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A B S T R A C T

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease
(COVID-19), rapidly spread across the globe in 2019. With the emergence of the Omicron variant, COVID-19
shifted into an endemic phase. Given the anticipated rise in cases during the fall and winter seasons, the strat-
egy of implementing seasonal booster vaccines for COVID-19 is becoming increasingly valuable to protect public
health. This practice already exists for seasonal influenza vaccines to combat annual influenza seasons. Our goal
was to investigate an easily modifiable vaccine platform for seasonal use against SARS-CoV-2. In this study, we
evaluated the genetically modified influenza virus ΔNA(RBD) as an intranasal vaccine candidate for COVID-19.
This modified virus was engineered to replace the coding sequence for the neuraminidase (NA) protein with a
membrane-anchored form of the receptor binding domain (RBD) protein of SARS-CoV-2. We designed experi-
ments to assess the protection of ΔNA(RBD) in K18-hACE2 mice using lethal (Delta) and non-lethal (Omicron)
challenge models. Controls of COVID-19 mRNA vaccine and our lab’s previously described intranasal virus like
particle vaccine were used as comparisons. Immunization with ΔNA(RBD) expressing ancestral RBD elicited high
anti-RBD IgG levels in the serum of mice, high anti-RBD IgA in lung tissue, and improved survival after Delta
variant challenge. Modifying ΔNA(RBD) to express Omicron variant RBD shifted variant-specific antibody re-
sponses and limited viral burden in the lungs of mice after Omicron variant challenge. Overall, this data suggests
that ΔNA(RBD) could be an effective intranasal vaccine platform that generates mucosal and systemic immunity
towards SARS-CoV-2.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
causative agent of the corona virus disease of 2019 (COVID-19)
pandemic, emerged in 2019 and was marked as an international public
health crisis by the World Health Organization (WHO) in early 2020 [1].
Since the first genome sequencing of the SARS-CoV-2 ancestral variant
[2] was released in January 2020, multiple variants of concern (VOC)
harboring genetic mutations have emerged. Many of these mutations
were found in the receptor binding domain (RBD) of the viral spike

protein which mediates host cell entry and subsequent infection. Mu-
tations such as N501Y, E484K, and K417N increased the infectivity of
early variants such as Alpha, Beta, and Gamma, while simultaneously
reducing the protection of antibodies generated previously by either
infection or vaccination [3,4]. The Delta variant grew to dominance in
2021 and subsequently acquired several distinctive mutations including
E484Q in the spike protein and L452R in RBD [3,5]. These mutations
once again increased transmissibility and infectivity, among even the
world’s vaccinated population, bringing attention to the potential
waning protection of ancestral strain-based vaccines against arising
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variants of SARS-CoV-2. In December 2021, the Omicron variant
emerged and rapidly became the most prevalent strain in the U.S.
population [6]. Subvariants within the Omicron lineage have continued
to harbor mutations to the spike protein, adding to the 50 estimated
mutations identified in initial characterizations of this virus. Over time,
these mutations have dramatically altered the protein and its structural
similarity to any previous variants, shifting antigenic epitopes further
and challenging the protection afforded by antibodies from current
SARS-CoV-2 vaccines [3,7–9].

To date, 11 COVID-19 vaccines have been granted emergency use
listing (EUL) by the WHO [10]. While these vaccines have been largely
effective in reducing morbidity and mortality from SARS-CoV-2 in-
fections, the problem of breakthrough cases in immunized or previously
infected individuals remains widely apparent [11–14]. It is appreciated
that COVID-19 vaccines do not fully limit transmission of the virus in
asymptomatic cases of infection [7,15]. In an effort to battle break-
through infections from Omicron, vaccine developers and manufac-
turers began reformulating their products, ushering bivalent boosters
into use that utilize antigens from ancestral as well as Omicron variants
of the spike protein (some companies switching entirely to omicron
antigens)[16,17]. At the onset of the pandemic, the world’s central focus
was on the development of a safe and effective vaccine. The second stage
of this effort was distribution, ensuring that as many people as possible
were vaccinated to establish community immunity. Thanks to these ef-
forts and a reduction in mortality due to preexisting immunity, SARS-
CoV-2 has begun taking on the characteristics of an endemic path-
ogen, likely to require a continued public health response effort
[18–20].

Influenza is another endemic respiratory pathogen with comparable
characteristics to SARS-CoV-2 [21]. The influenza virus can easily
mutate and reassort its genome into novel strains capable of causing
pandemics, oftentimes utilizing animal reservoirs as hosts for antigenic
shift. This has been observed numerous times in history, with four
prominent examples being the 1918 H1N1 Spanish flu pandemic, the
1957 H2N2 pandemic beginning in East Asia which due to antigen shift
led the 1968 H3N2 pandemic and, more recently, the 2009 H1N1”swine
flu” pandemic [22,23]. Each year, existing influenza strains in the
population undergo antigenic drift and emerge in endemic “flu seasons,”
evading community immunity and previously acquired immunity from
vaccines [24]. It is now expected that the major burden of COVID-19 in
years to come will align with the seasonality of influenza cases,
contributing to a compounded public health burden [25]. Considering
the likely need to annually reformulate the COVID-19 vaccines to match
emerging variants, it is essential to explore strategies for the rapid
modification but also production of COVID-19 boosters. One such
approach is employment of a vaccine platform for SARS-CoV-2 that can
be mass produced using existing vaccine infrastructure- supporting the
additional goals of reducing production costs and improving vaccine
distribution, thus optimizing healthcare resources and reducing the
overall burden of COVID-19 on the world’s healthcare system.

Viruses make an attractive vaccine platform for eliciting systemic but
also mucosal immunity that can protect against respiratory pathogens.
Live attenuated influenza vaccines have been licensed for human use
since 2003 and their efficacy when delivered via the intranasal route has
been demonstrated by the use of FLUMIST [26,27]. Influenza viruses are
easily modifiable and can be engineered to express non-influenza anti-
gens in infected cells, inducing strong immune responses against these
antigens [28–31]. Several modified influenza viruses have been devel-
oped and investigated for use as a vaccine platform against SARS-CoV-2
[32–34]. One of them, the candidate vaccine dNS1-RBD, progressed to
clinical trials and usage in China [35,36]. dNS1-RBD was genetically
engineered using the H1N1 influenza virus California/4/2009 (CA04-
dNS1) as the vector’s viral backbone and replacing the NS1 nonstruc-
tural nuclear export protein with the genetic sequence for SARS-CoV-2
RBD. The choice of viral backbone was made based on the suppressed
replication of dNS1 at temperatures similar to that of the human lower

