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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological agent of
coronavirus disease 2019 (Covid-19), an ongoing global public health emergency. Despite the
availability of safe and efficacious vaccines, achieving herd immunity remains a challenge due
in part to rapid viral evolution. Multiple variants of concern (VOCs) have emerged, the latest
being the heavily mutated Omicron, which exhibits the highest resistance to neutralizing
antibodies from past vaccination or infection. Currently approved vaccines generate robust
systemic immunity, yet poor immunity at the respiratory tract. We have demonstrated that a
polymersome-based protein subunit vaccine with wild type (WT) spike protein and CpG
adjuvant induces robust systemic immunity (humoral and T cell responses) in mice. Both
antigen and adjuvant are encapsulated in artificial cell membrane (ACM) polymersomes —

synthetic, nanoscale vesicles that substantially enhance the immune response through efficient
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delivery to dendritic cells. In the present study, we have formulated a vaccine candidate with
the spike protein from Beta variant and assessed its immunogenicity in golden Syrian hamsters.
Two doses of ACM-Beta spike vaccine administered via intramuscular (IM) injection evoke
modest serum neutralizing titers that are equally efficacious towards WT and Beta viruses. In
contrast, the ACM-WT spike vaccine induces a predominantly WT-specific serum neutralizing
response with pronounced reduction in potency towards the Beta variant. Remarkably,
immunogenicity of the ACM-Beta spike vaccine is greatly enhanced through intranasal (IN)
administration. Following IN challenge with the Beta variant, IM-immunized hamsters are
fully protected from disease but not infection, displaying similar peak viral RNA loads in oral
swabs as non-vaccinated controls. In contrast, hamsters IN vaccinated with ACM-Beta spike
vaccine are protected from disease and infection, exhibiting a ~100-fold drop in total and
subgenomic RNA load as early as day 2 post challenge. We further demonstrate that nasal
washes from IN- but not IM-immunized animals possess virus neutralizing activity that is
broadly efficacious towards Delta and Omicron variants. Altogether, our results show IN
administration of ACM-Beta spike vaccine to evoke systemic and mucosal antibodies that
cross-neutralize multiple SARS-CoV-2 VOCs. Our work supports IN administration of ACM-
Beta spike vaccine for a next-generation vaccination strategy that not only protects against
disease but also an infection of the respiratory tract, thus potentially preventing asymptomatic

transmission.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiological agent of
coronavirus disease 2019 (Covid-19), has spread rapidly worldwide since its discovery in
December 2019 and continues to drive a global public health emergency. At the time of writing

(8" February 2022), the World Health Organization (WHO) has reported more than 394 million
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infections and more than 5.7 million deaths globally (https://covid19.who.int/). Vaccination
represents the best form of defence against SARS-CoV-2 and the world is pursuing vaccine
research and development at an aggressive pace. Around 180 candidates of various modalities
are in clinical development, of which approximately 80% are based on the viral spike

(https://covid19.trackvaccines.org/agency/whol/).

The spike glycoprotein forms homotrimers on the virion surface and is essential for viral entry
into the host cell. Each monomer comprises of S1 and S2 domains, which serve distinct and
critical roles during the cell entry process 1. Notably, the S1 subunit contains the receptor-
binding domain (RBD) which binds the host cell angiotensin converting enzyme 2 (ACE2)
receptor. This causes the spike protein to transit from a metastable prefusion state to a more
stable post-fusion state, which is required for the fusion of virus and host cell membranes 2.
Given the surface-exposed nature of the spike protein, it is the main target of neutralizing
antibodies which predominantly recognize the RBD 3 #, though recognition of S1 N-terminal
domain (NTD) and the S2 subunit has also been reported >%. Importantly, the most potent
neutralizing activity is associated with antibodies that directly block RBD interaction with
ACE2 °. Consequently, the spike protein has attracted intense attention as a target for vaccine

development.

Multiple SARS-CoV-2 variants have emerged from rapid viral evolution, among which five
variants of concern (VOCs) have been identified (https://www.who.int/en/activities/tracking-
SARS-CoV-2-variants/): Alpha (B.1.1.7), first detected in the United Kingdom in September
2020; Beta (B.1.351) in South Africa, May 2020; Gamma (P.1) in Brazil, November 2020;
Delta (B.1.617.2) in India, October 2020; and Omicron (B.1.1.529) in Southern Africa,

November 2021. VOCs are characterized by one or more of the following: increased
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transmissibility 1 !, increased virulence 2, or resistance to neutralizing antibodies raised
against the wild type (WT) virus 31, These features typically arise from the mutation of key
residues within the spike protein. For instance, residue E484 within the RBD constitutes a
dominant neutralizing epitope and is a site of principal importance. Deep mutation scanning
and escape mutation experiments have revealed that substitution with K, Q, P, A, D or G is
associated with severe reduction in neutralizing potency of polyclonal human immune serum
or plasma %, Notably, E484K mutation is found in Beta and Gamma variants, and E484A in
Omicron, which co-occurs with K417N/T and N501Y mutations. Mutation at position 417
confers modest resistance to neutralization * '® whereas N501Y enhances ACE2 binding which
may account for increased transmissibility ‘8. The Omicron variant, in particular, has acquired
more than 30 mutations in the spike protein and these are believed to enable extensive antibody
escape from previously infected or vaccinated individuals *> °. Despite the reduction in
neutralizing potency, mMRNA (MRNA-1273; BNT162b2) and adenovirus vector (ChAdOx-1 S;
Ad26.COV2.S) vaccines based on the WT spike remain effective against VOCs for the
prevention of severe disease and death 2% 2, possibly due to preservation of T cell reactivity
towards conserved epitopes among variant spike proteins 224, Nevertheless, to address rapidly
waning antibodies six months after mRNA vaccination 2> %, and the extensive loss of

neutralizing activity towards the Omicron variant, boosters are required to restore protection

27,28

It is desirable for a vaccine to induce broad neutralizing responses towards all VOCs.
Interestingly, individuals who are infected by the Beta variant subsequently develop a vigorous
antibody response that cross-neutralizes, to varying extents, Alpha, Gamma and Delta variants
14,2931 'Notably, major developers Pfizer/BioNTech, Moderna and AstraZeneca have initiated

clinical trials to assess the safety and efficacy of vaccines based on the Beta variant spike .
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Against the highly mutated Omicron variant, however, neutralizing potency of Beta

