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ABSTRACT: Current parenteral coronavirus disease 2019
(Covid-19) vaccines inadequately protect against infection of
the upper respiratory tract. Additionally, antibodies generated
by wild type (WT) spike-based vaccines poorly neutralize
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
variants. To address the need for a second-generation vaccine,
we have initiated a preclinical program to produce and evaluate
a potential candidate. Our vaccine consists of recombinant Beta
spike protein coadministered with synthetic CpG adjuvant.
Both components are encapsulated within artificial cell
membrane (ACM) polymersomes, synthetic nanovesicles
efficiently internalized by antigen presenting cells, including
dendritic cells, enabling targeted delivery of cargo for enhanced immune responses. ACM vaccine is immunogenic in C57BL/6
mice and Golden Syrian hamsters, evoking high serum IgG and neutralizing responses. Compared to an ACM-WT spike
vaccine that generates predominantly WT-neutralizing antibodies, the ACM-Beta spike vaccine induces antibodies that
neutralize WT and Beta viruses equally. Intramuscular (IM)-immunized hamsters are strongly protected from weight loss and
other clinical symptoms after the Beta challenge but show delayed viral clearance in the upper airway. With intranasal (IN)
immunization, however, neutralizing antibodies are generated in the upper airway concomitant with rapid and potent
reduction of viral load. Moreover, antibodies are cross-neutralizing and show good activity against Omicron. Safety is
evaluated in New Zealand white rabbits in a repeated dose toxicological study under Good Laboratory Practice (GLP)
conditions. Three doses, IM or IN, at two-week intervals do not induce an adverse effect or systemic toxicity. Cumulatively,
these results support the application for a Phase 1 clinical trial of ACM-polymersome-based Covid-19 vaccine (ClinicalTrials.
gov identifier: NCT05385991).
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characterized by one or more of the following: increased
transmissibility,1,2 increased virulence,3 or reduced effectiveness of public health and social measures or available
diagnostics, vaccines, and therapeutics.4−6 These features
typically arise from the mutation of key residues within the
spike protein. For instance, residue E484 within the receptor

evere acute respiratory syndrome coronavirus 2 (SARSCoV-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. The situation is exacerbated by rapid
viral evolution and the emergence of multiple SARS-CoV-2
variants, among which five variants of concern (VOCs) have
been identified (https://www.who.int/en/activities/trackingSARS-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; Omicron
(B.1.1.529) in Southern Africa, November 2021. VOCs are
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Figure 1. ACM-Covid-19 vaccine preclinical development program. The vaccine consisted of insect cell-produced recombinant spike protein
and synthetic CpG adjuvant separately encapsulated in ACM polymersomes for coadministration. Immunogenicity was assessed in mice and
hamsters after IM or IN administration. Protection against a live virus challenge was examined in hamsters. Key efficacy readouts are
indicated. Safety was evaluated in a repeated dose GLP toxicological study in rabbits. Vaccine-related adverse effects were not detected.

systemically and in the respiratory tract. Recombinant Beta
spike protein and synthetic CpG adjuvant are separately
encapsulated within artificial cell membrane (ACM) polymersomes for coadministration. These synthetic nanovesicles
measure 100−200 nm in diameter and are made up of an
amphiphilic block copolymer comprising poly(butadiene)-bpoly(ethylene glycol) (PBD-b-PEO) and a cationic lipid, 1,2dioleoyl-3-trimethylammonium-propane (DOTAP). We have
previously shown ACM polymersomes to be efficiently taken
up by antigen-presenting cells (APCs), including dendritic cells
(DCs), thus enabling targeted delivery of encapsulated
antigens and adjuvants for enhanced immune responses.21
We and others have shown that the adjuvant effect of CpG is
not impaired despite the lack of physical linkage to the
antigen.21,22 In this regard, our approach of codelivering spike
protein and CpG in separate ACM vesicles confers flexibility in
the choice of antigen to incorporate into the formulation,
which is highly relevant given the rapid emergence of new
VOCs.
In preparation for Phase 1 regulatory submission, we have
established a preclinical program to produce ACM vaccines inhouse and assess their safety and efficacy in different animal
models. We first demonstrate that an ACM vaccine based on
the Beta or WT spike is highly immunogenic in C57BL/6 mice
and Golden Syrian hamsters after intramuscular (IM)
administration. The WT spike vaccine generates antibodies
that predominantly neutralize WT virus, whereas the Beta
spike vaccine induces antibodies that cross-neutralize WT virus
and the Beta variant. Subsequently, hamsters are challenged
with live SARS-CoV-2 Beta variant to assess the protective
efficacy of vaccination. Both vaccines strongly protect against
weight loss and other clinical symptoms associated with the
Beta challenge but show delayed viral clearance in the upper
respiratory tract. Encouraged by the balanced neutralizing
profile of the Beta spike vaccine, we further investigate IN

binding domain (RBD) constitutes a dominant neutralizing
epitope and is a site of principal importance.7 The Omicron
variant, in particular, has acquired more than 30 mutations
(including the substitution mutation of E484) in the spike
protein, which enable extensive neutralization escape from
previously infected or vaccinated individuals.5,8 Despite the
reduction in neutralizing potency, primary vaccination with
messenger ribonucleic acid (mRNA-1273; BNT162b2),9
adenovirus vector (ChAdOx-1 S; Ad26.COV2.S),10 and
inactivated (CoronaVac; BBIBP-CorV)11 formulations based
on the wild type (WT) virus remains instrumental for the
prevention of severe disease and death after infection by
VOCs, possibly due to preservation of T cell reactivity toward
conserved epitopes among variant spike proteins.12−14 Moreover, boosting with mRNA vaccines has been shown to
robustly enhance antibody titers and restore neutralizing
activity toward Omicron.5 However, breakthrough infections
can still occur and are likely explained by a variety of factors,
including failure to respond to vaccination due to young or old
age or immunosuppressive disease, waning vaccine immunity,
and failure to generate virus-specific IgA at the respiratory
mucosa.15
It is desirable for a vaccine to induce broadly neutralizing
responses toward all VOCs. Prior to the emergence of
Omicron, the Beta variant consistently exhibited the strongest
potential to evade neutralizing antibodies by the existing
vaccines.4,16,17 Interestingly, individuals who are infected by
the Beta variant subsequently develop a vigorous antibody
response that cross-neutralizes Alpha, Gamma, and Delta
variants.6,18−20 Approximately 40 human studies investigating
the safety and efficacy of a Beta spike or RBD vaccine boost
have been registered with ClinicalTrials.gov, indicating a keen
interest in this approach. Here, we describe a strategy that
combines the Beta antigen, polymersome delivery, and
intranasal (IN) administration to elicit neutralizing antibodies
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administration for its potential to enhance immunogenicity
and protective efficacy.23 IN administration of ACM-Beta spike
vaccine induces neutralizing antibodies in the upper airway,
which correlates with rapid and potent viral clearance after the
challenge. Moreover, antibodies are broadly neutralizing and
retain good activity against Omicron. To assess safety, a
comprehensive 28-day Good Laboratory Practice (GLP)
toxicological study is conducted in New Zealand white rabbits.
The ACM-Beta spike vaccine exhibits an excellent safety
profile after IM or IN administration with no adverse local
effect or systemic toxicity being detected. Altogether, our
preclinical program has successfully produced an ACM-Beta
spike vaccine that satisfies safety and efficacy criteria for Phase
1 regulatory approval. Details of our ongoing clinical trial can
be found at ClinicalTrials.gov (identifier: NCT05385991).
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pooled, and subsequent SDS-PAGE analysis confirmed the
presence of major bands at 150 kDa as well as minor indistinct
bands at 100 and 75 kDa (Figure S1d). Scanning densitometry
consistently indicated a purity of >90%. Using a similar
method, recombinant S1S2 protein from WT virus was also
expressed and purified (Figure S1e).
To generate the vaccine formulation, S1S2(WT), S1S2(Beta), and CpG 7909 adjuvant were separately encapsulated
in ACM polymersomes, as was previously described.21 Unlike
the earlier mouse study, which utilized CpG 1826, a murine
toll-like receptor 9 (TLR9) agonist, CpG 7909 was optimized
for the stimulation of human TLR9,26 had been evaluated in
many clinical studies to be a safe and efficacious vaccine
adjuvant,27 and hence was incorporated in our human vaccine
formulation for the present pivotal safety and efficacy
assessment. Dynamic light scattering (DLS) measurements of
ACM-S1S2(WT), ACM-S1S2(Beta), ACM-CpG, and the final
vaccine formulation containing ACM-S1S2(WT) or ACMS1S2(Beta) mixed with ACM-CpG revealed unimodal size
distributions with average diameters of 169.4, 174.0, 135.8,
145.0, and 146.9 nm, respectively (Figure S1f), and
polydispersity indices (PDI) that were consistently <0.17.
Endotoxin content was quantified using the Endosafe cartridge
from Charles River Laboratories, and the vaccine was released
for animal experiments only if the endotoxin level was <10
EU/mL, based on a published recommendation for preclinical
vaccine research.28 Correspondingly, our preparations were
consistently <5 EU/mL. To quantify the amount of
encapsulated protein, polymersomes were lysed using 2.5−
5% Triton X-100 and the lysate was analyzed using SDS-PAGE
against a series of purified protein standards (Figure S1g).
Encapsulated protein content, as determined by densitometric
measurements, was 249.3 μg/mL (58% encapsulation
efficiency) for S1S2(WT) and 389.1 μg/mL (56% encapsulation efficiency) for S1S2(Beta). ACM-CpG was similarly lysed
and measured by reversed phase high performance liquid
chromatography (RP-HPLC). Encapsulated CpG was determined to be 1047.6 μg/mL (75% encapsulation efficiency).
The final vaccine formulation contained 15% w/w of spike
antigen and 85% w/w of CpG. The function of S1S2 was
evaluated through its ability to bind recombinant human
angiotensin converting enzyme-2 (ACE2) in an enzyme-linked
immunosorbent assay (ELISA). S1S2 was released from ACM
polymersomes by Triton X-100 lysis, and detergent was largely
removed using polystyrene adsorbent beads to reduce assay
interference. S1S2(WT) and S1S2(Beta) in their respective
final vaccine formulations were functional and bound plateimmobilized ACE2 with representative EC50 values of 78.0 and
58.8 ng/mL, respectively (Figure S1h).
ACM-WT Spike and ACM-Beta Spike Vaccines
Induced Distinct Neutralization Profiles in Golden
Syrian Hamsters. We had previously demonstrated that
ACM-S1S2(WT) + ACM-CpG was highly immunogenic in
mice and evoked strong and durable neutralizing titers.21 In
the present study, we continued our preclinical evaluation of
two formulations containing ACM-Beta or ACM-WT S1S2
antigen with ACM-CpG adjuvant. A dose−response study was
first performed in C57BL/6 mice to identify the optimal dose
range of antigen and adjuvant, which would inform subsequent
dose selection for hamster and human studies. Doses of
antigen and adjuvant were selected on the basis of reported
values in our earlier work 21 and elsewhere in the
literature.29−32 Mice were IM injected on Days 0 and 21