respiratory tract—making it less likely to cause undesirable side effects
related to the viral vector. Delivered intranasally, dNS1-RBD conferred
protection against challenge with the SARS-CoV-2 Beta variant in the
preclinical Syrian hamster model [36]. Human clinical trial data
confirmed the safety of dSN1-RBD administered in a multi-dose format
and found a low incidence rate of adverse effects. At its completion, trial
data ultimately showed that dSN1-RBD was protective against infection
with viruses from the omicron lineage [37]. Loes et al. reported on the
development of another modified influenza virus expressing SARS-CoV-
2 RBD which, when delivered to mice by the intranasal route, infected
cells and generated high levels of anti-RBD IgG neutralizing antibodies
[38]. ΔNA(RBD) flu (henceforth referred to as ΔNA(RBD) utilizes the A/
WSN/33 influenza virus as its backbone but replaces the native hem-
agglutinin (HA) gene sequence with that of the A/Aichi/2/1968 H3
virus which features an attenuating amino acid mutation in the receptor
binding site (Y98F) as well as an additional mutation (R453G) which
was found to improve production titers of the ΔNA(RBD) virus. In place
of the neuraminidase (NA) coding sequence, a SARS-CoV-2 RBD antigen
sequence fused to a mouse CD80 C terminal region (B7.1) is inserted.
This fusion allows for infected host cells to display membrane
membrane-anchored SARS-CoV-2 RBD, which can then be subsequently
processed by host immune cells.

In this study, we expanded the preclinical evaluation of ΔNA(RBD)
as an intranasal COVID-19 vaccine and designed experiments to mea-
sure its protective capacity against SARS-CoV-2 viral challenge. Intra-
nasal vaccination has been shown to induce localized mucosal immune
responses and provide protection from COVID-19 and other respiratory
infections [39–42]. K18-hACE2-mice were intranasally immunized with
ΔNA(RBD) expressing SARS-CoV-2 ancestral or Omicron BA.1 variant
RBD, then challenged with the Delta or Omicron strains of SARS-CoV-2.
We observed robust RBD-specific IgG responses that correlated with
protection against disease pathology and viral replication in the tissues.
Overall, our data suggest the ΔNA(RBD) platform is an effective strategy
to generate mucosal and systemic immunity. We expect this work will
mark a valuable step forward in the development of intranasal vaccines
for COVID-19 that utilize unique platforms.

Results

Mice vaccinated with Δ(NA)RBD flu virus generate strong anti-RBD
responses

Influenza A viruses have been well studied and are known to be
easily modifiable [27,30,34]. Additionally, they induce strong host im-
mune responses upon infection characterized by high systemic IgG levels
and the production of mucosal IgA antibodies [38,43]. This makes
attenuated influenza viruses, which can be engineered to express addi-
tional antigens such as the SARS-CoV-2 RBD, highly valuable as vectors
for vaccine development. In these studies we utilized the novel attenu-
ated influenza virus ΔNA(RBD) (Fig. 1A-B) [38]. Δ(NA)RBD is con-
structed so that the coding sequence for RBD replaces the sequence for
the influenza virus’s neuraminidase (NA) protein. The engineered RBD
sequence features a sequence encoding the murine immunoglobulin H
chain V-region leader sequence on its N-terminus and encodes the
transmembrane region and cytoplasmic domain of murine B7.1 on the
sequence’s C-terminus to ensure membrane tethering of RBD to the cell
membrane upon expression. This entire RBD sequence is flanked with
the native packaging signals of the viral NA coding region to ensure the
full incorporation of RBD into the virion (Fig. 1A-B) [38]. Infection with
Δ(NA)RBD causes surface expression of RBD on host cells, presenting the
antigen in such a way that it can be processed by host antigen presenting
cells and the immune system. When administered to mice intranasally,
Δ(NA)RBD has been shown to induces high titers of anti-SARS-CoV-2
RBD IgG antibodies, with strong neutralizing function [38]. These re-
sults suggest that this platform could be effectively used as a vaccine.

To determine the efficacy of Δ(NA)RBD as a protective SARS-CoV-2
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vaccine, we designed preclinical experiments to compare intranasal
Δ(NA)RBD vaccine to an intranasal RBD-expressing virus like particle
(VLP) vaccine previously characterized by our lab (VLP-RBD) (Fig. 1C)
[44]. We previously demonstrated that VLP-RBD confers protection
against Delta and Omicron SARS-CoV-2 challenge in K18-hACE2 mice

[44]. VLP-RBD utilizes the SpyTag/SpyCatcher system to irreversibly
conjugate RBD proteins to the surface of a hepatitis B surface antigen,
creating an antigen-rich virus like particle [45,46] (Fig. 1C). Despite a
high antigen load, the VLP-RBD vaccine uses the adjuvant BECC470 to
increase its immunogenicity and confer protection [47,48]. We

Fig. 1. ΔNA(RBD) Structure, mouse vaccination schedule, and antibody response data. (A) Diagram of the ΔNA(RBD) genome and illustration of virion featuring
surface Hemagglutinin (HA), coding for RBD+B7.1 in the neuraminidase (NA) region. (B) Illustration of ΔNA(RBD) virus infecting a host cell and subsequent
expression of membrane bound RBD by host cell. (C) Illustration of VLP-RBD construct, showing hepatitis B surface antigen joined with SAR-CoV-2 RBD via spy
catcher/spy tag interaction [44,46]. (D) Timeline for K18-hACE2 mouse vaccination, serum collection, and challenge. n = 10 mice per group. (E) Anti-Ancestral RBD
IgG titers of K18-hACE2 mouse serum collected 2 weeks post receipt of priming vaccine dose. (F) Anti-ancestral RBD IgG levels in K18-hACE2 mouse serum collected
2 weeks post vaccine boost dose. IgG titers are represented as log AUC. Results are represented as mean ± SD. Points represent individual mice, n = 10 mice per
group. One-way ANOVA with Tukey’s multiple comparison test was performed for statistical analysis: **** = P < 0.0001. MVC = Mock Vaccinated and Challenged.
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hypothesized that Δ(NA)RBD administered without an adjuvant would
be highly immunogenic due to the capacity of an engineered live virus
for infection and replication. To compare the humoral immune re-
sponses to both vaccines, K18-hACE2 mice were vaccinated with Phos-
phate Buffered Saline (PBS-control), VLP-RBD, or Δ(NA)RBD expressing
ancestral SARS-CoV-2 RBD via the intranasal route. Three weeks after
prime immunization, mice were administered a second boost dose
(Fig. 1D). We found that mice vaccinated with Δ(NA)RBD developed
levels of anti-RBD IgG antibodies in serum 2 weeks post prime vacci-
nation which were significantly higher than those of VLP-RBD vacci-
nated mice (Mann-Whitney test P < 0.0001) (Fig. 1E). Boosting with a
second dose significantly increased anti-RBD IgG antibody levels in both
VLP-RBD vaccinated mice (Mann-Whitney test P < 0.0001) as well as in
Δ(NA)RBD vaccinated mice (Mann-Whitney test P < 0.0001), however
the fold increase in the VLP-RBD group was much larger than that of the
Δ(NA)RBD group (greater than 11,000-fold vs 2-fold) (Fig. 1F). These
data demonstrate the ability of Δ(NA)RBD to elicit a strong humoral

immune response from the first dose of vaccine administered by the
intranasal route. With a second dose, following the vaccine schedule of
current COVID-19 vaccines, antibody levels increase, prompting studies
to define the relationship between these antibody levels and protection.