convalescent sera is greatly diminished 2% 33,

We have previously reported the preclinical development of a Covid-19 subunit spike protein
vaccine based on our proprietary Artificial Cell Membrane (ACM) polymersome technology
3 These synthetic nanovesicles measure 100-200 nm in diameter and are made up of an
amphiphilic block copolymer comprising of poly(butadiene)-b-poly(ethylene glycol) (PBD-b-
PEO) and a cationic lipid, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP). In aqueous
medium, the amphiphilic molecules self-assemble into a bilayer membrane vesicle that
encapsulates soluble materials within its cavity. Functionally, ACM polymersomes are strongly
taken up by antigen-presenting cells (APCs), including dendritic cells (DCs), thus enabling
efficient delivery of encapsulated antigens and adjuvants for enhanced immunogenicity. Our
Covid-19 vaccine is formulated with recombinant SARS-Cov-2 spike protein (hereby referred
to as “S1S2”) and CpG adjuvant separately encapsulated in ACM polymersomes for co-
administration. Such approach confers modularity and flexibility in the choice of spike protein
to include in the formulation, which is highly relevant given the rapid emergence of new VOCs.
Moreover, we and others 3 ** have shown that adjuvant effect of CpG is not impaired despite
the lack of physical linkage to the spike protein. Mice co-administered with ACM-S1S2 +
ACM-CpG developed strong, durable serum neutralizing titers and functional memory T cells,
whereas mice immunized with the non-encapsulated formulation generated weaker responses
that rapidly waned 3*. In the present study, we investigate the immunogenicity of ACM Covid-
19 vaccine based on WT or Beta spike in golden Syrian hamsters, followed by its ability to
protect against Beta variant challenge. Hamsters are naturally susceptible to SARS-CoV-2 and
can support viral replication as well as transmission, making it an important small animal model

for studying pathogenesis as well as efficacy of prophylactics and therapeutics 33", We show
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that intramuscular (IM) administration with an ACM vaccine based on WT spike generates
antibodies that predominantly neutralize WT virus, whereas another ACM vaccine based on
Beta spike induces antibodies that cross-neutralize WT and Beta viruses. Both vaccines
strongly protect against disease after intranasal (IN) challenge with the Beta variant but do not
efficiently suppress infection of the upper respiratory tract. Remarkably, immunogenicity of
the ACM-Beta spike vaccine is strongly enhanced by IN administration. Moreover, IN
vaccination potently reduces viral RNA load by ~100-folds as early as Day 2 post challenge in
the nasal swabs. Accordingly, we detect virus neutralizing activity in the nasal washes of IN-
but not IM-vaccinated hamsters, indicating a protective mucosal immune response that
correlates with suppression of viral replication in the upper respiratory tract. Antibodies
induced by two IN doses of ACM-Beta spike vaccine are broadly neutralizing and retain
appreciable activity towards Omicron, suggesting that our mucosal vaccination strategy may

protect against infection by this current variant and, potentially, future VOCs.

Materials and methods

Materials. Human CpG 7909 (T*C*G*T*C*G*T*T*T*T*G*T*C*G*T*T*T*T*G*T*C*G*
T*T; where * denotes phosphorothioate bond) was synthesized by BioSpring. 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) was from Avanti Polar Lipids. Triton X-100 was from
MP Biomedicals. All other chemicals were purchased from Sigma-Aldrich unless stated

otherwise.

Baculovirus production. The Beta variant spike protein ectodomain gene (amino acids 1-
1201) containing the native signal peptide, 3Q mutations to the furin cleavage site and 2P
mutations, was codon-optimized for insect cell protein expression, using GenScript proprietary

algorithm and was directly synthesized into pFAST-BAC1 transfer plasmid. This transfer
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plasmid (500 ng) was transformed using heat shock (42 °C, 1 min) into competent DH10 BAC
cells (Thermo Fisher Scientific). Cells were cultured on agar plates containing selection
antibiotics and Blu-gal. Colonies that were positive for recombination were selected and
Bacmid DNA was extracted using traditional Midiprep technology. In brief, a 50 ml culture
was inoculated from the plate and grown for 16 hours at 37 °C at 200 rpm. The cells were
pelleted, and the supernatant was removed. Pellet was resuspended into the resuspension buffer
(25 mM Tris-HCI pH 8, 10mM EDTA, 100 pg/ml RNase) and allowed to incubate at room
temperature for 5 minutes, followed by incubation with lysis buffer (0.2 M NaOH and 1%
SDS). Finally, precipitation buffer (3 M potassium acetate, pH 5.5) was added, and the solution
was left to incubate for a further 10 minutes at 4 °C, followed by centrifugation at 10,000 g, 4
°C, 15 minutes. The DNA was precipitated from the supernatant with 100% isopropanol and
washed with 70% ethanol. The pellet was dried and finally resuspended in TE buffer pH 8.0.
This DNA was used for transfection using the methods described in the Bac-to-Bac (Thermo
Fisher Scientific) with Trans IT-Virus GEN (Mirus). In brief, 2.4 x10° Sf9 insect cells were
plated into a well of a 24 well plate. After 1 hour, the media was aspirated. A premix of
transfection reagent and 200 ng of DNA was allowed to stand for 30 minutes at room
temperature before being added to the plated cells. The plate was left to incubate for 6 hours
followed by addition of the ESF-AF medium (Expression systems). Sf9 cells were left for seven
days at 27 °C without agitation. The baculovirus-containing supernatant was collected and used
to infect further cultures of Sf9 cells to amplify various recombinant virus stocks (P1-P3).

Finally, P3 virus stock was titrated as described *® and used for protein expression.

Protein expression. Sf9 cells (Thermo Fisher Scientific) were routinely grown in ESF-AF
medium and maintained at a cell density between 1-4 x 10° cells/ml. For protein production,

cells were adjusted to ~2 x 108 per ml in 600 ml culture volume, in a plastic 2 L non-baffled
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flask. The culture was incubated to a density of 2.5-3 x 10° cells/ml and then infected with
recombinant baculovirus (P3) at a multiplicity of infection (MOI) of 0.1. Flasks were left for
68-72 hours at 27 °C with shaking at 115 rpm. To harvest spike protein secreted into culture
supernatant, cells were removed by centrifuging in a swing bucket rotor at 3,000 g, 10 mins, 4

°C.

Concentration and buffer exchange. A 50 kDa cut-off Tangential flow filtration column
(Repligen) was washed and equilibrated as per manufacturer’s instructions. The harvested cell
culture supernatant was then loaded onto the column and the retentate recirculated at a flow
rate of 50 ml per minute. A 6-8 PSI transmembrane pressure was applied, and the sample was
concentrated 10-fold and dia-filtered 5 times with the buffer 1 (20 mM phosphate, 100 mM
NaCl, 5 % glycerol, pH 5). The final sample was centrifuged at 16,000 g for 15 minutes at 4
°C. The supernatant was filtered through a 0.22 um PES filter before subsequent purification

steps.

Protein purification. 1 x 5 ml GE Hitrap SP FF column and 1 x 5 ml GE Hitrap Q HP column
were used. Each column was pre-equilibrated using a GE AKTA FPLC Explorer with their
respective binding buffer i.e.: 20 mM phosphate, 100 mM NaCl, 5 % glycerol, pH 5 (Buffer 1)
for SP, and 20 mM phosphate, 100 mM NacCl, 5 % glycerol, pH 8 (Buffer 2) for Q column,
with a flowrate of 2 ml/min, for 10 column volumes (CV). The spike protein sample was placed
on ice and loaded onto the SP column at 2 ml per minute until the entire sample was loaded.
The unbound sample was collected for subsequent analysis. The column was washed with 10
CV of Buffer 1. After this, the bound protein on SP was eluted with buffer 2 by switching the
pH. The protein from this SP elution step was collected for further purification using Q column.

