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Abstract: The ongoing coronavirus disease 2019 (COVID-19) pandemic continues to disrupt essential
health services in 90 percent of countries today. The spike (S) protein found on the surface of the
causative agent, the SARS-CoV-2 virus, has been the prime target for current vaccine research since
antibodies directed against the S protein were found to neutralize the virus. However, as new
variants emerge, mutations within the spike protein have given rise to potential immune evasion of
the response generated by the current generation of SARS-CoV-2 vaccines. In this study, a modified,
HexaPro S protein subunit vaccine, delivered using a needle-free high-density microarray patch (HD-
MAP), was investigated for its immunogenicity and virus-neutralizing abilities. Mice given two doses
of the vaccine candidate generated potent antibody responses capable of neutralizing the parental
SARS-CoV-2 virus as well as the variants of concern, Alpha and Delta. These results demonstrate that
this alternative vaccination strategy has the potential to mitigate the effect of emerging viral variants.

Keywords: COVID-19; SARS-CoV-2 vaccine; S protein; HexaPro; HD-MAP; cutaneous; intradermal;
antibodies; virus neutralization microneedle patch

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been rapidly
spreading internationally since its emergence in December of 2019 [1–4]. The coronavirus
disease 2019 (COVID-19) pandemic, caused by SARS-CoV-2, was officially classified as
a pandemic by the World Health Organization (WHO) in March of 2020, as the number
of cases drastically escalated worldwide [5]. Upon successful isolation of the virus from
infected patients [6–9], this novel zoonotic coronavirus was identified as belonging to the
Coronaviridae family [10]. SARS-CoV-2 is an enveloped virus and contains a positive-strand
RNA genome ~30 kb in size. The genome encodes for four structural proteins: the spike (S),
envelope (E), membrane (M), and nucleocapsid (N) proteins [11], which combine to form
the virus particle [12,13]. Among these proteins, the S protein is an attractive target for
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vaccine development as it plays a crucial role in receptor binding and virus entry [14–17].
To facilitate entry into the host cells, the attachment of SARS-CoV-2 is mediated by the
densely glycosylated S proteins embedded on the virion surface [18]. The receptor-binding
domain (RBD; component of the S1 subunit) of the S protein targets the host cell receptor
angiotensin-converting enzyme 2 (ACE2) [19]. The act of receptor engagement triggers the
virus–host membrane fusion cascade resulting in viral entry. Vaccine candidates that target
the surface-exposed S protein induce neutralizing antibodies that block the binding of the
virus to the host cell receptor and therefore prevent infection [15].

The first generation of licensed vaccines developed by BioNTech/Pfizer, Moderna,
Johnson & Johnson, and AstraZeneca target the immune response against the S pro-
tein. [20,21]. Despite the potent humoral and cellular immune responses elicited by mRNA
vaccines, they require ultra-low temperatures (between −20 to −70 ◦C) for storage, com-
plicating vaccine distribution in low- to middle-income countries [15,22]. Protein-based
vaccines have been observed to have low-cost manufacturing procedures and stability
outside of the cold chain, which will assist with COVID-19 vaccine distribution. Along
with its high safety profile, protein subunits serve as a great candidate for vaccine against
SARS-CoV-2. These protein subunit vaccination strategies have also been adopted by
Clover Biopharmaceuticals [23], Novavax [24], Sanofi/GlaxoSmithKline [25], and SK Bio-
science [26], and are now undergoing late-stage clinical evaluation [27].

All SARS-CoV-2 vaccines currently licensed are administered by needle-based in-
jections [28–35], which imposes certain limitations on worldwide dissemination, particu-
larly in developing countries with insufficient healthcare infrastructure and skilled work-
ers [36,37]. As an alternative, needle-free, skin-based vaccination routes offer the possibility
of a rapid distribution of vaccines with improved thermostability and simplified storage
and transportation [36,37]. High-density microarray patches (HD-MAPs) have garnered
much interest in vaccine delivery due to the direct delivery of the vaccine to the epidermal
and higher dermal layers of the skin, which are densely packed with antigen-presenting
cells [37–40]. They have demonstrated increased immunogenicity and stability outside of
the cold chain in preclinical and clinical studies, both of which are extremely desirable traits
for vaccines against emerging viral pathogens [41,42]. The HD-MAP used in this study
is a 1 × 1 cm2 solid polymer array with 5000 projections of 250 µm length per cm2 [41].
The vaccine is coated onto microprojections using a nitrogen jet-based drying method [41]
before being applied to the skin using a spring-loaded applicator at a velocity of 18–20 m/s.

Herein, we evaluated a commercially available (ExcellGene, Monthey, Switzerland),
modified version of the HexaPro S protein (containing six stabilizing proline substitu-
tions [43–46]), as an alternative vaccine antigen against SARS-CoV-2. Dose match studies
were performed comparing the immune response of HD-MAP- and intradermal (i.d.)-
delivered HexaPro S protein. Mice that received two doses of HexaPro S protein produced
potent neutralizing antibody responses against the wildtype/ancestral SARS-CoV-2 and
the highly contagious Alpha and Delta variants.

2. Materials and Methods
2.1. SARS CoV-2 HexaPro S Protein

Trimeric SARS-CoV-2 HexaPro S protein containing six stabilizing proline substitu-
tions [43] produced by ExcellGene ( Monthey, Switzerland) was used as a vaccine antigen.
The protein was produced from a stable Chinese Hamster Ovary (CHO) cell line in Bioreac-
tors, as described previously [44]. Trimeric HexaPro S protein from SARS-CoV-2 variants of
concern (Alpha (B.1.1.7; ∆H69, ∆V70, ∆Y144, N501Y, A570D, D614G, P681H, T716I, S982A,
and D1118H), and Delta (B.1.617.2; T19R, G142D, ∆156E, ∆157F, R158G, L452R, T478K,
D614G, P681R, and D950N)), which also contained the stabilizing HexaPro substitutions,
were synthesized as reported previously [42].
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2.2. SARS CoV-2 HexaPro S Protein Characterization

The biophysical characterization of SARS-CoV-2 HexaPro S protein was conducted
using SDS-PAGE analysis (4–12% NuPage™ SDS gel, ThermoFisher, Victoria, Australia)
and size-exclusion chromatography (SEC) on a Superose 6 Increase 10/300 GL column
(Cytiva, Marlborough, MA, USA) with Gel Filtration Calibration Kits containing a mixture
of proteins (thyroglobulin, ferritin, aldolase, conalbumin, ovalbumin, carbonic anhydrase,
Cytiva, Marlborough, MA, USA) as standards. The accuracy of the antigenic structure of
HexaPro S protein was probed by indirect enzyme-linked immunosorbent assay (ELISA)
using a panel of S-specific monoclonal antibodies (1047, 2M-10B11, CR3022, S309, hACE2,
2-17, 1-22, mAb 2.8, and mAb 18C2) [47–52].

2.3. Transmission Electron Microscopy (TEM)

Particle imaging was captured using a JEM-1010 transmission electron microscopy
(TEM; HT7700 Exalens, HITACHI Ltd., JEOL Ltd., Tokyo, Japan) operated at 120 kV, using
negative staining. Purified SARS-CoV-2 HexaPro S protein (~10 µg/mL in phosphate-
buffered saline (PBS)) was applied to glow-discharged carbon–copper 400-mesh grids
(ProSciTech, Queensland, Australia) for 2 min before washing three times with water.
The grids were negative stained with 1% uranyl acetate and air-dried before imaging at
30 k magnification.

2.4. High-Density Microarray Patch (HD-MAP) Coating and Application

High-density microarray patches (HD-MAPs; Vaxxas Pty Ltd., Brisbane, Australia)
were produced by injection molding medical-grade synthetic polymer. Each patch encom-
passed 5000 projections/cm2 microprojection arrays, with a tip diameter of 25 µm and a
length of 250 µm for each. Prior to vaccine coating, these HD-MAPs were cleaned with
oxygen plasma treatment (for 5 min at 30 W) at the Queensland Node of the Australian
National Fabrication Facility (ANFF-Q).

