emerging SARS-CoV-2 variants at
the point of entry in order to reduce viral transmission.

Several groups have been evaluating transmission blocking strategies that target
SARS-CoV-2 entry. The spike protein of SARS-CoV-2 is the primary antigenic target
of currently approved vaccines due to its high immunogenicity, abundant viral surface
expression and ability to elicit both humoral and cell-mediated responses [11-18]. The
spike protein also demonstrates effective mucosal and systemic induction of humoral
and cell-mediated immunity through oral and intranasal vaccination in various animal
models [19-30]. Notably, a majority of these vaccine candidates are based on an adenoviral
platform which expresses the spike trimer protein of the parental strain of SARS-CoV-2.
Indeed, these groups demonstrated superior protection with intranasal vaccination relative
to intramuscular immunization upon subsequent viral challenge, in both the upper and
lower respiratory tract, against the ancestral strain and VOCs [19,21,23,24,28]. These
strategies targeting the respiratory mucosa reveal effective protection against disease and
reduced viral shedding in mice, hamsters and non-human primates [19-21,23-25,30,31].
While spike trimer formulations are more commonplace, vaccines targeting the receptor
binding domain (RBD) of the spike have been proposed, given its direct interaction with the
cognate entry receptor, angiotensin-converting enzyme 2 (ACE2) [32]. Additionally, many
potent RBD-specific neutralizing antibodies have been characterized from convalescent and
vaccinated individuals [13,16,17,33-36]. While the immunogenicity of these antigens has
been extensively characterized following intramuscular immunization in pre-clinical animal
models, their relative immunogenicity as intranasal vaccine targets against emerging VOC
remain unclear. To our knowledge, this is the first study directly comparing the systemic
and mucosal humoral responses following the intranasal administration of SARS-CoV-2
spike and RBD antigens in mice.

Adjuvants are often essential for directing antigen-specific immune responses and
overcoming weak immunogenicity of protein subunit vaccines. Due to adjuvants’ intrinsic
immunomodulatory properties, their combined administration with an antigen elicits su-
perior and long-lasting immune responses while overcoming natural tolerances of mucosal
compartments to antigens administered alone [7,37,38]. Indeed, mucosal adjuvants need to
overcome the harsh conditions of mucosal tissues (e.g., low pH, continuous mucociliary
clearance and local enzymes) and rapidly permeate mucus layers in order to induce effica-
cious responses and establish immune memory [39,40]. Cholera toxin (CT) is produced by
Vibrio cholerae and its combined intranasal administration with an antigen has been shown to
elicit potent antigen-specific IgA responses in the URT and T cell-mediated responses in ani-
mal models [41-45]. Although CT is among the most effective mucosal adjuvants in animal
models, due to safety concerns linked to toxin-mediated neuroinflammation that correlate
with Bell’s palsy, its use as an adjuvant has been precluded from the clinic [43,46,47]. In
contrast, the archaeal polar lipid mucosal vaccine adjuvant and delivery (AMVAD) system
used in this study is a self-adjuvating mucosal vaccine delivery system with an established
preclinical safety profile that does not require any additional immunostimulants and can
withstand a broad range of pH [48-51]. AMVAD is characterized by its polar lipid and large
spherical structure which aggregates in a grape-like formation, thereby encapsulating the
antigen [48,52]. Various antigens and formulations of lipid archaeosome-based adjuvants
administered intramuscularly have been evaluated in vivo and were shown to elicit robust
cell-mediated and humoral responses through recruitment and activation of macrophages
and dendritic cells [53-56]. In turn, while intranasal immunization using these specific ad-
juvants is less explored, Patel et al. demonstrate that intranasally administered ovalbumin
adjuvanted with AMVAD induced robust mucosal and systemic ovalbumin IgA responses
in mice [48].
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In this study, we investigated the immunogenicity of an intranasally administered
protein subunit vaccine expressing the stabilized SARS-CoV-2 full spike trimer ectodomain
or RBD adjuvanted with either CT or AMVAD. We show robust induction of IgG and
IgA responses in plasma, nasal wash and bronchoalveolar lavage fluid (BALF) in mice.
We observed induction of mucosal and systemic neutralizing IgA and IgG responses.
The observed systemic responses were of superior or similar neutralization capacity com-
pared to serum antibodies elicited in humans by SARS-CoV-2 infection or two doses of
mRNA vaccine, respectively. Mucosal IgA and systemic IgG antibody titers correlated
with neutralizing antibody levels in BALF and plasma, respectively. Given the need for
the development of next generation vaccines that target SARS-CoV-2 at the primary site
of infection, our findings highlight the immunogenicity of an adjuvanted subunit vaccine
platform in stimulating both mucosal and systemic humoral responses in mice and eliciting
neutralizing antibodies against emerging SARS-CoV-2 variants.