RESULTS AND DISCUSSION
Preclinical Program for the Production and Assessment of ACM-Covid-19 Vaccines. Figure 1 describes the
key aspects of our preclinical ACM-Beta spike vaccine
program. The process began with in-house expression and
purification of recombinant spike protein followed by its
encapsulation within ACM polymersomes. Synthetic CpG
adjuvant was separately encapsulated. The final vaccine
formulation consisted of both ACM-spike and ACM-CpG, as
was previously described.21 Immunogenicity of the ACMCovid-19 vaccine was first determined in mice following IM
injection, which represents a widely utilized route of
administration in humans. Through dose escalation of antigen
and adjuvant, we identified the effective dose range for an
optimal antibody response. Subsequently, protective efficacy of
the vaccine was tested in Golden Syrian hamsters against a live
SARS-CoV-2 Beta variant challenge. Immunization was
performed primarily by IM administration, but an IN
vaccinated group was also included. Key readouts included
serum IgG and neutralizing titers after immunization, and
clinical symptoms, lung pathology, and viral RNA loads after
the viral challenge. With the establishment of favorable
immunogenicity and efficacy outcomes, we eventually
proceeded with a comprehensive toxicological study in New
Zealand white rabbits to identify potential safety signals after
IM or IN administration.
To produce recombinant SARS-CoV-2 spike protein, Sf9
insect cells were transfected with recombinant baculovirus
containing the gene encoding the spike ectodomain (hereby
referred to as “S1S2”) of SARS-CoV-2 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
prefusion conformation.24 This was considered desirable to
generate relevant neutralizing antibodies.25 In addition, three
glutamine substitutions at the furin cleavage site were
introduced to prevent separation of S1 and S2 subunits by
cellular proteases. The secreted protein was purified from cell
culture supernatant by sequential cation and anion exchange
chromatography (Figure S1a,b, respectively). SDS-PAGE
analysis of fractions collected over the purification process
showed increasing purity of two closely migrating major bands
at 150 kDa (Figure S1c). Further analysis by Western blot
using a spike-specific polyclonal antibody (Figure S1e) and our
previous experience with purifying WT spike21 enabled us to
ascertain their identity as the protein-of-interest (S1S2).
Fractions with the highest purity from the Q column were
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Figure 2. Serum antibody response to ACM-Covid-19 vaccines. (a) Immunization, sample collection, and live virus challenge schedule.
Golden Syrian hamsters (n = 8) were IM administered one of the following: (i) PBS; (ii) fS1S2(WT) + fCpG; (iii) ACM-S1S2(WT) + ACMCpG; (iv) ACM-S1S2(Beta) + ACM-CpG. (b, c) WT and Beta spike-specific serum IgG titers, respectively. The bar graph represents mean ±
́ k’s multiple comparisons was performed. Significant differences between Day
SD. Two-way repeated measures ANOVA with Tukey’s or Š idá
20 and Day 34 IgG titers, between placebo and vaccinated animals, and between free S1S2(WT)-vaccinated and ACM-vaccinated animals are
indicated for each time point. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001; ****: P ≤ 0.0001; ns: not significant; NA: not applicable. (d−f)
Neutralizing potency toward WT virus or Beta variant. Geometric mean titers (GMTs) are indicated at the top of each graph; fold-change in
GMT with respect to WT virus is indicated at the bottom. Lower limit of detection (1:20 serum dilution) is indicated by the horizontal
dashed line. A two-tailed paired t test was performed.

(Figure S2a) with 0.12, 0.6, 3, or 15 μg of ACM-S1S2(Beta)
together with 4, 20, or 100 μg of ACM-CpG at each dose level
of antigen (doses hereby refer to the encapsulated spike
protein or CpG adjuvant). Low-to-moderate serum IgG titers
were generated after one dose and vigorously boosted by the
second dose (Figure S2b−i). Antibodies strongly reacted with
WT (Figure S2b,e) and Beta (Figure S2f−i) spikes, consistent
with the high degree of identity (99%) between the two
proteins. IgG titer increased from 0.12 to 3 μg of ACMS1S2(Beta) (Figure S2b−d,f−h) before plateauing at 15 μg of
antigen (Figure S2e,i). At this antigen level, similar IgG titers
were generated with coadministration of 4, 20, or 100 μg of
ACM-CpG. Assessment of the IgG1:IgG2c ratio revealed a
predominance of IgG2c (Figure S2j), suggesting a Th1 biased
immune response.33 Assessment of anti-ACM IgG across all
dose combinations of ACM-S1S2(Beta) + ACM-CpG showed
an overall lack of response (Figure S2k), suggesting that ACM

polymersomes did not readily evoke an antivector IgG
response.
On the basis of these results, we selected 20 μg of ACMS1S2 and 100 μg of ACM-CpG for the assessment of
protective efficacy in a hamster model of SARS-CoV-2
infection. This also represented the highest human dose in
our ongoing Phase 1 trial (ClinicalTrials.gov identifier:
NCT05385991), which was designed to evaluate the ACMBeta spike vaccine in a single ascending dose to identify the
amount of spike antigen and CpG 7909 adjuvant needed for
optimum safety and immunogenicity. Golden Syrian hamsters
were IM injected two doses of vaccine, containing ACM-Beta
or ACM-WT S1S2 protein with ACM-CpG 7909, on Days 0
and 21 (Figure 2a). Similar to the dose−response study in
mice, spike-specific IgG was detected in hamsters after a single
dose of any formulation and antibody titer was significantly
boosted by the second dose (Figure 2b,c). Antibodies also
16760
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Figure 3. Live SARS-CoV-2 Beta variant challenge. Hamsters (n = 8) were inoculated with Beta variant via the intranasal route. (a) Changes
in body weight over 14 days relative to the initial weight (horizontal dashed line). Mean ± SEM is shown. (b) Area under the curve (AUC)
analysis for changes in body weight. Bar graph represents mean ± SD. Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple
comparisons was performed. Only significant differences are shown. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001. (c) Peak COVID scores of
hamsters within 14 days after the virus challenge. Hamsters were observed daily for signs of disease (mild ruffled or ruffled fur, hunched
back, labored/heavy breathing, and lethargy) or were noted as normal. Individual COVID scores were assigned (0 normal; ≤2 mild disease;
3 moderate disease; ≥4 severe disease). Plotted are individual peak COVID scores with average scores per group, gender depicted as bar
graphs, and range depicted as whiskers. One-way ANOVA with Tukey’s multiple comparisons was performed. Statistical significance with
respect to gender-matched placebo controls is indicated above the bar graph. ***: P ≤ 0.001; ****: P ≤ 0.001; ns: not significant. (d)
Histopathological analysis of SARS-CoV-2-related microscopic findings in lungs Day 14 post-challenge. Lungs of male (top) and female
(bottom) hamsters were collected, fixed, processed to H&E-stained sections, and evaluated by a board-certified pathologist. Microscopic
findings (hyperplasia, inflammation, and fibrosis) were scored according to severity and size of involved tissue or noted as unremarkable. (e,
f) Viral RNA loads in oral swabs as determined by qPCR. Copy numbers (mean ± SEM) of total and subgenomic RNA (sgRNA) are shown,
respectively. Horizontal dashed lines represent lower limits of detection (62 and 31 RNA copies/mL, respectively). Two-way repeated
measures ANOVA with Tukey’s multiple comparisons was performed. Only significant differences with respect to placebo controls are
shown. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001; ****: P ≤ 0.0001.

reacted strongly with both WT and Beta spikes. Compared to
the nonencapsulated WT spike formulation (i.e., fS1S2 +
fCpG), the ACM-S1S2(WT) + ACM-CpG vaccine induced
significantly higher IgG after one or two doses, indicating
enhancement of immunogenicity through ACM encapsulation.
Geometric mean titers (GMTs) of 5.1 × 104 against the WT
spike and 6.3 × 104 against the Beta spike were elicited by the