After 10 column volumes, the SP column was further eluted with buffer 3 (20 mM phosphate,
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1M NaCl, 5 % glycerol, pH 8), sample was collected for later analysis. Finally, the SP column
was washed with 5 CV of 0.1 N NaOH, sample was collected for later analysis and stored. In
the next step, buffer 2 eluate from SP column was loaded on to the pre-equilibrated Q column
until entire sample was loaded. Following loading, Q column was washed with buffer 2 for
another 10 column volumes. After the Q wash, a gradient between buffer 2 and buffer 3 was
set from 0% to 32% for 75 minutes at 2 ml per minute. 5 ml fractions were collected across the
linear gradients. Recombinant Beta variant spike (S1S2) protein eluted at a conductivity of 33-

37 mS/cm (between 26-30% B).

Preparation of ACM-antigen polymersomes. ACM polymersomes encapsulating S1S2
protein was prepared by the solvent dispersion method, followed by extrusion. A 380 mg/ml
stock solution of DOTAP and PEGi3-b-PBD22 polymer were prepared by dissolving solid
DOTAP and polymer in tetranydrofuran (THF) to prepare solution A as described earlier 3*.A
5 ml solution of 600 pg/ml S1S2 protein was placed in a 50 ml Falcon tube (Solution B).
Solution A was added slowly to 5 ml of Solution B while constantly mixing (600-700 rpm) at
room temperature. A turbid solution was obtained. The resulting solution was extruded 21
times through a 200 nm membrane filter (Avanti Polar Lipids) using a 1 ml mini-extruder
(Avanti Polar Lipids) to get monodispersed ACM-antigen vesicles. Non-encapsulated antigens
were removed by 2 days of overnight dialysis with 3 buffer exchanges. Encapsulation of
antigen were quantified by densiometric analysis using a known S1S2 protein standards in Fiji

ImageJ software (v. 1.52a).

Preparation of ACM-CpG polymersomes. ACM-CpG polymersomes were prepared by the
solvent dispersion method described above, followed by extrusion. 1.2 ml of the 700 mg/mi

stock solution containing DOTAP and PEGa13-b-PBD22 polymer was added dropwise to 10 ml
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CpG solution. A turbid solution was obtained. The resulting solution was extruded 21 times
through a 200-nm membrane filter using a 1 ml mini-extruder to get monodispersed ACM-
CpG polymersomes. Unencapsulated CpG was removed by overnight dialysis using 300 kDa

molecular weight cut-off (MWCO) as described earlier 3.

Particle size measurement by dynamic light scattering (DLS). DLS was performed on the

Zetasizer Nano ZS system (Malvern Panalytical) as previously described 34,

SDS-PAGE. The protein quantity of encapsulated S1S2 protein was determined by the
densitometry using SDS-PAGE gel as reported earlier 34 Briefly, protein encapsulated
polymersomes were released with Triton X-100. 5 pl of 4x gel loading buffer was added into
15 pl of the reconstituted sample. The sample was vortexed and heated at 95 °C for 10 minutes.
The heated sample was loaded into the 8% Bis-Tris gel and the gel was stained using SYPRO™
Ruby protein gel stain. The gel image was captured by the ImageQuant™ LAS 500 imager and

analyzed using ImageJ software.

Quantification of CpG. The CpG quantity of the encapsulated CpG was measured by the
reversed-phase high-performance liquid chromatography (RP-HPLC). 15 ul of 10% Triton X-
100 solution was added into 30 pl of sample to lyse the vesicles, followed by adding 105 pl of
100mM triethylammonium acetate (TEAA) buffer, pH 7.0. The mixture was vortexed,
centrifuged and transferred into a 250 pl glass insert in 2mL HPLC vial and capped. The
analytes were injected into Agilent AdvancedBio Oligonucleotides column with Agilent 1260
Series Capillary LC system. The UV intensity at wavelength 260 nm of the analytes was

measured and the area under the peak was recorded for analysis.
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Assessment of free spike protein function by ACE2-binding assay. 96-well high-binding
EIA/RIA plates (Corning) were precoated overnight with spike protein at 200 ng per well.
Wells were washed four times with Wash Buffer (TBS supplemented with 0.05% v/v Tween-
20) and blocked with 2% w/v BSA in Wash Buffer for 1.5 hour at 37 °C. ACE2 protein
conjugated to human Fc tag was three-fold serially diluted (dynamic range: 12,000 —0.61 ng/ml)
with 0.5% wi/v BSA in Wash Buffer and 100 pl of each dilution was applied to the respective
well of the ELISA plate. The plate was incubated 1 hour at 37 °C and then washed four times.
To detect bound ACE2 protein, HRP-conjugated goat anti-human IgG (Fc) (Bio Rad) was
applied at 1:10,000 and incubated for 1 hour at 37 °C. The plate was washed four times before
TMB (Sigma Aldrich) was added. After 10 minutes of color development, the reaction was
terminated with equal volume of ELISA Stop Solution (Thermo Fisher Scientific). Absorbance
at 450 nm was read using the BioTek plate reader. Background absorbance was subtracted and
the ECso value of the titration curve was determined using GraphPad Prism version 8.4.3 with

five-parameter non-linear regression.

Assessment of encapsulated spike protein function by ACE2-binding assay. Encapsulated
spike protein was released by lysing ACM vesicles with 1% Triton-X 100 for 10 minutes at
room temperature. Detergent was removed by frequent agitation with 200 mg/ml of Bio-Beads
SM-2 Resin (Bio Rad) for 1 hour at room temperature. 96-well high-binding EIA/RIA plates
(Corning) were precoated overnight with ACE2 protein at 500 ng per well. Wells were washed
four times with Wash Buffer (TBS supplemented with 0.05% v/v Tween-20) and blocked with
2% wiv BSA in Wash Buffer for 2 hours at room temperature. Spike protein was three-fold
serially diluted (dynamic range: 12,000 — 0.61 ng/ml) with 0.5% w/v BSA in Wash Buffer and
100 pl of each dilution was applied to the respective well of the ELISA plate. The plate was

incubated 2 hours at room temperature and then washed four times. To detect bound spike
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protein, mouse anti-S1 mAb (clone 1035206; R&D Systems) was diluted 1:100 and applied to
each well. The plate was incubated 2 hours at room temperature and then washed four times.
Finally, HRP-conjugated goat anti-mouse IgG (H/L) (Bio Rad) was applied at 1:3,000 and
incubated for 1 hour at room temperature. The plate was washed four times before TMB (Sigma
Aldrich) was added. After 10 minutes of color development, the reaction was terminated with
equal volume of ELISA Stop Solution (Thermo Fisher Scientific). Absorbance at 450 nm was
read using the BioTek plate reader. Background absorbance was subtracted and the ECso value
of the titration curve was determined using GraphPad Prism version 8.4.3 with five-parameter

non-linear regression.

Hamsters (vaccination). Animal procedures, sample collection and analyses were performed
by Bioqual, Inc. (USA) under a paid service agreement. Golden Syrian hamsters comprising
equal numbers of males and females were purchased from an approved vendor. Each group (n
= 8) was administered a specific formulation via IM or IN route (see table below). Each dose
was standardized at 20 pg spike protein and 100 pug CpG for a total of two doses, 21 days apart.
Blood and nasal wash were collected 20 days after first dose and 13 days after second dose to

assess antibody levels.

