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hydroxide and administered in
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schedule partially protects
Syrian Hamsters against viral
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SARS-CoV-2 continues to pose a threat to human health as new variants emerge
and thus a diverse vaccine pipeline is needed. We evaluated SARS-CoV-2 HexaPro
spike protein formulated in Alhydrogel® (aluminium oxyhydroxide) in Syrian
hamsters, using an accelerated two dose regimen (given 10 days apart) and a
standard regimen (two doses given 21 days apart). Both regimens elicited spike-
and RBD-specific 1gG antibody responses of similar magnitude, but in vitro virus
neutralization was low or undetectable. Despite this, the accelerated two dose
regimen offered reduction in viral load and protected against lung pathology upon
challenge with homologous SARS-CoV-2 virus (Wuhan-Hu-1). This highlights that
vaccine-induced protection against SARS-CoV-2 disease can be obtained despite
low neutralizing antibody levels and suggests that accelerated vaccine schedules
may be used to confer rapid protection against SARS-CoV-2 disease.
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Introduction

Several vaccines have been licensed against Severe Acute
respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Yet, the
pandemic continues and the emergence of variant viruses resistant
to first generation vaccines spurs a need for continued vaccine
development. Antibody responses are a correlate of protection for
many vaccines (1) and are sufficient to protect against SARS-CoV-2,
although the levels and quality of antibody responses required for
protection remain unclear (2). It is also unclear to what extent
vaccine-induced T cells contribute to protection (3, 4) and thus, an
increased understanding of correlates of protection against SARS-
CoV-2 is needed.

SARS-CoV-2 vaccines relying on novel technologies, including
RNA (5-7) and vectors (8, 9), have proved highly effective in
controlling severe Covid-19 requiring hospitalizations and have
changed the course of the pandemic. Yet, they put demand on the
infrastructure, requiring establishment of cold-chains, which make
them less attractive for mass-vaccination in developing countries. The
vectored vaccines have also been associated with rare, but serious
thrombotic events (10). With the risk of emerging SARS-CoV-2
variants that can escape immunity generated by first-generation
Covid-19 vaccines, development of cheap, effective vaccines that
can be produced at large scale and distributed under existing
vaccine cold-chain distribution conditions (11, 12) should be
investigated. Subunit vaccines can be highly effective against SARS-
CoV-2 (13, 14), when delivered in the presence of an adjuvant.
Adjuvants may influence affinity, specificity, magnitude and
functional profile of B and T cell responses (15-17). To speed up
SARS-CoV-2 vaccine development, a desired adjuvant should be safe,
effective and available in large quantities. In this study we tested
SARS-CoV-2 prefusion-stabilized HexaPro spike trimer (18)
formulated in Alhydrogel® (Aluminium Oxyhydroxide; AH), which
fulfils these criteria being inexpensive and part of several licensed
vaccines (19). Testing the vaccine in Syrian hamsters using an
accelerated schedule (two doses given 10 days apart), low or
undetectable neutralizing antibody responses were induced, yet the
animals were protected against disease upon challenge with a high
dose of SARS-CoV-2 (1.8 x 10° TCIDs,) virus. This study suggests
that vaccine-mediated protection against SARS-CoV-2 may be
obtained, despite low neutralizing antibody responses, which may
be used to further guide vaccine development.

Material and methods
Ethics statement

The Hamster studies were conducted in accordance with the
regulations set forth by the National Committee for the Protection of
Animals used for Scientific Purposes and in accordance with
European Community Directive 2010/63/EU and have been
approved by the governmental Animal Experiments Inspectorate
under license 2020-15-0201-00554.
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Antigens and adjuvant

SARS-CoV-2 stabilized spike HexaPro trimer (18) antigen
(Wuhan-Hu-1), and the RBD domain (RVQ-VNF) were produced
by transient expression in Freestylem 293-F cells, as reported
previously (20). The trimer was tested for human ACE2 (ACE-
HMI101, Kactus Biosystems) binding by ELISA. Aluminium
oxyhydroxide (AH) (2% Alhydrogel®) was from CRODA Denmark
(Frederikssund, Denmark).