ACM-WT spike vaccine. A similar or higher titer was observed
after immunizing with the ACM-Beta spike vaccine, which
generated a GMT of 1.3 × 105 against the WT spike and 6.0 ×
104 against the Beta spike.
Serum neutralizing activity was assessed using a plaque
reduction neutralization test (PRNT) against SARS-CoV-2
WT or Beta virus. Antibodies elicited by IM administration of
16761
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demonstrated an increased breadth of neutralizing response
toward multiple VOCs.37 In the context of our ongoing Phase
1 trial, which would evaluate safety and efficacy of an ACMBeta spike boost in subjects who received primary vaccination
with the WT spike, we speculated that a potential benefit from
the introduction of Beta spike epitopes was the broadening of
the neutralizing antibody repertoire, which may better protect
against future SARS-CoV-2 variants.
A limitation of the present study was the inability to
investigate T cell responses in hamsters as commercial
antibodies to assess hamster T cell subsets and functions
were unavailable.38 Nevertheless, our earlier21 and current
mouse studies established that functional CD4+ and CD8+ T
cells were elicited by ACM vaccines. Unlike neutralizing
antibodies, which generally exhibited narrow target specificity,
T cells demonstrated a high degree of cross-reactivity that
stemmed from highly conserved epitopes.14 Accordingly, CD4+
and CD8+ T cells from a previous vaccination or infection
retained robust activity against Omicron, despite the variant’s
extensive mutations and increased resistance to neutralizing
antibodies.12,13 Cross-reactive T cells may contribute to a
reduction in disease severity after infection by VOCs14 and,
hence, constitute an important layer of protection.
IM Vaccination with ACM Vaccines Protected
Hamsters from Disease but Not Infection of the
Upper Airway Following a Live SARS-CoV-2 Beta
Challenge. The protective efficacy of each ACM Covid-19
vaccine was assessed using a nonlethal model of Beta infection.
Clinical symptoms (weight loss, ruffled fur, hunched back,
labored/heavy breathing, and lethargy) were monitored over
14 days post-challenge. Nonvaccinated animals lost up to 13%
of initial body weight by Day 7 post-challenge before
recovering through Day 14 (Figure 3a). Animals IM
immunized with fS1S2(WT) + fCpG became mildly
symptomatic after the viral challenge, losing approximately
3% of initial weight through Day 5 before recovering,
indicating 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. Area under the curve (AUC) analysis revealed
significantly higher body weight gain in hamsters immunized
with the fS1S2 + fCpG or ACM-S1S2 + ACM-CpG
formulation compared to the nonvaccinated controls (Figure
3b), confirming the ability to protect against infectionassociated weight loss. No significant difference was found
between ACM-encapsulated and nonencapsulated formulations. Female hamsters were previously shown to be less
susceptible to SARS-CoV-2 infection and disease.39 Accordingly, when placebo- or fS1S2(WT) + fCpG-treated hamsters
were examined on the basis of gender (Figure S3a,c,
respectively), females showed a trend of reduced weight loss
or faster weight recovery compared to males, though AUC
analyses did not reveal significant differences (Figure S3b,d).
In terms of Beta neutralizing antibody titers, no significant
differences were found between females and males IM
immunized with fS1S2(WT) + fCpG, ACM-S1S2(WT) +
ACM-CpG, or ACM-S1S2(Beta) + ACM-CpG (Figure S3e−g,
respectively), indicating that the increased resistance of female
hamsters to Beta virus was not due to higher levels of
neutralizing antibodies. In terms of clinical appearance,
nonvaccinated controls presented with mild ruffled fur or
occasionally ruffled fur, alone or in combination with a
hunched back, with some showing lethargy and listlessness.

fS1S2(WT) + fCpG or ACM-S1S2(WT) + ACM-CpG
neutralized the WT virus 15−20-fold more efficiently than
the Beta virus (Figure 2d,e), though neutralization of Beta still
largely exceeded baseline (GMT ≥ 20). Notably, the ACMS1S2(WT) + ACM-CpG vaccine induced approximately 3-fold
higher neutralizing titer than the fS1S2(WT) + fCpG
formulation, consistent with the enhancement of immunogenicity by ACM encapsulation. It was previously reported that
infection by the Beta variant induced antibodies that efficiently
cross-neutralized ancestral virus.19,20 Consistent with that
finding, hamsters vaccinated IM with the ACM-Beta spike
vaccine generated antibodies that neutralized WT and Beta
viruses equally, though the response was modest with a GMT
of 53 (Figure 2F).
Real world data had established that antibodies generated by
Covid-19 vaccines based on the WT virus exhibited a loss of
neutralizing potency toward SARS-CoV-2 VOCs to varying
extents. The most severe reduction occurred with the heavily
mutated Omicron variant, which resulted in 18−100%
neutralization escape in human subjects across studies.5,12,34
Encouraged by the balanced PRNT50 titers elicited by the
ACM-Beta spike vaccine in hamsters, we asked whether such
antibodies could cross-neutralize other VOCs. To answer this
question, we examined the serum neutralizing activity of
C57BL/6 vaccinated IM with an optimal dose of ACMS1S2(Beta) + ACM-CpG from our earlier dose−response
study (Figure S2l). Sera were evaluated with the FDAapproved, clinically validated surrogate virus neutralization kit
(cPass),35 which determined the neutralizing activity on the
basis of the extent by which antibodies blocked the interaction
between human ACE2 receptor and viral RBD. A balanced
neutralization profile was observed against Alpha, Gamma, and
Delta variants with an average inhibition of 70−84%.
Importantly, neutralizing activity persisted against the Omicron
(BA.1) variant with an average inhibition of 63.5%. The ability
of ACM-Beta spike vaccine to trigger a T cell response was also
examined. Splenic CD44hi memory phenotype CD4+ T cells
responded to ex vivo stimulation with an overlapping spike
peptide pool by vigorous IFNγ and slight IL-5 production
(Figure S2m−q), indicating a Th1-biased response. Antigenspecific CD8+ T cell activity was also detected, which was
dominated by IFNγ followed by some IL-2 production (Figure
S2r−t). Altogether, these results suggested that the ACM-Beta
spike vaccine could induce cross-neutralizing antibodies
effective against multiple VOCs, including Omicron. Moreover, a Th1-biased, spike-specific T cell response was
generated.
Our hamster experiments demonstrated that the WT spike
vaccine induced robust homologous neutralizing titers that
were markedly less efficacious toward the Beta variant, whereas
the Beta spike vaccine elicited modest but balanced
neutralizing titers. Nevertheless, the total IgG titer induced
by either spike protein was comparable and reacted strongly
against WT and Beta antigens. These observations suggested
that B cell epitopes presented by WT and Beta spike to the
immune system were largely similar but pronounced differences existed in terms of neutralizing epitopes. Accordingly,
epitope mapping using human convalescent plasma showed
the class 2 neutralizing epitope centered on position 484 to be
immunodominant for ancestral SARS-CoV-2, whereas the class
3 epitope spanning sites 443 to 452 was immunodominant for
the Beta variant.36 Interestingly, a macaque vaccination study
that investigated WT RBD prime followed by Beta RBD boost
16762
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Figure 4. IN administration enhanced the immunogenicity of ACM-S1S2(Beta) + ACM-CpG and induced neutralizing antibodies in the
upper airway. Hamsters (n = 8) were IM or IN administered an identical dose of ACM-S1S2(Beta) + ACM-CpG on Days 0 and 21. (a, b) WT
́ k’s
and Beta spike-specific serum IgG titers, respectively. Bar graph represents mean ± SD. Two-way repeated measures ANOVA with Šidá
multiple comparisons was performed. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001; ****: P ≤ 0.0001; ns: not significant. (c) Neutralizing
16763
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Figure 4. continued
potency toward WT virus or Beta variant. Bar graph represents mean ± SD. Geometric mean titers (GMTs) are shown on top of the bar
graphs. Lower limit of detection (1:20 serum dilution) is indicated by the horizontal dashed line. A two-tailed paired t test was performed.
(d) Changes in body weight following the intranasal challenge with live SARS-CoV-2 Beta variant. Animals were monitored for 14 days.
Initial body weight is indicated by the horizontal dashed line. Mean ± SEM is shown. (e) Area under the curve (AUC) analysis for changes
in body weight. Bar graph represents mean ± SD. Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons was
performed. (f) Peak mean COVID scores of hamsters within 14 days after the virus challenge. Hamsters were observed daily for signs of
disease such as mild ruffled or ruffled fur, hunched back, labored/heavy breathing, and lethargy or were noted as normal. Individual COVID
scores based on clinical observation were assigned (0 normal, ≤2 mild disease, 3 moderate disease, ≥4 severe disease). Plotted are individual
peak COVID scores (individual data points) and mean peak COVID scores per group and gender (bar) with the range (whiskers). One-way
ANOVA with Tukey’s multiple comparisons was performed. A significant difference with respect to gender-matched placebo controls is
indicated, where present. (g) Histopathological analysis of SARS-CoV-2-related microscopic findings in hamster lungs Day 14 postchallenge. Lungs of male (top) and female (bottom) hamsters were collected, fixed, processed to H&E-stained sections, and evaluated by a
board-certified pathologist. Microscopic findings (hyperplasia, inflammation, and fibrosis) were scored according to the severity and size of
the involved tissue. (h, i) Viral RNA loads in oral swabs as determined by qPCR. Copy numbers (mean ± SEM) of total and subgenomic
RNA (sgRNA) are shown, respectively. Horizontal dashed lines represent lower limits of detection (62 and 31 RNA copies/mL,
respectively). Two-way repeated measures ANOVA with Tukey’s multiple comparisons was performed. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤
0.001; ****: P ≤ 0.0001; ns: not significant. (j, k) Neutralizing activity of nasal washes from hamsters IM or IN immunized, respectively.
Neutralization of RBD from WT, Delta, or Omicron virus was determined using a cPass kit (% inhibition indicated above the bar graphs).
To overcome their highly dilute nature, nasal washes from each group were pooled and concentrated 40-fold.