A 21 µL of vaccine formulation, comprised of 2 µg of SARS-CoV-2 HexaPro S protein
and excipients (0.25% human serum albumin (HSA) and 0.75% methylcellulose) mixed
with or without 3 µg adjuvant QS-21 (Desert King International, San Diego, CA, USA), was
pipetted to the patch surface. The solution was then dried using the previously reported,
sterile-filtered nitrogen gas stream [42]. Before the HD-MAP application, the vaccination
site of the mice was primed by removing the fur via shaving and depilatory cream. Vaccine-
coated HD-MAPs were then applied to the flank of mice at a velocity of 18–20 m/s using a
custom applicator. The patch was then removed from the skin after 2 min.

2.5. Vaccine Delivery Efficiency Using HD-MAP

The delivery efficiency of HD-MAP vaccines was analyzed using a capture ELISA.
Nunc MaxiSorp ELISA plates (ThermoFisher, Victoria, Australia) were coated with mAb
DH1047 [53] at 10 µg/mL in 50 µL of PBS and incubated at 4 ◦C overnight. The next
day, plates were blocked for 30 min with 150 µL/well of 1x blocking buffer (5% KPL
milk diluent/blocking solution concentrate; SeraCare, Milford, MA, USA). Vaccine-coated
HD-MAPs (5 patches per vaccine candidates) that were delivered into the skin of mice or
non-delivered control patches were eluted for 30 min in blocking buffer in the wells of
a 24-well plate with plates shaking at 125 rpm. The samples were then serially diluted,
added to the DH1047-coated ELISA plate, and incubated at 37 ◦C for 1 h before washing
with PBS containing 0.05% Tween 20. Captured spike was detected using an in-house
generated mAb 6A11 that was conjugated to horseradish peroxidase (HRP) before the
addition of tetramethylbenzidine one component HRP microwell (TMBW; Sigma-Aldrich,
St. Louis, MO, USA) substrate. The reaction proceeded for 5 min at room temperature (RT)
before adding 1 M phosphoric acid to stop the reaction. Absorbance was read immediately
at 450 nm using a Varioskan LUX Microplate reader (ThermoFisher, Victoria, Australia).
Vaccine delivery efficiency was assessed by comparing the remaining SARS-CoV-2 HexaPro
S protein delivered HD-MAPs to undelivered HD-MAPs.
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2.6. Immunization in an In Vivo Model

Forty-eight naïve 6–8-week-old female BALB/c mice were purchased from Animal Re-
sources Centre (Perth, Australia) and housed in the Australian Institute for Bioengineering
and Nanotechnology Animal Facility (Queensland, Australia). The mice were acclimatized
for 7 days before experimentation began. The mice (n = 8 per vaccine formulation) were
given 2 µg of SARS-CoV-2 HexaPro S protein with or without the saponin-based adjuvant
QS-21 (Desert King International, USA) via HD-MAP application or intradermal injection
(i.d.). Each animal received a boost of the same dose on day 21. Negative control mice
received vaccine vehicle (excipient) only.

2.7. Collection of Serum and Bronchoalveolar Lavage (BAL)

Serum samples were collected on days 20 and 42 post-vaccination to measure antigen-
specific IgG antibody titers. Blood was collected via tail tip (on day 20) and heart puncture
(day 42, after CO2 euthanasia). The blood samples were allowed to coagulate overnight at
4 ◦C before centrifugation at 10,000× g for 10 min at 4 ◦C. Serum was collected from the
supernatant and stored at −20 ◦C until further analysis.

A bronchoalveolar lavage (BAL) was also performed at the time of cardiac puncture
on day 42. The BAL fluid was centrifuged (1000× g for 5 min) to remove debris, and the
supernatant was harvested and stored at −80 ◦C until further analysis.

2.8. Antibody Titer Detection by ELISA

Antigen-specific antibody IgG titers from serum were detected using ELISA, as previ-
ously described [42]. A 96-well plate was coated with 2 µg/mL of antigen (SARS-CoV-2
HexaPro S protein, HexaPro S protein from ancestral, Alpha or Delta variants) in PBS.
Plates were blocked as before, and five-fold serial dilutions of serum or BAL samples were
added to the plates. Blocking buffer only and monoclonal antibody CR3022 [54,55] were
used as negative and positive controls, respectively. The plates were incubated for 1 h at
37 ◦C. Serum binding was detected using an HRP-linked goat anti-mouse secondary an-
tibody and tetramethylbenzidine (TMB) substrate. Binding curves were analyzed using
GraphPad Prism software (Version 9.0) with antibody titers presented as the serum value
giving 50% of the maximum absorbance reading (EC50).

2.9. Virus Neutralization by Serum and BALs
2.9.1. Virus Preparations

Virus isolates of SARS-CoV-2 recovered from nasopharyngeal aspirates of infected
individuals and passaged twice on VeroE6 cells were provided by the Queensland Health
Forensic and Scientific Services, Queensland Department of Health (Queensland, Aus-
tralia). Virus isolates used in this study include: the early (ancestral) Australian isolate (i)
hCoV-19/Australia/QLD02/2020 (GISAID Accession ID: EPI_ISL_407896, collected on the
30 January 2020); (ii) an isolate of the B.1.1.7 lineage, hCoV-19/Australia/QLD1517/2021
(referred to as the Alpha variant; GISAID Accession ID: EPI_ISL_944644: collected on
6 January 2021); (iii) an isolate of the B.1.617 lineage, hCoV-19/Australia/QLD1893C/2021
(referred to as Delta variant; GISAID Accession ID: EPI_ISL_2433928; collected on 4 May
2021). Virus isolates were further propagated on VeroE6 cells and stocks stored at −80 ◦C.
Virus titer was determined by immunoplaque assay (IPA) as previously described [56].

2.9.2. Plaque Reduction Neutralization Test (PRNT)

The neutralization activity of serum and BAL fluid against SARS-CoV-2 was evaluated
using an established plaque reduction neutralization test (PRNT) [56]. Heat-inactivated
samples were serially diluted in Gibco Dulbecco’s Modified Eagle Medium (DMEM; sup-
plemented with 2% FBS and penicillin/streptomycin) before the addition of virus. The
sample–virus mixture was incubated for 30 min at 37 ◦C and then added to confluent
VeroE6 monolayers in 96-well plates. The infection process was conducted for 1 h at
37 ◦C before adding the overlay (1% carboxymethylcellulose, 5% fetal bovine serum (FBS)),
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and penicillin/streptomycin in Medium 199 (M199; ThermoFisher, Australia). Cells were
then fixed with 80% acetone in PBS after 14–16 h post-infection. The plates were allowed to
dry before the formed plaques were stained with SARS-CoV-2 S-specific mAbs (CR3022
or S309) and IRDye 800CW-conjugated goat anti-human secondary antibodies. Plates
were scanned using an Odyssey CLX imaging system (LI-COR, Bad Homburg v. d. Höhe,
Germany) to visualize the immunofluorescence plaques. Plaque numbers were counted
using Viridot [57].

2.10. Ethics Statement

This study was performed according to strict regulations from the National Health
and Medical Research Council of Australia (Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes, 8th edition 2013). The University of Queens-
land Animal Ethics Committees (AEC) approved all animal procedures and protocols,
AEC Approval Number: SCMB/322/19/AIBN. The work with SARS-CoV-2 was per-
formed under the University of Queensland Institutional Biosafety Committee (UQ IBC)
approval number: IBC/390B/SCMB2020, IBC/1301/SCMB/2020, IBC/376B/SBMS/2020
and IBC/447B/SCMB/2021.

2.11. Statistical Analysis

GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego, CA, USA) software was
used for statistical analysis and generation of graphs and figures. As described in the
figure legends, data are presented as mean with standard deviation (SD) or standard
error of the mean (SEM). Statistical significance was determined via one-way ANOVA
with Tukey’s multiple comparison test. Data were considered significantly different at
(*) p < 0.05, (**) p < 0.01, (***) p < 0.001, and (****) p < 0.0001 among the studied group.