Vaccination with Δ(NA)RBD limits disease pathology and morbidity
following SARS-CoV-2 Delta challenge

Infection with the Delta variant of SARS-CoV-2 causes severe disease
and morbidity in K18-hACE2 mice as demonstrated by our lab and
others [49–52], making its infection pathology in K18-hACE2 mice a
valuable preclinical model for assessing the capacity of novel COVID-19
vaccines to confer protection through reduced morbidity. We challenged
PBS, Δ(NA)RBD, and VLP-RBD vaccinated K18-hACE2 mice 2 weeks
after completion of our two-dose vaccine schedule with a 104 plaque
forming units (PFU) intranasal dose of the Delta variant and monitored
them over 10 days to track the development of disease pathology

Fig. 2. Delta challenge study timeline and evaluation of humoral responses to vaccination. (A) Timeline for K18-hACE2 mouse challenge studies utilizing the
SARS-CoV-2 Delta variant. (B) Kaplan Meier survival curves of K18-hACE2 mice post-challenge. Log-rank (Mantel-Cox) tests were used to measure significance
against MVC. (C) Graph of the combined group disease scores (n = 10) from challenged K18-hACE2 mice up to 10 days post challenge with SARS-CoV-2 delta variant.
(D) Graph displaying daily weight loss data of K18-HACE2 up to 10 days post challenge with SARS-CoV-2 delta variant. Lines represent individual mice. (E) Graph
displaying changes in K18-hACE2 mouse rectal temperature measured daily up to 10 days post challenge. Lines represent individual mice.
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(Fig. 2A). Mock-vaccinated control (MVC) mice displayed a survival rate
of 20 % by the end of the experiment (Fig. 2B). VLP-RBD vaccinated
mice showed the highest survival rate of 80 % at the end of the 10-day
challenge window, and vaccination with Δ(NA)RBD improved mouse
survival rates to 60 %, demonstrating that mice, compared toMVC, were
partially protected against morbidity (Fig. 2B). With improved survival
rates, Δ(NA)RBD vaccinated mice also showed reduced disease burden
in the form of lower cumulative disease scores, less weight loss and
relatively stable temperatures compared to the mock-vaccinated chal-
lenge group, although disease phenotypes were not as mild as those seen
in the VLP-RBD group (Fig. 2C-E). These results show that while Δ(NA)
RBD vaccination does not attenuate correlates of morbidity in K18-
hACE2 mice to the extent that VLP-RBD does, the flu-based platform
significantly improves survival and disease scores compared to mock-
vaccinated mice.

Viral burden following Delta challenge in the lung, brain, and respiratory
tract is reduced in Δ(NA)RBD vaccinated mice

To determine the effect of Δ(NA)RBD vaccination on viral burden
post-challenge, we collected the brains, lungs, and performed nasal
lavage on each experimental group of mice at euthanasia. Mice vacci-
nated with Δ(NA)RBD and VLP-RBD when compared to mock-
vaccinated and challenged (MVC) mice showed lower copy numbers
of the SARS-CoV-2 nucleocapsid gene in tissue samples analyzed via
qRT-PCR. VLP-RBD vaccinated mice that succumbed to infection earlier
than 10 days post challenge (indicated by red data points) were deter-
mined to have high copy numbers of the viral gene in the brain and lung
compared to mice that survived (Fig. 3A,B). Notably, Δ(NA)RBD
significantly limited the infiltration of virus into the brains of vaccinated
mice compared to MVC mice (P = 0.0015) (Fig. 3A). While not statis-
tically significant, Δ(NA)RBD vaccinated mice also had lower levels of
viral copies in the lung tissue compared to controls (Fig. 3B). In nasal
wash, mice that succumbed to infection before day 10 had similar viral
copy numbers to the MVC group, and mice that survived to day 10
showed low copies of the nucleocapsid gene, nearly at the assay’s limit
of detection (Fig. 3C). In conclusion, these data suggest that Δ(NA)RBD
vaccination reduces the burden of viral copies in disease relevant tissues
after SARS-CoV-2 Delta challenge.

IgA responses after Delta challenge are high in Δ(NA)RBD vaccinated mice

Intranasal vaccination, like infection with a respiratory pathogen,
can induce immune responses in the mucosal tissues of the respiratory
tract that protect against future pathogen exposure [53,54]. One
measurable correlate of these responses is IgA antibody production
[55–57]. Our lab has previously observed an increase in the level of anti-
RBD IgA in intranasally vaccinated mice following challenge with SARS-
CoV-2 [44,49]. In this study, we measured anti-RBD IgA levels in the
lung supernatants and nasal wash fluid of vaccinated mice after chal-
lenge using ELISA. Mice vaccinated with Δ(NA)RBD and VLP-RBD had
higher levels of IgA in their lungs following Delta challenge compared to
mock vaccinated mice (Fig. 4A). Both were determined to be signifi-
cantly greater than those observed in the MVC group (P < 0.0089). IgA
titers measured in the nasal wash of mice at euthanasia were extremely

Fig. 3. qRT-PCR of SARS-CoV-2 nucleocapsid gene RNA in vaccinated mouse lungs post Delta challenge. (A) Violin plot depicting the SARS-CoV-2 viral
nucleocapsid RNA copies in (A) brain homogenates, (B) lung homogenates, and (C) nasal wash fluid of challenged mice collected at euthanasia. Points represent
individual mice, n = 10 mice per group. Dotted lines represent the median of each group. Dashed line indicates limit of detection calculated from analysis of tissues
from no-vaccine no-challenge K18-hACE2 mice. One-way ANOVA with Tukey’s multiple comparison test was performed for statistical analyses: * = P < 0.05, ** = P
< 0.01, *** = P < 0.001.