Females generally presented with a low COVID score of 1 that
transiently increased to 2, whereas males consistently
presented with a score of 3 from Days 6 to 12 post-challenge
(Figure 3c). Importantly, peak COVID scores for all
immunized male hamsters were significantly lower than those
for the corresponding placebo controls (Figure 3c), suggesting
that immunization resulted in reduced disease severity.
Histopathological analysis of lung tissue was performed at
the conclusion of the challenge period. Incidence and severity
of bronchiolo-alveolar hyperplasia, alveolar and/or interstitial
mononuclear or mixed inflammation, fibrosis, and vascular/
perivascular mononuclear inflammation in the lung were
assessed (see Figure S4a−d for representative images).
SARS-CoV-2-related findings were decreased in all immunized
groups compared to placebo-treated animals (Figure 3d).
Moreover, females exhibited lower incidence and severity of
lung pathology in all immunized groups compared to males,
consistent with their higher resistance to SARS-CoV-2.39
To assess viral load after infection, oral swabs were collected
2, 4, 7, and 14 days after the challenge (Figure 2a) and
subjected to viral RNA qPCR. Nonvaccinated controls
exhibited a peak viral RNA load of 5.8 × 106 copies/mL
(geometric mean) on Day 2, which gradually declined to 1.6 ×
106 copies/mL on Day 4 and finally to 3.3 × 102 copies/mL on
Day 14 (Figure 3e). Hamsters IM immunized with fS1S2(WT)
+ fCpG, ACM-S1S2(WT) + ACM-CpG, or ACM-S1S(Beta) +
ACM-CpG did not differ in peak viral load from nonvaccinated
controls on Days 2 to 4 but cleared the virus more efficiently
by Day 7. Subgenomic RNA (sgRNA) analysis was performed
to gain insight into viral replication.40 In nonvaccinated
controls, the kinetics of viral sgRNA were similar to total
RNA with a peak viral load of 2.0 × 106 copies/mL on Day 2
followed by a decline to 1.1 × 106 copies/mL on Day 4 and
finally 1.4 × 102 copies/mL on Day 14 (Figure 3f). Hamsters
IM immunized with an ACM-encapsulated or nonencapsulated
formulation showed similar sgRNA levels on Days 2 and 4 as
the nonvaccinated controls, before a sharp decline on Day 7
and eventually approaching the lower limit of detection on Day
14. Cumulatively, the results indicated that ACM-WT or Beta
spike vaccine strongly protected hamsters from infectionassociated weight loss and substantially reduced the severity of
clinical symptoms, particularly among males. Nevertheless,

delayed viral clearance in the upper respiratory tract and
residual SARS-CoV-2-associated lung pathology 14 days after
the challenge represented major limitations of the current
vaccination approach.
IN Administration of ACM-Beta Spike Vaccine
Enhanced Its Immunogenicity and Protective Efficacy.
The ACM-Beta spike vaccine showed good potential in its
ability to evoke cross-neutralizing antibodies after IM
administration, but delayed viral clearance and incomplete
protection from lung pathology after the viral challenge
remained an issue. Several studies had demonstrated that IN
vaccination was associated with the induction of an adaptive
immune response at the respiratory tract, increased immunogenicity, and reduced viral shedding after the SARS-CoV-2
challenge in various animal models, compared to the IM
vaccination.23,41 The impact of the route of administration on
immunogenicity was evaluated by comparing the antibody
response of hamsters IM or IN immunized with ACMS1S2(Beta) + ACM-CpG. Serum IgG generated by IN
vaccination reacted strongly with WT and Beta spike proteins
(Figure 4a,b). IgG titer on Day 20 was significantly lower than
that by IM administration but was boosted by the second dose
to a comparable level as IM vaccination on Day 34. Strikingly,
serum PRNT50 titers against WT and Beta viruses were
increased 4- and 9-fold, respectively, after IN vaccination
(Figure 4c). Vaccinated hamsters were subsequently challenged with SARS-CoV-2 Beta variant and monitored over 14
days for body weight changes and other clinical symptoms. IN
vaccination strongly protected animals from infectionassociated weight loss (Figure 4d), and AUC analysis indicated
significantly higher body weight gain compared to placebo
controls and similar weight gain as IM-vaccinated hamsters
(Figure 4e). Further evaluation of clinical symptoms showed
IN-vaccinated hamsters to consistently present with a low peak
COVID score of 1 in both males and females, unlike their IMvaccinated counterparts, which occasionally presented with a
score of 2 (Figure 4f). Moreover, histopathological examination of lungs at the conclusion of the study did not find
evidence of infection-associated pathology in all IN-vaccinated
animals (Figure 4g; see also Figure S4e for a representative
H&E image). With regard to viral RNA loads in oral swabs
collected across the challenge study, IN vaccination was
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Figure 5. Body weight changes in rabbits IM or IN administered ACM-S1S2(Beta) + ACM-CpG. (a) Immunization and sample collection
schedule. New Zealand white rabbits were administered 0.5 mL of 20 μg of ACM-S1S2(Beta) + 100 μg of ACM-CpG 7909 on Days 0, 14,
and 28. IM injection was performed on the left quadriceps muscle on Days 0 and 28 and on the right on Day 14. IN was performed with 0.25
mL per nostril. Rabbits were segregated into a main study group (five males and five females) and a recovery group (two males and two
females). (b, f) Changes in body weight of the main study group over 28 days after IM or IN administration, respectively. Male and females
were analyzed separately. Initial body weight is indicated by the horizontal dashed line. Mean ± SEM is shown. (c, g) Area under the curve
(AUC) analysis for changes in body weight after IM or IN administration, respectively. Bar graph represents mean ± SD. Two-way ANOVA
́ k’s multiple comparisons was performed. ns: not significant. (d, h) Changes in body weight of the recovery group over 57 days after
with Šidá
IM or IN administration, respectively. Males and females were combined for analysis. (e, i) AUC analysis for changes in body weight after
IM or IN administration, respectively.

To elucidate the mechanism of viral clearance, nasal washes
collected on Day 34 were analyzed using the cPass kit for
neutralizing activity. As the samples were highly dilute, they
were pooled and concentrated 40-fold before analysis.
Neutralizing activity against the RBD of WT, Delta, or
Omicron (BA.1) virus was not detected in nasal washes from
IM-immunized hamsters (Figure 4j), suggesting an absence of
neutralizing antibodies that contributed to delayed viral
clearance in the upper respiratory tract (Figure 3e,f). In
contrast, nasal washes from IN-vaccinated hamsters showed

associated with rapid and potent viral clearance, unlike IM
vaccination (Figure 4h,i). Compared to nonvaccinated
controls, the average viral RNA load of IN-vaccinated hamsters
was ∼100-fold lower on Days 2 and 4 (5.1 × 104 and 1.5 × 104
RNA copies/mL, respectively) and dropped to the lower limit
of detection on Day 7 (Figure 4h). Likewise, sgRNA showed a
60−200-fold drop on Days 2 to 4 (3.0 × 104 and 5.3 × 103
copies/mL, respectively) and reached the lower limit of
detection on Day 7 (Figure 4i).
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similar uptake pathway to the nasopharynx-associated
lymphoid tissue (NALT),50 which represents a key inductive
tissue for mucosal immunity.51 Moreover, the ability of ACM
polymersomes to facilitate uptake by APCs is expected to
remain important in the IN context for the efficient induction
of adaptive immunity. Experimentally, IN administration of
antigen ± CpG adjuvant encapsulated within liposomes52 or
polymeric nanocarriers formulated with poly(L-lactic acid)
(PLA),53 poly(lactic-co-glycolic acid) (PLGA) and chitosan,54
or a pH-responsive diblock copolymer55 has been shown to
significantly improve the mucosal IgA or T cell response. In a
separate mucosal vaccination study, we have orally administered pigs with ACM-encapsulated spike protein from the
porcine epidemic diarrhea virus (PEDV) and observed
enhanced virus-specific fecal swab IgA, compared to the
administration of free antigen alone (data not shown).
Cumulatively, we believe the existing data supports a role for
ACM polymersomes in mucosal vaccine delivery and the
enhancement of an immune response following IN administration.
ACM-S1S2(Beta) + ACM-CpG Exhibited an Excellent
Safety Profile in Rabbits after IM or IN Administration.
A toxicological study was conducted in New Zealand white
rabbits to evaluate the safety of ACM-Beta spike vaccine. The
rabbit is frequently used for the toxicity assessment of vaccines
as it represents a species large enough to receive the full human
dose.56 Placebo or vaccine (corresponding to 20 μg of spike
antigen and 100 μg of CpG 7909 per dose) was administered
in a 0.5 mL volume for three doses on Days 0, 14, and 28
(Figure 5a). IM injection took place in the left quadriceps
muscle on Days 0 and 28 and in the right muscle on Day 14.
IN administration was given as a 0.25 mL dose per nostril
using a Mucosal Atomization Device (MAD). The main study
group consisted of five males and five females and was
monitored over 28 days, whereas the recovery group consisted
of two males and two females and was monitored for an
additional 28 days to assess reversibility or persistence of toxic
effects, if any. The full data set from this toxicological
investigation is beyond the scope of this report; only the most
crucial and relevant findings are presented. Rabbits administered IM or IN with ACM-Beta spike vaccine did not present
with morbidity, mortality, or abnormal clinical signs. Local
reactions (erythema and edema) at the injection and nasal
administration sites were not detected. Progressive weight gain
was observed in rabbits of the main study group (Figure 5b)
and recovery group (Figure 5d) after IM injection with the
ACM-Beta spike vaccine. Compared to the respective placebo
controls, AUC analysis did not reveal significant differences for
males or females (Figure 5c,e). Similarly, rabbits IN
administered with the ACM-Beta spike vaccine showed steady
weight gain (Figure 5f,h) and AUC analysis also did not reveal
significant differences compared to the placebo controls
(Figure 5g,i).
Blood was examined for vaccine-related effects on
hematology, coagulation time, and clinical chemistry (see
Tables S1−S3 for detailed parameters). There was no effect on
coagulation and clinical chemistry parameters in both genders
after IM administration of ACM-Beta spike vaccine. Adverse
hematological parameters were not observed, though male
rabbits did present with increases in neutrophils, lymphocytes,
and monocytes on Day 30 (Table S4). These changes
correlated with a significant increase in serum C-reactive
protein (CRP) compared to placebo controls (Figure 6a) as

