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Replicating RNA platform enables rapid response to
the SARS-CoV-2 Omicron variant and elicits enhanced
protection in naive hamsters compared to ancestral
vaccine
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Summary

Background In late 2021, the SARS-CoV-2 Omicron (B.1.1.529) variant of concern (VoC) was reported with many
mutations in the viral spike protein that were predicted to enhance transmissibility and allow viral escape of neutral-
izing antibodies. Within weeks of the first report of B.1.1.529, this VoC has rapidly spread throughout the world,
replacing previously circulating strains of SARS-CoV-2 and leading to a resurgence in COVID-19 cases even in popu-
lations with high levels of vaccine- and infection-induced immunity. Studies have shown that B.1.1.529 is less sensi-
tive to protective antibody conferred by previous infections and vaccines developed against earlier lineages of SARS-
CoV-2. The ability of B.1.1.529 to spread even among vaccinated populations has led to a global public health demand
for updated vaccines that can confer protection against B.1.1.529.

Methods We rapidly developed a replicating RNA vaccine expressing the B.1.1.529 spike and evaluated immunoge-
nicity in mice and hamsters. We also challenged hamsters with B.1.1.529 and evaluated whether vaccination could
protect against viral shedding and replication within respiratory tissue.

Findings We found that mice previously immunized with A.1-specific vaccines failed to elevate neutralizing antibody
titers against B.1.1.529 following B.1.1.529-targeted boosting, suggesting pre-existing immunity may impact the effi-
cacy of B.1.1.529-targeted boosters. Furthermore, we found that our B.1.1.529-targeted vaccine provides superior pro-
tection compared to the ancestral A.1-targeted vaccine in hamsters challenged with the B.1.1.529 VoC after a single
dose of each vaccine.

Interpretation Our data suggest that B.1.1.529-targeted vaccines may provide superior protection against B.1.1.529
but pre-existing immunity and timing of boosting may need to be considered for optimum protection.
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Research in context

Evidence before this study

At the end of 2021, the Omicron (B.1.1.529) variant of
concern (VoC) of SARS-CoV-2 emerged and rapidly
spread around the globe. It replaced nearly all other
circulating strains of SARS-CoV-2 including the Delta
VoC and lead to a resurgence of cases, even among
populations with high levels of immunity from vacci-
nation or previous infection. This has been attributed
to the ability of Omicron to escape neutralizing anti-
bodies due to a large number of mutations in the viral
spike protein. The BA.2 sub-variant of Omicron
appears to have even further transmissibility among
previously immune populations. The ability of Omi-
cron to evade immunity provided by existing vaccines
has lead to a public health demand for updated vac-
cines that target Omicron. Furthermore, the explosion
of Omicron has raised the question as to whether
immune escape variants of SARS-CoV-2 will continue
to emerge, leading to repeated waves of infections,
public health burden and death in at-risk populations.
Thus, vaccines that can be rapidly updated to target
emerging VoCs may be an important tool for com-
batting future VoCs

Added value of this study

Our self-replicating vaccine platform uses an Alphavi-
rus replicon to express the SARS-CoV-2 spike and is
delivered via a cationic nanocarrier. It has been previ-
ously evaluated in mice, hamsters and primate mod-
els and is being evaluated in human clinical trials.
Here, we rapidly updated our ancestral A.1-targeting
vaccine to target Omicron and promptly initiated ani-
mal studies to evaluate the immunogenicity of the
vaccine. Importantly, we evaluated immunogenicity
of Omicron-targeted boosting in animals with pre-
existing immunity, to model how these updated vac-
cines may perform in populations already immune to
SARS-CoV-2.

Implications of all the available evidence

We found that Omicron-targeted boosting of animals
with pre-existing immunity to A.1-lineage SARS-CoV-2
did not lead to Omicron-specific immunity suggesting
that pre-existing immunity may impact the efficacy of
Omicron-targeted boosters. We also evaluated the
ability of A.1-targeted versus Omicron-targeted vac-
cines to protect hamsters from Omicron challenge in
a prime-only vaccination scheme. We found that Omi-
cron-targeted vaccination provided superior protec-
tion against Omicron challenge in respiratory tissues.
Cumulatively our data show that our vaccine platform
can be rapidly updated to target emergent VoCs, an
important public health need as SARS-CoV-2 contin-
ues to circulate and evolve. However, it also suggests
that pre-existing immunity and timing of boosters tar-
geting VoCs needs to be considered for optimal
protection.

Introduction . ‘
Since emerging in late 2019 in China, severe acute

respiratory syndrome— coronavirus 2 (SARS-CoV-2)
has caused hundreds of millions of infections and the
associated disease, COVID-19, resulting in millions of
deaths. As of early 2022, the virus continues to circulate
throughout the world. To address the pandemic, multi-
ple vaccines were rapidly developed and early reports
showed high levels of protection against symptomatic
infection, severe disease and hospitalization." However,
continued viral evolution has given rise to variants of
concern (VoC) with abilities to evade vaccine- or infec-
tion-induced  immunity and increase  trans-
missibility.> > However, the recent emergence of the
B.1.1.529 (Omicron) VoC in late 2021° has resulted in
an unprecedented resurgence of COVID-19 cases with
many countries reporting record case numbers.
Remarkably, in the United States, the B.1.1.529 VoC rep-
resented less than 1% of cases in early December 2021
but by mid-January 2022, was responsible for >99% of
cases.” The remarkable replacement of previously circu-
lating SARS-CoV-2 strains by B.1.1.529 is likely due to 1)
the ability of the B.1.1.529 to evade either vaccine- or
infection-induced immunity® " enabling B.1.1.529 to
spread among previously resistant populations, and 2)
increased transmissibility as many of the described
mutations have been previously implicated in enhanc-
ing the receptor binding domain’s affinity for the ACE2
receptor.'*" In support B.1.1.529 also appears to repli-
cate efficiently in the upper respiratory tract promoting
efficient transmission in rodent models of infection.™
In the meantime, sub-lineages of B.1.1.529, BA.2 and
BA.2.12.1 appear to have even further increased trans-
mission” and have become the dominant variants in
the United States and globally.” The emergence of
B.1.1.529 and sub-lineages and their resistance to previ-
ously acquired immunity has resulted in a public health
demand for updated vaccines that can limit infection
and transmission of these VoCs to address the ongoing
public health threat posed by SARS-CoV-2. Genetic
immunization-based vaccine technologies, including
those based on mRNA modalities, provide the ability to
rapidly respond to such changes in the virus and the
currently approved mRNA vaccines for COVID-19 are
in the process of being updated.'®