Fig. 4. RBD IgA antibody responses in vaccinated mice challenged with
SARS-CoV-2 Delta variant. (A) Graph of anti-ancestral RBD IgA titers in the
lungs of K18-hACE2 mice at euthanasia post-challenge quantitated via ELISA.
(B) Graph of anti-RBD IgA titers in the Nasal Wash of K18-hACE2 mice
measured via ELISA. IgA titers are represented as AUC. Results are represented
as mean ± SD. Points represent individual mice, n = 10 mice per group. Points
not passing outlier test were removed. Kruskal-Wallis tests with multiple
comparisons were used for statistical analyses. *P < 0.0112, ** = P < 0.0089,
*** = P < 0.0007.
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low, however, a slight significant increase was detected in the levels of
IgA in Δ(NA)RBD vaccinated mice compared to those in MVC (P =

0.0007) (Fig. 4B). In conclusion, mice vaccinated with Δ(NA)RBD had
elevated levels of IgA in their lungs and nasal cavity compared to non-
vaccinated control mice which suggests the development of mucosal
immune responses that aided in protection against Delta challenge.

Immunization with an Omicron strain of Δ(NA)RBD improves antibody
responses towards the Omicron SARS-CoV-2 variant

The most predominant strains of SARS-CoV-2 across the globe in
2023 come from the Omicron variant lineage [6]. These viruses are
distinct from previous variants of SARS-CoV-2, featuring many muta-
tions that impact transmissibility, allow the viruses to outcompete
earlier strains in the population [8,9,58]. One worrisome facet of the rise

to dominance of the Omicron variant is its ability to evade the immune
system as well as prior protection afforded by convalescence or vacci-
nation [20,58,59]. For this reason, we hypothesized that changing the
RBD antigen expressed by Δ(NA)RBD from an ancestral RBD (Δ(NA)
RBD) to Omicron RBD (Δ(NA)RBD Omicron) would be critical to
ensuring protection in an Omicron challenge model. We generated a
Δ(NA)RBD strain encoding RBD from the Omicron BA.1 virus with rpk9
stabilizing mutations [60], and vaccinated K18-hACE2 mice by the
intranasal route, this time using a slightly higher dose in an effort to also
improve the immune responses demonstrated previously. Controls of a
matched dose of intranasal Δ(NA)RBD and an intramuscular 10 µg dose
of a COVID-19 mRNA vaccine (previously used by our lab to confer
protection in mice [44] were used for making comparisons. Mice were
vaccinated following a four-week prime/boost schedule to follow that of
human mRNA COVID-19 vaccines (Fig. 5A). K18-hACE2 mice

Fig. 5. Omicron challenge study timeline and humoral responses to vaccination. (A) Illustrated timeline of the vaccination and subsequent challenge of K18-
hACE2 with SARS-CoV-2 Omicron BA.5 variant. (B-C) Graphs displaying anti-ancestral RBD IgG titers in serum collected two weeks post priming vaccine dose (B) and
two weeks post booster vaccine dose (C). (D-E) Graphs displaying anti-Omicron RBD IgG titers in serum collected two weeks post priming vaccine dose (E), and two
weeks post booster vaccine dose (F). IgG titers are represented as log AUC. Results are represented as mean ± SD. Points represent individual mice, n = 10 mice per
group. One-way ANOVA with Tukey’s multiple comparison test was performed for statistical analysis: **** = P < 0.0001.
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vaccinated with the original Δ(NA)RBD virus were determined to have
higher levels of IgG specific to the ancestral variant RBD thanΔ(NA)RBD
Omicron after priming and boosting (Fig. 5B, C). At both timepoints
though, these antibody levels did not surpass those of mRNA-vaccinated
mice. We repeated antibody analyses by ELISA using Omicron variant
RBD (variant B.1.1.529). Interestingly, although there was no significant
difference in IgG levels against Omicron RBD in serum from either
Δ(NA)RBD strain after priming (Fig. 5D), Omicron RBD IgG levels after
boost were again significantly higher in mice vaccinated with the
ancestral virus than those in the omicron virus vaccinated mice
(Fig. 5E).

Due to the replicating influenza virus backbone of Δ(NA)RBD, we
considered that humoral responses would develop that are specific to the
vector. Using serum collected at euthanasia, we used ELISA to measure
anti-hemagglutinin (HA) IgG. In serum from mice vaccinated with
mRNA vaccine we expectedly did not measure anti-HA IgG antibodies
(Sup Fig. 1). Δ(NA)RBD and Δ(NA)RBD Omicron vaccinated mouse
serum showed high levels of anti-HA IgG which were not statistically
different between the two groups (Sup Fig. 1).

To assess the function of anti-RBD antibodies in conferring protec-
tion, we performed live virus neutralization assays. Cells were cultured
with the Omicron BA.5 SARS-CoV-2 virus and dilutions of serum
collected from vaccinated mice four weeks after boosting. After an in-
cubation period, plates were then assessed for variations in plaque for-
mation (Fig. 6A). Only serum from mRNA-vaccinated mice was able to
limit Omicron BA.5 virus plaque formation in vitro at the lowest dilutions
of 1:8 and 1:32 (Fig. 6B). Only two serum samples from mRNA vacci-
nated animals were able to limit plaque formation at the 1:128 dilution.
One serum sample from each Δ(NA)RBD variant vaccinated group pre-
vented plaque formation in vitro at the 1:8 dilution. At the 1:32 dilution,
only one sample from Δ(NA)RBD Omicron vaccination showed some
plaque reduction ability. At the highest dilutions, 1:128 to 1:2048 (data
not shown), plaque numbers were uncountable across all experimental
groups. Despite being determined to contain high titers of anti-RBD IgG
antibodies, serum from mice vaccinated with either strain of Δ(NA)RBD
was unable to reduce Omicron virus replication in vitro. It is possible that
performing this assay using serum at a later timepoint would show
different neutralization due to maturation of antibody responses. In
summary, although Δ(NA)RBD with variant-matching can elicit high
serum levels of anti-RBD IgG, it was not observed to generate neutral-
izing antibodies.