Group | Formulation Route
1 Placebo IM
2 Free S1S2(WT) + free CpG IM
3 ACM-S1S2(WT) + ACM-CpG IM
4 ACM-S1S2(Beta) + ACM-CpG IM
5 ACM-S1S2(Beta) + ACM-CpG IN
6 ACM-S1S2(WT, Beta) + ACM-CpG | IM

Serum processing. Blood was collected from the retro-orbital vein under sedation, in SST

tubes (BD) and allowed to clot for 30 minutes to 1 hour at room temperature. Blood collection
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volumes were limited to 0.78 ul/g every 24 hours; 5.85 ul/g every 7 days; and 7.8ul/g every
14 days or more. The samples were centrifuged at 1,000-1,300 g for 5-10 minutes with brakes
off. Serum was collected using a P200 pipettor, in a 0.5 ml cryovial and stored at -20 °C until

analysis.

Nasal wash. Hamsters were anesthetized using isoflurane, placed in lateral recumbency, and
using a soft tipped catheter, 400 ul of PBS was flushed into the nasal cavity. A collection device
was placed under the opposite nostril to collect the fluid (~200-250 ul yield). The nasal wash

was collected in a 2 ml cryovial and snap frozen.

Hamsters (SARS-CoV-2 challenge). 14 days after final vaccination, hamsters were
challenged with SARS-CoV-2 RSA (Beta variant; LOT 030621-750) at a dose of 3.67 x10°
PFU in 100 pl via IN inoculation. Prior to the procedure, animals were anesthetized by injecting
80 mg/kg ketamine and 5 mg/kg xylazine via IM route. Using a calibrated P200 pipettor, 50 ul
of the viral inoculum were administered dropwise into each nostril. Anesthetized animals were
held upright such that the nostrils of the hamsters were pointing towards the ceiling. The tip of
the pipette was placed into the first nostril and virus inoculum slowly administered into the
nasal passage, and then removed. This was repeated for the second nostril. The animal’s head
was tilted back for about 20 seconds and then returned to its housing unit. Animals were
injected with an antisedan for the reversal of anesthesia, at 1 mg/kg via IM route, 20 minutes
post-challenge and monitored until complete recovery. Over the next 14 days, hamsters were
monitored for weight changes, physical signs of distress and oral swabbed at designated time

points for viral RNA gqPCR.
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Oral Swabs. Hamsters were restrained properly for sample collection. A sterile swab was
removed from the packaging, and the oral cavity was swabbed once. The swab was placed into
a cryovial with 1ml PBS, the shaft cut off to fit into the vial, and the vial placed immediately

on dry ice for snap-freezing. The sample was then stored at -80 °C until analysis.

Serum 1gG ELISA. Indirect ELISA was performed to analyze sera for binding antibodies to
SARS-CoV-2 spike protein. Nunc MaxiSorp 96-well plates were coated with 100 pl of
commercial recombinant spike (WT or Beta variant; Sino Biological) diluted to 2 pg/ml in
PBS, pH 7.4. Plates were incubated statically for 12 hours at 37 °C. Unbound antigen was
removed by washing three times with PBS + 0.05% v/v Tween-20. Plates were blocked in PBS
+ 5% wi/v skim milk for 1 hour at 37 °C. Test and positive control samples were diluted in
assay diluent (1% w/v skim milk in wash buffer) to an initial dilution of 1:20 followed by four-
fold serial dilution. Once blocking was completed, blocking buffer was discarded and each
serum sample was plated in duplicate. Plates were incubated for 2 hours at 37 °C statically,
followed by three washes to remove unbound sera. Secondary detection antibody (goat anti-
species-HRP 1gG; Abcam) was added at a dilution of 1:10,000 in 100 ul per well. Plates were
incubated for 30 minutes at room temperature statically, and unbound antibodies were
subsequently removed as described above. To develop, 100 ul of 1-Step Ultra TMB substrate
was added to each well. The reaction was stopped after ~ 10 minutes with 50 pl TMB stop
solution (SERA CARE). The plates were read within 30 minutes at 450 nm with a Thermo
Labsystems Multiskan spectrophotometer. Antibody titer was defined as the reciprocal of the
highest dilution that gave a pre-defined cut-off value for OD450. Serum titration curves were
analyzed by 5-parameter, non-linear regression using GraphPad Prism version 8.4.3 to

determine antibody titers.
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SARS-CoV-2 surrogate virus neutralization test (cPass™). The cPass™ kit (GenScript)
was used according to manufacturer’s instructions. Briefly, each sample was diluted 1:10 using
Sample Dilution Buffer and incubated with an equal volume of HRP-RBD (WT or variant)
reagent for 30 minutes at 37 °C. The Omicron RBD sequence was based on the most prevalent
mutations and reflect the dominant Omicron strain !°. The mixture of serum and HRP-RBD
was then applied to eight-well strips pre-coated with ACE2 protein for 15 minutes at 37 °C.
Unbound RBD was washed off and RBD-ACE?2 binding was visualized by addition of TMB
substrate for 15 minutes at room temperature. Reaction was terminated using Stop Solution

and absorbance was measured at 450 nm. Inhibition of RBD-ACE2 binding was calculated

OD value of sample
OD value of negative control

using the formula: (1 — )x 100%. Where necessary, samples were

pooled and concentrated using Vivaspin® 500 centrifugal concentrators (MWCO 50 kDa;

Sartorius).

Plaque reduction neutralization test (PRNT). Vero 76 cells were cultured in 24-well plates
at 175,000 cells/well in DMEM + 10% v/v FBS + Gentamicin and incubated at 37 °C, 5% COx.
Cells were used at 90-100% confluency. Serum samples were heat inactivated at 56 °C for 30
minutes. 30 PFU/well concentration of virus was prepared and kept on ice until use. Each serum
sample was first diluted 1:10 with DMEM + 2% v/v FBS + gentamicin, followed by three-fold
serial dilutions. Equal volume of 30 PFU/well virus inoculum was added to each serum dilution.
Virus-only positive control and no-virus negative control were prepared in parallel. The mixes
were incubated at 37 °C, 5% CO- for 1 hour. Subsequently, Vero cell culture medium was
removed from 24-well plate and 250 pl of titrated serum samples were added in duplicates.
The 24-well plate was incubated at 37 °C, 5% CO> for 1 hour for virus infection. During this
time, 0.5% w/v methylcellulose medium was pre-warmed in a 37 °C water bath. Subsequently,

1 ml of methylcellulose medium was added to each well and the plate was incubated at 37 °C,
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5 % CO:; for three days. The overlay medium was then removed, and Vero monolayers were
washed once with 1 ml PBS. Cells were fixed with 400 ul ice-cold methanol per well at -20°C
for 30 minutes. After fixation, methanol was discarded and the monolayers were incubated
with 400 pl per well of staining solution (0.2% w/v crystal violet, 20% v/v methanol, 80% v/v
dH20) for 30 minutes at room temp. Wells were washed once with PBS or dH,0O and allowed
to dry for ~15 minutes. The plaques in each well were recorded and the number of infectious

units calculated.