3. Results
3.1. Characterization of SARS-CoV-2 HexaPro S Protein

Initial characterization of the commercially sourced SARS-CoV-2 HexaPro S protein
(hereafter known as HexaPro S protein; ExcellGene, Switzerland) was carried out to confirm
the purity along with the structural and antigenic authenticity of the protein (Figure 1).
To confirm the oligomeric nature of the supplied HexaPro, we performed analytical SEC
and SDS-PAGE analysis. The SEC analysis confirmed the presence of a single 440 kDa
species, which corresponds to the molecular weight of the trimeric HexaPro structure
(Figure 1a). Protein separation under denaturing conditions on an SDS-PAGE observed a
single 150–160 kDa band (Figure 1b). Having confirmed the molecular weight and purity
of the protein, TEM analysis of the protein revealed the classic spike “kite-like” structure
(Figure 1c), confirming the structural integrity of the protein [58].
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Figure 1. Characterization of the SARS CoV-2 HexaPro S protein. (a) Analysis of HexaPro S protein
on size-exclusion chromatography (SEC), with a single peak at 16.6 min and purity of 98%. A mixture
of thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumin
(43 kDa), and carbonic anhydrase (29 kDa) proteins were used as standards. (b) SDS-PAGE gel
showing a band for the HexaPro S protein. (c) Negative-stain electron microscopy (Bar = 100 nm) of
the HexaPro S protein. Antibody binding to (d) RBD (1047, 2M-10B11, CR3022, S309, and hACE2),
(e) N-terminal domain (NTD; 2-17 and 1-22), and (f) S2 subunit (mAb 2.8 and mAb 18C2).
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Following confirmation of the overall structure of the HexaPro S protein, the antigenic
authenticity of the protein was investigated by indirect ELISA. A panel of anti-spike
antibodies directed against multiple domains of the protein, RBD (Figure 1d), N-terminal
(Figure 1e), and S2 domains (Figure 1f), were evaluated. The binding profile of hACE2 was
also performed using the cellular receptor of ACE2, which is tagged with a monomeric
human Fc to facilitate purification and detection using anti-human secondary antibodies.
Antibody binding profiles were evaluated against both the commercially sourced HexaPro
and an in-house HexaPro S protein control that was previously validated. As seen in
Figure 1d–f, the binding profiles of all the antibodies to both HexaPro S proteins were
identical, indicating that the HexaPro S protein is antigenically authentic. Having confirmed
that the commercially sourced HexaPro S protein was both antigenically and structurally
authentic, we proceeded with HD-MAP coating and immunization studies.

3.2. Vaccine Delivery via HD-MAPs

Accurate determination of the deposition of vaccine payload by the HD-MAP into
the skin is essential to ensure appropriate dosing. Vaccine delivery efficiency assays were
performed to determine the conditions required to deliver 2 µg of HexaPro to the skin via
the HD-MAP. The HexaPro S protein was formulated with 0.25% HSA and 0.75% methylcel-
lulose with and without 3 µg of the adjuvant QS-21 and dry-coated onto the microprojection
of the HD-MAP using a nitrogen gas jet (Figure 2a). To quantify the amount of vaccine
delivered, a spike-specific ELISA was performed to measure the vaccine remaining on the
microprojections following application. Using this approach, we determined delivery to be
39% and 35% for the HexaPro S protein formulated with and without QS-21, respectively
(Figure 2b).

Figure 2. HexaPro S protein-based vaccine and its application using HD-MAP. (a) HD-MAPs con-
taining 5000 solid polymer microprojection arrays to deliver vaccine into the cutaneous layer of
the skin. (b) Delivery efficiency of antigen into the skin using HD-MAPs coated with SARS CoV-2
HexaPro S protein and QS-21-adjuvanted SARS CoV-2 HexaPro S protein (n = 5, each) was measured
by comparing the remaining protein from the delivered HD-MAPs to undelivered HD-MAPs using
capture ELISA.
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3.3. Immune Responses Following HD-MAP Vaccination

Following the successful coating and determination of vaccine delivery, we sought
to evaluate the immunogenicity of HexaPro S protein with or without the adjuvant QS-21
via either HD-MAP application or i.d. injection. Female BALB/c mice (n = 8 per vaccine
formulation) were vaccinated with two doses, each 21 days apart, of 2 µg of HexaPro S
protein with or without 3 µg of QS-21. Serum samples were collected on day 20 and 42 post
first vaccination and analyzed for total IgG and virus-neutralizing titers. Excipients only
HD-MAPs were also included as controls. After the first dose, no detectable levels of IgG
antibodies were observed for the HexaPro S protein i.d. group (Figure 3b). Although
S-specific antibodies were eventually raised in the HexaPro S protein i.d. groups (after
second dose), IgG levels from the corresponding HD-MAP-delivered HexaPro S protein
were both significantly higher than those from the i.d. vaccinated counterparts (HexaPro S
protein HD-MAP: p < 0.0001; HexaPro S protein + QS-21 HD-MAP: p = 0.0007; Figure 3b).
Following the second immunization, sera obtained were evaluated against the ancestral,
Alpha, and Delta variant HexaPro S proteins. Although only a subset of mice seroconverted
from the HexaPro S protein i.d. group, the remaining groups observed a 1 log increase
in antibody titers after the second dose. IgG titers from the HexaPro S protein + QS-21
groups were observed to be significantly higher than their unadjuvanted counterparts
when evaluated against the three variants regardless of delivery method (p < 0.0001 (for
all three variants), Figure 3b). Promisingly, the antibodies generated following HexaPro
S protein vaccination were highly effective in recognizing HexaPro S proteins from both
Alpha and Delta variants (Figure 3b).

To confirm that the IgG elicited from the HexaPro S protein-vaccinated mice was
functional, we proceeded to analyze the sera for their ability to neutralize the virus. Re-
flecting what was observed for the IgG titers, mice vaccinated with HexaPro S protein by
i.d. injection had no detectable neutralizing antibodies across the three variants (Figure 3b).
No significant differences were observed between the different delivery methods for the
adjuvanted group, while the opposite was observed for the unadjuvanted groups. Mice
receiving the HexaPro S protein delivered via the HD-MAP had significantly higher virus-
neutralizing antibody levels as compared to the i.d. injected group (p < 0.0001 (for all three
variants); Figure 3c). Interestingly, no significant differences were observed when evaluated
against the Alpha variant of concern between antibody levels for the HexaPro S protein
with and without QS-21 when delivered via HD-MAP (Figure 3c).

The mucosal surface is an important site of immunity for respiratory pathogens such
as SARS-CoV-2 as it could offer a first line of defense against virus infection. To assess the
functionality of antibodies at a mucosal level, bronchoalveolar lavage (BAL) was performed
in the lungs of the mice. PRNTs were analyzed using the samples obtained from the BAL.
Despite observing IgG and neutralizing antibodies from blood sera obtained from mice
vaccinated with HexaPro S protein only, no BAL neutralizing antibodies were elicited
regardless of the vaccine delivery method (Figure 3d). BAL neutralizing antibodies were
observed for the adjuvanted group; however, no significant differences were observed
between the delivery method (Figure 3d).
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Figure 3. Immune responses in BALB/c mice following the vaccination with excipients (negative
control), HexaPro S protein, and HexaPro S protein + QS-21 via intradermal injection (i.d.) or
HD-MAP application (n = 8, each), (a) vaccination schedule. Serum was collected after primary
immunization and first boost (on day 20 and 42, respectively) and analyzed for (b) serum IgG
antibody titers against HexaPro S protein and HexaPro S protein derived from Alpha and Delta
variants by ELISA. Serum and bronchoalveolar lavage (BAL) collected on day 42 were analyzed for
(c) serum virus neutralization by plaque reduction neutralization test (PRNT) against the parental
SARS-CoV-2 isolate, an Alpha variant, and a Delta variant, and (d) BAL virus neutralization by PRNT
against ancestral SARS-CoV-2 variant, respectively. Each point represents an individual biological
replicate (mouse) performed on a single ELISA assay; bars represent the average antigen-specific IgG
antibody titers (EC50); error bars represent the SD; the LoD line represents the assay limit of detection.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison post
hoc test ((*) p < 0.05, (***) p < 0.001, (****) p < 0.0001 and non-significant (ns)).
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4. Discussion

The ongoing COVID-19 pandemic caused by the SARS-CoV-2 virus remains a major
global health burden. Although multiple effective vaccines are available for emergency
use, many challenges are faced in the rollout of these vaccines due to complex cold chain
logistics. Therefore, there is an urgent need for thermostable and easy-to-administer
vaccines, enabling broader distribution and global access. We have previously described a
thermostable COVID-19 HD-MAP vaccine candidate, delivering the HexaPro S protein [42].
Protein-based subunit vaccines are simple to manufacture and have historically excellent
safety profiles [59]. The potent antibody response elicited was found to effectively protect
from SARS-CoV-2 challenge and neutralized a wide variety of viral isolates, including
the Alpha and Beta variants of concern [42]. Following the completion of our previous
study, the Delta variant has emerged as the dominant variant of concern globally. Here
we evaluated the performance of commercially sourced HexaPro S protein (ExcellGene,
Switzerland) and its ability to elicit neutralizing antibody responses against the Delta
variant in mice.