2. Materials and Methods
2.1. Protein Production

RBD protein was produced in HEK 293F cells and purified. Briefly, a plasmid gen-
erously provided by Florian Krammer (Mount Sinai, New York, NY, USA) encoding the
Wuhan-Hu-1 RBD (MN908947) sequence coding for the amino acid 319-541 and fused
with the N-terminal SARS-CoV-2 spike secretory signal and a C-terminal hexa-histidine
tag was transfected into 293F cells cultivated in Freestyle 293 expression media (Thermo
Fisher, #12338018) at 37 °C, 7% CO,, while shaking (125 rpm). A total of 600 million cells
resuspended in 200 mL were transfected with 200 pg of plasmid using ExpiFectamine
(Thermo Fisher, 14525, Waltham, MA, USA). Three days post-transfection, cell supernatant
was harvested by centrifugation (4000x g for 20 min at 4 °C) and filtered through a low
binding 0.22 um Stericup vacuum filter (Millipore Sigma, S2GPU10RE, Burlington, MA,
USA). The filtered supernatant was incubated for 2 h at room temperature with 6 mL
of Ni-NTA resin (Qiagen, 30210, Hilden, Germany). The column containing the mix of
supernatant and resin was washed four times with a washing buffer containing 20 mM
imidazole, 300 mM NaCl and 57.5 mM of NaH,;PO,4-H,O. The RBD protein was then eluted
with three column volumes of the elution buffer containing 234 mM of imidazole, 300 mM
NaCl and 57.5 mM of NaH,POy4-H,O. The eluted solution was concentrated, and the buffer
was replaced with PBS using a 10 kDa Amicon filter (Millipore Sigma, UFC901008). RBD
protein integrity was verified by SDS-PAGE, aliquoted to minimize freeze-thaw cycles and
stored at —80 °C. Prefusion trimer spike production details are published elsewhere [57].

2.2. Mice Immunization and Sample Collection

All experiments performed on mice were conducted in accordance with Ontario An-
imals for Research Act and were approved by the University of Ottawa Animal Ethics
Committee (protocol BMI-3649). Female BALB/C mice (6—12 weeks) were obtained from
Charles River Laboratories (Saint-Constant, Canada). Prior to each immunization, mice
were anesthetized with isoflurane and vaccinated intranasally (25 pL per nare) with 20 ug
RBD or spike protein admixed with cholera toxin (CT) (1 pg per dose) used here as a
positive control (Sigma, Oakville, ON, Canada) or AMVAD mucosal adjuvant (400 ug per
dose) on days 0 and 21. The AMVAD formulation was prepared with total polar lipids from
Methanobrevibacter smithii and combined with antigen in a saline-based solution containing
a final concentration of 15 mM CaCl,, as previously described [48,51]. Control groups
include mice vaccinated with phosphate-buffered saline (PBS), protein alone (spike) and ad-
juvant alone (CT or AMVAD). Plasma was collected periodically throughout the study via
submandibular vein and heart puncture at end point. Seven days post boost, bronchoalve-
olar lavage fluids (BALF) and nasal wash were collected to assess for mucosal humoral
responses. Nasal wash and BALF samples were concentrated through 50 kDa Pierce Protein
Concentrators column (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions, with volumes normalized prior to concentration.
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2.3. Indirect ELISA to Evaluate Anti-SARS-CoV-2 Immunoreactivity in Serum Samples (Serology)