Viral RNA load determination by qPCR. The amount of RNA copies per ml of oral swab
was determined using a validated gRT-PCR assay. Viral RNA was first isolated from samples
using Qiagen DSP Virus/Pathogen Midi Kit and IVD Complex800 or VD Cellfree500
protocols. The gRT-PCR assay utilized primers and a probe specifically designed to amplify
and bind a conserved region of Envelop (E) gene of SARS-CoV-2 for the genomic RNA and
Nucleocapsid (N) gene for sub-genomic RNA detection. The signal was compared to a known
standard curve and calculated to give copies per ml. To generate a control for the amplification
reaction, RNA was isolated from the applicable SARS-CoV-2 plasmid control using the same
procedure. gPCR was set up using TagMan Fast Virus 1-Step Real-time RT-PCR protocol with
assay setup performed using Qiagen Qiagility automated PCR setup platform and analyzed in

Applied Biosystems on QuantStudio 3.

Statistics. Analyses were done using GraphPad Prism software (version 9.2.0). Where
appropriate, one- or two-way repeated measures ANOVA (Greenhouse-Geisser correction)
with Tukey’s multiple comparisons, or two-tailed paired T test was performed. Significant
differences were indicated where present. *: P < 0.05; **: P <0.01; ***: P <0.001; ****: p<

0.0001; ns: not significant.
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Results

Expression and purification of recombinant Beta and WT spike (S1S2) protein. Sf9 insect
cells were transfected with recombinant baculovirus containing the gene encoding S1S2
ectodomain of SARS-CoV-2 from Beta variant (B.1.351). The gene was strategically modified
to encode two consecutive proline substitutions in the S2 subunit in a turn between the central
helix and heptad repeat 1 (HR1) to stabilize the pre-fusion conformation 3°. This was
considered desirable to generate relevant neutralizing antibodies “°. In addition, three glutamine
substitutions at the furin cleavage site were introduced to prevent separation of S1 and S2
subunits by cellular proteases. The protein secreted into the culture supernatant was purified
by sequential cation and anion exchange chromatography (Fig. 1a and b, respectively). SDS-
PAGE analysis of fractions collected over the purification process showed increasing purity of
two closely migrating major bands at 150 kDa (Fig. 1c). Further analysis by western blot using
a commercially available spike-specific polyclonal antibody (Fig. 1e) and our previous
experience with purifying WT spike 3 enabled us to ascertain their identity as the protein-of-
interest (S1S2 protein). Fractions with highest purity from the Q column were pooled.
Subsequent SDS-PAGE analysis confirmed the presence of major bands at 150 kDa, as well as
minor indistinct bands at 100 kDa and 75 kDa (Fig. 1d). Scanning densitometry consistently
indicated a purity of >90%. Using a similar method, recombinant S1S2 protein from WT virus
was also expressed and purified (Fig. 1e). Finally, a ACE2-binding assay was performed by
immobilizing spike protein on the ELISA plate followed by titration of recombinant ACE2
protein (Fig. 1f). Both S1S2(WT) and S1S2(Beta) were functional and bound ACE2 with

representative ECso values of 25.0 and 18.4 ng/ml, respectively.
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Physical characterization of ACM-S1S2 + ACM-CpG vaccine. S1S2(WT), S1S2(Beta) and
CpG 7909 were separately encapsulated in ACM polymersomes. To quantify the amount of
encapsulated protein, polymersomes were lysed using 2.5-5% Triton X-100 and the lysate
analyzed using SDS-PAGE against a series of purified protein standards (Fig. 2a).
Encapsulated protein content as determined by densitometric measurements were 249.3 pug/ml
for S1S2(WT) and 184.8 pg/ml for S1S2(Beta). ACM-CpG was similarly lysed and measured
by RP-HPLC. Encapsulated CpG was determined to be 1047.6 pg/ml. An additional
preparation of ACM-S1S2(Beta) + ACM-CpG vaccine with enhanced encapsulation (389.1
pg/ml and 2134.8 pg/ml, respectively) was generated to address the volume constraint of IN
administration. DLS measurements of ACM-S1S2(WT), ACM-S1S2(Beta), ACM-CpG and
final vaccine formulations containing S1S2(WT) or S1S2(Beta) (Fig. 2b) revealed unimodal
size distributions with average diameters of 169.4 nm, 174.0 nm, 135.8 nm, 145.0 nm and 146.9

nm, respectively, and polydispersity indices (PDI) < 0.17 consistently.

To ensure that protein structure and function were not adversely impacted by encapsulation,
ACM-S1S2 was lysed using Triton-X 100 to release protein for ACE2-binding assay.
Detergent was then removed using polystyrene adsorbent beads to prevent interference with
the assay. Unlike the free protein, S1S2 from the ACM lysate could not be immobilized onto
the ELISA plate, possibly due to interference from dissociated ACM polymers. To circumvent
this problem, an alternative ELISA format was performed involving the immobilization of
ACE2 on the plate followed by titration of S1S2. The assay showed ACM-S1S2(WT) and
ACM-S1S2(Beta) to remain functional and bound ACE2 with representative ECso values of

74.4 ng/ml and 76.4 ng/ml, respectively (Fig. 2c).
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ACM-S1S2(Beta) + ACM-CpG induced strong neutralizing titres in golden Syrian
hamsters. Two doses of vaccine, containing ACM-Beta or ACM-WT S1S2 protein with ACM-
CpG 7909, were administered 21 days apart to hamsters (Fig. 3a). A separate dose-response
study in C57BL/6 mice was earlier conducted to identify optimal dose combinations of ACM-
S1S2 and ACM-CpG (data not shown). We selected 20 pg S1S2 and 100 pg CpG 7909 for the
hamster trial, which also represented the highest intended human dose for our subsequent
clinical study. All vaccine formulations were IM administered. In addition, one group of
hamsters received ACM-S1S2(Beta) + ACM-CpG via the IN route. Blood and nasal washes
were collected on Day 20 (after first dose) and Day 34 (after second dose) to assess antibody
response. Spike-specific IgG was clearly detected in serum after a single dose of any vaccine
formulation and further increased after the second dose (Fig. 3b, c). Antibodies strongly cross-
reacted between WT and Beta spike, which indicated the high degree of identity (99%) between
the two proteins. Compared to the free WT spike formulation (i.e.: fS1S2 + fCpG), the ACM-
S1S2(WT) + ACM-CpG formulation induced significantly higher IgG after one or two doses,
indicating enhancement of immunogenicity through ACM encapsulation. Next, we assessed
the immunogenicity of two other formulations: i) an ACM vaccine based on Beta spike protein
[i.e.: ACM-S1S2(Beta) + ACM-CpG]; and ii) a bivalent vaccine containing encapsulated WT
and Beta spike ina 1:1 ratio [i.e.. ACM-S1S2(WT, Beta) + ACM-CpG]. IM immunization with
either vaccine generated comparable 1gG responses with geometric mean titers (GMTS) in the
range of 10%-10° after the second dose, though formulations containing Beta spike did induce
slightly higher WT-specific 1IgG (Fig. 3b). Notably, the ACM-S1S2(Beta) + ACM-CpG
formulation was equally immunogenic when administered IM or IN, suggesting that mucosal