Through the various initial characterizations and analyses, HexaPro S protein was
observed to be structurally and antigenically authentic. HexaPro S protein was also ob-
served to have the same antibody binding profile as our in-house HexaPro S protein control,
which was previously validated and offered protection from virus challenge after a single
adjuvanted dose delivered by HD-MAP [42]. The effective presentation of the antigenic
protein is critical for recognition by immune cells and the subsequent immune response
elicited [60]. Upon confirmation of HexaPro S protein’s structural and antigenic authenticity,
mice were immunized with two doses of vaccine via HD-MAP application or i.d. injection.

The superior immune response elicited when vaccinated using the HD-MAP was
again observed in this study. Unadjuvanted HexaPro S protein delivered via the HD-MAP
resulted in significantly higher IgG and virus-neutralizing antibodies as compared to the i.d.
injected group, with similar levels to the HexaPro S protein + QS-21 i.d. group after one dose.
These findings are consistent with previous studies, with HD-MAP eliciting an enhanced
immune response as compared to the traditional needle and syringe method [41,42,61–67].
The combination of the vaccine payload being delivered to the immune-rich layers of the
skin and localized cell death triggered by the mechanical stress upon HD-MAP application
contributes to the enhanced immune response observed [39,40]. This is likely a reflection
of the tumor necrosis factor and nuclear factor-kB signaling pathways triggered by the
vaccine-induced adaptive immune responses [40]. The absence of neutralizing antibodies
from the HexaPro S protein delivered via the i.d. injection route again supports the evidence
that the HD-MAP delivery method is superior to i.d. injection in producing enhanced
immune responses. This is especially true with subunit protein vaccines as they are weakly
immunogenic and often require some form of adjuvant to help boost the immune response
elicited [68].

The adjuvating effect of QS-21 was observed after both one and two doses in this
study. After two doses, IgG levels in all groups with QS-21 were raised to a similar level.
The self-adjuvanting effect of HD-MAP was overshadowed by the strong adjuvanting
effect of QS-21 in the vaccine formulation. Hence, no difference was observed between the
intradermal and the HD-MAP delivery of QS-21-adjuvanted HexaPro S protein. QS-21 has
been observed to broaden immune responses and enhance cell-mediated immunity [69].
This was observed in this study, with both HD-MAP and i.d. groups containing QS-21
able to neutralize not only the ancestral virus but also the Alpha and Delta variants of
SARS-CoV-2. Virus-neutralizing antibody titers were also observed to be raised to similar
levels across the three variants, suggesting that the broad immune response elicited by
HexaPro S protein combined with QS-21 is able to overcome the mutations in the Alpha
and Delta variants. This highlights the importance of adjuvants when delivering subunit
vaccines. The mutations in the Alpha and Delta variants of concern have been shown to
result in immune evasion of serum induced by vaccination or previous infection, though
protection from severe disease remains high [70,71]. In November 2021, the Omicron
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variant emerged and was rapidly declared by the WHO as a variant of concern. The heavily
mutated HexaPro S protein impacted the virus’s infectivity and transmission [72–74]. The
Omicron variant has also been observed to evade neutralization by antibodies obtained
from convalescent patients or those previously vaccinated with the AstraZeneca and
Pfizer vaccines at a higher efficacy than the Delta variant [75]. Therefore, a follow-up
study to analyze the efficacy of this vaccine candidate against the Omicron variant is
necessary. It is imperative to evaluate the effectiveness of protein-based vaccines against
novel variants of concern to control the pandemic and reduce the incidence and severity of
COVID-19 infections.

5. Conclusions

In conclusion, this study investigated commercially sourced HexaPro S protein as a
vaccine candidate. The findings observed that it is structurally and antigenically authentic
to the in-house HexaPro S protein that was previously validated. Virus-neutralizing
antibodies produced by mice vaccinated with two doses of QS-21-adjuvanted HexaPro
delivered by HD-MAP were able to neutralize emerging variants of SARS-CoV-2 at a
similar level to the ancestral variant. While its efficacy against newly emerged variants of
concern (e.g., Omicron) has yet to be evaluated, these findings present it as a potentially
effective vaccine alternative capable of mitigating the impacts of emerging viral variants.
Moreover, our results provide a proof-of-principle for vaccination against SARS-CoV-2
using HD-MAP-delivered HexaPro S protein. This novel vaccine concept could help to
ensure global access, availability, and affordability of COVID-19 vaccines by abolishing the
need for cold storage and the need for specialized medical personnel for administration of
the vaccine. These unique properties of this vaccine approach are very important to reach
hard to reach populations in low- and middle-income countries.

Author Contributions: Conceptualization, D.A.M., C.L.D.M.; investigation, C.L.D.M., A.A., J.J.Y.C.,
N.M., A.A.A., A.I., S.T.M.C., K.E.H., B.L., M.J.L., J.H.-P., J.K., P.P., M.J.W.; writing—original draft
preparation, A.A., J.J.Y.C.; writing—review and editing, C.L.D.M., D.A.M., G.J.P.F.; visualization,
A.A., M.J.L.; supervision, A.A.K., D.W., P.R.Y., D.A.M.; funding acquisition, A.A.K., D.W., P.R.Y.,
D.A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Advance Queensland Industry Research Fellowship 2020001511
sponsored by Vaxxas and Technovalia, and by the University of Queensland Research Training Scholarship.

Institutional Review Board Statement: This study was performed according to strict regulations
from the National Health and Medical Research Council (NHMRC) of Australia (Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes, 8th edition 2013). All animal
procedures and protocols were approved by the University of Queensland Animal Ethics Com-
mittees (AECs), AEC Approval Number: SCMB/322/19/AIBN. The work with SARS-CoV-2 was
performed under the University of Queensland Institutional Biosafety Committee approval numbers
IBC/501B/SCMB/2021 and IBC/447B/SCMB/2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the staff at the University of Queensland Biological Resources facility
(Queensland, Australia) for providing technical assistance. We acknowledge the facilities, and the
scientific and technical assistance, of the Australian Microscopy and Microanalysis Research Facility at
the Centre for Microscopy and Microanalysis, the University of Queensland (Queensland, Australia).
This work was performed in part at the Queensland Node of the Australian National Fabrication
Facility, a facility established under the National Collaborative Research Infrastructure Strategy to
provide nano- and micro-fabrication for Australia’s researchers. HD-MAPs were provided by Vaxxas
Pty Ltd. We thank Alyssa Pyke and Frederick Moore from the Queensland Health Forensic and
Scientific Services, Queensland Department of Health, for providing SARS-CoV-2 isolates.



Vaccines 2022, 10, 578 12 of 15

Conflicts of Interest: G.J.P.F., P.R.Y., and D.A.M. are consultants of the HD-MAP development
company Vaxxas Pty Ltd., M.J.W, P.P, and J.K. are employees of ExcellGene SA, which provides
commercial cell line development and protein production services. All other authors declare that
they have no competing interests.