Previously, we reported on the development of a cat-
ionic nanocarrier, Lipid InOrganic Nanoparticle
(LION), for delivery of a replicating RNA (repRNA)
encoding the ancestral Spike of SARS-CoV-2" as well
as those of the B.r.r7 and B.r.35t lineage viruses.'®
Investigatory COVID-19 vaccine products based on the
LION/repRNA platform are currently under evaluation
in an ongoing phase II/I1II trial in India, under the drug
product designation HDT/Gennova COVID-19
(HGCo19, clinical trial identifier CTRI/2021/09/
036379), and in ongoing phase I trials in South Korea
under the name QTP1o4, as well as in Brazil and the
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US under the name HDT-301. In contrast to lipid nano-
particle (LNP)-based approaches for RNA delivery, cat-
ionic nanocarriers provide a distinct stability and
independent manufacturing advantage that enables
their stockpiling for rapid response to emerging dis-
eases, including variants of SARS-CoV-2. Upon manu-
facture of updated repRNAs, the two components are
simply combined and mixed by inversion, prior to load-
ing of syringes for intramuscular injection. We report
here the rapid development of a B.1.1.529-targeted
repRNA and demonstrate that this vaccine is immuno-
genic and confers improved protection against B.1.1.529
infection in a hamster model compared to the ancestral
A.1-specific vaccine, indicating that B.1.1.529-targeted
vaccines are likely needed for optimal protection against
B.1.1.529 infection. Importantly however, we also evalu-
ated the immunogenicity of a B.1.1.529-targeted vaccine
as a booster in A.1-pre-immune mice and found that
pre-existing immunity could negatively impact VoC-tar-
geted booster responses.

Methods

Biosafety

All procedures with infectious SARS-CoV2 were con-
ducted under high biocontainment conditions in accor-
dance with established operating procedures approved
by the Rocky Mountain Laboratories (RML) institutional
biosafety committee (IBC). Sample inactivation fol-
lowed IBC approved protocols.”

Ethics

Animal experiments were approved by the Rocky Moun-
tain Laboratories and University of Washington institu-
tional animal care and use committee (protocol #s
2020-63 & 4266-10) and performed by experienced per-
sonnel under veterinary oversight. Mice were group-
housed, maintained in specific pathogen-free condi-
tions, and entered experiments at 6—8 weeks of age.
Hamsters were group-housed in HEPA-filtered cage
systems and acclimatized to high containment condi-
tions prior to start of SARS-CoV2 challenge. They were
provided with nesting material and food and water ad
libitum.

Viruses and cells

For hamster studies: SARS-CoV-2 variant B.1.1.529 (hCoV-
19/USA/GA-EHC-2811C/2021, EPI_ISL 7171744) Was
obtained from Mehul Suthar, Emory University. Virus
stock was sequenced via Illumina-based deep sequencing
to confirm identity and exclude contamination. For in vitro
studies: A.1 lineage SARS-CoV2. used for neutralizing
antibody assays, was received from BEI resources (Gen-
Bank: MN90894y.3) and titered on in VeroEG/TMPRSS2
cells B.1.1.529 lineage SARS-CoV2 was prepared as fol-
lows: nasal swab clinical samples recovered from patients

www.thelancet.com Vol 83 Month, 2022

undergoing diagnostic testing for the presence of SARS-
CoV-2 were collected in viral transport media (VIM) in
late December, 2021 by the University of Washington
Clinical Virology group and transferred to a biosafety level
(BSL)3 laboratory for VIM processing and virus isolation.
For virus isolation the VIM was first cleaned by filtering
through Corning Costar Spin-X centrifuge tube filter
(CLS8160). 0.1 ml of the cleaned VIM was used to infect
VeroEG cells ectopically expressing human Acezand
TMPRSS2 (VeroEG-AT cells; a gift from Dr. Barney Gra-
ham, National Institutes of Health, Bethesda MD) in a 48-
well plate. Four days later we observed a typical cytopathic
effect related to SARS-CoV2 infection. Supernatants were
then collected and designated as a passage (P)o virus
stock. The Po stock was used to produce P1 virus stock,
with virus cultures grown in VeroEG/TMPRSS2 cells
(JCRB1819). The titer of the P1 stock was measured by
standard SARS-CoV-2 plaque assay as described.” An ali-
quot of the P1 stock was subject to RNA isolation and com-
plete SARS-CoV-2 genome sequencing (RNAseq) using
the Swift Biosciences' SARS-CoV-2 multiplex amplicon
sequencing panel.>® RNAseq data sets were analyzed by
performing phylogenetic comparison across known
SARS-CoV-2 sequences present in the Phylogenetic
Assignment of Named Global Outbreak Lineages (Pango-
lin) database (https://github.com/cov-lineages/pangolin)
from which we confirmed the isolated virus was the omi-
cron variant. VeroE6-TMPRSS2 (JCRB1819, JCRB Cell
Bank, NIBIOHN) cells were cultured at 37C in DMEM
supplemented with 10% FBS, 100U/ml of penicillin-
streptomycin, and 1 mg/ml G418. Baby Hamster Kidney
(BHK) cells (ATCC) were cultured at 37C in DMEM sup-
plemented with 10% FBS, and 100U/ml of penicillin-
streptomycin.