Hamsters

Male Syrian Golden Hamsters, nine weeks old, were ordered from
Janvier and housed in the BSLII/III animal facilities at Statens Serum
Institut, Denmark. The hamsters were maintained in a SPF room with
controlled environment (20-23 °C; relative humidity 55+ 10%; 12/
12 h light/dark cycle). The hamsters were housed in macrolon cages
type IV (1820 cm?) with high lid (in total app. 30 cm. high) and Aspen
bedding material from Tapvei. As enrichment the hamsters were
offered Aspen bricks (Tapvei), Sizzelnest (Datesand), twisted paper
roaps (“Diamond Twist” Envigo Teclad), tunnels and red houses
made of macrolone. Irradiated sunflower seeds/corn grains/peanuts
or bits of carrots were offered once a week. Pelleted diet (Envigo
Teclad 2916) and tap water was provided ad libitum.

Immunizations

Hamsters were administered two subcutaneous (s.c.)
immunizations in the scruff of the neck with 10 days apart, using
10 pg recombinant SARS-CoV-2 spike ectodomain (HexaPro trimer)
in TRIS buffer (pH 7.4) at a final volume of 200 pl per immunization.
HexaPro trimer was administered alone or in AH used at a dose of
500 pg aluminium content.

ELISA for antibody responses

Maxisorb Plates (Nunc) were coated overnight with 0.05 pg/well
SARS-CoV-2 HexaPro trimer or RBD from the Wuhan-Hu-1 strain
(produced in-house) or recombinant full spike protein from the
B1.1.529 strain (rndsystems). Plates were incubated at 4 °C. After
blocking, serum was added in PBS with 2% BSA, starting with a 30-
fold dilution for antigen-specific IgG or IgG subclasses. Polyclonal
anti-hamster HRP-conjugated secondary antibody (AB_2536572,
Invitrogen), was diluted in PBS with 1% BSA. After 1h of
incubation, antigen-specific antibodies were detected using TMB
substrate as described by the manufacturer (Kem-En-Tec
Diagnostics), and the reaction was stopped with H,SO,. Sum of
absorbances were calculated as described previously (21). Serum
antibody avidity was tested using a sodium thiocyanate (NaSCN)
ELISA assay as previously described (22). The avidity index was
calculated as the ratio of IgG binding to RBD in the absence or
presence of NaSCN and expressed as percentage binding, using a 90-
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fold serum dilution. A competition ELISA was performed to measure
antibodies directed against the CR3022 epitope (23). Plates were
coated with RBD overnight and blocked with PBS+ 2% BSA. Serum
was added in dilution series and, following incubation, HRP-coupled
CR3022 antibody (NBP2-90979H, Novusbio) was added before
detection with TMB substrate.

Neutralization assay

Neutralization of SARS-CoV-2 pseudo-particles was evaluated
using a pseudotyped lentivirus neutralization assay with SARS-CoV-2
spike (Wu-Hu-1) and HEK293T cells engineered to express human
ACE2, as previously described (24). ID50 values were estimated by
fitting a logistic curve in Prism 5 (GraphPad Software), bounded
between 0% and 100%, and interpolating the dilution at which
luciferase expression was reduced by 50% relative to wells in the
absence of serum. As a positive control in the assay we used an anti-
spike nanobody (Ty1), which hinders RBD-ACE2 binding (24).

Neutralization of SARS-CoV-2 viruses was performed using the
SARS-CoV-2/human/Denmark/DK-AHH1/2020 isolate cultured in
Vero E6 cells, as previously described (25, 26). This isolate is closely
related to the Wu-Hu-1 sequence (with E309K and D614G substitutions
in the spike protein) In brief, SARS-CoV-2 virus at a multiplicity of
infection (MOI) of 0.06 was incubated 1h at room temperature with
serially diluted heat inactivated (at 56°C for 30 min) plasma (1/100 to 1/
51200 dilution) at a 1:1 ratio. Following incubation, plasma/virus
mixtures were added to naive Vero E6 cells in quadruplicates in 96-
well plates. After being incubated for 48h at 37°C and 5% CO,, cells were
fixed and stained and single spots representing virus infected cells were
counted by an Immunospot series 5 UV analyser, as described (25), and
percent neutralization calculated. Neutralization curves were constructed
and the ID50 of plasma was calculated using non-linear regression (Log
[inhibitor] vs normalized response [variable slope]), using GraphPad
Prism. A mouse derived SARS-CoV-2 spike neutralizing antibody (Sino
Biological #40592-MM57, RRID: AB_2857935) was the positive control.
Four replicates of a 1/800 dilution (1.25pg/mL) of the positive control
were used for each plate, which gave an average of 81% neutralization.
The investigators performing the neutralization assays were blinded to
the experimental groups.