clear neutralizing activity against WT and Delta viruses with
inhibitions of 65.6% and 61.7% being detected, respectively
(Figure 4k). Even against the Omicron RBD, an inhibition of
33.9% was observed. Cumulatively, we showed that IN but not
IM administration of ACM-Beta spike vaccine in hamsters
generated neutralizing antibodies in the respiratory tract, which
correlated with rapid viral clearance after the SARS-CoV-2
challenge. Moreover, these antibodies appeared to crossneutralize multiple VOCs, including Omicron, which was
consistent with the neutralization data of our earlier mouse
experiment (Figure S2l).
The weak protection against the infection of the upper
respiratory tract after IM vaccination stemmed largely from its
limited ability to induce an adaptive immune response at the
respiratory mucosa despite potent systemic immune responses.42 With the aim of evoking systemic and local immune
responses, we performed IN administration of the ACM-Beta
spike vaccine and observed enhanced serum neutralizing titers,
rapid reduction in the viral RNA load in the upper respiratory
tract after the challenge, and virus neutralizing activity in nasal
washes. Moreover, only IN vaccinated hamsters did not
present with any SARS-CoV-2-associated lung pathology at the
conclusion of the challenge study. We were unable to measure
spike-specific IgA titers as secondary antibodies targeting
hamster IgA were not commercially available. Nevertheless,
protection induced by IN vaccination was likely mediated by
IgA, since mucosal IgA represented the primary form of
adaptive immune protection in the upper respiratory tract.43
Moreover, studies have shown that IgA can neutralize
respiratory viruses in humans and animal models, thus serving
as a potential correlate of protection.44,45
With more than 30 mutations in its spike protein, Omicron
was shown to 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) vaccines
based on the WT spike generated antibodies that poorly
neutralized Omicron, leading to complete neutralization escape
in 18−100% of vaccinees, depending on the study and the time
after immunization.5,12,34 Nevertheless, neutralizing activity
was restored by boosting with mRNA vaccine encoding WT or
Omicron spike.5,46,47 Here, we showed that primary vaccination with ACM-S1S2(Beta) + ACM-CpG generated broadly
neutralizing antibodies that retained activity toward Omicron.
Furthermore, we could evoke neutralizing activity in the upper
respiratory tract through IN vaccination. Enhanced transmissibility of the Omicron variant was believed to be caused, in
part, by its robust infection of cells in the upper respiratory
tract when compared to the ancestral virus or other
variants.48,49 Therefore, the ability to trigger neutralizing
antibodies in the respiratory tract through IN vaccination
would be critical for the effective control of Omicron infection
and may be more relevant than boosters administered via IM
injection.
One limitation of the IN vaccination study is the lack of an
animal group immunized with free spike + free CpG to
evaluate the baseline immunogenicity of the nonencapsulated
formulation. Nevertheless, several lines of evidence suggest
that ACM encapsulation should continue to drive an enhanced
immune response in the IN setting. Most respiratory viruses
have an average size ranging between 20 and 200 nm, and
nanocarriers with comparable sizes (ACM polymersomes
having a size range of 100−200 nm) are thought to follow a
16766

https://doi.org/10.1021/acsnano.2c06350
ACS Nano 2022, 16, 16757−16775

ACS Nano

www.acsnano.org

Article

Figure 6. Serum C-reactive protein (CRP) levels and histopathological findings at the sites of administration. Rabbits were IM (a−c) or IN
(d−f) administered placebo or ACM-S1S2(Beta) + ACM-CpG. (a, d) Serum CRP levels on Days 0, 2, 30, and 57. Data from Days 0, 2, and
30 was derived from the main study group (n = 10) and segregated on the basis of gender; data from Day 57 was derived from the recovery
́ k’s multiple comparisons was performed. *: P ≤ 0.05; ns: not significant.
group (n = 4) and was not segregated. Two-way ANOVA with Š idá
(b, c, e, f) Histopathological examination of the iliac lymph node, quadriceps muscle, and nose. Tissues were fixed, processed to H&Estained sections, and evaluated by two pathologists. Microscopic findings (increased cellularity, hemorrhage, inflammatory infiltrate and cell
debris) were scored according to severity. Analysis of the main study group on Day 30 (b, e) was segregated on the basis of gender, whereas
the recovery group on Day 57 (c, f) was analyzed irrespective of gender.
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CONCLUSIONS
The delivery of antigen and adjuvant to the immune system by
nanocarriers can be achieved via surface attachment to or
encapsulation within the carrier, each being associated with
advantages and disadvantages that are well reported in the
literature.57,58 Conjugation of antigen to the surface of the
nanocarrier facilitates a direct interaction with its cognate
receptor but risks premature degradation by host enzymes.
Encapsulation protects antigen and adjuvant from enzymatic
degradation and facilitates controlled release, though the
nanocarrier must first dissociate to release its cargo for receptor
binding. We have chosen to encapsulate spike protein and
CpG adjuvant within ACM polymersomes to leverage on the
said advantages. Moreover, entrapping the antigen or adjuvant
within polymersomes eliminates the need for additional surface
functionalization,59 which simplifies manufacturing. Importantly, we have shown previously21 and in the current work
that our formulation enhances the spike-specific antibody
response, which indicates that encapsulation has not impaired
the interaction with the cognate B cell receptor.
The currently described manufacturing processes of solvent
dispersion, extrusion, and dialysis to produce vaccine
formulations under Good Manufacturing Practice (GMP)like conditions for preclinical safety and efficacy assessment
have been scaled-up from an initial 5 mL to a liter scale batch
size. To produce the drug product for a Phase 1 trial, these
laboratory scale processes have been transferred to a GMP site
and are replaced by continuous injection, homogenization,
tangential flow filtration (TFF), and sterile filtration. These are
commonly used unit operations in pharmaceutical manufacturing that still preserve the characteristics of the vaccine
formulation.
The demonstration of ACM-vaccine safety with the IN route
is significant for several reasons. A search through the
ClinicalTrials.gov database shows all Covid-19 IN vaccine
candidates to be viral-vectored formulations; no description of
an mRNA vaccine delivered with lipid nanoparticles (LNPs)
for clinical evaluation of IN administration can be found. We
speculate one reason may be related to the report of excessive
inflammation caused by the LNP carrier that results in the
frequent death of animals.60 With no precedence of a synthetic
nanocarrier being clinically evaluated in the context of an IN
Covid-19 vaccine, the approval of our polymersome-based IN
vaccine for Phase 1 evaluation reflects the high degree of safety
that is thoroughly demonstrated by our preclinical safety
investigation.