Vaccine constructs

A.1-repRNA-CoV2S was previously described.
B.1.1.529-repRNA-CoV2 was constructed as follows.
GISAID accession EPI_ISL_6699769 was selected for
design of 3 overlapping, human codon-optimized, dou-
ble stranded DNA tiles spanning the entire open read-
ing frame of the spike gene with an additional
KV99s5PP substitution to stabilize the pre-fusion confir-
mation of spike (also present in the A.1-repRNA-CoV2S$
construct). Tiles were then synthesized on the BioXP
(CodexDNA) and combined with linearized repRNA
plasmid backbone in a four-fragment Gibson assembly
reaction followed by transformation of e. coli and selec-
tion of clones. Sanger sequence-verified plasmid
was then scaled prior to linearization by NotI digestion
in preparation for transcription and capping as
described.” To prepare vaccines for in vitro and in vivo
experiments, RNA was combined with HDT Bio’s stock-
piled cationic nanocarrier, Lipid InOrganic Nanoparticle
(LION), at a nitrogen-to-phosphate ratio of 15 in a sim-
ple 1:1 volume mix and incubated on ice for 30 min prior
to use.

17,18
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Vaccine potency assay

LION/repRNA potency was assayed in vitro. Briefly,
serial dilutions of LION/repRNA were incubated on a
monolayer of BHK cells in a 96-well plate. Twenty-four
hours later, cell lysates were added to an ELISA plate
coated with anti-SARS-CoV2 Spike (St domain) mono-
clonal antibody (Genetex GTX632604). Following a pri-
mary incubation and washes, a polyclonal anti-SARS-
CoV2 Spike (full-length S) primary antibody was added
(Abcam Ab272504). Following a secondary incubation
and washes, a secondary horse radish peroxidase
(HRP)-conjugated antibody was used to detect S-specific
binding (Genetex GTX2r13r10-o1). Following a final
incubation, HRP activity was assayed by TMB/HCL
detection and absorbance measured by plate reader
(ELx808, Bio-Tek Instruments Inc) at 450nm.

Mouse studies

Six—to-eight-week-old female C57BL/6 mice (Jackson
laboratory) received 1pg of each vaccine, as outlined in
Figure 2A, via intramuscular injections, in a joul vol-
ume, on days -52, -24, o, and 28. Animals were then
bled on days o, 28 and 42, and sera evaluated for neu-
tralizing and binding antibody responses by plaque
reduction neutralization test and enzyme linked immu-
nosorbent assay, respectively.

Plaque reduction neutralization tests (PRNTSs)

Two-fold serial dilutions of heat inactivated serum and
600 plaque-forming units (PFU)/ml solution of A.1, or
B.1.1.529 viruses were mixed 1:1 in DMEM and incu-
bated for 30 min at 37C. Serum/virus mixtures were
added, along with virus only and mock controls, to Vero
EG-TMPRSS2 cells (ATCC) in 12-well plates and incu-
bated for 30 min at 37C. Following adsorption, plates
were overlayed with a 0.2% agarose DMEM solution
supplemented with Penicillin/Streptomycin (Fisher Sci-
entific). Plates were then incubated for 2 (A.1) or 3
(B.1.1.529) days at 3yC. Following incubation, 10%
formaldehyde (Sigma-Aldrich) in DPBS was added to
cells and incubated for 30 minutes at room tempera-
ture. Plates were then stained with 1% crystal violet
(Sigma-Aldrich) in 20% EtOH (Fisher Scientific). Pla-
ques were enumerated and percent neutralization was
calculated relative to the virus-only control.

Enzyme linked immunosorbent assays (ELISAs)

Antigen-specific IgG responses were detected by ELISA
using recombinant A.1 full-length spike (Sino Biological
40589-Vo8B33), A.1 receptor binding domain (RBD)
(Sino Biological 40592-Vo8H), or B.1.1.529 RBD (Sino
Biological 40592-Vo8Hi121). ELISA plates (Corning)
were coated with 1 pg/ml antigen or with serial dilu-
tions of purified polyclonal IgG from mice to generate a
standard curve in o.1 M PBS buffer and blocked with
0.2% dry milk-PBS/Tween. Then, in consecutive order,

washes in PBS/Tween, serially diluted serum samples,
anti-mouse IgG-HRP (Southern Biotech 1031-05) and
TMB then HCL were added to the plates. Plates were
analyzed at 4o5nm (ELx808, Bio-Tek Instruments Inc).
Absorbance values from the linear segment of each
serum dilution curve was used to interpolate the stan-
dard curve and calculate the IgG concentration present
in each sample and then fold-change in IgG concentra-
tion between days o and 28 calculated.

Hamster studies

For hamster studies, male Syrian Golden hamsters were
purchased from Envigo and were approximately 15-
weeks of age at time of vaccination. Hamsters were ran-
domly assigned to study groups and acclimatized for
several days prior to vaccination. Six animals were used
per group. Hamsters were vaccinated with 20 g of
indicated repRNA complexed to LION on day -28 rela-
tive to SARS-CoV-2 challenge. RNA was diluted in water
and LION diluted in 40% sucrose and 100 mM sodium
citrate to achieve a theoretical nitrogen:phosphate (N:P)
ratio of 15. RNA and LION were allowed to complex for
30 min at 4 °C. Hamsters were primed with a 50 pL
intramuscular (IM) injection to each of the hind limbs
on day o. Mock vaccinated hamsters received identical
IM immunizations with saline. To monitor antibody
responses to vaccination, blood was collected via retroor-
bital bleeds 27 days after vaccination (day -1). Hamsters
were monitored daily for appetite, activity and weight
loss and no adverse events were observed among the
LION/repRNA vaccinated groups. For SARS-CoV2 chal-
lenge on day o, hamsters were inoculated with 1000
TCIDs5o0 indicated SARS-CoV2 variant via 50 pL intra-
nasal instillation. Following challenge, hamsters were
weighed and monitored daily. Hamsters were orally
swabbed on days 2 and 4 post-infection (PI). Swabs
were placed in timL DMEM without additives. A sched-
uled necropsy at day 4 PI was performed on all animals
to harvest blood, lung and nasal turbinate tissues. Stud-
ies were performed once.