Meso scale discovery ACE2
competition assay

The V-PLEX SARS-CoV-2 Panel 26 (ACE2) Kit was run
according to the manufacturer’s instructions. Briefly, serum
samples (diluted x25) were added to pre-coated V-plex plates
followed by ACE2 binding detection using a Sector Imager 2400
system (Meso Scale Discovery).

Antibody dependent
complement deposition

ADCD was measured essentially as described previously (27).
Biotinylated recombinant spike protein (2019-nCoV S1+S2 ECD-His,
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Sino Biological) was incubated with red 1.0 pm fluorescent
neutravidin beads (Thermo Fisher) at 37°C with 1 pg of antigen per
1 ul of beads. After washing in 5% BSA-PBS, the coated beads were
resuspended in 0.1% BSA + PBS and 10ul of beads was mixed with
10ul of serum samples (diluted x10) for 2 h at 37 °C to allow immune-
complex formation. Subsequently, the beads were washed in 200 ul of
PBS. Guinea pig complement (Cedarlane) was diluted 1:50 in dilution
buffer (RPMI-1640 supplemented with 5 x 10-5 M 2-
mercaptoethanol, 1% pyruvate, 1% HEPES, 1% (v/v) premixed
penicillin-streptomycin solution (Invitrogen Life Technologies), 1
mM glutamine, and 10% (v/v) fetal calf serum (FCS) and incubated
with the coated beads at 37°C for 15 minutes. The beads were then
washed twice with 15 mM EDTA in PBS. A fluorescein-conjugated
goat anti-guinea pig complement C3 (diluted 1:40 in PBS) was used to
detect complement deposition. The samples were run in duplicate and
analyzed on a BD Fortessa flow cytometer. Events were gated on
single red fluorescent beads and displayed as percentage of C3
positive beads. Serum from naive mice was used as a negative
control (yielding 3.2% C3 positive beads) and serum from spike S-
2P (Wu-Hu-1) immunized mice was used as a positive control
(yielding 75% C3 positive beads) (28).

SARS-CoV-2 challenge

SARS-CoV-2 virus was isolated from a Danish patient throat
swab in PBS. The filtered (0.45 pm) material was propagated in a 24-
well plate of Vero E6 cells (50 000 cells/well). The isolate was then
passaged twice in Vero E6 (kind gift from Dr. Bjorn Meyer, Institut
Pasteur, Paris, France) without cell culture acquired mutations
(paired-end sequencing on miSeq platform, Illumina, CA, USA).
TCIDsy-titers were determined by 7-fold serial dilutions on Vero
E6 in a 96-well plate format. Titers were determined from wells
showing cytopathic effect using the Reed-Muench method (29). All
virus propagation was performed in Dulbecco’s modified Eagle’s
media supplemented with 100U/ml Penicillin-Streptomycin (both
from Gibco). The isolate SSI-H5 (GenBank accession number:
ON809567) is closely related to the Wu-Hu-1 sequence, but with
V367F and E990A substitutions in the spike protein and a G251V
substitution in ORF3a). Hamsters were anesthetized with isofluorane
and inoculated intranasally with 1.8 x 10° TCIDs, in 50ul of SARS-
CoV-2. Weight and signs of disease was monitored until the study
was terminated at 12 days post infection. Virus titres were determined
in nasal washes (sampled by flushing with 350 pl phosphate buffered
saline) at 5 days post challenge and in lungs at the time
of termination.