Δ(NA)RBD Omicron vaccination decreases viral burden following
Omicron challenge in mice

While in vitro plaque reduction assays did not suggest thatΔ(NA)RBD
or Δ(NA)RBD Omicron vaccinated mice developed SARS-CoV-2
neutralizing antibodies in their serum, we aimed to assess if other cor-
relates of protection were conferred using the K18-hACE2 mouse pre-
clinical challenge model. Our lab previously developed and utilized the
Omicron challenge model to evaluate the VLP-RBD platform [44]. Due
to our lab and others observing reduced morbidity from Omicron chal-
lenge strains in K18-hACE2 mice [20,61], all mice were euthanized 2
days post challenge to evaluate levels of replicating virus in the lungs.
mRNA or Δ(NA)RBD vaccinated K18-hACE2 mice were challenged with
a 105 PFU dose of Omicron (BA.5) virus administered to the nares 4
weeks post boost vaccination (Fig. 5A). Plaque assay analysis of lung
tissue at euthanasia showed that mice vaccinated with Δ(NA)RBD
Omicron had a significant reduction (P = 0.0010) in replicating live
virus compared to MVC mice (Fig. 7A). Viral burden was also signifi-
cantly limited in mice vaccinated with the original strain of Δ(NA)RBD
(P = 0.0020). No significant difference in lung PFUs was measured be-
tween groups of mice vaccinated with Δ(NA)RBD strains and mRNA.
These results were echoed by qRT-PCR analysis of SARS-CoV-2 nucle-
ocapsid gene copies in lung homogenate RNA collected at euthanasia.
Mice vaccinated with either strain of Δ(NA)RBD had lower copies of
viral genes in the lung (Fig. 7B). Despite an observable trend in higher
viral copies in some Δ(NA)RBD vaccinated mice compared to the Δ(NA)
RBD Omicron group, we did not calculate this difference to be statisti-
cally significant. These findings show that intranasal vaccination with
Δ(NA)RBD expressing ancestral or Omicron RBD protect against SARS-
CoV-2 activity in the lung. Vaccine antigen matching with Omicron RBD
to the challenge strain, however, may strengthen this protection.

Vaccinated mice after Omicron challenge show low IgA responses in the
lung and respiratory tract

Previous intranasal vaccines evaluated by our lab have demonstrated
that vaccination prior to challenge increases IgA production in the res-
piratory tract after challenge.[44,62] Although Δ(NA)RBD vaccinated
mice show high serum IgG production and are partially protected
against SARS-CoV-2 Omicron challenge, our data suggests these serum
antibodies do not neutralize. Because Δ(NA)RBD was administered by
the intranasal route, and with the knowledge that IgA is an important
correlate of protection for mucosal immunity, we sought to measure IgA
production to in the lungs and nasal cavity of vaccinated mice after
Omicron challenge to evaluate their possible role in protective

Fig. 6. In vitro plaque reduction assay using serum from vaccinated mice. (A) Image of an assay plate representing plaque reduction corresponding to serum
dilutions in each treatment group. (B) Graph displaying results of in vitro plaque reduction assays using K18-hACE2 mouse serum collected 2-week post boost
vaccination. Error bars represent mean + SEM. Wells designated “too many to count” were assigned arbitrary value for graphical purposes. TM = too many to count.
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immunity. Interestingly, although Δ(NA)RBD vaccinated mice showed
high levels of anti-RBD IgA after Delta SARS-CoV-2 challenge (Fig. 4),
these antibodies were not detected in the lungs (Fig. 8A) or nasal wash
(Fig. 8B) after Omicron challenge. Thinking that IgA antibodies may be
generated specific to Omicron variant RBD we repeated the assay,
coating with Omicron RBD and still did not detect anti-RBD IgA in the
lung (Fig. 8C) or nasal wash (Fig. 8D). This data shows that IgA anti-
bodies did not contribute to the protection against viral burden that was
observed in the lungs of Δ(NA)RBD or Δ(NA)RBD Omicron vaccinated
mice. Whether this data is the result of a euthanasia timepoint earlier
than the start of IgA production, or possibly that of Omicron infection
kinetics not inducing a strong mucosal antibody response remains to be
determined.

Discussion

COVID-19 is transitioning from a pandemic disease to one that is
likely to be endemic and predicted to reemerge seasonally [63].
Breakthrough transmission and infection of the SARS-CoV-2 virus from
vaccinated hosts suggests that regular boost vaccination will be
increasingly necessary for renewing immunity within the population.
This phenomenon is also applicable to endemic influenza seasons, where
the vaccines are reformulated yearly to protect vulnerable populations
against current variants of the influenza virus. In this study we evaluated
the protective efficacy of ΔNA(RBD), an easily modified viral vectored
vaccine, against SARS-CoV-2 variant challenge in the K18-hACE2 pre-
clinical mouse model of COVID-19. We demonstrated that immunization
with ΔNA(RBD) elicits strong serum IgG antibody levels that correlate to
protection against disease-characteristic morbidity after Delta variant
challenge. ΔNA(RBD) vaccinated mice were 60% protected against
morbidity after Delta variant challenge, and surviving mice showed low
viral burden in the lungs, nasal wash, and importantly did not show viral
dissemination into the brain while mock vaccinated mice did.

Vaccinated mice also produced high titers of mucosal IgA after challenge
in the respiratory tract which was similar to the highly protective
intranasal VLP-RBD vaccine evaluated by our lab. Importantly, we
showed that modification of ΔNA(RBD) to match vaccine antigen to
challenge variant protected mice against the clinically relevant Omicron
variant and lowered viral burden in the lungs. This study demonstrated
that antigen matching to clinically relevant SARS-CoV-2 strains like
Omicron can result in some loss of humoral immunity against ancestral-
type strains. ΔNA(RBD) expressing Omicron RBD was found to induce
strong Omicron specific antibody responses, but lower ancestral RBD
IgG antibody responses. While these antibodies were not observed to
exhibit neutralizing function in vitro, these antibodies correlated to
lower levels of viral RNA detectable in the lungs of mice after Omicron
challenge. Together, these data demonstrate that genetically modified
influenza viruses could be useful as vectors for seasonably modifiable
COVID-19 vaccines.

Intranasal vaccines are an attractive immunization approach known
to induce strong mucosal immune responses, including IgA antibodies,
that help to protect the respiratory tract from infection [64]. Traditional
vaccination through intramuscular administration produces strong sys-
temic IgG responses which can protect against severe disease, but can
also fail to prevent breakthrough infections in the upper respiratory tract
due to low tissue localization of IgG [65,66]. This can contribute to the
incidence of breakthrough transmission in vaccinated hosts as well as
asymptomatic infection rates. In our study, we observed that ΔNA(RBD)
administered to mice by the intranasal route can induce high lung IgA
responses to RBD antigen in immunized mice post Delta challenge.
Antigen specific IgA antibodies in the lungs were comparable to our
previously tested intranasal VLP-RBD vaccine, and titers in the nasal
wash were found to be significantly higher (Fig. 4)[44]. IgG titers at 2
weeks post prime were also higher in ΔNA(RBD) vaccinated animals
compared to those vaccinated with VLP-RBD suggesting thatΔNA(RBD),
a live virus-based vector, perhaps develops systemic antibody responses