Viral RNA quantification

Viral RNA from swabs was isolated using Qiamp RNA
mini kit (Qiagen) and viral RNA was isolated from tis-
sues using RNEasy mini kit (Qiagen) according to
provided protocols. Viral RNA was quantified by one-
step qRT-PCR using QuantiFast Probe PCR reagents
(Qiagen) and primers and probes specific for the
SARS-CoV2 sub-genomic E RNA as previously
described.*" For both assays, cycling conditions were
as follows: initial hold of 50 °C for 10 min, initial
denaturation of 95 °C for 5 min, and 40 cycles of
95 °C for 15 s followed by 6o °C 30 s. SARS-CoV2
RNA standards with known copy number were pre-
pared in house, diluted, and run alongside samples
for quantification. The limit of detection was based on
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the standard curve and defined as the quantity of RNA
that would give a Ct value of 40.

Infectious virus titration

Infectious virus in swabs or tissues was quantified by
tissue-culture infectious dose 50 assay (TCID,) on
Vero cells. Tissues were weighed and homogenized in
1mL DMEM supplemented with 2% FBS and penicillin
and streptomycin. Homogenate was clarified of large
debris by centrifugation. Samples were then serially 10-
fold diluted in DMEM 2% FBS and applied to wells
beginning with the 1:10 dilution in triplicate. Cells were
incubated for six days before cytopathic effect (CPE) was
read. TCID;, was determined by the Reed and Muench
method.?* The limit of detection was defined as at least
two wells positive in the 1:10 dilution.

Histopathology and Immunohistochemistry

At time of necropsy, lungs were dissected and insuf-
flated with 10% neutral buffered formalin. The skull
was sectioned and lungs and skull sections submerged
in 10% neutral buffered formalin for a minimum of
7 days with 2 changes. Tissues were placed in cassettes
and processed with a Sakura VIP-6 Tissue Tek, on a 12-
hour automated schedule, using a graded series of etha-
nol, xylene, and ParaPlast Extra. Prior to staining,
embedded tissues were sectioned at 5 pm and dried
overnight at 42 °C. Specific anti-CoV immunoreactivity
was detected using Sino Biological Inc. SARS-CoV/
SARS-CoV-2 N antibody (Sino Biological cat#40143-
MMos) at a 11000 dilution. The secondary antibody
was the Vector Laboratories ImPress VR anti-mouse
IgG polymer (cat# MP-7422). The tissues were then
processed for immunohistochemistry using the Discov-
ery Ultra automated stainer (Ventana Medical Systems)
with a ChromoMap DAB kit (Roche Tissue Diagnostics
cat#760—159). Sections were scored by a certified
pathologist who was blinded to study groups. Sections
from mock-infected hamsters came from historical
controls.

Reagent verification

All antibodies used in this study were from commercial
sources. Cell lines used in this study were not validated.
Veterinarians and pathologists were blinded to study
groups until after completion of study. Research staff
was not blinded.

Statistics

Animals were assigned to study groups by animal care
technicians with no knowledge of study. Group sizes
chosen based on previous experience with SARS-CoV-2
hamster and mouse modeling. No animals were
excluded from final data analysis. Statistical analyses as
described in the figure legends were performed using
Prism 8.4.3 (GraphPad).
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Data availability
Data available upon request.

Role of funders
Funders had no input on study design, data collection,
interpretation, data analysis, writing of report or deci-
sion to publish.

Results

Design and production of a B.1.1.529-targeted
repRNA-CoV2S

Following the November 25", 2021, announcement of a
new VoC, first discovered in South Africa and desig-
nated by the WHO as the Omicron variant, we initiated
nonclinical activities to rapidly update our repRNA-
CoV2S, including vaccine design, as well as in vitro and
in vivo evaluations, to inform ongoing clinical studies of
our COVID-19 vaccine (Figure 1a). We screened the
sequences deposited on GISAID available at that time
for complete coverage of the spike (S) open reading
frame (ORF) and selected EPI_ISL_6699769, depos-
ited by de Oliveira et al.® to design an updated S ORF
for insertion into our previously described repRNA-
CoV2S"7"* (Figure 1b). Following the rapid synthesis of
three overlapping tiles, we cloned and sequenced-veri-
fied B.1.1.529-repRNA-CoV2S prior to production of
RNA for in vitro qualification using an in vitro potency
assay. A half-maximal effective concentration (EC;,) of
13.3 ng/well was measured (Figure 1c), an expected
potency within the range of previous repRNA-CoV2
drug substances."®

Vaccination of pre-immune or naive animals elicits
differential antibody responses

Due to the prevalence of SARS-CoV2 immunity in the
global population and the current need to boost pre-
immune individuals we initiated a single or two-dose
booster study in three groups of pre-immune mice.
These animals had previously received 1 pg doses,
spaced 28 days apart (day -54 and -24 relative to
B.1.1.529-repRNA-CoV2S boost), of either a prime/boost
A.1-repRNA-CoV2S vaccine (A.1 Spike 2X), or a prime-
only A.1-repRNA-CoV2S followed by a control boost of
an influenza HA-repRNA (A.1 Spike 1X), or a control
prime/boost of an influenza HA-repRNA vaccine (Influ-
enza HA 2X) (Figure 2a). The inclusion of the HA-
repRNA vaccinations were important to control for
immune response to the repRNA backbone that enco-
des the nonstructural proteins of Venezuelan equine
encephalitis virus. At 24 days after their second vaccina-
tion, all animals received two 1 wg booster doses of
B.1.1.529-repRNA-CoV2S on days o and 28 (Figure 2a)
Sera was collected on days 28 and 42 to evaluate anti-
body responses after each booster, by enzyme-linked
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Figure 1. Design, production, and testing of a B.1.1.529-targeted repRNA-CoV2S vaccine in response to the Omicron wave.
(@) Timeline of nonclinical studies to evaluate an updated B.1.1.529-targeted repRNA-CoV2S in the context of the ongoing Omicron
wave (data sourced from ourworldindata.org). (b) Design of A.1 and B.1.1.529 spike (S) open reading frames expressed from repRNA,
including the amino acid substitutions, insertions, and deletions present in GISAID accession no. EPI_ISL_6699769, relative to the A.1
S and their respective locations within the S1, S2, transmembrane (TM), and cytoplasmic (CD) domains. (c) in vitro potency assay of