RT-gPCR for SARS-CoV-2 detection

Lungs were dissociated via GentleMACS (M-tubes, Miltenyi).
Total RNA extractions were performed by MagNa Pure 96 system
[Roche Molecular Biochemicals, Indianapolis, Indiana, United States
(US)], using MagNA Pure LC DNA Isolation kit I lysis buffer. All
oligonucleotides were synthesized by Eurofins Genomics. RT-qPCR
was performed using 5 pl of resuspended RNA in a 25 pl reaction
volume using the Luna® Universal Probe One-Step RT-qPCR with
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Luna WarmStart® RT Enzyme Mix (New England Biolabs) using 400
nM concentrations primers and 200 nM of probe. Primers and probes
for the CoV-E gene target were as previously described (30). Cycling
conditions were 55°C for 10 min, denaturation at 95°C for 3 min, and
45 cycles of 95°C (15 sec) and 58°C (30 sec). Reactions were carried
out using a Lightcycler-480 Real-Time PCR System (Roche). To
generate standard curves, synthetic SARS-CoV-2 RNA ctrl
(MT007544.1) (Twist Bioscience) of a known copy number was
serially diluted. Results were expressed as loglO-transformed
numbers of genome equivalent copies per ml or g of sample.
Detection of the subgenomic CoV-E target was performed as
previously described (31) using 50°C for 10 min, 95°C for 3 min,
and 45 cycles of 95°C (10 sec), 56°C (15 sec) and 72°C (5 sec). No
standard curve was included for the subgenomic RNA detection and
results are expressed as Ct value.

Pathology

From animals euthanized on day 12 post challenge, the right
diaphragmatic lung lobe was placed in histo-cassettes and fixed in
10% neutral buffered formalin for 24 hours before being transferred to
ethanol. Paraffin embedded tissues were sectioned (4-im) and stained
with haematoxylin and eosin for histopathological examination. From
each animal, two sections were present on the same slide, the whole of
which was evaluated for infiltration of inflammatory cells
(neutrophils and macrophages) and hyperplasia of type-II
pneumocytes. In all sections the inflammatory reaction was scored
as 0: absent, +: few sporadic inflammatory cells present, and ++:
numerous accumulated inflammatory cells. The inflammatory cells
were identified from their characteristic morphology (Supplementary
Figure 1A). The presence of type-II pneumocyte hyperplasia was
determined from the presence of this cell type laying the alveolar
lumen in a row morphology (Supplementary Figure 1B).
Immunohistochemically, type-II pneumocyte hyperplasia was
documented by cytokeratin staining (32) (Mouse anti-cytokeratin
clone AE1/AE3, DAKO M3515, diluted 1:8000). The investigators
performing the histological examination were blinded to the
experimental groups.

Statistical analysis
Differences between groups were analysed by one-way ANOVA

using Dunnet’s multiple comparisons test and the unvaccinated
group as reference (GraphPad v8.2.1).

Results

Aluminium hydroxide adjuvanted SARS-
CoV-2 spike trimer induces spike-specific
antibodies but low levels of neutralizing
responses in Syrian golden hamsters