administration could be a viable vaccination strategy for ACM vaccine formulations.
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Serum neutralizing activity was assessed by the plagque reduction neutralization test (PRNT)
against SARS-CoV-2 WT virus or Beta variant. First, we compared homologous neutralizing
titers to ascertain the relative immunogenicity of each spike protein. ACM-S1S2(WT) + ACM-
CpG induced potent neutralizing titers after two doses with a GMT of 1,412 whereas ACM-
S1S2(Beta) + ACM-CpG generated modest titers with a GMT of 53 (Fig. 3d), despite similar
total IgG titers (Fig 3b, ). With regards to cross-neutralizing ability, antibodies elicited by IM
administration of fS1S2(WT) + fCpG, or ACM-S1S2(WT) + ACM-CpG strongly neutralized
WT but not Beta virus (Fig. 3e, f). GMT against the Beta variant declined 15-20 folds though
majority of hamsters remained seropositive (PRNTszo titer > 20). In terms of magnitude, ACM-
S1S2(WT) + ACM-CpG vaccine elicited approximately three-fold higher neutralizing titer
than the fS1S2(WT) +fCpG formulation, consistent with enhancement of immunogenicity by
ACM encapsulation. The bivalent vaccine consisting of ACM-WT and ACM-Beta spike
proteins in equal proportion was formulated under the hypothesis that it may induce balanced,
cross-neutralizing responses. Unfortunately, a similar sharp drop in neutralizing potency
against Beta variant was observed (Fig. 3g). It was previously reported that infection by the
Beta variant induced antibodies that strongly cross-neutralized ancestral virus 0 3t
Accordingly, hamsters IM vaccinated with the ACM-S1S2(Beta) vaccine generated antibodies
that neutralized WT and Beta viruses equally, though the response was modest with a GMT of
53 (Fig. 3h). Remarkably, the same formulation administered via the IN route evoked
substantially higher neutralizing titers (GMT 206-470) that remained similarly potent towards

WT and Beta viruses (Fig. 3i).

IN vaccination with ACM-S1S2(Beta) + ACM-CpG strongly protected hamsters from
infection and disease by Beta variant. The protective efficacy of each ACM Covid-19

vaccine was assessed using a non-lethal hamster model of Beta infection. Non-vaccinated
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animals became severely symptomatic and lost up to 13% of body weight on Day 7 post
challenge before recovering to their average baseline body weight on Day 14 (Fig. 4a).
Animals IM immunized with fS1S2(WT) + fCpG became mildly symptomatic after viral
challenge and lost up to 3% of body weight on Day 5 before recovering, suggesting that a
serum PRNTso titer of 20 (Fig. 3e) was associated with partial protection. In contrast, hamsters
IM immunized with ACM-S1S2(WT) or ACM-S1S2(Beta) vaccine exhibited progressive
weight gain over the 14-day study period (Fig. 4a), suggesting that a serum PRNTso titer >50
(Fig. 3f, h) was associated with full protection against disease. For reasons unclear, the weight
gain profile of hamsters IM immunized with the bivalent vaccine [ACM-S1S2(WT, Beta) +
ACM-CpG] was slightly attenuated (Fig. 4a) despite an average serum PRNTsg titer of 60 (Fig.
30). Finally, IN administration of ACM-S1S2(Beta) vaccine was also fully protective against
weight loss (Fig. 4a), consistent with its robust neutralizing activity towards the Beta variant

(Fig. 3i).

To assess viral load after infection, oral swabs were collected on Days 2, 4, 7 and 14 (Fig. 3a)
and subjected to viral RNA gPCR. Non-vaccinated controls exhibited a peak viral RNA load
of 5.8 x 108 copies/ml (geometric mean) on Day 2, which gradually declined to 1.6 x 10°
copies/ml on Day 4 and finally 3.3 x 10? copies/ml on Day 14 (Fig. 4b). Hamsters IM
immunized with the monovalent ACM-WT spike vaccine, monovalent ACM-Beta spike
vaccine, or the bivalent ACM-(WT, Beta) spike vaccine showed similar peak viral loads as the
non-vaccinated controls from Days 2 to 4; significant reduction in viral load was seen only on
Day 7. In contrast, hamsters IN immunized with ACM-Beta spike vaccine strongly and rapidly
suppressed their viral loads. Compared to non-vaccinated controls, the average viral RNA load
of IN-vaccinated hamsters was ~100-folds lower on Days 2 and 4 (5.1 x 10 and 1.5 x 10* RNA

copies/ml, respectively) and dropped to the lower limit of detection on Day 7.
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To gain further insight into the protective efficacy of ACM vaccines, we performed
subgenomic RNA (sgRNA) analysis, which was indicative of viral replication *'. In non-
vaccinated controls, kinetics of viral sgRNA was similar to total RNA, with peak viral load of
2.0 x 108 copies/ml on Day 2 followed by a decline to 1.1 x 10° copies/ml on Day 4 and finally
1.4 x 10? copies/ml on Day 14 (Fig. 4c). Hamsters IM immunized with any ACM vaccine
showed similar sgRNA levels on Days 2 and 4 as the non-vaccinated controls, before a sharp
decline on Day 7 and eventually reaching the lower limit of detection on Day 14. In contrast,
hamsters IN vaccinated with ACM-S1S2(Beta) + ACM-CpG displayed a 60-200-fold drop in
sgRNA on Days 2 to 4 (3.0 x 10* and 5.3 x 10° copies/ml, respectively) and reached the lower
limit of detection on Day 7. Taken together, our results indicated that IM vaccination protected
against disease but not infection, whereas IN vaccination protected against disease and

suppressed viral replication in the upper airway rapidly and potently.

Antibodies generated by ACM-S1S2(Beta) + ACM-CpG vaccine could neutralize
Omicron variant

Since the emergence of Omicron in southern Africa in November 2021, the highly infectious
variant has spread rapidly worldwide, even replacing Delta as the dominant strain in certain
regions 23. It is characterized by more than 30 mutations in the spike protein, located mainly in
the NTD and RBD, which are believed to enhance viral fitness and antibody evasion °. Indeed,
multiple groups have shown extensive neutralization escape from previously vaccinated or
infected subjects > 19294244 | view of this, we examined nasal washes for antibody response
towards Omicron, as an alternative to Day 34 sera which were depleted from earlier tests (i.e.,
live virus PRNT). For virus neutralizing activity, we utilized an FDA-approved, clinically