B.1.1.529-repRNA-CoV2S in baby hamster kidney (BHK) cells.

immunosorbent assay (ELISA) measured against
recombinant A.1 spike, or the A.1 or B.1.1.529 receptor
binding domains (RBDs) (Figure 2b), and by live-virus
80% plaque reduction neutralization test (PRNTg,)
measured against live B.1.1.529 virus (Figure 2c). After
the first and second B.1.1.529-repRNA-CoV2S boosters,
we observed no significant changes in bAb specificity or
magnitude against any of the three recombinant pro-
teins in the A.1 Spike 2X pre-immune animals, whereas
bAD responses against A.1 spike and B.1.1.529 RBD
appeared to increase after each B.1.1.529 booster in the
A1 Spike 1X pre-immune animals, although these
changes were not significant (Figure 2b). In contrast,
the “naive” influenza HA 2X pre-immune animals that
received 1 or 2 boosters of B.1.1.529-repRNA-CoV2S
exhibited significant increases in A.1 spike- and
B.1.1.529 RBD-bAD responses. These increased from
undetectable pre-boost to 28 and 23 pg/ml (geometric
means), respectively, post-boost, but no significant
changes in A.1 RBD-bAb responses (Figure 2b). Inter-
estingly, the second booster did not appear to offer any
benefit in the influenza HA 2X pre-immune mice, and
only provided a 4-fold boost (from 3 to 12.8 pg/ml in

geometric means) in the A.1 spike 1X pre-immune ani-
mals against B.1.1.529 RBD. In terms of B.1.1.529-spe-
cific neutralizing antibody titers (nAbs), a single
B.1.1.529-r1epRNA-CoV2S boost failed to induce detect-
able responses in A.1 Spike 2X pre-immune animals,
and a detectable 1:20 PRNTjg, titer in 1 of the 5 A.1 Spike
1X pre-immune animals (Figure 2c). However, in the
“naive” influenza HA 2X pre-immune animals, a single
B.1.1.529-repRNA-CoV2S booster elicited a detectable
response in 3 out of 5 animals with a geometric mean
titer (GMT) of 1:40 and 1:101 in the three responders
(Figure 2c).

We previously reported on variant-specific immuno-
genicity of a 20 pg prime/boost of A.1-, B.1.1.7-, or
B.1.351-specific repRNA-CoV2S in naive Syrian ham-
sters.”® However, given the need to generate rapid
immunogenicity and efficacy data to inform
manufacturing and clinical development activities of an
updated vaccine, we opted to evaluate single-dose com-
parative immunogenicity/efficacy in the same naive
hamster model in parallel to the mouse study described
above. Here, we vaccinated naive hamsters with a single
20 pg dose of either A.1- or B.1.1.529-repRNA-CoV2S$
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Figure 2. Antibody responses in pre-immune mice or naive hamsters. (a) Study design for evaluation of B.1.1.529-repRNA-
CoV2S immunogenicity in pre-immune mice. On day -54 and -24 relative C57BL/6 mice (n=5/group) received 1 pg doses in either
a prime/boost of A.1-repRNA-CoV2S (A.1 Spike 2X), a prime with A.1-repRNA-CoV2S and boost with influenza HA-repRNA (A.1
Spike 1X), or a prime/boost with influenza HA-repRNA (Influenza HA 2X) prior to all groups receiving a 1 pg boost with B.1.1.529-
repRNA-CoV2S on day 0, followed by a bleed and second boost on day 28 with a final bleed on day 42. (b) Sera after 0, 1 or 2
B.1.1.529 boosters were evaluated for binding antibody responses to recombinant A.1 Spike, A.1 receptor binding domain (RBD),
or B.1.1.529 RBD by enzyme linked immunosorbent assay (ELISA). (c) Day 28 and 42 sera were evaluated for neutralizing antibody
responses against B.1.1.529 virus by 80% plaque reduction neutralization test (PRNTgp). Dashed lines indicate limit of detection.
(d) Study design for evaluation of comparative immunogenicity and efficacy of a single-dose A.1- or B.1.1.529-repRNA-CoV2S vac-
cines against B.1.1.529 challenge in Syrian hamsters. Syrian hamsters (n=6/group) were mock vaccinated with saline or with 20 g
of either A.1-repRNA-CoV2S or B.1.1.529-repRNA-CoV2S on day -28. Then on day 0, all animals were bled followed by an intranasal
challenge with 1000 tissue culture 50% infectious doses (TCIDs) and swabs collected on days 2 and 4 prior to necropsy on day 4
when blood and tissue samples were collected. (E) Day 0 sera was then assayed for A.1 or B.1.1.529-targeted neutralization activ-
ity by PRNTgo. Dashed lines indicate limit of detection. Indicated statistical comparisons performed using one-way ANOVA
of log transformed values with Dunnett’'s multiple comparison test. *p<0.05. Comparisons without indicated p-values were
non-significant (p>0.05).

followed by B.r.1.529 challenge 28 days later
(Figure 2d). In contrast to the B.1.1.529-repRNA-CoV2S
responses in pre-immune mice, a single 2oug dose of
either an A.1- or a B.1.1.529-repRNA-CoV2S in naive
hamsters was able to elicit homologous A.1- or
B.r.1.529-targeted nAb responses (Figure 2e), with
GMTs of 1:25 or 1:36, respectively. However, heterol-
ogous nAb responses were mostly undetectable
with only 1 animal, out of 6, that received a
B.1.1.529-repRNA-CoV2S vaccination exhibiting a
1:20 PRNTjg, titer against A.x virus. All 6 A.-
repRNA-CoV2S vaccinated hamsters exhibited unde-
tectable PRNTg, titers against B.1.1.529 virus,
28 days after a single vaccination.
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Single dose of B.1.1.529-targeted vaccine in naive
hamsters confers significant protection against
B.1.1.529 challenge