Fig. 7. PFU and SARS-CoV-2 nucleocapsid gene qRT-PCR data from the lungs of vaccinated K18-hACE2 mice post-Omicron variant challenge. (A) Graph
displaying the PFU/gram of SARS-CoV-2 virus in lung tissue supernatants of vaccinated mice two days post-viral challenge. Bars indicate group mean. (B) Violin plot
depicting the SARS-CoV-2 viral nucleocapsid RNA copies in lung tissue homogenates two days post-viral challenge. Dashed line indicates the assay’s limit of
detection calculated from analysis of lung tissue RNA from no-vaccine no-challenge K18-hACE2 mice. Points represent individual mice, n = 10 mice per group. One
way ANOVA with Tukey’s multiple comparisons test was used for statistical analysis: ** = P < 0.0037, *** = P < 0.00071, **** = P < 0.0001.
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more rapidly than a virus like particle (Fig. 1E). ΔNA(RBD) also
generated higher mucosal IgA titers and similar serum IgG titers
compared to our previously evaluated novel intranasal SARS-CoV-2
vaccine, BREC-CoV-2 [49]. However, this IgA response towards RBD
was lost in Omicron challenge, which could be due to the experiment’s
early endpoint at day 2 not allowing time for IgA responses to expand. It
is possible that IgA specific to RBD is produced later; however, this
experiment prioritized evaluating viral burden as a correlate of protec-
tion rather than disease phenotypes as these are minimal in the murine
Omicron challenge model. Many characteristics of ΔNA(RBD) induced
immunity remain to be investigated in future studies such as the dura-
bility of this response, the cellular correlates of immunity, and its ability
to prevent transmission or asymptomatic infections.

Currently, the only approved and utilized intranasal vaccine for
human use is the influenza vaccine FLUMIST®, which is an attenuated
live virus vaccine used to combat seasonal influenza via induction of
localized mucosal immune responses [53,67]. Similarly, ΔNA(RBD) is a
live attenuated virus, which likely allowed it to produce strong mucosal
and systemic immune responses towards SARS-CoV-2. Modified
adenovirus vector vaccines have also shown promising results in pre-
clinical evaluations when administered intranasally, showing similar
IgA responses to those demonstrated in this study, and have been shown
to reduce SARS-CoV-2 transmission and offer protection in different
animal models [68–72]. Both influenza and adenovirus vaccine plat-
forms use an attenuated virus as a delivery system for an antigen of

interest and generate systemic IgG responses through the replication and
production of antigen in host cells. One important caveat to consider in
the utilization of these types of vaccines is the limitation of immune
responses by preexisting host memory. It has been demonstrated that
prior exposure to adenoviruses, which commonly infect children to
cause mild or asymptomatic disease, limits the development of adeno-
virus vectored vaccine immunity [73,74]. It is suggested that this issue
can be circumvented by the use of adenovirus backbones that don’t
commonly infect humans or mutations to the highly variable regions of
the commonly utilized human adenovirus serotype 5 virus (HAd5)[73].
The potential for pre-existing immunity from prior flu seasons towards
the ΔNA(RBD) virus strain could also reduce its effectiveness in in-
dividuals with naturally acquired immunity. Pre-existing anti-HA re-
sponses generated from the priming dose of vaccine could also explain
why the subsequent booster dose failed to further expand titers in this
study. In summary, the immune responses and protection granted by
ΔNA(RBD) vaccination are efficacious and show similar promise to the
numerous intranasal vaccine platforms being developed, but the utili-
zation of human viruses as vectors for vaccines carries important con-
siderations [43,69,75,76].

In order to implement intranasal COVID-19 vaccines as disease-
mitigating strategies, it will be necessary to understand the dynamics
of intranasal boosting with pre-existing memory from intramuscular
doses of mRNA or protein vaccines. It is estimated that more than 70 %
of the global population has received at least one dose of a COVID-19

Fig. 8. Anti-ancestral or ¡Omicron RBD IgA levels in vaccinated mouse lungs and nasal wash two days post challenge. (A-B) Graphs of ELISA data
quantitating anti-ancestral RBD IgA titers in the lungs (A) and nasal wash fluid (B) of vaccinated mice collected two days post-Omicron challenge. (C-D) Graphs of
anti-Omicron RBD IgA titers in the lungs (C) and nasal wash (D) of vaccinated collected post challenge. IgA titers are presented as AUC. Results are represented as
mean ± SD. Points represent individual mice, n = 10 mice per group.
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vaccine [77], which will inevitably begin to shape the systemic immune
response to future infections and vaccinations. Intranasal ΔNA(RBD)
vaccination produced strong systemic IgG responses towards RBD;
however, these antigen specific antibodies were lower than those
induced by intramuscular mRNA-1273 vaccination. Serum from mRNA
vaccinated mice also exhibited higher virus neutralization in in vitro
plaque reduction assays when compared to ΔNA(RBD)-vaccinated mice.
While further investigation into defining the minimum protective dose
of mRNA vaccine for the K18-hACE2 model will be valuable for ensuring
appropriate comparisons, these studies showed the strength of the
intramuscular mRNA platform in generating protective IgG dominated
humoral responses. mRNA vaccination in the muscle does not generate
the robust IgA responses seen in mice vaccinated with VLP-RBD or ΔNA
(RBD), which we and other groups hypothesize are integral for mucosal
immunity against respiratory pathogens. A valuable future area of study
will be to investigate whether a dose of intranasally administered vac-
cine is capable of expanding the systemic memory responses of a pre-
viously administered intramuscular vaccine into the mucosa. Changing
the location of the immune response may offer superior durable
protection.

ΔNA(RBD) may represent an opportunity to utilize a combination
vaccine for influenza and COVID-19. Administration of multiple vac-
cines at once, whether that be in separate formulations or as co-
formulations, is extremely attractive for combatting poor vaccine up-
take in the population. This approach is also commonly observed in
vaccine schedules for children. While outside the scope of this study, it’s
possible that humoral responses against the flu virus backbone of this
vector could afford some protection against influenza challenge. ΔNA
(RBD) vaccinated mice had high anti-HA-IgG responses in serum. Sub-
sequent animal challenge studies using influenza would need to be
conducted to ensure ΔNA(RBD) provides protection against influenza
infection, although a different animal model may need to be used as the
majority of human influenza viruses are not infectious or pathogenic in
common laboratory mouse strains [78]. It may also be possible to en-
gineer the ΔNA(RBD) platform to express additional antigens from
different pathogens. One possibility to explore, which would meet an
urgent public health need, would be a combination FLU+COVID-19 +