The SARS-CoV-2 spike trimer (spike protein) mediates viral
entry into host cells (33). The trimer protein is intrinsically
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metastable, but can be stabilized by proline substitutions.
Homogenous spike trimers of the HexaPro variant (18) were
produced and verified to bind to ACE2 (sFiglC). To evaluate the
capacity of an AH-adjuvanted spike protein-based vaccine to protect
against SARS-CoV-2, we used a Syrian golden hamster (Mesocricetus
auratus) model, using an accelerated regimen, informed by murine
studies where AH-adjuvanted spike protein induced neutralizing
antibody responses after a single immunization (34). Hamsters were
immunized twice (10 days apart) with 10ug of spike protein via the
subcutaneous route and challenged 14 days after the second
immunization (Figure 1A). Spike protein was administered either
alone or given in AH. Prior to challenge (11 days post the second
dose), serum IgG antibody responses were measured against the full-
length spike protein and the RBD, the main determinant for
neutralization. AH enhanced both total spike protein-specific
antibody titres (Figure 1B) and to a lesser extent RBD-specific
antibody titres (Figure 1C) compared to the spike trimer used
without adjuvant. Antibody avidity, measured by sodium
thiocyanate (NaSCN) ELISA, was not significantly different between
the AH-adjuvanted and the spike alone group (Figure 1D). Although
spike-specific IgG antibody responses could be detected against the
homologous Wuhan-Hu-1 strain, we detected very low IgG responses
reactive against spike from the omicron (B.1.1.529) variant
(Figure 1E). To investigate if the vaccine-elicited antibodies were
capable of neutralizing SARS-CoV-2, we performed a homotypic
SARS-CoV-2 pseudovirus neutralization assay, but found low
neutralizing capacity of the sera, with detectable responses in only
one of the six hamsters in the AH group (ID50 of 1/223) (Figure 1F).
Similar results were obtained in the assay using homotypic culture
derived SARS-CoV-2 viruses for the neutralization assays, with the
pseudovirus assay positive animal having an ID50 of 1/436. All other
plasma samples tested at a 1/100 or higher dilutions lacked activity in
this assay (Figure 1G). The RBD-specific monoclonal antibody
CR3022 may drive antibody effector functions including antibody-
dependent cellular phagocytosis (ADCP), but was reported not to
neutralize SARS-CoV-2 (35-37), although a recent study suggested an
unusual mechanism of neutralization (destruction of the prefusion
trimer), which was only picked up under certain neutralizing assay
conditions (23). We did not observe inhibition of CR3022 binding to
RBD by serum from the AH-adjuvanted spike trimer group or the
unadjuvanted group in a competition ELISA (Figure 1H), suggesting
that the vaccine did not induce antibody responses capable of
competing with CR3022 binding.

To investigate if the low neutralizing antibody responses were due
to the accelerated vaccine schedule, we repeated the study, but included
an additional group receiving a standard vaccine regimen of two
vaccine doses given 21 days apart. For this group, we evaluated
neutralizing antibody responses three weeks after the last
immunization to allow for maturation of the antibody response
(Figure 1I). Interestingly, also this group had low neutralizing
antibody responses with only one of four hamsters displaying
neutralization in the homotypic culture derived SARS-CoV-2 virus
neutralization assay (Figure 1]). Similarly, low antibody responses were
found in an ACE2-competition assay (Figure 1K), both in the
accelerated and normal schedule groups. Furthermore, although all
hamsters had detectable anti-spike IgG, the antibody levels were similar
between the accelerated and standard vaccine schedule (Figure 1L).
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FIGURE 1

Aluminium hydroxide adjuvanted SARS-CoV-2 HexaPro spike protein elicits antibody responses with low neutralizing activity. Syrian Hamsters were
immunized with two doses of spike trimer protein alone or formulated in aluminium hydroxide (AH). Serum was sampled at 11 days after the 2"
immunization. (A) Timeline of the challenge experiment. Six hamsters were included in each group. (B) IgG antibody responses against spike protein
from the homologous Wuhan-Hu-1 strain. (C) IgG antibody responses against the receptor binding domain (RBD) from the homologous Wuhan-Hu-1
strain. Mean + SEM is displayed. Abs sum = sum of absorbances. (D) Antibody avidity against RBD. As a control, convalescent serum (day 14) from
hamsters challenged with 1.8x10° TCIDso of SARS-CoV-2 was included. (E) IgG antibody responses cross-reactive towards spike protein from the
omicron (B.1.1.529) strain. (F) Neutralization of SARS-CoV-2 (Wuhan-Hu-1) by a pseudovirus neutralization assay and (G) a homotypic culture derived
SARS-CoV-2 virus assay. (H) Serum specificity against the CR3022 epitope were tested in a competition ELISA. Data are displayed as reduction in
CR3022 binding by serum from vaccinated groups compared to naive serum. A positive control (mouse anti-spike serum) was included, which gives a
50% reduction in CR3022 binding. (I) Timeline of the experiment comparing accelerated and normal vaccine schedules. Syrian golden hamsters were
immunized with two doses of spike trimer protein formulated in aluminium hydroxide given either as an accelerated regimen (10 days apart) and
sampled at 11 days after the 2"¢ immunization or as a normal regimen (21 days apart and sampled 21 days after the 2" immunization). Four hamsters
were included in each vaccine group and two hamsters were non-immunized controls. (J) Neutralization of SARS-CoV-2 (Wuhan-Hu-1) by a homotypic
culture derived SARS-CoV-2 virus assay. (K) ACE2 competition assay measuring serum antibodies towards the Wu-Hu-1 strain. (L) IgG antibody
responses against spike protein from the homologous Wuhan-Hu-1 strain. (M) Antibody dependent complement deposition. Graphs displaying
neutralization of culture derived SARS-CoV-2 virus (G, J) show the non-linear regression curve of SARS-CoV-2 virus inhibition normalized to non-
treated controls (Y-axis) for the different plasma dilutions (X-axis). The dashed line highlights the 50% neutralization level. ID50 titers below the limit of
detection (45 or 100) depending on sample availability are displayed as 45 or 100, respectively. An anti-spike nanobody (Tyl) was used as positive control
in the pseudovirus assay, which gave 80% neutralization at 10ug/ml dilution, and a mouse derived SARS-CoV-2 spike neutralizing antibody was used as
positive control in the homotypic culture derived virus assay, which gave an average of 81% neutralization at a 1/800 dilution (1.25pg/mL). Statistically
significant differences are indicated by ** (one-way ANOVA using the unvaccinated group as reference, p<0.01). There was no statistically significant