Our hamster sera neutralization data showed that the
A.1 vaccine did not elicit antibodies able to neutralize
the B.r.1.529 variant suggesting that A.r-repRNA-
CoV2S would provide incomplete protection against the
B.1.1.529 variant. To test this hypothesis, we challenged
the hamsters with 1000 TCIDy, of B.1.I.529 via the
intranasal route. On days 2 and 4 post infection (PI),
oral swabs were collected and on day 4 animals were
euthanized for evaluation of viral loads in the respira-
tory tract. Consistent with previous reports on mild clin-
ical disease in hamsters infected with B.1.1.529>3 % we
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Figure 3. Vaccine protective efficacy against B.1.1.529 infection of Syrian hamsters. Following intranasal infection of vacci-
nated hamsters with 1000 tissue culture 50% infectious doses (TCIDs), nasal swabs were collected on days 2 and 4 for evaluation of
(a) viral RNA load by reverse transcription quantitative polymerase chain reaction (RT-qPCR) or for (b) infectious virus by TCIDsq
assay. On day 4, animals were sacrificed and lungs, trachea, as well as nasal turbinates harvested for quantification of (c) viral RNA
load by RT-gPCR or (d) infectious virus by TCIDs, assay. Indicated statistical comparisons performed using two-way ANOVA with
Dunnett’s multiple comparisons test. *p<0.05. Comparisons without indicated p-values were non-significant (p>0.05). N = 6 per

group.

observed no overt clinical disease in any groups after
challenge as evidenced by no weight loss in any group
(Supplemental Figure 1). On day 2 PI, neither A.1- nor
B.1.1.529-tepRNA-CoV2S  vaccinated animals had
reduced amounts of viral RNA compared to mock-vacci-
nated animals (Figure 3a). However, by day 4 PI, both
A.1- and B.1.1.529-repRNA-CoV2S vaccinated animals
had significantly reduced amounts of viral RNA in the
oral swabs (Figure 3a) suggesting that vaccination with
either the A.1- or B.1.1.529-repRNA-CoV2S could reduce
the duration of viral shedding. However, we were largely
unable to detect infectious virus within the oral swabs at
any timepoint (Figure 3b). Within the respiratory tract
on day 4 PI, we found that A.1-repRNA-CoV2S$ vaccina-
tion significantly reduced viral RNA and infectious virus
burden in the nasal turbinates but did not significantly
reduce viral loads in the trachea (Figure 3c& d). In con-
trast, B.1.1.529-repRNA-CoV2S vaccination led to signif-
icantly reduced viral RNA burden in all three tissues
(Figure 3c) and infectious virus was only detected in
the lung tissue of one hamster while no infectious

virus was detected in the trachea or nasal turbinates
of any B.1.1.529-repRNA-CoV2S vaccinated animals
(Figure 3d). Overall, infectious virus was rarely detected
in the lungs of any animal. Instead, infectious virus was
detected mainly in the wupper respiratory tract
(Figure 3d), a result that is consistent with the absence
of clinical disease in the B.1.1.529 infected hamsters.
These data show that the A.1-repRNA-CoVaS vaccine
afforded less effective protection against a heterologous
B.r.1.529 infection than vaccination with the homolo-
gous B.1.1.529-repRNA-CoV2S vaccine. Cumulatively,
these data confirm the ability of current vaccines based
on the ancestral A.1 strain to provide some degree of
protection from B.1.1.529 but an updated homologous
SARS-CoV-2 vaccine could provide ideal protection
from B.1.1.529 infection.

Consistent with the low levels of virus in the lungs,
histological analysis of formalin-fixed lung sections
showed little-to-no lesions, even among mock-vacci-
nated animals (Figure 4 and Supplemental Table 1).
These data are in contrast to our previous reports on
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Figure 4. Lung histopathology and immunohistochemistry in vaccinated hamsters. On day 4 PI, lungs were removed and fixed
in formalin. (@ — ¢) Mock-vaccinated. (d — f) A.1-targeted vaccination. (g — i) B.1.1.529-targeted vaccination. Paraffin embedded sec-
tions were stained with hematoxylin and eosin (H&E) or with an antibody to detect the SARS-CoV2 N protein (IHC). (a) Section of
affected bronchiole with mild bronchiolitis. (b) Higher magnification of bronchiole exhibiting individual epithelial cell necrosis
(arrow) and rare neutrophil infiltration spilling into subjacent submucosal glands (arrowhead). (c) Immunoreactivity is observed pri-
marily in bronchiolar epithelial cells and rarely in alveolar macropaghes (not depicted). (d) Section showing rare, small focus of inter-
stitial pneumonia. (e) Higher magnification of focus of interstitial pneumonia (arrow). (f) Immunoreactivity is not observed in
association with inflammation. (g) Section of bronchiole and adjacent alveolar spaces lacking any histopathologic lesions. (h) Lack
of bronchiolar inflammation at higher magnification. (i) Immunoreactivity is not observed in bronchiolar epithelium or adjacent alve-
olar spaces. Images shown at 100x (A, D, G, C, F, |, scale bar = 100 um) or 400x (B, E, H, scale bar = 50 pm).