validated surrogate virus neutralization kit (cPass™) %°. Neutralizing antibodies predominantly
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recognized viral RBD 3 # and the detection of such antibodies that blocked the interaction
between RBD and human ACE2 receptor formed the basis of cPass™. As was previously
described by another group ¢ and from our experience, the highly dilute nature of the nasal
wash necessitated the pooling of samples within each group, followed by 40-fold concentration
using Vivaspin® columns. Neutralizing activity towards WT, Delta or Omicron virus was not
detected in nasal washes from hamsters IM vaccinated with any given formulation (Fig. 5a-d).
In contrast, substantial activity towards WT and Delta viruses (65.6% and 61.7% inhibition,
respectively) was observed in hamsters IN vaccinated with ACM-S1S2(Beta) + ACM-CpG
(Fig. 5e). Neutralizing activity towards Omicron was also detected albeit at a lower level (33.9%
inhibition). To confirm these findings, we analyzed sera of C57BL/6 mice IM vaccinated with
ACM-S1S2(Beta) + ACM-CpG in a separate dose-response study (selected data described
here). Mice that received an optimal dose combination of ACM-S1S2(Beta) + ACM-CpG
exhibited a balanced neutralizing profile which retained moderate to high level of activity
towards Alpha, Gamma and Delta variants (Fig. 5f). Against Omicron, 2/5 mice had lower
activity (30-40% inhibition) whereas the remaining mice displayed high levels of neutralization
(70-90% inhibition). Our results therefore suggested that primary vaccination with an
optimized dose combination of ACM-S1S2(Beta) + ACM-CpG was sufficient to generate
broadly neutralizing antibodies that retained moderate to strong activity towards Omicron.
Moreover, immunogenicity was substantially enhanced by IN administration, which also
induced neutralizing antibodies in the upper respiratory tract that may suppress an Omicron

and, perhaps, future VOC infection.

Discussion
We previously reported that ACM polymersomes were efficient vaccine delivery vehicles

taken up by DCs and compatible with spike protein and CpG adjuvant to enhance their
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respective immune responses. Importantly, our Covid-19 vaccine formulation, ACM-
S1S2(WT) + ACM-CpG, was highly immunogenic in mice, triggering vigorous antibody and
T cell responses **. In the present study, we investigated the ability of ACM vaccines to protect
hamsters from a non-lethal SARS-CoV-2 challenge. We chose to focus on the Beta variant
because, prior to the emergence of Omicron, it consistently exhibited the strongest potential to
evade neutralizing antibodies by existing vaccines > 4”48 Notably, a South African clinical
trial of the AZD1222 adenovirus vector vaccine established a lack of protection against the

Beta variant concomitant with reduced or abrogated antibody neutralization °.

We discovered that the ACM-WT spike vaccine induced markedly higher homologous
neutralizing titer than ACM-Beta spike vaccine. A somewhat similar finding was recently
reported in which BALB/c immunized with mRNA-1273 (encoding WT spike) generated a
pseudovirus neutralizing titer of 16,749 whereas mice immunized with mRNA-1273.351
(encoding Beta spike) had lower titer of 10,948 *°. Based on the total IgG response, it was clear
that the Beta spike protein was not less immunogenic than WT spike. Since majority of
neutralizing antibodies was known to target the RBD and that RBD-reactive antibodies
constituted a minor subpopulation of the total spike-specific repertoire ', our results suggested
that the immunodominance of Beta RBD may be substantially reduced relative to non-
neutralizing or poorly neutralizing epitopes situated elsewhere on the Beta spike. At the same
time, we also acknowledged the possibility of a hamster-specific phenomenon arising from
species-specific germline antibody genes, since humans infected with the Beta variant could

generate similar or stronger neutralizing titers compared to patients infected with WT-like virus

30,31
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We established that IM immunization with ACM-WT spike vaccine generated circulating
antibodies that potently neutralized WT but not Beta virus, whereas antibodies induced by
ACM-Beta spike vaccine neutralized both viruses with similar efficacy. Our hamster findings
strongly recapitulated the neutralizing profile of human serum after infection with ancestral or
Beta virus % 3. Changing immunodominance hierarchies may account for such differences.
The Beta variant carried ten mutations to the spike protein relative to WT, among which K417N,
E484K and N501Y were of particular concern. A recent investigation of the neutralization
characteristics of human convalescent plasmas showed that the class 2 neutralizing epitope
centered on position 484 was more immunodominant for ancestral SARS-CoV-2, whereas the
class 3 epitope spanning sites 443 to 452 was immunodominant for the Beta variant °. This
shift in focus towards class 3 epitope may explain the relative insensitivity of Beta immune
serum for the mutation at position 484. We also formulated a bivalent ACM vaccine composed
of WT and Beta spike in a 1:1 ratio, under the hypothesis that it may elicit cross-neutralizing
antibodies. Unfortunately, neutralizing potency towards the Beta variant was similarly reduced,
suggesting that WT RBD was more immunogenic and that Beta RBD likely contributed little
to the repertoire of neutralizing antibodies. To generate a balanced response with our
multivalent formulation, further studies were required to identify the optimal ratio of WT and

variant spike.

Although the Beta-specific neutralizing titer induced by IM administration of any ACM
vaccine formulation was modest (GMT 53-69), hamsters were fully protected from weight loss
after Beta challenge. On the other hand, the fS1S2(WT) + fCpG formulation generated a lower
GMT of 20 and hamsters became mildly symptomatic after challenge. These results suggested
that a PRNTsg titer of 20 may be a protective threshold against severe disease in the context of

Beta infection, whereas a PRNTso titer >50 may be associated with full protection against

25


https://doi.org/10.1101/2022.02.12.480188
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.12.480188; this version posted February 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

disease. Despite the ability of IM vaccination to protect against severe disease, hamsters could
not clear the infection efficiently. Peak viral RNA loads from oral swabs were comparable to
non-vaccinated controls on Days 2-4 after challenge, and only showed a significant decrease
on Day 7. These findings were remarkably similar to the real-world situation, in which IM
vaccinated individuals were strongly protected from severe disease and death but substantially
less protected against infection 2. Studies of Delta variant infection found similar peak viral
RNA loads in the upper respiratory tract between vaccinated and non-vaccinated subjects,
though vaccination was still associated with a faster decline in viral load 5% %*, Poor efficacy
against infection was likely due to the inability of parenteral immunization to elicit substantial
mucosal immunity, particularly secretory IgA, despite potent systemic immune responses.
Mucosal IgA was thought to protect mainly the upper respiratory tract > and had been shown
to neutralize respiratory viruses in humans and animal models, thus serving as a potential
correlate of protection ¢ 57. Conversely, the lack of IgA would result in failure to neutralize
SARS-CoV-2 infection of the upper respiratory tract, though systemic immunity remained
effective against lower respiratory tract infection and severe disease %3%°. With the aim of
evoking systemic and mucosal immune responses, we investigated IN administration of ACM-
Beta spike vaccine and observed enhanced serum neutralizing titer, potent reduction in viral
RNA load of the upper respiratory tract soon after challenge, and virus neutralizing activity in
nasal washes. We were unable to measure spike-specific IgA titres, since secondary antibodies
targeting hamster IgA were not commercially available. With regards to IM vaccination,
although a systemic neutralizing antibody response was generated, mucosal neutralizing
activity was not detected and viral replication in the upper respiratory tract was poorly
controlled. Cumulatively, our results supported IN vaccination as a relevant strategy to

generate a mucosal immune response that effectively inhibited SARS-CoV-2 infection of the
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upper respiratory tract. Our approach addressed a key weakness of parenteral Covid-19

vaccines and may potentially reduce asymptomatic transmission 2.