The same SARS-CoV-2 trimer spike or RBD antigens that were administered for
immunizations for used as coating antigens for serological assays. SARS-CoV-2 trimer
spike or RBD were diluted in sterile 1X PBS (Wisent Bioproducts, 311-010-CL, St-Bruno,
QC, Canada) to 4 pg/mL and coated onto 384-well Immuno plates (Thermo Fisher, #60372,
Waltham, MA, USA) (10 uL/well) overnight at 4 °C. Plates were washed three times
with 100 uL of PBS-T and blocked for 1 h with a blocking buffer (PBS-T + 3% non-fat
milk powder, w/v) on a shaker at room temperature. Serum samples were diluted 1:100
(following first immunization) and (1:2000 following second immunization), BALF was
diluted 4- to 30-fold and nasal wash was diluted 4-fold in dilution buffer (PBS-T + 1%
non-fat milk powder, w/v). After blocking, plates were washed thrice with PBS-T, and
followed by addition of 10 pL of the respective diluted samples. The plates were incubated
for 2 h on a shaker at room temperature, washed thrice with PBS-T followed by the addition
of 10 pL of the respective secondary-HRP antibody at specified dilutions: 1:4000 secondary
IgG Anti-Mouse, Human ads-HRP (Southern Biotech, 1030-05, Birmingham, AL, USA)
and 1:1000 secondary Anti-Mouse IgA-HRP (Southern Biotech, 1040-05, Birmingham, AL,
USA). Plates were incubated for 1 h on a shaker, washed thrice with PBS-T followed by the
addition with 10 pL of the SuperSignal ELISA Pico Chemiluminescent Substrate (Thermo
Scientific, 37069, Waltham, MA, USA). Luminescence intensity was measured with BIO-
TEK Synergy Neo2 plate reader for 20 ms/well at a read height of 1.0 mm. Wells filled
with dilution buffer in place of sample accounted for background luminescence and were
subtracted from the sample values.

2.4. Surrogate Neutralization ELISA (snELISA) Assay to Evaluate Neutralization Activity in
Serum Samples

The described methodology was adapted from the surrogate neutralization ELISA
assay, as shown in Colwill et al. and Demone et al., for the evaluation of the relative
inhibition of neutralizing antibodies to spike or RBD protein from binding to soluble
ACE2 [57,58]. Briefly, SARS-CoV-2 spike or RBD protein were diluted in sterile 1X PBS
to 8 pg/mL and coated onto 384-well Immuno plates (12.5 uL/well) overnight at 4 °C.
Plates were washed 3 times with PBS-T and blocked for 1 h while shaking. Plasma sam-
ples were 1:6 serially diluted in a dilution buffer while BALF was left undiluted, ap-
plied to wells (20 puL/well) and incubated for 2 h while shaking at room temperature.
Plates were washed thrice, followed by the addition of biotinylated ACE2, as shown in
Abe et al. [59], diluted to 0.35 ng/pL in a dilution buffer (20 pL/well). Plates were washed
thrice with PBS-T followed by the addition of 20 uL per well of Streptavidin—Peroxidase
polymer (Sigma, 52438, Oakville, ON, Canada) diluted in dilution buffer to 1.25 ng/uL.
Following 1 h incubation, plates were washed thrice with PBS-T and freshly diluted Su-
perSignal ELISA Pico Chemiluminescent Substrate (mixed 1:1 ratio and diluted in equal
volume with dH,O, (V:V)) was applied (20 pL/well). Following 5 min of incubation while
shaking, luminescence intensity was measured with BIO-TEK Synergy Neo2 plate reader
for 20 ms/well at a read height of 1.0 mm. To assess the maximum binding signal, control
wells were filled with a dilution buffer in place of serum followed by the addition of ACE2,
as previously. Relative percent inhibition was calculated as follows:

average mean of serum sample
average mean o f maxium signal

% Inhibition = (1 — ) x 100

Serum dilution resulting in a 50% inhibition (half-maximal inhibitory dilution (IDs))
of spike or RBD protein from binding ACE2 receptor was determined using 4-parameter
fitting with GraphPad Prism 9.1.2 software. When no neutralization activity was observed,
the IDsg of the sample was arbitrarily set as half of the lowest dilution.
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2.5. Patient Samples, Collection and Ethics Approval

Use of human samples for this study was approved by the University of Ottawa
Ethics Review Board: Certificates H-04-20-5727, H-04-21-6643 and H-07-20-6009. The
negative sample was taken from an individual with no history of SARS-CoV-2 infection
and tested with PCR. Pooled negative samples were obtained from individuals negative
for SARS-CoV-2 as tested by PCR and serology assay. Pooled serum samples were ob-
tained from convalescent (2-16 weeks post-infection) or vaccinated patients (2—4 weeks
post-vaccination) enrolled in surveillance studies from different research studies post-2019.
Samples were collected using standard phlebotomy procedures. Samples were de-identified
and held at 4 °C for short-term handling and testing at University of Ottawa CL2+ bio-
containment facility. All research was performed in accordance with current guidelines
and regulations.