A.1, B.1.1.7 and B.1.351 infection in hamsters that caused
significant lung lesions'® and further support the evi-
dence that B.1.1.529 is attenuated in lower respiratory
tissue.”” Viral antigen was detected in the lungs of 5 of
6 mock-vaccinated animals but in only 1 of 6 and o of 6
A.1- or B.r.1.529-repRNA-CoV-2S vaccinated animals,
respectively. Hemisections of skulls were evaluated for
mucosal inflammation in three anatomically distinct
regions: transitional epithelium, respiratory (ciliated)
epithelium and olfactory epithelium (Figure 5 and Sup-
plemental Table 1). Mild to moderate inflammation was
observed in the transitional and ciliated epithelium of
every mock vaccinated hamster. Similarly, mild to mod-
erate inflammation was observed in transitional and cili-
ated epithelial regions of all A.r;-repRNA-CoVaS$
vaccinated hamsters. Interestingly, inflammation was
also evident in the B.1.1.529-repRNA-CoV2S vaccinated
animals, with mild inflammation in both transitional
and ciliated epithelium in 5 of 6 vaccinated animals and
moderate inflammation in these regions in one

www.thelancet.com Vol 83 Month, 2022

hamster. However, overall, cumulative histology scores
were significantly lower in the B.1.1.529-repRNA-CoV-
2S vaccinated animals than mock-vaccinated animals
(Figure sj). Inflammation was not observed in the olfac-
tory epithelium of any vaccinated or mock-vaccinated
hamster (Figure 5). However, viral antigen was rarely
detected in these tissues in the B.1.1.529-repRNA-CoV-
2S-vaccinated animals with one hamster exhibiting
immunoreactivity in the transitional epithelial compart-
ment and another exhibiting a focus of immunoreactiv-
ity in the ciliated epithelial region (Figure 5 and
Supplemental Table 1). The rare detection of viral anti-
gen in these tissues is consistent with the reduced viral
burdens detected in this tissue (Figure 3¢ & d). In con-
trast, viral antigen was detected in at least one cellular
compartment of all mock-vaccinated animals and 4 of 6
A.1- repRNA-CoV-2S-vaccinated animals had viral anti-
gen in the ciliated epithelial compartment (Figure s).
The complete histological and IHC findings are pro-
vided in supplemental table 1 and sections from
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Figure 5. Upper respiratory tract histopathology and IHC in vaccinated hamsters. On day 4 PI, the skull was sectioned and fixed
in formalin. Paraffin embedded sections were stained with hematoxylin and eosin (H&E) or with an antibody to detect the SARS-
CoV2 N protein (IHC). (a — ¢) Mock-vaccinated. (d — f) A.1-targeted vaccination. (g — i) B.1.1.529-targeted vaccination (a) Low magni-
fication image showing junction of olfactory epithelium (left) and ciliated epithelium (right) with inflammation within the ciliated
epithelium. (b) High magnification of ciliated epithelium with mild neutrophilic influx into the lamina propria (arrow) and individual
epithelial cell necrosis in the overlying epithelium. (c) Diffuse immunoreactivity to SARS-CoV-2 is observed in ciliated epithelium
with a lack of immunoreactivity in the olfactory epithelium. (d) Low magnification with mild nasal turbinate inflammation and small
amounts of luminal exudate. (e) Higher magnification showing mild inflammation in the ciliated epithelium (yellow arrow) and tran-
sitional epithelium (black arrowhead). (f) Moderate numbers of ciliated epithelial cells exhibiting immunoreactivity to SARS-CoV-2
antigen. (g) Low magnification of olfactory and ciliated epithelial junction with minimal to mild inflammation in the ciliated epithe-
lium. (h) Higher magpnification of ciliated epithelum exhibiting rare individual epithelial cell necrosis and influx of low numbers of
neutrophils in the lamina propria (arrow). (i) Lack of SARS-CoV-2 immunoreactivity in both the ciliated and olfactory epithelium.
Images shown at 100x (a, d, g, ¢, f, i, scale bar = 100 wm) or 400x (b, e, h, scale bar = 50 wm). (j) Cumulative scores from H&E stained
sections. Statistical test performed using a one-way ANOVA with Dunnett’s multiple comparisons test against mock-vaccinated ani-
mals. * P < 0.05. N = 6 per group.

historical mock-infected hamsters are provided for com-  B.1.1.529-repRNA-CoV-2S vaccination provides greater
parison in supplemental figure 2. Cumulatively, these  protection against B.1.1.529 challenge than the ancestral
data support the virological data and suggest that the  A.1vaccine.
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Discussion

The rapid emergence of the B.1.1.529 SARS-CoV-2 VoC
has led to a global resurgence of COVID-19 cases, even
in heavily vaccinated communities. Multiple reports
have shown that immunity conferred by vaccination or
recovery from infection with previous SARS-CoV-2 var-
iants provides limited protection against infection with
B.1.1.529.>° *® Cumulatively, these data suggest that
B.11.529 can efficiently evade vaccine- or infection-
induced immunity driven by previous strains of SARS-
CoV-2.7729 Our data support this hypothesis as ham-
sters vaccinated with our vaccine expressing the A.1
spike developed little-to-no neutralizing activity against
B.1.1.529 and had inferior protection compared to ham-
sters vaccinated with the repRNA vaccine expressing
the B.r.1.529 spike. Further, in a previous report com-
paring vaccination with vaccines expressing the spikes
of the A.1, B.1.1.7 and B.1.351 SARS-CoV-2 strains and
homologous or heterologous SARS-CoV-2 challenge,
we found that although neutralizing titers against heter-
ologous strains of SARS-CoV-2 were diminished com-
pared to the homologous strain, protection against viral
replication and pathology in the lower respiratory tree
remained robust.”® These findings suggest sufficient
cross-protective immunity to prevent disease, either
through non-neutralizing antibody or T-cell activity, is
elicited by the A.1, B.1.1.7, and B.1.351 spikes. These data
are consistent with reports that A.1 vaccine-induced
immunity remained protective against the B.1.1.7,
B.1.351 and B.1.617.2 VoCs with diminished protection
against B.1.1.529°7?" and that existing A.1-targeting vac-
cines elicit substantial cross-reactive T-cell responses to
B.1.1.529°*% Although we did not evaluate T-cell
responses in this study we have previously shown that
this vaccine can elicit T-cell responses in mice and non-
human primates."”