well as the microscopic finding of mixed cell inflammation/
infiltrates at the site of injection on Day 30 (Figure 6b).
Hematological changes, elevated CRP (Figure 6a), and
pathological changes at the site of injection (Figure 6c) were
not detected at the end of the recovery period (Day 57). For
rabbits IN administered with ACM-Beta spike vaccine, effects
on hematology, coagulation, and clinical chemistry were not
detected. Serum CRP levels between placebo and vaccinated
animals were comparable at all time points, though one male
presented with elevated CRP on Day 30 (Figure 6d). Urine
collected at the termination of the main (Day 30) and recovery
(Day 57) groups did not show vaccine-related effects (see
Table S5 for detailed urinalysis parameters).
Anatomical and histopathological examination was performed at the termination of the main (Day 30) and recovery
(Day 57) groups (see Table S6 for the list of organs
examined). Major alterations in terminal body weights, organs
weights and their ratios, and gross pathology were not detected
after IM or IN vaccination. Microscopic findings at the
injection site of IM groups (Figure 6b) generally included
hemorrhages, chronic/mixed cell inflammation, or infiltrate of
either macrophages or mixed cells in vaccinated and placebo
control rabbits (see Figure S5 for representative images). The
higher incidences and/or severity of chronic/mixed cell
inflammation and mixed cell infiltrates noted in vaccinated
animals when compared with the placebo control group were
considered to be related to vaccine administration, which
showed complete recovery on Day 57 (Figure 6c). The
draining lymph nodes (iliac) showed increased macrophage/
lymphoid cellularity on Day 30 (Figure 6b) characterized by
the presence of predominantly increased lymphocytes in the
cortex and medulla with the expansion of a germinal center
with increased sinus macrophages in some animals. These
changes were considered to be related to the vaccine and more
frequently found in males than females. An increase in lymph
node cellularity persisted until Day 57, albeit at a minimal level
(Figure 6c).
IN administration did not induce a vaccine-specific adverse
local or systemic effect in the main and recovery groups
(Figure 6e,f). The few incidences of cell debris in the lumen
(air passages and in the nasolacrimal duct/paranasal sinus) and
chronic-active inflammation in the nasal cavity (see Figure S5
for the representative images) were distributed between
vaccinated and placebo groups (Figure 6e) and thus not
related to the vaccine formulation. The few incidences of all
other microscopic findings observed in male and female rabbits
were considered as incidental background findings and not
related to vaccine administration as they were distributed
randomly across the groups.
Cumulatively, a toxicological investigation established an
excellent safety profile for the ACM-Beta spike vaccine
following IM or IN administration. Rabbits did not present
with adverse clinical signs, mortality, local reactions, and
systemic toxicity. The only notable finding was increased
cellular infiltrate and inflammation at the site injection
(quadriceps muscle) along with increased cellularity of the
muscle-draining iliac lymph node, both of which were an
expected local response to vaccination. On the basis of these
results, the “No Observed Adverse Effect Level” (NOAEL) of
ACM-S1S2(Beta) + ACM-CpG 7909 in New Zealand white
rabbits was considered three IM or IN administrations of 20 μg
of antigen + 100 μg of adjuvant at two-week intervals.

METHODS
Production of Recombinant S1S2 Protein with an Sf9
Baculovirus System. 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 codonoptimized for insect cell protein expression using a GenScript
proprietary algorithm and was directly synthesized into a pFASTBAC1 transfer plasmid. This transfer 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 h at 37 °C and
200 rpm. The cells were pelleted, and the supernatant was removed.
The pellet was resuspended into the resuspension buffer (25 mM
Tris-HCl, pH 8, 10 mM EDTA, 100 μg/mL RNase) and allowed to
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was from Avanti Polar Lipids. Triton X-100 was from MP
Biomedicals. All other chemicals were purchased from Sigma-Aldrich
unless stated otherwise. ACM polymersomes encapsulating the S1S2
protein were prepared by the solvent dispersion method, followed by
extrusion. A 380 mg/mL stock solution of DOTAP and PEG13-bPBD22 polymer was prepared by dissolving solid DOTAP and
polymer in tetrahydrofuran (THF) to prepare Solution A as described
earlier.21 A 5 mL solution of 600 μg/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. Nonencapsulated antigens
were removed by 2 days of overnight dialysis with three buffer
exchanges. The encapsulation of the antigen was quantified by
densiometric analysis using known S1S2 protein standards in Fiji
ImageJ software (v. 1.52a). ACM-CpG was prepared by the solvent
dispersion method described above, followed by extrusion. 1.2 mL of
the 700 mg/mL stock solution containing DOTAP and PEG13-bPBD22 polymer was added dropwise to a 10 mL 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 a 300 kDa molecular
weight cutoff (MWCO) as described earlier.21 Dynamic light
scattering (DLS) was performed on the Zetasizer Nano ZS system
(Malvern Panalytical) to determine the sizes of vesicles. The
endotoxin content of the ACM preparations was determined using
the Endosafe cartridge from Charles River Laboratories.
ACE2-Binding Assay. ACM-S1S2 was lysed with 1% v/v Triton
X-100 for 10 min at room temperature. Detergent was then removed
by incubating with Bio-Beads SM-2 Resin (Bio Rad) with periodic
agitation for 1 h at room temperature. Recombinant ACE2 protein
(Sino Biological) in a high binding 96-well EIA/RIA plate (Corning)
was coated in bicarbonate-carbonate buffer (pH 9.6) at 5 μg/mL
overnight at 4 °C. The next morning, the plate was washed 4× with
Tris-buffered saline + 0.05% v/v Tween-20 and blocked with 2% w/v
bovine serum albumin (BSA). This and subsequent steps were
performed at room temperature. S1S2 protein was 3-fold serially
diluted to obtain a range of concentrations (0.61−12 000 ng/mL) and
applied to plate-bound ACE2 for 2 h. The plate was washed 4×, and a
murine monoclonal antibody recognizing the S1 domain (clone
1035206; R&D Systems) was applied at a 1:100 dilution for 2 h. The
plate was washed 4× again, and HRP-conjugated goat antimouse IgG
(H/L) was applied at 1:3000 (Bio Rad) for 1 h. Then, the plate was
washed 4× and TMB substrate (Sigma-Aldrich) was added for 10
min, after which Stop Solution (Thermo Fisher Scientific) was added.
Absorbance at 450 nm was measured using the Tecan Spark plate
reader. Background absorbance was subtracted, and the data was
analyzed by four-parameter nonlinear regression with GraphPad
Prism software (v 9.2.0). The EC50 value was interpolated from the
fitted curve.
Mouse Dose−Response Study. A mouse study was conducted
by the Biological Resource Centre, Agency for Science, Technology
and Research, Singapore, under a paid service agreement. Procedures
were performed in accordance with approved IACUC protocol
211620. Female C57BL/6 were purchased from the InVivos Pte Ltd.
and used at 6−8 weeks of age. Each group (n = 5) was administered
ACM-S1S2(Beta) at 0.12, 0.6, 3, or 15 μg and ACM-CpG 1826 at 4,
20, or 100 μg per dose. Mice were anesthetized by isoflurane prior to
injection. Material was given by IM injection (inner thigh muscle) at
100 μL per limb (200 μL total) in a 1 mL tuberculin syringe with a 30
G needle for two doses separated by 21 days. Blood was collected 20
days after prime and 14 days after boost to assess serum antibody
titers; the spleen was collected 14 days after boost to assess T cell
activity. In-life blood collection was performed by manually
restraining the mouse followed by puncturing of the facial vein
using a lancet of an appropriate size. 150−200 μL of blood was
collected in a 1.5 mL snap-cap tube. Terminal bleed was done via a

incubate at room temperature for 5 min, 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 min at 4 °C, followed by centrifugation at
10 000g and 4 °C for 15 min. 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 × 105 Sf9 insect cells were plated into a well of a
24-well plate. After 1 h, the media was aspirated. A premix of
transfection reagent and 200 ng of DNA was allowed to stand for 30
min at room temperature before being added to the plated cells. The
plate was left to incubate for 6 h, followed by addition of the ESF-AF
medium (Expression systems). Sf9 cells were left for 7 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 described61 and used for protein expression.
Sf9 cells (Thermo Fisher Scientific) were routinely grown in ESFAF medium and maintained at a cell density of 1−4 × 106 cells/mL.
For protein production, cells were adjusted to ∼2 × 106 per mL in a
600 mL culture volume in a plastic 2 L nonbaffled flask. The culture
was incubated to a density of 2.5−3 × 106 cells/mL and then infected
with recombinant baculovirus (P3) at a multiplicity of infection
(MOI) of 0.1. Flasks were left for 68−72 h at 27 °C with shaking at
115 rpm. To harvest spike protein secreted into the culture
supernatant, cells were removed by centrifuging in a swing bucket
rotor at 3000g and 4 °C for 10 min.
Protein Purification. A 50 kDa cutoff Tangential flow filtration
column (Repligen) was washed and equilibrated as per the
manufacturer’s instructions. The harvested cell culture supernatant
was then loaded onto the column, and the retentate was 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
diafiltered 5 times with Buffer 1 (20 mM phosphate, 100 mM NaCl,
5% glycerol, pH 5). The final sample was centrifuged at 16 000g and 4
°C for 15 min. The supernatant was filtered through a 0.22 μm PES
filter before subsequent purification steps.
A 1 × 5 mL GE Hitrap SP FF column and a 1 × 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 the
SP column and 20 mM phosphate, 100 mM NaCl, 5% glycerol, pH 8
(Buffer 2) for the Q column, with a flow rate 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 the Q column. After 10 column volumes,
the SP column was further eluted with Buffer 3 (20 mM phosphate, 1
M NaCl, 5% glycerol, pH 8), and the sample was collected for later
analysis. Finally, the SP column was washed with 5 CV of 0.1 N
NaOH, and the sample was collected for later analysis and stored. In
the next step, the Buffer 2 eluate from the SP column was loaded onto
the pre-equilibrated Q column until the entire sample was loaded.
Following loading, the 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 min at 2 mL per
minute. 5 mL fractions were collected across the linear gradients. The
recombinant Beta variant spike (S1S2) protein eluted at a
conductivity of 33−37 mS/cm (between 26% and 30% B).
Preparation of ACM-Antigen and ACM-CpG. 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 a phosphorothioate bond) was
synthesized by BioSpring. Murine CpG 1826 (T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T) was purchased from
InvivoGen. 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP)
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https://doi.org/10.1021/acsnano.2c06350
ACS Nano 2022, 16, 16757−16775