3. Results
3.1. Intranasal Administration of Adjuvanted RBD and Spike Antigens Induces Robust Humoral
Systemic Responses in Mice

To assess immunogenicity of the intranasal subunit protein vaccine platform, we
compared the ability of a stabilized prefusion trimeric spike or the RBD in eliciting mucosal
and systemic antibody responses. Given that intranasally administered protein subunit
vaccines have been shown to be poorly immunogenic on their own, we additionally
assessed two different adjuvants: AMVAD and CT. Balb/c mice (n = 3/group) were immu-
nized with controls (phosphate-buffered saline (PBS), soluble full spike trimer ectodomain,
RBD, AMVAD or CT alone) or protein adjuvanted vaccine combinations (AMVAD + RBD,
CT + RBD, AMVAD + spike, CT + spike) on day 0 and 21 (Figure 1A). Due to the limited
amount of sample volumes obtained during the study and the numerous analyses we
wanted to conduct, samples from immunized mice in each group were pooled together
after confirming that the antibody responses in individual mice were similar. Figure 1B
shows RBD or spike-specific IgG titers at various dilutions of three individual mice relative
to pooled plasma samples, highlighting highly consistent seroconversion and antibody
levels between mice within each group. Systemic antigen-specific IgG and IgA responses
in plasma were measured after prime (day 20) (Figure 1C) or boost (day 35) (Figure 1D)
immunization by enzyme-linked immunosorbent assay (ELISA) against RBD or spike.
Following a single immunization, we show that there was poor induction of IgA antibodies
with controls, including unadjuvanted antigens, as expected. In contrast, adjuvanted spike
protein with AMVAD or CT elicited robust IgG titers in plasma (Figure 1C) that were
significantly greater than with the adjuvanted RBD vaccine formulation after a single dose.
As expected, we observed similar levels of RBD- and spike-directed IgG antibodies in
mice immunized with the AMVAD + RBD vaccine formulation, highlighting that anti-
bodies generated against RBD can access their epitopes on the trimeric spike. Following
boosting, we observed a significant increase in both IgA and IgG antibody titers in plasma
of mice immunized with either RBD- or spike-adjuvanted formulations, while controls
showed no responses (Figure 1D). Consistent with previous results, we observed compara-
ble levels of RBD- and spike-directed IgG titers in mice immunized with adjuvanted RBD.
While there was a greater titer of spike- compared to RBD-directed IgG responses in the
AMVAD + spike formulation; boosting induced a greater proportion of RBD-specific an-
tibodies in this group. In contrast, vaccination with CT + spike induced the greatest
humoral responses of all vaccine combinations tested, consistent with previously reported
results [41,43,48,60], with endpoint IgG titers near assay saturation (~5 x 10) (Figure 1D).
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Figure 1. Humoral systemic responses from intranasal administration with adjuvanted RBD or spike
antigens. (A) Experimental design: Balb/c mice were intranasally immunized with RBD or spike
protein adjuvanted with CT or AMVAD mucosal adjuvant on days 0 and 21. Control groups include
mice vaccinated with phosphate-buffered saline (PBS), protein alone (RBD or spike) and adjuvant
alone (CT or AMVAD). Seven days post-boost, plasma, bronchoalveolar lavage fluids (BALF) and
nasal wash were collected to assess humoral responses. (B) Evaluation of RBD- and spike-specific IgG
titers in plasma of individual mice vs. pooled plasma collected at end point. (C) Measurement of RBD-
and spike-specific IgA and IgG responses in plasma collected after first dose (day 20) (1/100 dilution)
and (D) after second dose (day 35) (1/2000 dilution), analyzed by an indirect ELISA. Statistical
significance was calculated by one-way ANOVA followed by Tukey correction; n.s.: no statistical
difference; ** p < 0.01, ** p < 0.001, *** p < 0.0001. Individual mice samples were pooled and
analyzed in triplicate.
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Induction of robust systemic humoral immunity, in particular neutralizing responses,
has been shown to be a strong correlate of protection against severe disease [11,33,61,62].
Next, we functionally assessed the neutralizing responses of antibodies in plasma following
the second immunization using a surrogate ELISA neutralization (snELISA) assay shown
to quantitatively correlate with pseudotyped or infectious virus neutralization assay [57].
We evaluated the relative inhibition of ACE2-spike and ACE2-RBD ligand interactions and
showed that neutralization responses followed the trends of systemic IgG titers (Figure 2A).
Consistent with previous observations with antibody responses, we saw similar ID5j values
of ACE2-RBD and ACE2-spike interactions with plasma of mice immunized with AMVAD
+ RBD (Figure 2B). In alignment with the ELISA results (Figure 1D), mice immunized with
AMVAD + RBD showed significantly greater inhibition of ACE2-RBD than that observed
with AMVAD + spike, thus suggesting that RBD immunogen focused antibody responses
upon protective neutralizing epitopes localized within the RBD, preventing ACE2-RBD
ligand interaction. In contrast, the IDsy of ACE2-spike interactions was comparable following
immunizations with either AMVAD + RBD or AMVAD + spike, highlighting that neutralizing
activity is not exclusively RBD directed. This is in line with other studies that suggest the
influence of alternative neutralizing epitopes on the spike protein beyond the RBD, such as
those in the N-terminal domain (Figure 2B) [18,33,63—65].
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Figure 2. Systemic neutralizing antibodies induced by the intranasal administration with adjuvanted
RBD or spike antigens. (A) Measurement of relative inhibition of soluble ACE2 and immobilized
RBD or spike interaction by neutralizing antibodies in plasma collected at endpoint by surrogate
neutralization ELISA (snELISA). (B) Reciprocal IDs5( neutralizing titer of adjuvanted vaccine formu-
lations in blocking RBD (blue) or spike (red) and ACE2 ligand interaction. This assay is represen-
tative of technical triplicates and presented as mean =+ standard deviation. Statistical significance
was calculated by one-way ANOVA followed by Tukey correction; n.s.: no statistical difference;
*** p < 0.001. Individual mice samples were pooled and analyzed in triplicate.