An important consideration for global public health
strategies against current and future emergent VoC is
pre-existing immunity from vaccination and/or previ-
ous infection. Our data showed that a single booster
immunization with a B.1.1.529-targeted vaccine in mice
previously vaccinated twice against A.1 failed to develop
significant B.1.1.529-specific nAbs whereas mice that
received only a single dose of A.1 vaccine were able to
mount increasing B.1.1.529-specific bADb antibody
responses after two doses of B.1.1.529 vaccine. These
results suggest a potential interfering role of the pre-
existing immunity and/or antibody levels and are con-
sistent with results observed in human clinical trials
testing a heterologous monovalent or bivalent VoC
booster vaccines in A.1 pre-immune subjects. In these
studies, nAD responses against heterologous virus were
not improved following a heterologous booster com-
pared to those who received another A.1 homologous
booster.>#3> These data suggest that boosting immune
individuals with vaccines specific for an emergent VoC
may fail to confer robust immunity against the VoC or
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could require more than one booster. The mechanisms
underlying these findings are not clear. However, like
the animals in the study reported here, the human sub-
jects in the cited studies had low to moderate levels of
circulating A.1-specific antibody at the time of the boost
that may have interfered with interactions between
mRNA-produced antigen and B cells or other compart-
ments of the immune system. Alternatively, pre-existing
cross-reactive memory B cells could be preferentially
recalled, rather than mounting de novo responses via
naive B-cell interactions, as is hypothesized to occur
following vaccination in influenza pre-immune
individuals.*®

In contrast, studies investigating the immunogenic-
ity of a second A.1 booster or 3™ dose in previously vacci-
nated individuals or experimental models reported
significant increases in serum neutralization activity
against not only A.1 but also heterologous B.1.1.529 as
well as other VoCs.?®7%7 4' Similarly, boosting non-
human primates with either the A.1-targeting mRNA-
1273 or a B.1.1.529-targeted vaccine months after their
primary series with mRNA-1273 lead to significant
increases in neutralization titers against both A.1 and
B.1.1.529 and both boosts conferred protection against
B.1.1.529 challenge in the lungs.*® This effect may be
explained by the continued boosting of A.1-specific nAb
titers that raises the overall antibody levels and expands
rarer cross-neutralizing and/or lower-affinity antibodies,
to protective levels. Indeed, a recent study of cases in 10
states as part of the VISION Network, showed that
receipt of a third vaccine dose was highly effective at
preventing COVID-19—associated hospitalizations dur-
ing both Delta and Omicron-predominant periods.**
However, as A.r-specific immunity wanes, B.1.1.529
immunity is likely to disappear first.*>*} Indeed, break-
through cases in populations that received a 3™ dose
suggest that protection from B.1.1.529 infection after
boosting with the current A.1 vaccines is incomplete®+4
and a recent study on the efficacy of a fourth shot
showed that protection was short lived against
B.1.1.529,% thus prompting the development of updated
vaccines that match B.1.1.529 that may provide greater
protection.

Our data and data from other studies also suggest that
timing of boosting may be important. In studies where
mice were rested for >10-weeks after their primary series
or in non-human primates rested for >4o-weeks after
their primary series boosting with B.1.1.529-targeted vac-
cines improved cross neutralizing activity.*>*° In our
studies, B.1.1.529-boosting was initiated at 4—8 weeks fol-
lowing A.1-targeted vaccines and in contrast we did not
observe an increase in cross-reactive antibodies after
boosting with our B.1.1.529-targeted vaccine. Thus, it may
be important to consider time since previous vaccinations
when vaccinating against novel VoCs.

More data is urgently needed to further characterize
and understand the impact of pre-existing immunity on
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updated vaccines. Lastly, the rapid pace at which
B.1.1.529 replaced other circulating SARS-CoV-2
strains” and evidence that the B.1.1.529 wave has already
peaked in countries hit early*” ™49 suggest that even rap-
idly produced vaccines based on existing vaccine plat-
forms may be too late to meaningfully impact the
course of an emergent VoC.>° On the other hand, sub-
lineages of B.1.1.529 such as BA.5 have replaced the
original BA.1 and B.1.1.529 lineages of Omicron in the
United States” and sub-lineages may continue to
emerge. It is also unclear if future VoCs may be
descendants of B.1.1.529 or a new lineage, making vari-
ant-specific vaccines necessary.

Finally, in terms of B.1.1.529 pathogenesis, we found
mild-to-moderate inflammation in the transitional and
ciliated epithelium of either mock- or A.1-repRNA-CoV-
2S-vaccinated animals infected with B.1.1.529. The
inflammation in these animals was also correlated with
the presence of SARS-CoV-2 antigen in the ciliated epi-
thelium. These findings are consistent with previous
reports on SARS-CoV-2 infected hamsters that showed
inflammation in the turbinates along with the presence
of viral antigen.’’ However, in our B.1.1.529-repRNA-
CoV-2S-vaccinated animals, we observed mild-inflam-
mation in the transitional and ciliated epithelium that
was not associated with detectable SARS-CoV-2 antigen.
This inflammation could be due to host immune
responses that are rapidly able to control and clear the
inoculated challenge virus. Consistent with other
reports on B.1.1.529 infection in hamsters, +*3*45* we
found little to no pathology in the lungs of infected
hamsters.

Cumulatively, our data shows that we were able to
rapidly synthesize and test a B.1.1.529-targeted vaccine
within weeks in an in vivo hamster model of SARS-CoV-
2 infection in response to the discovery of the B.1.1.529
VoC. Our data showed that, compared to an A.1-specific
vaccine, a B.1.1.529-targeted vaccine provides superior
protection against upper respiratory infection in ham-
sters and suggest that pre-existing immunity may
impact the efficacy of variant-specific boosting in
immune populations. Importantly, these data indicate
that B.1.1.529-targeted immunity will likely be necessary
to prevent B.1.1.529 infection and transmission and that
additional innovations in vaccine technology and design
are urgently needed to either overcome or harness pre-
existing immunity to drive broadly protective immune
responses. Further studies will be needed to develop
approaches to drive variant-specific immune responses in
pre-immune individuals and to understand how SARS-
CoV-2 infection and vaccine boosters impact the breadth
of protective immunity to existing and future VoCs.
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