10.3389/fimmu.2023.941281

difference among groups if not otherwise indicated. Figures represent six hamsters per group.

Thus, the AH-adjuvanted spike protein vaccine elicited low
neutralizing antibody responses regardless of the tested vaccine
schedules. We then investigated if the elicited spike-specific antibody
responses were able to activate complement, as another potential
antibody-mediated effector mechanism. Interestingly, sera from both
the accelerated and normal vaccine schedule activated complement, as
measured by C3 deposition (Figure 1M and Supplementary Figure 2).

Aluminium hydroxide adjuvanted spike
trimer vaccine protects against disease
following SARS-CoV-2 challenge

Hamsters that had received the accelerated vaccine schedule were
challenged intranasally with a high dose of SARS-CoV-2 virus (1.8 x

Frontiers in Immunology

10° TCIDs,) of an early Danish isolate (SARS-CoV-2/Hu/DK/SSI-
H5) to investigate if the vaccine was capable of protecting against
disease despite the low neutralizing antibody responses. All infected
groups had a transient weight loss at two days post infection.
Subsequently, hamsters in the AH vaccinated group rapidly gained
weight, whilst the infection-only group had reduced weight until six
days post virus inoculation [98% of starting weight on average
compared to 105% in the AH adjuvanted group, significantly
different (p<0.05)] and recovered slower than the AH vaccinated
animals (Figure 2A). At five days post challenge, qPCR of the SARS-
CoV-2 E gene detected virus in nasal washes from all challenged
animals, although there was a tendency towards lower virus titres in
the group vaccinated with AH-adjuvanted spike protein and
unadjuvanted spike protein than in unvaccinated animals (not
significant, p = 0.05 and 0.06, respectively, Figure 2B). Animals that
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FIGURE 2

Spike protein adjuvanted with aluminium hydroxide (AH) protects against challenge with SARS-CoV-2. Syrian golden hamsters were immunized with two
doses of spike trimer protein alone or formulated in AH and challenged intranasally with 1.8x10° TCIDso of SARS-CoV-2. (A) Percent weight change.
Individual hamsters are displayed in the right panel. (B) Viral load by gPCR in the nasal washes at 5 dpi (left panel) and in lungs at 12 dpi (right panel)
measured by gPCR against the E-gene. (C) Subgenomic RNA in the nasal washes at 5 dpi (left panel) and in lungs at 14 dpi (right panel). Statistically
significant differences are indicated by *** (one-way ANOVA using the unvaccinated group as reference, p<0.001). There was no statistically significant
difference among groups if not otherwise indicated. (D) Right diaphragmatic lung lobe were fixed in 10% formalin, cut and stained with Hematoxylin and
Eosin (HE) to examine pulmonary pathology at 12 dpi. Representative stainings (obj. x 10) of unvaccinated animals (left panel) show influx of inflammatory
cells (black circles). Red circles show type Il pneumocyte hyperplasia. Spike vaccinated animals (middle panel) had inflammatory cells present within