3.2. Adjuvanted Spike Antigen Immunization Induces Robust and Neutralizing Mucosal
Responses in Mice

Given the limited ability of currently available vaccines in inducing mucosal immunity,
we set out to investigate mucosal humoral responses at the point of viral entry, the respira-
tory mucosa. To this end, we characterized IgA and IgG responses in BALF and nasal wash
collected at the end point. We show that adjuvants are required for the induction of robust
IgG and IgA responses (Figure 3). In particular, we observed significantly greater IgA
and IgG titers in mice immunized with spike-adjuvanted formulations. Consistent with
systemic antibody levels, AMVAD + spike-immunized mice showed robust spike- and RBD-
specific IgA titers in BALF; however, AMVAD + RBD antibody levels were very low against
both antigens at the experimental endpoint and did not reach statistical significance relative
to RBD control (Figure 3A). While both of the RBD-adjuvanted formulations induced IgG
responses against spike and RBD in BALF, only CT + RBD-vaccinated mice showed mea-
surable IgA titers. Interestingly, the AMVAD + RBD formulation induced measurable IgA
titers in the nasal wash that are comparable to AMVAD + spike (Figure 3B), and these are
overall higher than IgG levels. This highlights the ability of intranasal adjuvated-antigen
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administration to more specifically induce IgA responses depending on the anatomical
location within the mucosal compartment. Of note, the relative mucosal antibody titers
measured in our study could be skewed given the high collection volume of buffer used
during BALF and nasal wash sample acquisition relative to plasma collection.
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Figure 3. Antibody responses in BALF and the nasal cavity from intranasal administration with
adjuvanted RBD or spike antigens. Measurement of RBD- and spike-specific IgA and IgG responses in
(A) BALF and (B) nasal wash collected at end point. BALF was diluted 4- and 30-fold for measurement
of IgA and IgG specific titers, respectively. Nasal wash was diluted four-fold. Statistical significance
was calculated by one-way ANOVA followed by Tukey correction; n.s.: no statistical difference;
*p <0.01, ** p < 0.001, *** p < 0.0001. Individual mice samples were pooled and analyzed
in triplicate.