With more than 30 mutations in its spike protein, Omicron had been shown to extensively
escape neutralizing antibodies elicited by past infection or immunization. Primary vaccination
with mRNA (BNT162b; mRNA-1273), adenovirus vector (ChAdOx-1 S; Ad26.COV2.S) or
subunit protein (NVX-CoV2373) vaccine based on WT spike generated antibodies that poorly
neutralized Omicron, leading to complete neutralization escape in 40-100% of vaccinees,
depending on the study and the time after immunization *> 22 52, Nevertheless, neutralizing
activity was restored by boosting with mRNA vaccine encoding WT or Omicron spike 2863,
In our preclinical study, we showed that primary vaccination with an optimized dose
combination of ACM-S1S2(Beta) and ACM-CpG was sufficient to generate broadly
neutralizing antibodies that were efficacious against Delta and Omicron variants. Moreover,
neutralizing activity was detected in the upper respiratory tract after IN but not IM vaccination.
Enhanced transmissibility of the Omicron variant was thought to be caused, in part, by its
robust infection of cells in the upper respiratory tract, compared to the ancestral virus or other
variants 4 95, Therefore, the ability to trigger mucosal neutralizing antibodies through IN
vaccination could be key to effective control of Omicron infection and may be more relevant

than mMRNA boosters administered via IM injection.

The main limitation of the present study was that T cell responses had not been investigated,
as commercialized antibodies required for assessment of hamster T cell subsets and function
were largely unavailable %. Concerns over such constraints of the hamster model had been
raised 7. Nevertheless, our previous mouse study did establish the presence of functional,

memory CD4* and CD8" T cells after primary vaccination 34. Unlike neutralizing antibodies,
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which generally exhibited narrow target specificity as evidenced by moderate to severe
reduction in potency against different variants, T cell epitopes were remarkably conserved .
Studies had shown CD4" and CD8" T cells from previous vaccination or infection to retain
robust activity against Omicron, despite the variant’s extensive mutations and increased
resistance to neutralizing antibodies 2% 2%, It was believed that cross-reactive T cells may
contribute to the control Omicron infection and possibly account for the reduction in disease

severity compared to the earlier Delta wave 2.
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Figure 1 | Purification of recombinant S1S2 protein (Beta variant). Sf9 insect cells were
transfected with gene encoding S1S2 protein using recombinant baculovirus. Protein secreted
into cell culture supernatant was purified by sequential passage through cation (SP) and anion
(Q) exchange columns. a. Representative chromatogram of SP wash and eluate. b.
Representative chromatogram of Q wash and eluate. (Blue) UV 280 mAU; (Red) UV 254 mAU;
(Pink) UV 215 mAU; (Brown) conductivity mS/cm; (Green) percentage of Buffer 3. The initial

loading of the sample is not shown. c. SDS-PAGE analysis of all fractions collected throughout
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the purification process. Protein bands were visualized by SYPRO Ruby stain. Arrows indicate
protein-of-interest. d. Pooled Q eluate fractions. Arrows indicate closely migrating major bands
at 150 kDa; asterisks indicate minor bands at 100 and 75 kDa. e. Western blot using commercial
polyclonal antibody against spike protein. Each lane was loaded with 0.5, 1 or 1.5 ug inhouse-

purified WT or Beta S1S2 protein f. ACE2-binding assay. Representative curves are shown.
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Figure 2 | Encapsulation of S1S2 protein within ACM polymersomes. a. Quantification of
ACM-encapsulated S1S2 protein. Polymersomes were lysed with 2.5% Triton X-100 to release
encapsulated material. Pre-diluted ACM lysate was analyzed alongside purified S1S2
standards by SDS-PAGE and protein bands visualized using SYPRO Ruby stain.
Concentration of encapsulated S1S2 was determined by densitometry from triplicate
measurements. A representative gel image is shown. b. Dynamic light scattering (DLS)
measurements demonstrating unimodal size distribution of hydrodynamic diameter of ACM-
S1S2(WT), ACM-S1S2(Beta), ACM-CpG, and ACM-S1S2 + ACM-CpG formulations. c.

ACE2-binding assay for ACM-S1S2. Representative curves are shown.
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Figure 3 | Serum antibody response to ACM-Covid-19 vaccines. a. Immunization, sample
collection and viral challenge schedule. Golden Syrian hamsters (n = 8) were IM administered
one of the following: i) PBS; ii) fS1S2(WT) + fCpG; iii) ACM-S1S2(WT) + ACM-CpG; iv)
ACM-S1S2(Beta) + ACM-CpG; v) ACM-S1S2(WT, Beta) + ACM-CpG. In addition, one
group of animals received ACM-S1S2(Beta) + ACM-CpG via the IN route. b, c. WT and Beta
spike-specific IgG titers, respectively. Two-way repeated measures ANOVA (Greenhouse-

Geisser correction) with Tukey’s multiple comparison is performed. Only significant
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differences between vaccinated groups are shown. *: P < 0.05; **: P <0.01; ***: P <0.001;
**x*k: P < 0.0001. d. Homologous PRNTso titers induced by ACM-S1S2(WT) and ACM-
S1S2(Beta) vaccines. Day 34 sera were assessed. e-h. Neutralizing potency towards WT virus
or Beta variant after IM immunization with indicated formulations. i. Neutralizing potency
towards WT virus or Beta variant after IN immunization with ACM-S1S2(Beta) + ACM-CpG.
Geometric mean titers (GMTSs) are indicated at the top of each graph; fold-change in GMTs is

indicated at the bottom. Two-tailed paired T test is performed.
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Figure 4 | IN challenge with Beta variant. a. Animals were observed 14 days for changes in
body weight relative to initial (horizontal dashed line). Vaccine formulations and routes of
administration are indicated on the right. b, c. Viral RNA loads in oral swabs as determined by
gPCR. Copy numbers of total and subgenomic RNA (sgRNA) are shown, respectively. Two-
way repeated measures ANOVA (Greenhouse-Geisser correction) with Tukey’s multiple
comparison is performed. Only significant differences with respect to non-vaccinated controls
are shown (color coded). Horizontal dashed lines represent lower limits of detection (62 and

31 RNA copies/ml, respectively).
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Figure 5 | ACM-S1S2(Beta) + ACM-CpG generated Omicron-neutralizing antibody
response in hamsters and mice. a-e. Virus-neutralizing activity of Day 34 hamster nasal
washes. Hamsters were vaccinated with indicated formulations via IM or IN route. To
overcome their highly dilute nature, nasal washes from each group were pooled and
concentrated 40-folds. Neutralizing activity towards WT, Delta and Omicron viruses were
measured using cPass™ surrogate virus neutralization kit (% inhibition indicated above bar
graphs). Cutoff of 20% (horizontal dashed line) was recommended by manufacturer to
distinguish seropositive samples. f. Serum neutralizing activity of C57BL/6 mice (n =5) IM
vaccinated with ACM-S1S2(Beta) + ACM-CpG on Days 0 and 21, from a separate dose-
response study. Mouse CpG 1826, instead of human CpG 7909, was used. Sera were examined
two weeks after vaccination. Average inhibition of each variant is indicated in graph. One-way
repeated measures ANOVA (Greenhouse-Geisser correction) with Tukey’s multiple

comparisons is performed — only significant differences are shown. *: P < 0.05; **: P <0.01.
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