References
1. George, J.A.; Mayne, E.S. The Novel Coronavirus and Inflammation. In Clinical, Biological and Molecular Aspects of COVID-19;

Guest, P.C., Ed.; Springer International Publishing: Cham, Switzerland, 2021; pp. 127–138. [CrossRef]
2. Guo, Y.-R.; Cao, Q.-D.; Hong, Z.-S.; Tan, Y.-Y.; Chen, S.-D.; Jin, H.-J.; Tan, K.-S.; Wang, D.-Y.; Yan, Y. The origin, transmission

and clinical therapies on coronavirus disease 2019 (COVID-19) outbreak—An update on the status. Mil. Med. Res. 2020, 7, 11.
[CrossRef] [PubMed]

3. Saxena, S.K.; Kumar, S.; Maurya, V.K.; Sharma, R.; Dandu, H.R.; Bhatt, M.L.B. Current Insight into the Novel Coronavirus Disease
2019 (COVID-19). In Coronavirus Disease 2019 (COVID-19): Epidemiology, Pathogenesis, Diagnosis, and Therapeutics; Saxena, S.K., Ed.;
Springer Singapore: Singapore, 2020; pp. 1–8. [CrossRef]

4. Van Vo, G.; Bagyinszky, E.; Park, Y.S.; Hulme, J.; An, S.S.A. SARS-CoV-2 (COVID-19): Beginning to Understand a New Virus. In
Clinical, Biological and Molecular Aspects of COVID-19; Guest, P.C., Ed.; Springer International Publishing: Cham, Switzerland,
2021; pp. 3–19. [CrossRef]

5. WHO. WHO Director-General’s Opening Remarks at the Media Briefing on COVID-19. 2020. Available online: https:
//www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-
covid-19---11-march-2020 (accessed on 6 February 2022).

6. Licastro, D.; Rajasekharan, S.; Monego, S.D.; Segat, L.; D’Agaro, P.; Marcello, A.; Sandri-Goldin, R.M. Isolation and Full-Length
Genome Characterization of SARS-CoV-2 from COVID-19 Cases in Northern Italy. J. Virol. 2020, 94, e00543-20. [CrossRef]
[PubMed]

7. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from
Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef] [PubMed]

8. Caly, L.; Druce, J.; Roberts, J.; Bond, K.; Tran, T.; Kostecki, R.; Yoga, Y.; Naughton, W.; Taiaroa, G.; Seemann, T.; et al. Isolation and
rapid sharing of the 2019 novel coronavirus (SARS-CoV-2) from the first patient diagnosed with COVID-19 in Australia. Med. J.
Aust. 2020, 212, 459–462. [CrossRef] [PubMed]

9. Park, W.B.; Kwon, N.-J.; Choi, S.-J.; Kang, C.K.; Choe, P.G.; Kim, J.Y.; Yun, J.; Lee, G.-W.; Seong, M.-W.; Kim, N.J.; et al. Virus
Isolation from the First Patient with SARS-CoV-2 in Korea. J. Korean Med. Sci. 2020, 35, e84. [CrossRef] [PubMed]

10. Gorbalenya, A.E.; Baker, S.C.; Baric, R.S.; de Groot, R.J.; Drosten, C.; Gulyaeva, A.A.; Haagmans, B.L.; Lauber, C.; Leontovich,
A.M.; Neuman, B.W.; et al. The species Severe acute respiratory syndrome-related coronavirus: Classifying 2019-nCoV and
naming it SARS-CoV-2. Nat. Microbiol. 2020, 5, 536–544. [CrossRef]

11. Kumar, S.; Nyodu, R.; Maurya, V.K.; Saxena, S.K. Morphology, Genome Organization, Replication, and Pathogenesis of Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). In Coronavirus Disease 2019 (COVID-19): Epidemiology, Pathogenesis,
Diagnosis, and Therapeutics; Saxena, S.K., Ed.; Springer Singapore: Singapore, 2020; pp. 23–31. [CrossRef]

12. Dai, L.; Gao, G.F. Viral targets for vaccines against COVID-19. Nat. Rev. Immunol. 2021, 21, 73–82. [CrossRef]
13. Dong, Y.; Dai, T.; Wei, Y.; Zhang, L.; Zheng, M.; Zhou, F. A systematic review of SARS-CoV-2 vaccine candidates. Signal Transduct.

Target. Ther. 2020, 5, 237. [CrossRef]
14. Krammer, F. SARS-CoV-2 vaccines in development. Nature 2020, 586, 516–527. [CrossRef]
15. Kyriakidis, N.C.; López-Cortés, A.; González, E.V.; Grimaldos, A.B.; Prado, E.O. SARS-CoV-2 vaccines strategies: A comprehensive

review of phase 3 candidates. NPJ Vaccines 2021, 6, 28. [CrossRef]
16. Sternberg, A.; Naujokat, C. Structural features of coronavirus SARS-CoV-2 spike protein: Targets for vaccination. Life Sci. 2020,

257, 118056. [CrossRef] [PubMed]
17. Walls, A.C.; Park, Y.-J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2

Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [CrossRef] [PubMed]
18. Kumar, S.; Nyodu, R.; Maurya, V.K.; Saxena, S.K. Host Immune Response and Immunobiology of Human SARS-CoV-2 Infection.

In Coronavirus Disease 2019 (COVID-19): Epidemiology, Pathogenesis, Diagnosis, and Therapeutics; Saxena, S.K., Ed.; Springer
Singapore: Singapore, 2020; pp. 43–53. [CrossRef]

19. Shojaee, A.; Vahedian-Azimi, A.; Faizi, F.; Rahimi-Bashar, F.; Shahriary, A.; Galeh, H.E.G.; Nehrir, B.; Guest, P.C.; Sahebkar, A.
Relationship between COVID-19 and Angiotensin-Converting Enzyme 2: A Scoping Review. In Clinical, Biological and Molecular
Aspects of COVID-19; Guest, P.C., Ed.; Springer International Publishing: Cham, Switzerland, 2021; pp. 53–68. [CrossRef]

20. Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.;
Bhorat, Q.E.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of
four randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111. [CrossRef]

21. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.;
Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]
[PubMed]

http://doi.org/10.1007/978-3-030-59261-5_11
http://doi.org/10.1186/s40779-020-00240-0
http://www.ncbi.nlm.nih.gov/pubmed/32169119
http://doi.org/10.1007/978-981-15-4814-7_1
http://doi.org/10.1007/978-3-030-59261-5_1
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
http://doi.org/10.1128/JVI.00543-20
http://www.ncbi.nlm.nih.gov/pubmed/32238585
http://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://doi.org/10.5694/mja2.50569
http://www.ncbi.nlm.nih.gov/pubmed/32237278
http://doi.org/10.3346/jkms.2020.35.e84
http://www.ncbi.nlm.nih.gov/pubmed/32080990
http://doi.org/10.1038/s41564-020-0695-z
http://doi.org/10.1007/978-981-15-4814-7_3
http://doi.org/10.1038/s41577-020-00480-0
http://doi.org/10.1038/s41392-020-00352-y
http://doi.org/10.1038/s41586-020-2798-3
http://doi.org/10.1038/s41541-021-00292-w
http://doi.org/10.1016/j.lfs.2020.118056
http://www.ncbi.nlm.nih.gov/pubmed/32645344
http://doi.org/10.1016/j.cell.2020.02.058
http://www.ncbi.nlm.nih.gov/pubmed/32155444
http://doi.org/10.1007/978-981-15-4814-7_5
http://doi.org/10.1007/978-3-030-59261-5_5
http://doi.org/10.1016/S0140-6736(20)32661-1
http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246


Vaccines 2022, 10, 578 13 of 15

22. Pardi, N.; Hogan, M.J.; Porter, F.W.; Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 2018, 17,
261–279. [CrossRef] [PubMed]

23. A Study of Safety and Immunogenicity of Adjuvanted SARS-CoV-2 (SCB-2019) Vaccine in Adults with Chronic Immune-Mediated
Diseases. Available online: https://ClinicalTrials.gov/show/NCT05012787 (accessed on 6 February 2022).

24. A Study to Evaluate the Efficacy, Immune Response, and Safety of a COVID-19 Vaccine in Adults ≥ 18 Years with a Pediatric
Expansion in Adolescents (12 to <18 Years) at Risk for SARS-CoV-2. Available online: https://ClinicalTrials.gov/show/NCT046
11802 (accessed on 6 February 2022).