3.3. Production of Neutralization Responses in Plasma of Immunized Mice against Ancestral and
Variants of SARS-CoV-2

Next, we compared the relative inhibition of ACE2—spike interactions by neutralizing
antibodies in plasma and BALF for the ancestral, Delta and Omicron variants (Figure 4).
We show that both adjuvanted RBD and spike formulations induced neutralizing anti-
bodies in plasma against the spike proteins of Delta, but only CT-spike and, to a lesser
extent, AMVAD + spike, induced the production of neutralizing antibodies against the
spike of the Omicron variant (B.1.1.529) (Figure 4A,B). In particular, vaccination of mice
with AMVAD-adjuvanted RBD or spike elicited superior inhibition of ACE2-spike interac-
tions for Wuhan and Delta variants compared to natural SARS-CoV-2 infection in humans
(i.e., pooled convalescent (pooled conv.); Alpha variant) and similar inhibition as pooled
plasma from individuals vaccinated with two doses of the Pfizer mRNA vaccine
(Figure 4A,B). Despite overall lower neutralization titers in BALF relative to levels ob-
served in plasma, we showed that neutralization responses significantly correlated to
IgA titers. Indeed, only spike-adjuvanted immunized mice showed weak but detectable
neutralizing titers against SARS-CoV-2, with only CT + spike showing neutralizing activity
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against all the variants tested, while there was poor induction of mucosal neutralization
with the adjuvanted RBD formulations (Figure 4C).
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Figure 4. Neutralizing antibodies produced in plasma and BALF against SARS-CoV-2 variants.
(A) Measurement of relative inhibition of ligand interaction between soluble ACE2 and Wuhan
ancestral reference strain, Delta variant and Omicron variant spike protein by neutralizing antibodies
in plasma at endpoint analyzed by snELISA. Reciprocal IDs5( neutralizing titer of adjuvanted vaccine
formulations in (B) plasma and (C) BALF blocking Wuhan reference strain (blue), Delta variant (red)
and Omicron variant (purple) spike and ACE2 ligand interaction. This assay is representative of
technical triplicates and presented as mean + standard deviation.

4. Discussion

Currently approved vaccines for SARS-CoV-2 induce robust humoral and cell-mediated
immunity, which protect against severe disease, yet leave individuals vulnerable to infection
at the URT where entry and replication first arise. Continued persistence of SARS-CoV-2,
emergence of VOCs and poor induction of mucosal immunity contribute to decreased
vaccine effectiveness against COVID-19 infection and onward transmission. Mucosal im-
munity is a critical component in the prevention and reduction of respiratory pathogen
transmission [6,7]. Indeed, humoral responses in the mucosal compartment eliminate
pathogens through various mechanisms, including blocking viral attachment to the cognate
receptor via neutralizing antibodies, complement fixation and antibody-dependent cellular
cytotoxicity [66,67]. As such, a growing body of work in the literature highlights the im-
portant role of mucosal secretory IgA in protecting against respiratory bacterial and viral
pathogens that infect through the oral or nasal routes [7,19-21,23,26-30,66-75]. Stimulation
of these humoral- and tissue-specific cell-mediated responses could be indispensable to
blunt viral infection at the site of SARS-CoV-2 replication and limit viral transmission.

Since potent humoral responses have been shown to be a strong correlate of vaccine
effectiveness and protection against COVID-19, we first analyzed mucosal and systemic IgG
and IgA responses in mice vaccinated with spike and RBD adjuvanted with either CT or
AMVAD. We show robust induction of IgG and IgA in plasma, nasal wash and BALF in mice
vaccinated with two doses of adjuvanted protein vaccines, but not with protein or adjuvant
alone. In line with previous reports, our data suggests that the combined administration of
antigen with AMVAD likely led to its direct delivery to antigen-presenting cells for effective
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protein processing and presentation. Although the mechanism of action of AMVAD
remains to be elucidated, its grape-like structure encompasses the antigen and acts as a
delivery vehicle to elicit both humoral and cellular response [48,52]. Of note, we observed
that vaccination with the RBD-adjuvanted vaccine favored RBD directed antibodies in
both systemic and mucosal compartments, while immunization with adjuvanted spike
induced broadly targeting antibodies that encompassed epitopes within and beyond the
RBD domain. These findings were recapitulated when we evaluated relative inhibition
of ACE2-spike and ACE2-RBD ligand interaction, where there was significantly lower
inhibition of ACE2-RBD interaction in mice immunized with AMVAD + spike relative to
AMVAD + RBD, yet comparable inhibition of ACE2—-spike interaction between these two
groups. Although immunization with RBD led to robust induction of systemic neutralizing
antibodies blocking ACE2-RBD interactions for both ancestral and Delta variants, these
neutralizing antibodies were poorly cross-reactive against the Omicron variant, which
harbors more than 15 mutations within the RBD alone, suggesting that these antibodies
likely targeted epitopes on the RBD prone to antigenic drift and escape by emerging
VOCs [29,76-79]. In line with other comparative protein subunit antigen immunogenicity
studies via intramuscular vaccination [1,53,80,81], our findings suggest that intranasal
immunization with adjuvanted spike formulation induced greater breadth of neutralizing
antibodies that target both conserved and variable epitopes of the spike. In addition,
trimeric spike has been shown to be more immunogenic given the larger T cell epitope
repertoire leading to a greater recruitment of T helper follicular cells and, thereby, an
enhanced humoral response relative to the RBD antigen, as shown by Tan et al. [80]. Indeed,
non-RBD directed antibodies have been shown to be important for both mucosal and
systemic humoral immunity in preventing severe disease from both SARS-CoV-1 and
SARS-CoV-2 infection [64,82,83].