RSV vaccine.
In conclusion, we have performed preclinical evaluation of the ΔNA

(RBD) vaccine as a candidate intranasal COVID-19 vaccine. We observed
that ΔNA(RBD) induces both strong systemic IgG responses and can also
elicit mucosal IgA responses in K18-hACE2mice. ΔNA(RBD) vaccination
also afforded K18-hACE2 mice protection from lethal challenge with
SARS-CoV-2 Delta variant and reduced viral burden from non-lethal
challenge with the Omicron variant. We found that modifying ΔNA
(RBD) to express Omicron RBD rather than ancestral RBD improves
variant-specific protection. Future long-term studies with K18-hACE2
mice will need to be conducted to determine the longevity of ΔNA
(RBD) vaccine induced immunity as well as evaluate additional areas of
the vaccine-induced immune responses such as T cell responses.
Furthermore, testing the idea of priming and boosting with ΔNA(RBD)
viruses expressing antigens representing a wider variety of RBD and HA
epitopes would be valuable for maximizing the platform’s potential. The
reverse genetics technique used to generate ΔNA(RBD) can easily
incorporate a variety of antigens [79–83], allowing it to be used for
vaccines against other non-respiratory pathogens such as West Nile
Virus, Bacillus anthracis, botulinum neurotoxin, and HIV which have
already been studied with attenuated influenza virus vaccines [28–31].
Overall, ΔNA(RBD) is an easily modifiable vaccine platform which can
be used by the intranasal route to induce potent immune responses. ΔNA
(RBD) can in principle be produced using existing influenza vaccine
manufacturing capabilities and infrastructure, making it a valuable
vaccine platform to continue exploring the utility of.

Materials and methods

Ethics and biosafety statement

Vaccination and challenge studies utilized female B6.Cg-Tg(K18-
ACE2)2Prlmn/J transgenic mice purchased from Jackson Laboratory.
Animal studies were conducted under West Virginia University IACUC
protocol #2009036460. During the vaccination period, mice were
housed in biosafety level 2 conditions. SARS-CoV-2 challenge studies
were conducted in West Virginia University’s biosafety level 3 labora-
tory under IBC protocol #20-09-03. After vaccination and challenge,
mice were monitored for adverse reactions and symptoms of morbidity.
Mice were humanely euthanized in accordance with our lab’s disease
scoring system (see below). Downstream analyses were performed in
BSL2 laboratory spaces, after samples were treated with 1 % Triton X-
100 (ThermoFisher Scientific) by volume or stored in TRIzol Reagent
(Zymo R2050-1) to inactivate virus.

ΔNA(RBD)-Flu vaccination

ΔNA(RBD)-Flu expressing SARS-CoV-2 Wuhan or Omicron RBD was
generated as described previously [38] and provided for challenge
studies by the Bloom lab at Fred Hutchinson Cancer Center. Female 6 or
8-week-old K18-hACE2 mice were vaccinated by the intranasal route
with 50 µL ΔNA(RBD)-Flu at a concentration of 2x105 TCID50 (Wuhan
RBD strain in study 1) or 1x106 TCID50 (Wuhan RBD and Omicron RBD
strains in study 2) under anesthesia with ketamine/xylazine (Patterson
Veterinary 07–803-6637/Patterson Veterinary 07–808-1947). In the
VLP-RBD-BECC vs ΔNA(RBD)-Flu comparison study, an identical boost
dose of vaccine was administered 3 weeks after priming. In comparison
studies of ΔNA(RBD)-Flu with mRNA-1273, mice were boosted 4 weeks
after priming to match the human COVID-19 vaccine schedule.

Vaccine formulations and vaccination

VLP-RBD-BECC was prepared as described previously [44]. Briefly,
25 μg BECC470 (obtained from the Ernst lab at University of Maryland
Baltimore) was sonicated in water before 10 μg RBD-HBsAg VLP was
added and incubated for 2 h. At the time of vaccination, 10X PBS was
added to bring the total dose volume to 50 μL then administered via the
intranasal route to 6-week-old female K18-hACE2mice under anesthesia
with intraperitoneal (IP) injection of 80 mg/kg ketamine/xylazine
(Patterson Veterinary 07-803-6637/Patterson Veterinary 07-808-1947).
Three weeks after priming, mice were administered a second identical
dose. mRNA-1273 (Moderna) was obtained from the pharmacy at WVU
Medicine. Female 8-week-old K18-hACE2 mice were administered 50 μL
(10 μg) mRNA in the hind flank at priming and boosted 4 weeks later
with an identical dose.

SARS-CoV-2 challenge procedure of K18-hACE2 mice

SARS-CoV-2 Delta variant B.1.617.2 hCoV-19/USA/WV-WVU-
WV118685/2021(GISAID Accession ID: EPI_ISL_1742834) stocks used
previously [84,85] were isolated from a patient sample at West Virginia
University that was then propagated in Vero E6 cells (ATCC-CRL-1586).
After propagation, viral stocks were sequenced to confirm integrity and
lack of mutations. Omicron (BA.5) virus stocks were provided by the
labs of Dr. Luis Martinez-Sobrido and Dr. Jordi Torrelles at the Texas
Biomedical Research Institute. Before challenge, vaccinated and control
(PBS-vaccinated) K18-hACE2 mice were anesthetized with an IP injec-
tion of ketamine/xylazine then inoculated intranasally with 50 µL of
Delta virus (104 PFU) or Omicron virus (105 PFU).

Post-challenge disease scoring

After SARS-CoV-2 challenge, K18-hACE2 mice were evaluated
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through daily in-person health checks and using the SwifTAG video
monitoring system to monitor disease progression. Daily rectal tem-
perature and weight were recorded in addition to changes in activity,
appearance, the occurrence of eye closure/conjunctivitis, and changes
in respiration. Scores were awarded to mice based on the severity of
disease phenotypes following a scale that is previously described
[84–87]: weight loss (0–4), appearance (0–2), activity (0–3), eye closure
(0–2), and respiration (0–2). Scores in each category were combined
into one overall numerical score that was recorded for each day. Mice
that received either a daily score of 5 or achieved 20 % weight loss
before day 10 post-challenge were euthanized with an intraperitoneal
dose of pentobarbital (brand) in accordance with predetermined hu-
mane endpoint criteria.

Euthanasia and tissue collection

K18-hACE2 mice were euthanized 10 days post-challenge or earlier
due to humane endpoint criteria via an intraperitoneal injection of
pentobarbital (390 mg/kg) (Patterson Veterinary 07–805-9296) fol-
lowed by cardiac puncture. Cardiac puncture blood was centrifuged
(13000 rpm for 5 min) to extract serum for serological analyses. Post-
mortem, lung and brain tissue were collected for histopathology, anti-
body analyses, and assessment of viral burden. Lung and brain tissues
were homogenized in 1 mL 1X PBS using the gentleMACS dissociator
(miltenyi). A portion of lung homogenate was centrifuged to collect
tissue supernatant for antibody analyses. To measure antibodies and
viral burden in the upper respiratory tract, 1 mL 1X PBS was pushed
through the nasal pharynx by catheter and collected. Lung and brain
homogenates as well as nasal wash were treated with TRIzol reagent) at
a ratio of 1:1 for nasal wash samples and 1:3 for lung and brain
homogenate.