25. Study of Recombinant Protein Vaccines with Adjuvant as a Primary Series and as a Booster Dose against COVID-19 in Adults
18 Years of Age and Older. Available online: https://ClinicalTrials.gov/show/NCT04762680 (accessed on 6 February 2022).

26. Immunogenicity and Safety Study of SK SARS-CoV-2 Recombinant Nanoparticle Vaccine (GBP510) Adjuvanted with AS03
(COVID-19). Available online: https://ClinicalTrials.gov/show/NCT05007951 (accessed on 6 February 2022).

27. WHO. COVID-19 Vaccine Tracker and Landscape. 2021. Available online: https://www.who.int/publications/m/item/draft-
landscape-of-covid-19-candidate-vaccines (accessed on 6 February 2022).

28. WHO. WHO Recommendation BioNtech Tozinameran—COVID-19 mRNA Vaccine (Nucleoside Modified)—COMIRNATY®.
2020. Available online: https://extranet.who.int/pqweb/vaccines/who-recommendation-covid-19-mrna-vaccine-nucleoside-
modified-comirnaty (accessed on 6 February 2022).

29. WHO. WHO Recommendation Moderna COVID-19 mRNA Vaccine (Nucleoside Modified). 2021. Available online: https:
//extranet.who.int/pqweb/vaccines/covid-19-mrna-vaccine-nucleoside-modified (accessed on 6 February 2022).

30. WHO. WHO Recommendation AstraZeneca/SKBio—COVID-19 Vaccine (ChAdOx1-S [Recombinant]). 2021. Available online:
https://extranet.who.int/pqweb/vaccines/covid-19-vaccine-chadox1-s-recombinant (accessed on 6 February 2022).

31. WHO. WHO Recommendation Bharat Biotech International Ltd—COVID-19 Vaccine (Whole Virion Inactivated Corona Virus).
2021. Available online: https://extranet.who.int/pqweb/vaccines/who-recommendation-bharat-biotech-international-ltd-
covid-19-vaccine-whole-virion (accessed on 6 February 2022).

32. WHO. WHO Recommendation COVID-19 Vaccine BIBP/Sinopharm. 2021. Available online: https://extranet.who.int/pqweb/
vaccines/who-recommendation-covid-19-vaccine-bibp (accessed on 6 February 2022).

33. WHO. WHO Recommendation Janssen–Cilag International NV (Belgium) COVID-19 Vaccine (Ad26.COV2-S [Recombinant]).
2021. Available online: https://www.medbox.org/document/who-recommendation-janssencilag-international-nv-belgium-
covid-19-vaccine-ad26cov2-s-recombinant (accessed on 6 February 2022).

34. WHO. WHO Recommendation of Sinovac COVID-19 vaccine (Vero Cell [Inactivated])—CoronaVac. 2021. Available online:
https://extranet.who.int/pqweb/vaccines/who-recommendation-sinovac-covid-19-vaccine-vero-cell-inactivated-coronavac
(accessed on 6 February 2022).

35. WHO. WHO Recommendation Serum Institute of India Pvt Ltd—COVID-19 Vaccine (ChAdOx1-S [Recombinant])—
COVISHIELD™. 2021. Available online: https://extranet.who.int/pqweb/vaccines/covid-19-vaccine-chadox1-s-recombinant-
covishield (accessed on 6 February 2022).

36. Arya, J.; Prausnitz, M.R. Microneedle patches for vaccination in developing countries. J. Control Release 2016, 240, 135–141.
[CrossRef]

37. Marshall, S.; Sahm, L.J.; Moore, A.C. The success of microneedle-mediated vaccine delivery into skin. Hum. Vaccines Immunother.
2016, 12, 2975–2983. [CrossRef]

38. Babiuk, S.; Baca-Estrada, M.; Babiuk, L.A.; Ewen, C.; Foldvari, M. Cutaneous vaccination: The skin as an immunologically active
tissue and the challenge of antigen delivery. J. Control Release 2000, 66, 199–214. [CrossRef]

39. Muller, D.A.; Henricson, J.; Baker, S.B.; Togö, T.; Jayashi Flores, C.M.; Lemaire, P.A.; Forster, A.; Anderson, C.D. Innate local
response and tissue recovery following application of high density microarray patches to human skin. Sci. Rep. 2020, 10, 18468.
[CrossRef]

40. Ng, H.-I.; Tuong, Z.K.; Fernando, G.J.P.; Depelsenaire, A.C.I.; Meliga, S.C.; Frazer, I.H.; Kendall, M.A.F. Microprojection arrays
applied to skin generate mechanical stress, induce an inflammatory transcriptome and cell death, and improve vaccine-induced
immune responses. NPJ Vaccines 2019, 4, 41. [CrossRef]

41. Forster, A.H.; Witham, K.; Depelsenaire, A.C.I.; Veitch, M.; Wells, J.W.; Wheatley, A.; Pryor, M.; Lickliter, J.D.; Francis, B.;
Rockman, S.; et al. Safety, tolerability, and immunogenicity of influenza vaccination with a high-density microarray patch: Results
from a randomized, controlled phase I clinical trial. PLoS Med. 2020, 17, e1003024. [CrossRef] [PubMed]

42. McMillan, C.L.D.; Choo, J.J.Y.; Idris, A.; Supramaniam, A.; Modhiran, N.; Amarilla, A.A.; Isaacs, A.; Cheung, S.T.M.; Liang, B.;
Bielefeldt-Ohmann, H.; et al. Complete protection by a single-dose skin patch-delivered SARS-CoV-2 spike vaccine. Sci. Adv.
2021, 7, eabj8065. [CrossRef] [PubMed]

43. Hsieh, C.-L.; Goldsmith, J.A.; Schaub, J.M.; DiVenere, A.M.; Kuo, H.-C.; Javanmardi, K.; Le, K.C.; Wrapp, D.; Lee, A.G.;
Liu, Y.; et al. Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Science 2020, 369, 1501–1505. [CrossRef]

44. Pino, P.; Kint, J.; Kiseljak, D.; Agnolon, V.; Corradin, G.; Kajava, A.V.; Rovero, P.; Dijkman, R.; den Hartog, G.; McLellan, J.S.; et al.
Trimeric SARS-CoV-2 Spike Proteins Produced from CHO Cells in Bioreactors Are High-Quality Antigens. Processes 2020, 8, 1539.
[CrossRef]

45. Schaub, J.M.; Chou, C.-W.; Kuo, H.-C.; Javanmardi, K.; Hsieh, C.-L.; Goldsmith, J.; DiVenere, A.M.; Le, K.C.; Wrapp, D.;
Byrne, P.O.; et al. Expression and characterization of SARS-CoV-2 spike proteins. Nat. Protoc. 2021, 16, 5339–5356. [CrossRef]

http://doi.org/10.1038/nrd.2017.243
http://www.ncbi.nlm.nih.gov/pubmed/29326426
https://ClinicalTrials.gov/show/NCT05012787
https://ClinicalTrials.gov/show/NCT04611802
https://ClinicalTrials.gov/show/NCT04611802
https://ClinicalTrials.gov/show/NCT04762680
https://ClinicalTrials.gov/show/NCT05007951
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://extranet.who.int/pqweb/vaccines/who-recommendation-covid-19-mrna-vaccine-nucleoside-modified-comirnaty
https://extranet.who.int/pqweb/vaccines/who-recommendation-covid-19-mrna-vaccine-nucleoside-modified-comirnaty
https://extranet.who.int/pqweb/vaccines/covid-19-mrna-vaccine-nucleoside-modified
https://extranet.who.int/pqweb/vaccines/covid-19-mrna-vaccine-nucleoside-modified
https://extranet.who.int/pqweb/vaccines/covid-19-vaccine-chadox1-s-recombinant
https://extranet.who.int/pqweb/vaccines/who-recommendation-bharat-biotech-international-ltd-covid-19-vaccine-whole-virion
https://extranet.who.int/pqweb/vaccines/who-recommendation-bharat-biotech-international-ltd-covid-19-vaccine-whole-virion
https://extranet.who.int/pqweb/vaccines/who-recommendation-covid-19-vaccine-bibp
https://extranet.who.int/pqweb/vaccines/who-recommendation-covid-19-vaccine-bibp
https://www.medbox.org/document/who-recommendation-janssencilag-international-nv-belgium-covid-19-vaccine-ad26cov2-s-recombinant
https://www.medbox.org/document/who-recommendation-janssencilag-international-nv-belgium-covid-19-vaccine-ad26cov2-s-recombinant
https://extranet.who.int/pqweb/vaccines/who-recommendation-sinovac-covid-19-vaccine-vero-cell-inactivated-coronavac
https://extranet.who.int/pqweb/vaccines/covid-19-vaccine-chadox1-s-recombinant-covishield
https://extranet.who.int/pqweb/vaccines/covid-19-vaccine-chadox1-s-recombinant-covishield
http://doi.org/10.1016/j.jconrel.2015.11.019
http://doi.org/10.1080/21645515.2016.1171440
http://doi.org/10.1016/S0168-3659(99)00274-6
http://doi.org/10.1038/s41598-020-75169-4
http://doi.org/10.1038/s41541-019-0134-4
http://doi.org/10.1371/journal.pmed.1003024
http://www.ncbi.nlm.nih.gov/pubmed/32181756
http://doi.org/10.1126/sciadv.abj8065
http://www.ncbi.nlm.nih.gov/pubmed/34714668
http://doi.org/10.1126/science.abd0826
http://doi.org/10.3390/pr8121539
http://doi.org/10.1038/s41596-021-00623-0