In plasma, we observed that high levels of IgG correlated with increased neutral-
ization titers, while in BALF, potent IgA levels correlated with neutralizing responses as
observed in previous influenza and SARS-CoV-2 vaccination studies [29,66,75,84]. Notably,
AMVAD + spike formulation induced significantly greater IgA levels in both plasma and
BALF relative to AMVAD + RBD immunization. Given that RBD + AMVAD-immunized
mice showed low levels of IgA and undetectable neutralizing activity in BALF, we speculate
that mucosal IgA antibodies largely contributed to ACE2-spike inhibition observed in
spike-adjuvanted groups. Thus, the spike’s superior immunogenicity could also be at-
tributed to its larger and stabilized trimeric structure compared to RBD’s monomer, where
the spike protein’s repetitive trimeric antigen presentation could increase cross-linking to B
cell receptors, inducing greater B cell activation and IgA response [85,86].

Induction of protective humoral immunity has been a major focus in COVID-19 vac-
cine development. Nevertheless, robust induction of secretory IgA antibodies is crucial
given their potent and broadly neutralizing capabilities [20,29,66-69,71,87,88]. Studies of
intranasal vaccines against influenza have highlighted that mucosal vaccination, compared
to the intramuscular route, elicited potent cross-protection against heterosubtypic challenge
of influenza and showed long-term immunity [66,89]. Additionally, in a proof-of-concept
study, Xiao et al. demonstrated that intranasal immunization with defective viral particles
provides powerful prophylactic, broad-spectrum protection from infection by SARS-CoV-2
and influenza virus by blocking viral replication and preventing reinfection [90]. This is
further reiterated by several groups that showed superior protection with intranasal relative
to intramuscular immunization in mice against challenge with ancestral SARS-CoV-2 strain
and VOCs [19-21,23,24,30]. Indeed, Langel et al., demonstrated reduced SARS-CoV-2
airborne transmission in intranasally immunized hamsters [21]. In addition, Tang et al.
demonstrated that convalescent individuals show increased levels of broadly neutraliz-
ing antibodies in BALF relative to vaccinated individuals, despite similar systemic IgG
titers [29]. Epidemiological surveillance studies highlight the important role that mucosal
IgA may have in preventing SARS-CoV-2 infection. In fact, Sheikh et al. and Havervall
et al. demonstrated that vaccinated participants who experienced breakthrough infections
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with divergent VOCs had lower titers of serum and mucosal IgA relative to those who
did not experience an infection despite having comparable serum IgG titers [72,73]. Here,
we showed an adjuvanted subunit vaccine platform that induced robust mucosal and
systemic total and neutralizing antibody responses against rapidly emerging SARS-CoV-2
variants. In our direct comparison of the immunogenic profiles of SARS-CoV-2 spike and
RBD antigens, we highlight the relative merit of additional epitopes of the larger spike
protein that improve protein immunogenicity at the respiratory mucosa and neutralizing
activity against VOCs. Continued SARS-CoV-2 transmission and replication, and selection
pressure induced by vaccination or prior infection has led to the emergence of highly trans-
missible VOCs. Given the persistence of the SARS-CoV-2 pandemic and the shortcomings
of currently available vaccines in effectively blocking transmission, our study may offer
insights for selecting immunogenic targets for intranasal vaccine design against current
and future VOCs. Thus, new modalities of vaccination that invoke mucosal immunity
are crucial to neutralize the virus, limit the initial infection at the point of entry, prevent
onward transmission and curtail the COVID-19 pandemic.
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