) and type Il pneumocyte hyperplasia (red circles). Few normal alveoli (NA) are present (A) normal arteria. Spike + AH vaccinated animals (right
panel) had normal alveoli (NA) and normal terminal bronchiole (TB). (E) Number of hamsters in each group having influx of the indicated inflammatory
cells and type Il pneumocyte proliferation, respectively (n =3 (mock) to 6 (vaccinated and/or challenged) hamsters per group).
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received AH-adjuvanted vaccine had significantly lower lung virus
titres at 12 days post challenge compared to the unvaccinated group
(p<0.001) and four of six animals had no detectable virus. There was
also a tendency towards lower virus titres in the unadjuvanted vaccine
group compared to unvaccinated controls (not significant, p = 0.47).
An RT-qPCR to detect E-gene subgenomic RNA, as a surrogate of
active viral infection, suggested that there was no actively replicating
virus in the lungs of hamsters vaccinated with AH-adjuvanted spike,
whilst subgenomic RNA could be detected in four out of six animals
in the unvaccinated group (Figure 2C). The SARS-CoV-2 challenge
further boosted antibody responses against spike protein from the
homologous Wuhan-Hu-1 strain (Supplementary Figure 3A). Post-
infection sera also reacted towards spike protein from the omicron
(B.1.1.529 variant) (Supplementary Figure 3B).

SARS-CoV-2 causes lung lesions in hamsters comparable to those
of human disease, including marked infiltration with neutrophils and
mononuclear cells and hyperplasia of type-II pneumocytes (38, 39).
To examine if the vaccine could protect against pulmonary pathology,
we examined the challenged hamsters for signs of lung lesions at 12
days post infection. In the unvaccinated group and the spike-alone
group, there were clear signs of remaining inflammatory infiltrates
consisting of large numbers of neutrophils and macrophages
(Figures 2D, E and Supplementary Figure 1B). We also observed
prominent type-II pneumocyte hyperplasia along the alveolar lining
(Figures 2D, E). In the AH-adjuvanted group, one hamster had signs
of lung inflammation at 12 days post infection. Notably, this animal
had the lowest spike-specific and RBD-specific IgG antibody
responses (Figure 1) and non-detectable neutralization titres,
suggesting low vaccine response in this animal. The remaining five
hamsters in the AH-adjuvanted group had no signs of lung pathology.
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Discussion

Safe and effective vaccines that can be produced at large scale and
are suitable for use in developing countries are needed to protect
against emerging SARS-CoV-2 variants. Subunit vaccines based on
proteins, are used successfully against other infections, e.g. hepatitis B
and Varicella zoster virus, and are important components of the
SARS-CoV-2 vaccine pipeline. Recently, the Matrix-M™ adjuvanted
spike-protein based subunit vaccine (NVX-CoV2373) (40) was
granted emergency use authorization and another spike-based
vaccine, adjuvanted with alum + CpG1018 (SCB-2019) is currently
in phase 3 clinical trials (41).

Syrian hamsters are considered a relevant model for human
SARS-CoV-2 infection, demonstrating similar viral kinetics, disease
course and immune responses as seen in patients with Covid-19 (39,
42) and, as opposed to in transgenic mice, in which infection of the
central nervous system (CNS) is the major manifestation of the
disease (43), disease in Syrian hamsters predominantly affects the
lower respiratory tract (39). Previous vaccine studies in Syrian
hamsters demonstrated high neutralizing antibody titres and
protection against SARS-CoV-2 challenge by adenovirus serotype
26 and chimpanzee adenovirus vectors expressing stabilized SARS-
CoV-2 spike protein (44, 45). Protein subunit vaccines composed of
spike ectodomain protein with a nitrogen bisphosphonate-modified
zinc-aluminum hybrid adjuvant (46) and spike (S-2P) protein
adjuvanted with AH+CpG1018 also elicited high neutralizing
antibody responses and protected against challenge in Syrian
hamsters (47). In contrast, a DNA vaccine based on SARS-CoV-2
full-length spike failed to protect against lung pathology in a Syrian
hamster model. This vaccine also failed to induce neutralizing
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antibody responses, despite eliciting anti-RBD antibody
responses (48).