Vaccines 2022, 10, 578 14 of 15

46. Seephetdee, C.; Buasri, N.; Bhukhai, K.; Srisanga, K.; Manopwisedjaroen, S.; Lertjintanakit, S.; Phueakphud, N.; Pakiranay, C.;
Kangwanrangsan, N.; Srichatrapimuk, S.; et al. Mice Immunized with the Vaccine Candidate HexaPro Spike Produce Neutralizing
Antibodies against SARS-CoV-2. Vaccines 2021, 9, 498. [CrossRef]

47. Liu, L.; Wang, P.; Nair, M.S.; Yu, J.; Rapp, M.; Wang, Q.; Luo, Y.; Chan, J.F.W.; Sahi, V.; Figueroa, A.; et al. Potent neutralizing
antibodies against multiple epitopes on SARS-CoV-2 spike. Nature 2020, 584, 450–456. [CrossRef]

48. Martinez, D.R.; Schaefer, A.; Gobeil, S.; Li, D.; De la Cruz, G.; Parks, R.; Lu, X.; Barr, M.; Manne, K.; Mansouri, K.; et al.
A broadly neutralizing antibody protects against SARS-CoV, pre-emergent bat CoVs, and SARS-CoV-2 variants in mice.
bioRxiv 2021. [CrossRef]

49. Pinto, D.; Park, Y.-J.; Beltramello, M.; Walls, A.C.; Tortorici, M.A.; Bianchi, S.; Jaconi, S.; Culap, K.; Zatta, F.; De Marco, A.; et al.
Cross-neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV antibody. Nature 2020, 583, 290–295. [CrossRef]

50. Rattanapisit, K.; Shanmugaraj, B.; Manopwisedjaroen, S.; Purwono, P.B.; Siriwattananon, K.; Khorattanakulchai, N.;
Hanittinan, O.; Boonyayothin, W.; Thitithanyanont, A.; Smith, D.R.; et al. Rapid production of SARS-CoV-2 receptor binding
domain (RBD) and spike specific monoclonal antibody CR3022 in Nicotiana benthamiana. Sci. Rep. 2020, 10, 17698. [CrossRef]

51. Shi, R.; Shan, C.; Duan, X.; Chen, Z.; Liu, P.; Song, J.; Song, T.; Bi, X.; Han, C.; Wu, L.; et al. A human neutralizing antibody targets
the receptor-binding site of SARS-CoV-2. Nature 2020, 584, 120–124. [CrossRef] [PubMed]

52. Tian, X.; Li, C.; Huang, A.; Xia, S.; Lu, S.; Shi, Z.; Lu, L.; Jiang, S.; Yang, Z.; Wu, Y.; et al. Potent binding of 2019 novel coronavirus
spike protein by a SARS coronavirus-specific human monoclonal antibody. Emerg. Microbes Infect. 2020, 9, 382–385. [CrossRef]
[PubMed]

53. Martinez, D.R.; Schäfer, A.; Gobeil, S.; Li, D.; Cruz, G.D.l.; Parks, R.; Lu, X.; Barr, M.; Stalls, V.; Janowska, K.; et al. A broadly
cross-reactive antibody neutralizes and protects against sarbecovirus challenge in mice. Sci. Transl. Med. 2022, 14, eabj7125.
[CrossRef] [PubMed]

54. Ter Meulen, J.; van den Brink, E.N.; Poon, L.L.; Marissen, W.E.; Leung, C.S.; Cox, F.; Cheung, C.Y.; Bakker, A.Q.; Bogaards, J.A.;
van Deventer, E.; et al. Human monoclonal antibody combination against SARS coronavirus: Synergy and coverage of escape
mutants. PLoS Med. 2006, 3, e237. [CrossRef] [PubMed]

55. Yuan, M.; Wu, N.C.; Zhu, X.; Lee, C.-C.D.; So, R.T.Y.; Lv, H.; Mok, C.K.P.; Wilson, I.A. A highly conserved cryptic epitope in the
receptor binding domains of SARS-CoV-2 and SARS-CoV. Science 2020, 368, 630–633. [CrossRef]

56. Amarilla, A.A.; Modhiran, N.; Setoh, Y.X.; Peng, N.Y.G.; Sng, J.D.J.; Liang, B.; McMillan, C.L.D.; Freney, M.E.; Cheung, S.T.M.;
Chappell, K.J.; et al. An Optimized High-Throughput Immuno-Plaque Assay for SARS-CoV-2. Front. Microbiol. 2021, 12, 625136.
[CrossRef]

57. Katzelnick, L.C.; Coello Escoto, A.; McElvany, B.D.; Chávez, C.; Salje, H.; Luo, W.; Rodriguez-Barraquer, I.; Jarman, R.;
Durbin, A.P.; Diehl, S.A.; et al. Viridot: An automated virus plaque (immunofocus) counter for the measurement of serological
neutralizing responses with application to dengue virus. PLoS Negl. Trop. Dis. 2018, 12, e0006862. [CrossRef]

58. Edwards, R.J.; Mansouri, K.; Stalls, V.; Manne, K.; Watts, B.; Parks, R.; Janowska, K.; Gobeil, S.M.C.; Kopp, M.; Li, D.; et al. Cold
sensitivity of the SARS-CoV-2 spike ectodomain. Nat. Struct. Mol. Biol. 2021, 28, 128–131. [CrossRef]

59. Kim, Y.C.; Reyes-Sandoval, A. Chapter 7—Viral-vectored vaccines against SARS-CoV-2. In Biomedical Innovations to Combat
COVID-19; Rosales-Mendoza, S., Comas-Garcia, M., Gonzalez-Ortega, O., Eds.; Academic Press: London, UK, 2022; pp. 115–127.
[CrossRef]

60. Scheiblhofer, S.; Laimer, J.; Machado, Y.; Weiss, R.; Thalhamer, J. Influence of protein fold stability on immunogenicity and its
implications for vaccine design. Expert Rev. Vaccines 2017, 16, 479–489. [CrossRef]

61. Choo, J.J.Y.; Vet, L.J.; McMillan, C.L.D.; Harrison, J.J.; Scott, C.A.P.; Depelsenaire, A.C.I.; Fernando, G.J.P.; Watterson, D.; Hall, R.A.;
Young, P.R.; et al. A chimeric dengue virus vaccine candidate delivered by high density microarray patches protects against
infection in mice. NPJ Vaccines 2021, 6, 66. [CrossRef]

62. Fernando, G.J.; Chen, X.; Primiero, C.A.; Yukiko, S.R.; Fairmaid, E.J.; Corbett, H.J.; Frazer, I.H.; Brown, L.E.; Kendall, M.A.
Nanopatch targeted delivery of both antigen and adjuvant to skin synergistically drives enhanced antibody responses. J. Control
Release 2012, 159, 215–221. [CrossRef] [PubMed]