ACS Nano

www.acsnano.org

Article

at 4 °C with the following antibody clones to label intracellular
cytokines: AF488-IFNγ (XMG1.2), BV650-TNFα (MP6-XT22),
APC-IL-2 (JES6-5H40), PerCP-eFluor 710-IL-4 (11B11; Thermo
Fisher Scientific), and PE-IL-5 (TRFK5). After a final wash with 1×
Permeabilization Buffer, cells were acquired using a LSRII flow
cytometer. Approximately 1 million total events were captured for
each sample. Data analysis was performed using FlowJo v10 (BD).
Hamster Immunogenicity Study. Hamster procedures, sample
collection, and analyses were performed by Bioqual, Inc. (USA) under
a paid service agreement. Procedures were performed in accordance
with approved IACUC protocol 21-096P. Golden Syrian hamsters
comprising equal numbers of males and females were purchased from
Envigo, Charles River, and used at 6−8 weeks of age. Animals were
immunized in an ABSL-2/BSL-2 facility. Each group (n = 8) was
administered a placebo or a specific vaccine formulation via IM or IN
administration. Each vaccine dose was standardized at 20 μg of spike
protein and 100 μg of CpG for a total of two doses, 21 days apart. IM
administration was performed in the thigh muscles at 100 μL per limb
(200 μL total). The animal was restrained, and the injection site was
cleaned with an alcohol swab before material was administered with
an insulin needle and syringe (12.7 mm, 1/2 in.; BD). IN
administration required the animal to be anesthetized with 80 mg/
kg ketamine and 5 mg/kg xylazine via the IM route. Animals were
then positioned upright, and material was administered at 50 μL per
nostril, dropwise, using a P200 pipettor (100 μL total). Animals were
then injected with antisedan at 1 mg/kg via the IM route
approximately 30 min post-procedure and monitored until complete
recovery. Blood and nasal wash were collected 20 days after the first
dose and 13 days after the second dose. Blood was collected in 0.6 mL
SST tubes (BD) from the retro-orbital vein under sedation and
allowed to clot for 30 min to 1 h at room temperature. The samples
were centrifuged at 1000−1300g for 5−10 min with the brakes off.
Serum was collected and stored at −20 °C until analysis. A nasal wash
was performed by first anesthetizing the animal with isoflurane and
then placing it in lateral recumbency, followed by flushing 400 μL of
PBS into the nasal cavity with a soft tipped catheter. A collection
device was placed under the opposite nostril to collect the fluid. The
nasal wash was stored at −20 °C until analysis.
Hamster Challenge Study. Fourteen days after the final
vaccination, hamsters were transferred to an ABSL-3/BSL-3 facility
and challenged with SARS-CoV-2 Beta variant [(2019-nCoV/South
Africa/KRISP-K005325/2020)-p4 strain] at a dose of 3.67 × 102 PFU
in 100 μL via IN inoculation (described above). Over the next 14
days, the hamsters were monitored for body weight changes and other
clinical symptoms (mild ruffled fur; hunched; ruffled fur; lethargy/
listlessness; weight loss >20%) and assigned a COVID score
corresponding to severity (0 = normal; ≤2 = mild disease; 3 =
moderate disease; ≥4 = severe disease). Oral swabs were performed
on Days 2, 4, 7, and 14 post-challenge for viral RNA qPCR. Hamsters
were restrained 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 1 mL of PBS; the shaft was cut off to
fit into the vial, and the vial was placed immediately on dry ice for
snap-freezing. The sample was then stored at −80 °C until analysis.
Histopathological Examination of the Lung. At necropsy, the
left lung was collected and placed in 10% neutral buffered formalin.
Tissue sections were trimmed and processed to hematoxylin and
eosin (H&E) stained slides and examined by a board-certified
pathologist at Experimental Pathology Laboratories, Inc. (EPL) in
Sterling, Virginia. Histopathologic findings were graded from one to
five, depending upon severity (1 = minimal; 2 = mild; 3 = moderate; 4
= marked; 5 = severe).
Hamster Serum IgG ELISA. Nunc MaxiSorp 96-well plates were
coated with commercial recombinant spike (WT or Beta variant; Sino
Biological) at 2 μg/mL in PBS (pH 7.4). Plates were incubated for 12
h 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%
w/v skim milk for 1 h 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 a 4-fold serial dilution and applied

cardiac puncture. The mouse was placed under full general anesthesia
and laid in dorsal recumbency. Cardiac bleed was performed with a
23−25 G needle and 1 mL tuberculin syringe. Blood was allowed to
clot for 30 min at room temperature and then centrifuged at 5500
rpm for a total of 10 min. Serum was collected and stored at −20 °C
until analysis.
Mouse Serum IgG ELISA. In-house-purified recombinant spike
protein (WT or Beta) was coated onto a high binding 96-well EIA/
RIA plate (Corning) at 2 μg/mL in PBS (pH 7.4) overnight at 4 °C.
The next morning, the plates were washed thrice with PBS + 0.1% v/v
Tween-20 and blocked with 2% w/v BSA in wash buffer for 1.5 h at
37 °C. Mouse sera were serially diluted from an initial of ratio of
1:100 with blocking buffer, and the sample was applied to the plate for
1 h at 37 °C. HRP-conjugated goat antimouse IgG (H/L) (BioRad),
antimouse IgG1 (BioRad), or antimouse IgG2c (BioRad) was diluted
in blocking buffer at 1:10 000, 1:4000, and 1:4000, respectively (based
on the manufacturer’s recommendation), and applied to the plate for
1 h at 37 °C. Antibody binding was visualized by the addition of TMB
substrate (Sigma-Aldrich) for 10 min at room temperature, and the
reaction was terminated with Stop Solution (Thermo Fisher
Scientific). Absorbance at 450 nm was measured using the Tecan
Spark plate reader. Data was analyzed by five-parameter nonlinear
regression with GraphPad Prism software (v 9.2.0). The end point
titer, defined as the reciprocal of the highest dilution producing an
absorbance three times the plate background, was interpolated from
each titration curve.
Serum IgG titers against the ACM vector were assessed on the
basis of a previously described method.62 Briefly, ACM polymersomes
were coated onto high binding 96-well EIA/RIA plates (Corning) at
50 μg/mL in PBS (pH 7.4) overnight at 4 °C. The next morning,
plates were washed 4× with PBS and blocked with 5% w/v nonfat
milk (Thermo Fisher Scientific) in PBS for 2 h at room temperature.
Tween-20 was excluded from all buffers as it was reported to reduce
assay sensitivity given its resemblance to polyethylene glycol (PEG).63
Mouse sera were serially diluted from an initial ratio of 1:40 with 1%
w/v nonfat milk and applied to the plate for 2 h at room temperature.
After washing 4×, HRP-conjugated goat antimouse IgG (H/L) was
diluted 1:10 000 in 1% w/v nonfat milk and applied to the plate for 1
h at room temperature. Visualization of antibody binding, data
collection, and processing were subsequently performed, as described
above.
Ex Vivo T Cell Stimulation Assay. All reagents were purchased
from Thermo Fisher Scientific unless stated otherwise. Splenocytes
were mechanically dissociated by meshing through a 70 μm cell
strainer. Red blood cells were lysed using RBC Lysis Buffer for 5 min
at room temperature. The remaining cells were washed with FACS
buffer (1× PBS + 2% v/v heat-inactivated fetal bovine serum + 1 mM
EDTA) and transferred to a 96-well U-bottom plate at 2 million cells
per well. Cells were treated with costimulatory CD28 (1 μg/mL),
CD49d (1 μg/mL), and an overlapping peptide pool covering the
spike S1 and S2 domains (1 μg/mL of each peptide; JPT Peptide
Technologies) in complete T cell medium (RPMI supplemented with
10% heat-inactivated fetal bovine serum, 50 μM β-mercaptoethanol, 2
mM L-glutamax, 10 mM HEPES, and 100 U/mL penicillin/
streptomycin). Nonpeptide-stimulated wells were treated with
CD28 and CD49d. Splenocytes were incubated overnight at 37 °C
and 5% CO2. The following morning, 1× brefeldin A and 1×
monensin (BioLegend) were added to each well to block the release
of cytokines for 6 h.
Flow Cytometry. All antibodies and reagents were purchased
from BioLegend, unless stated otherwise. Splenocytes were first
stained with Fixable Viability Dye eFluor 455UV (Thermo Fisher
Scientific) at a 1:1000 dilution in PBS for 30 min at 4 °C. Cells were
washed with FACS Buffer and then incubated for 30 min at 4 °C with
the following antibody clones to label the surface markers: BUV395CD45 (30-F11; BD), BV785-CD3 (17A2), AF700-CD4 (GK1.5),
APC-eFluor 780-CD8 (53−6.7; Thermo Fisher Scientific), and PEDazzle 594-CD44 (IM7). After washing, splenocytes were fixed and
permeabilized using the Cytofix/Cytoperm buffer set (BD) according
to manufacturer’s instructions. Finally, cells were incubated for 30 min
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to the ELISA plate for 2 h at 37 °C. The plate was then washed thrice,
and secondary detection antibody (goat antispecies-HRP IgG;
Abcam) was added at a dilution of 1:10 000. Plates were incubated
for 30 min at room temperature and then washed thrice. Bound
antibodies were visualized by the addition of 1-Step Ultra TMB
substrate (Thermo Fisher Scientific) for 10 min, and the reaction
terminated with a TMB stop solution (SERA CARE). Absorbance at
450 nm was measured with the Thermo Labsystems Multiskan
spectrophotometer. Data was analyzed by five-parameter nonlinear
regression with GraphPad Prism software (v 9.2.0). Antibody titer,
defined as the reciprocal of the highest dilution that gave a predefined
cutoff value, was interpolated from the fitted curve.
SARS-CoV-2 Surrogate Virus Neutralization Test (cPass).
The cPass kit (GenScript) was used according to the manufacturer’s
instructions. Briefly, each sample was diluted to a ratio of 1:10 using
Sample Dilution Buffer and incubated with an equal volume of HRPRBD (WT or variant) reagent for 30 min at 37 °C. The Omicron
RBD sequence was based on the most prevalent mutations and reflect
the dominant Omicron strain.5 The mixture of serum and HRP-RBD
was then applied to eight-well strips precoated with ACE2 protein for
15 min at 37 °C. Unbound RBD was washed off, and RBD-ACE2
binding was visualized by the addition of TMB substrate for 15 min at
room temperature. The reaction was terminated using Stop Solution,
and absorbance was measured at 450 nm. Inhibition of RBD-ACE2
binding was calculated using the formula:

(1

OD value of sample
OD value of negative control

) × 100%.
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performed using a Qiagen Qiagility automated PCR setup platform
and analyzed in Applied Biosystems on QuantStudio 3.
Toxicological Study. A toxicological evaluation of the ACM-Beta
spike vaccine was performed by the Department of Safety Assessment,
Eurofins Advinus Limited, India, in compliance with GLP standards.
This study plan has been approved by the Institutional Animal Ethics
Committee (IAEC) of test facility Eurofins Advinus Limited
(Proposal No.: 012/Aug-2020 dated 17 August 2020). New Zealand
white rabbits were purchased from Liveon Biolabs Pvt. Ltd. and used
at 4−5 months of age. Animals were randomized into a main study
group comprising five males and five females and monitored for 30
days or a recovery group comprising two males and two females and
monitored for 57 days. Dosing was performed on Days 0, 14, and 28
via the IM or IN route with 0.5 mL of placebo or ACM-S1S2(Beta) +
ACM-CpG vaccine at 20 μg + 100 μg, respectively. IM injection was
performed with a 261/2 in. G sterile needle at the quadriceps muscle.
Injections 1 and 3 were administered to the left quadriceps muscle,
and injection 2 was administered to the right quadriceps muscle. IN
administration was performed using MAD. A volume of 0.25 mL was
applied to each nostril for a total dose of 0.5 mL.
Clinical Signs and Mortality. Each animal was observed twice
daily for mortality and morbidity. Routine observations for checking
general clinical signs were performed at least twice (predose and
postdose) on all the immunization days and daily once thereafter. A
detailed clinical examination was performed 1 day prior to the
initiation of treatment and once weekly thereafter during the in-life
phase of the experiment. Animals were observed for changes in skin
and fur, the injection site compared to the surrounding tissues, eyes,
mucous membranes, autonomic activity, gait, and posture, the
occurrence of secretions and excretions, and the response to handling
as well as the presence of clonic or tonic movements, stereotypies, and
bizarre behavior.
Local Reactions at the Site of Administration. IM and IN sites
were evaluated for erythema and edema (none; very slight; welldefined; moderate to severe; severe) prior to each dose at
approximately 2, 4, 6, and 8 h post-dose on all the cycles of
immunization. The local reactions were assessed as per the numerical
scoring system of Draize et al.64
Body Weights. Individual animal body weights were recorded at
pretreatment (Day 0) and daily during the first week of administration
and biweekly thereafter during treatment and recovery periods. The
fasting body weight was recorded before necropsy.
Clinical Pathology. Clinical laboratory investigations were
performed during the acclimatization period (pretreatment), on Day
2 (after the first dose) for the main group of rabbits, and at
termination of the main and recovery groups (i.e., on Days 30 and 57,
respectively). Blood was collected from the overnight fasted (water
allowed) rabbits from the central (medial) ear artery. Approximately
0.7 mL of blood was collected in a K2 EDTA tube for hematology;
additionally, 1.8 mL of blood was collected in lithium heparin for
clinical chemistry and 0.5 mL, in trisodium citrate for coagulation.
Hematology was performed using the ADVIA 2120i Hematology
System (Siemens Healthcare Diagnostics Inc.). Blood samples for
coagulation analysis were centrifuged at 2500g and 15 °C for 10 min
to separate the plasma and analyzed for the following parameters in
the plasma sample using a STart Max Coagulation Analyzer
(Diagnostica Stago Inc.). Plasma for clinical chemistry was analyzed
using a Dimension RxL MaX Clinical Chemistry System (Dade
Behring Inc.). Hematological parameters are described in Table S1;
coagulation parameters are described in Table S2, and clinical
chemistry parameters are described in Table S3.
C-Reactive Protein ELISA. Serum CRP was analyzed using the C
Reactive Protein (PTX1) Rabbit ELISA Kit (Abacm) according to the
manufacturer’s instructions. Standards, the control, and samples were
analyzed in duplicate. Duplicate readings were averaged, and the
control blank reading was subtracted from all sample and standard
readings. A standard curve was constructed using GraphPad Prism
software. CRP concentrations of the samples were interpolated from
the standard curve.

Where necessary, samples

were pooled and concentrated using Vivaspin 500 centrifugal
concentrators (MWCO 50 kDa; Sartorius) according to the
manufacturer’s instructions.
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 and 5% CO2. Cells
were used at 90−100% confluency. Serum samples were heat
inactivated at 56 °C for 30 min. A 30 PFU/well concentration of
virus [USA-WA1/2020 strain or (2019-nCoV/South Africa/KRISPK005325/2020)-p4 strain] 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 3-fold serial dilutions. An equal volume of
30 PFU/well virus inoculum was added to each serum dilution. Virusonly positive control and no-virus negative control were prepared in
parallel. The mixes were incubated at 37 °C and 5% CO2 for 1 h.
Subsequently, Vero cell culture medium was removed from the 24well plate, and 250 μL of titrated serum samples was added in
duplicates. The 24-well plate was incubated at 37 °C and 5% CO2 for
1 h for virus infection. During this time, 0.5% w/v methylcellulose
medium was prewarmed 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 and 5% CO2 for 3 days. The overlay medium was
then removed, and Vero monolayers were washed once with 1 mL of
PBS. Cells were fixed with 400 μL of ice-cold methanol per well at
−20 °C for 30 min. After fixation, methanol was discarded and the
monolayers were incubated with 400 μL per well of staining solution
(0.2% w/v crystal violet, 20% v/v methanol, 80% v/v dH2O) for 30
min at room temp. Wells were washed once with PBS or dH2O and
allowed to dry for ∼15 min. 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 qRTPCR assay. Viral RNA was first isolated from samples using a Qiagen
DSP Virus/Pathogen Midi Kit and IVD Complex800 or IVD
Cellfree500 protocols. The qRT-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 subgenomic 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. qPCR was set up using a TaqMan Fast
Virus 1-Step Real-time RT-PCR protocol with the assay setup
16771
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Urinalysis. Urine was collected from all the animals at pretreatment and at the termination of the main and recovery groups, prior to
sacrifice. Collection was done from the Noryl litter tray placed below
each cage and from the urinary bladder at termination. See Table S5
for the urinalysis parameters. Refractometry was performed using a
PAL-10S Digital Hand-held Pocket Urine Specific Gravity Refractometer (ATAGO Co., Ltd.). Other parameters were measured using
Multistix 10 SG strips and read with a Clinitek Advantus Analyzer
(Siemens Healthcare diagnostics) or manually recorded.
Pathology. Necropsy was performed at the termination of the
main and recovery groups. The rabbits fasted overnight (with an ad
libitum supply of drinking water) prior to the scheduled necropsy.
Rabbits to be sacrificed were weighed, deeply anaesthetized with
intravenous administration of thiopentone sodium, exsanguinated,
and subjected to a detailed necropsy by a veterinary pathologist.
Tissue Collection, Weighing, and Preservation. On completion of the gross pathology examination, tissues and organs noted
below were collected and weighed from all rabbits. The paired organs
were weighed together, and the combined weights were presented.
The organ weight ratios (organ to body weight and organ to brain
weight) were determined and presented in the report. The tissues
were preserved in 10% neutral buffered formalin (NBF) except for the
testes and eyes. See Table S6 for a list of organs examined.
Histopathology. A histopathological examination was carried out
on the preserved organs of all the main and recovery group animals.
In addition, injection sites and gross lesions were examined in all
groups. The tissues were processed for routine paraffin embedding,
and 5 μm sections were stained with Haematoxylin and Eosin stain.
Unused tissues were archived. The individual animal microscopic
findings along with the pathology narrative were shared with the peer
review pathologist, and the tissue slides for the animal numbers
indicated by the peer reviewer were shipped to the reviewer’s address.
The peer reviewed findings were documented and discussed, and the
consensus diagnoses were presented in the pathology report.
Microscopic findings (i.e., increased cellularity, hemorrhage, inflammatory infiltrate, and cell debris) were scored according to severity
(minimal; mild; moderate; marked) or otherwise described as
unremarkable.
Statistics. Analyses were done using GraphPad Prism software (v
9.2.0). Where appropriate, a one-way ANOVA with Tukey’s multiple
comparisons, a Brown-Forsythe and Welch ANOVA with Dunnett’s
T3 multiple comparisons, a two-way repeated measures ANOVA with
́ k’s multiple comparisons, a two-tailed paired t test, or
Tukey’s or Š idá
an unpaired t test with Welch’s correction was performed. Significant
differences were indicated where present, *: P ≤ 0.05; **: P ≤ 0.01;
***: P ≤ 0.001; ****: P ≤ 0.0001; ns: not significant. Data from the
GLP toxicological study was captured with the Provantis integrated
preclinical software (Instem), and the analysis was performed using
the built-in statistical function.
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urinalysis parameters, and table of organs subjected to
anatomical and histopathological examination (PDF)
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