Here we have demonstrated that the pre-fusion stabilized
(HexaPro) SARS-CoV-2 spike protein (18) formulated with AH
and given in an accelerated vaccine schedule protects against lower
respiratory tract infection and pathology upon SARS-CoV-2
challenge in Syrian hamsters. Notably, the vaccine elicited
antibodies against spike RBD, but serum antibody responses had
low neutralizing activity in vitro, with only one of six animals
mounting neutralizing antibody responses. This animal also had
anti-RBD antibody responses and was protected against SARS-
CoV-2 challenge with no virus detected in the lungs. Using a
similar AH-adjuvanted pre-fusion stabilized (S-2P) we found high
neutralizing antibody responses 42 days after a single immunization
in mice (34) and previous studies have demonstrated that the
HexaPro antigen adjuvanted with AH elicits robust neutralizing
antibody responses in mice when using a standard vaccine regimen
(two doses given three weeks apart and evaluation of responses two
weeks later) (49). In contrast, more recent studies have demonstrated
that alum adjuvanted recombinant spike or RBD-based vaccines are
poor at inducing neutralizing antibody responses, particularly in
Syrian hamsters (50, 51). In the present study, AH-adjuvanted
spike protein was poor at inducing neutralizing antibody responses
in Syrian hamsters, regardless of whether the vaccine was
administered in an accelerated schedule (10 days apart) or a
standard schedule (21 days apart). This suggests that alum is not an
optimal adjuvant for eliciting SARS-CoV-2 neutralizing antibody
responses in hamsters. Nonetheless, this study suggests that
protection against SARS-CoV-2 disease may be obtained with
vaccines offering low neutralizing antibody activity. Similarly, it has
previously been demonstrated that vaccine-induced protection
against disease in humans may occur prior to observation of
neutralizing antibodies. It is possible that vaccine-induced
neutralizing antibodies, despite being below the limit of detection,
are sufficient for protection against SARS-CoV-2 disease or that the
vaccine facilitated protection by other mechanisms than neutralizing
antibodies, e.g. non-neutralizing antibodies acting through Fc
receptor functions (52). Notably, both the accelerated and normal
vaccine schedule elicited serum antibodies capable of activating
antibody dependent complement deposition (ADCD), which could
potentially contribute to protection. It is also possible that the alum-
adjuvanted vaccine elicited protective T cell responses (53) and
reviewed in (54), which is a focus for further studies.

Vaccines against SARS-CoV-2 aim at inducing neutralizing
antibodies, but if this is required for vaccine-induced protection
against SARS-CoV-2 infection and disease is now questioned. We
found that an adjuvanted spike protein subunit vaccine elicited very
low neutralizing antibody responses, but still protected against SARS-
CoV-2 disease. This suggests that vaccine-induced protection may be
obtained with vaccines that are poor at inducing neutralizing
antibody responses. Aluminium hydroxide adjuvanted spike
subunit vaccines can easily be produced at low cost and in large
quantities and are suitable for mass-vaccination. However, the present
study suggests that aluminium hydroxide is not an optimal adjuvant
for elicitation of SARS-CoV-2 neutralizing antibody responses when
evaluated in the hamster model.
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SUPPLEMENTARY FIGURE 1

(A) Representative stainings of lungs from unvaccinated hamsters at 12 days
post infection with SARS-CoV-2. Influx of different inflammatory cells are
pointed out. Neutrophils (arrows) and macrophages (arrowheads) are
observed. Obj. x 40. (B) Representative stainings of unvaccinated hamsters at
12 days post infection with SARS-CoV-2 for presence of type Il pneumocyte
hyperplasia, demonstrated by immunostaining of cytokeratin. Obj. x 25. (C)
Confirmation of antigen (HexaPro) binding to ACE2 by ELISA.

SUPPLEMENTARY FIGURE 2

Syrian golden hamsters were immunized with two doses of spike trimer protein
alone or formulated in AH and challenged intranasally with 1.8x10° TCIDsq of
SARS-CoV-2. IgG antibody responses were measured in serum from 12 days
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