63. Fernando, G.J.; Chen, X.; Prow, T.W.; Crichton, M.L.; Fairmaid, E.J.; Roberts, M.S.; Frazer, I.H.; Brown, L.E.; Kendall, M.A. Potent
immunity to low doses of influenza vaccine by probabilistic guided micro-targeted skin delivery in a mouse model. PLoS ONE
2010, 5, e10266. [CrossRef] [PubMed]

64. Fernando, G.J.P.; Hickling, J.; Jayashi Flores, C.M.; Griffin, P.; Anderson, C.D.; Skinner, S.R.; Davies, C.; Witham, K.; Pryor, M.;
Bodle, J.; et al. Safety, tolerability, acceptability and immunogenicity of an influenza vaccine delivered to human skin by a novel
high-density microprojection array patch (Nanopatch™). Vaccine 2018, 36, 3779–3788. [CrossRef] [PubMed]

65. Muller, D.A.; Depelsenaire, A.C.I.; Shannon, A.E.; Watterson, D.; Corrie, S.R.; Owens, N.S.; Agyei-Yeboah, C.; Cheung, S.T.M.;
Zhang, J.; Fernando, G.J.P.; et al. Efficient Delivery of Dengue Virus Subunit Vaccines to the Skin by Microprojection Arrays.
Vaccines 2019, 7, 189. [CrossRef] [PubMed]

66. Muller, D.A.; Fernando, G.J.P.; Owens, N.S.; Agyei-Yeboah, C.; Wei, J.C.J.; Depelsenaire, A.C.I.; Forster, A.; Fahey, P.; Weldon, W.C.;
Oberste, M.S.; et al. High-density microprojection array delivery to rat skin of low doses of trivalent inactivated poliovirus
vaccine elicits potent neutralising antibody responses. Sci. Rep. 2017, 7, 12644. [CrossRef]

http://doi.org/10.3390/vaccines9050498
http://doi.org/10.1038/s41586-020-2571-7
http://doi.org/10.1101/2021.04.27.441655
http://doi.org/10.1038/s41586-020-2349-y
http://doi.org/10.1038/s41598-020-74904-1
http://doi.org/10.1038/s41586-020-2381-y
http://www.ncbi.nlm.nih.gov/pubmed/32454512
http://doi.org/10.1080/22221751.2020.1729069
http://www.ncbi.nlm.nih.gov/pubmed/32065055
http://doi.org/10.1126/scitranslmed.abj7125
http://www.ncbi.nlm.nih.gov/pubmed/34726473
http://doi.org/10.1371/journal.pmed.0030237
http://www.ncbi.nlm.nih.gov/pubmed/16796401
http://doi.org/10.1126/science.abb7269
http://doi.org/10.3389/fmicb.2021.625136
http://doi.org/10.1371/journal.pntd.0006862
http://doi.org/10.1038/s41594-020-00547-5
http://doi.org/10.1016/B978-0-323-90248-9.00003-6
http://doi.org/10.1080/14760584.2017.1306441
http://doi.org/10.1038/s41541-021-00328-1
http://doi.org/10.1016/j.jconrel.2012.01.030
http://www.ncbi.nlm.nih.gov/pubmed/22306334
http://doi.org/10.1371/journal.pone.0010266
http://www.ncbi.nlm.nih.gov/pubmed/20422002
http://doi.org/10.1016/j.vaccine.2018.05.053
http://www.ncbi.nlm.nih.gov/pubmed/29779922
http://doi.org/10.3390/vaccines7040189
http://www.ncbi.nlm.nih.gov/pubmed/31756967
http://doi.org/10.1038/s41598-017-13011-0


Vaccines 2022, 10, 578 15 of 15

67. Muller, D.A.; Pearson, F.E.; Fernando, G.J.; Agyei-Yeboah, C.; Owens, N.S.; Corrie, S.R.; Crichton, M.L.; Wei, J.C.; Weldon, W.C.;
Oberste, M.S.; et al. Inactivated poliovirus type 2 vaccine delivered to rat skin via high density microprojection array elicits potent
neutralising antibody responses. Sci. Rep. 2016, 6, 22094. [CrossRef]

68. Moyle, P.M.; Toth, I. Modern Subunit Vaccines: Development, Components, and Research Opportunities. ChemMedChem 2013, 8,
360–376. [CrossRef]

69. Sun, H.-X.; Xie, Y.; Ye, Y.-P. Advances in saponin-based adjuvants. Vaccine 2009, 27, 1787–1796. [CrossRef]
70. Fontanet, A.; Autran, B.; Lina, B.; Kieny, M.P.; Karim, S.S.A.; Sridhar, D. SARS-CoV-2 variants and ending the COVID-19 pandemic.

Lancet 2021, 397, 952–954. [CrossRef]
71. Martínez-Flores, D.; Zepeda-Cervantes, J.; Cruz-Reséndiz, A.; Aguirre-Sampieri, S.; Sampieri, A.; Vaca, L. SARS-CoV-2 Vaccines

Based on the Spike Glycoprotein and Implications of New Viral Variants. Front. Immunol. 2021, 12, 701501. [CrossRef]
72. WHO. WHO Update on Omicron. Update on Omicron. 2021. Available online: https://www.who.int/news/item/28-11-2021

-update-on-omicron (accessed on 6 February 2022).
73. Araf, Y.; Akter, F.; Tang, Y.-D.; Fatemi, R.; Parvez, M.S.A.; Zheng, C.; Hossain, M.G. Omicron variant of SARS-CoV-2: Genomics,

transmissibility, and responses to current COVID-19 vaccines. J. Med. Virol. 2022, 94, 1825–1832. [CrossRef] [PubMed]
74. Ren, S.-Y.; Wang, W.-B.; Gao, R.-D.; Zhou, A.-M. Omicron variant (B.1.1.529) of SARS-CoV-2: Mutation, infectivity, transmission,

and vaccine resistance. World J. Clin. Cases 2022, 10, 1–11. [CrossRef] [PubMed]
75. Hoffmann, M.; Krüger, N.; Schulz, S.; Cossmann, A.; Rocha, C.; Kempf, A.; Nehlmeier, I.; Graichen, L.; Moldenhauer, A.-S.;

Winkler, M.S.; et al. The Omicron variant is highly resistant against antibody-mediated neutralization: Implications for control of
the COVID-19 pandemic. Cell 2022, 185, 447–456.e11. [CrossRef] [PubMed]

http://doi.org/10.1038/srep22094
http://doi.org/10.1002/cmdc.201200487
http://doi.org/10.1016/j.vaccine.2009.01.091
http://doi.org/10.1016/S0140-6736(21)00370-6
http://doi.org/10.3389/fimmu.2021.701501
https://www.who.int/news/item/28-11-2021-update-on-omicron
https://www.who.int/news/item/28-11-2021-update-on-omicron
http://doi.org/10.1002/jmv.27588
http://www.ncbi.nlm.nih.gov/pubmed/35023191
http://doi.org/10.12998/wjcc.v10.i1.1
http://www.ncbi.nlm.nih.gov/pubmed/35071500
http://doi.org/10.1016/j.cell.2021.12.032
http://www.ncbi.nlm.nih.gov/pubmed/35026151

	Introduction 
	Materials and Methods 
	SARS CoV-2 HexaPro S Protein 
	SARS CoV-2 HexaPro S Protein Characterization 
	Transmission Electron Microscopy (TEM) 
	High-Density Microarray Patch (HD-MAP) Coating and Application 
	Vaccine Delivery Efficiency Using HD-MAP 
	Immunization in an In Vivo Model 
	Collection of Serum and Bronchoalveolar Lavage (BAL) 
	Antibody Titer Detection by ELISA 
	Virus Neutralization by Serum and BALs 
	Virus Preparations 
	Plaque Reduction Neutralization Test (PRNT) 

	Ethics Statement 
	Statistical Analysis 

	Results 
	Characterization of SARS-CoV-2 HexaPro S Protein 
	Vaccine Delivery via HD-MAPs 
	Immune Responses Following HD-MAP Vaccination 

	Discussion 
	Conclusions 
	References