SARS-CoV-2 RBD and influenza HA IgG ELISA

IgG antibodies produced by K18-hACE2 mice in response to vacci-
nation and SARS-CoV-2 challenge were quantitated in serum using a
previously described method [45,85,87]. High bind 96-well plates
(Pierce 15041) were coated with 2 ng/μL SARS-CoV-2 RBD (GenScript)
or influenza A H3N2 (A/Aichi/2/1968) Hemagglutinin Protein (Sino
biologicals) in 1X PBS. Plates were incubated for 5 min on a plate shaker
at 440 rpm at room temperature before being stored at 4 ◦C overnight.
The next day plates were washed 3 times with a solution of 1X PBS+0.1
% tween 20 detergent (PBS Tween). Samples were diluted 1:20 in 1 %
milk in PBS Tween and added to the top row of every other plate, then
serially diluted 1:2 down the wells of 2 plates, leaving the final row of
wells as a blank. Plates were then incubated on a plate shaker at 440 rpm
for 1 h before washed 3 times with PBS Tween. Secondary antibody
(goat anti-mouse IgG HRP; Novus Biologicals NB7539) diluted 1:2000 in
1 %milk in PBS Tween was added to all wells. Plates were incubated for
another hour at 440 rpm before being washed 5 times with PBS Tween.
TMB substrate was added to each well then plates were stored in the
dark for 15 min to develop. Development was stopped using 2 N sulfuric
acid, and absorbance was read at 450 nm on the Synergy H1 plate
reader. Antibody levels in samples were quantified using area under the
curve analysis in GraphPad Prism V9.4.1.

SARS-CoV-2 RBD IgA ELISA

IgA antibody levels in vaccinated mice post-challenge were
measured in nasal wash and lung supernatant that was collected at
euthanasia. The previously described protocol for IgG ELISAs was fol-
lowed with the following adaptations: plates were coated with SARS-
CoV-2 RBD (Wuhan or Omicron) and blocked, then nasal wash (undi-
luted) and lung supernatant (diluted 1:5 in 1 % milk in PBS tween) were
diluted 1:2 down two plates. The samples were then incubated on a plate
shaker at 440 rpm for 2 h at room temperature. Antibodies were

detected using secondary goat anti-mouse IgA HRP (Novus Biologicals
NB7504) diluted 1:1000 in 1 % nonfat milk-PBS-Tween20 added to all
wells. Plates were developed as described above and absorbance was
read at 450 nm on the Synergy H1 plate reader. Antibody levels in
samples were quantified using area under the curve analysis in Graph-
Pad Prism V9.4.1.

qPCR of SARS-CoV-2 viral copies

RNA from brain homogenate, lung homogenate, and nasal wash of
virally challenged mice was purified using the Direct-zol RNA miniprep
kit (Zymo Research R2053) according to the manufacturer’s protocol.
qPCR of the SARS-CoV-2 nucleocapsid gene was then performed each
sample using the Applied Biosystems TaqMan RNA to CT One Step Kit
(ThermoFisher Scientific 4392938) to measure the number of viral
copies via transcript number with specifications for each reaction having
been described previously [45,49,51].

SARS-CoV-2 plaque assay of lung tissue homogenate

Vero E6 ACE2/TMPRSS2 cells were plated at 150,000 cells per well
in 12-well plates and incubated at 37 ◦C and 5 % CO2 for 24 h. Mouse
lungs collected at euthanasia were weighed and then homogenized in 1
ml of PBS. Homogenate was then centrifuged at 15,000g for 5 min.
Supernatant was collected from the homogenate and diluted first 1:3,
1:10, and then four tenfold serial dilutions all in media. Cell media was
aspirated from the plated cells. 200 μl of sample dilutions were added to
each well in duplicate. Plates were incubated at 37 ◦C and 5 % CO2 for 1
h while gently rocking plates by hand every 15 min. After incubation, 2
ml of 0.6 % carboxyl methylcellulose overlay was added to each well.
Plates were then incubated at 37 ◦C and 5 % CO2 for 4 days. On day 4,
overlay was aspirated from all wells. Wells were then fixed with 10 %
neutral buffered formalin and stained with 0.1 % crystal violet solution.

SARS-CoV-2 plaque reduction assay

SARS-CoV-2 plaque reduction neutralization assays were performed
based on procedures previously described for standard plaque assays
and plaque reduction tests [88–91]. Vero E6 hACE2/hTMPRSS2 cells
were cultured in DMEM with high glucose and pyruvate (Gibco catalog
number 11995-065) supplemented with 10 % non-heat inactivated FBS,
10 mM HEPES, Penicillin-Streptomycin at 100 units/mL Penicillin and
100 μg/mL Streptomycin, 1X GlutaMAX, 0.55 μg/mL Amphotericin B,
and 10 μg/mL Puromycin dihydrochloride. Vero E6 hACE2/hTMPRSS2
cells were plated at 75,000 cells per well in 24-well plates in 0.5 mL
supplemented DMEM per well. The plated cells were incubated for 24 h
at 37 ◦C and 5 % CO2. Mouse serum collected post-boost was diluted 1:4
in virus diluent media (Gibco catalog number 11995-065, supplemented
with 2 % non-heat inactivated FBS, 10 mM HEPES, Penicillin-
Streptomycin at 100 units/mL Penicillin and 100 μg/mL Streptomycin,
1X GlutaMAX, and 0.55 μg/mL Amphotericin B), then diluted by four-
fold serial dilutions. Dilutions were performed in 96-well plates.

SARS-CoV-2 Omicron BA.5 virus stock (4.5 × 106 PFU/mL) was
diluted 1:50 in virus diluent media. The diluted mouse serum was mixed
with the diluted virus at a 1:1 ratio (75 µl serum+ 75 µl virus) in 96-well
plates and incubated at room temperature for 30 min. The final serum
dilutions after mixing with virus were 1:8, 1:32, 1:128, 1:512, and
1:2,048. The final virus dilution was 1:100. Before applying serum and
virus, media was aspirated from the Vero E6 hACE2/hTMPRSS2 cells. To
each well, 100 µl of sample (serum + virus) was added. The plates were
incubated at 37 ◦C and 5 % CO2 for 1 h, rocking the plates by hand every
15 min.

A viscous overlay of 0.6 % carboxy methylcellulose (1:1 2X DMEM
supplemented with 4 % non-heat inactivated FBS, 20 mM HEPES,
Penicillin-Streptomycin at 200 units/mL Penicillin and 200 μg/mL
Streptomycin, 2X GlutaMAX, 1.1 μg /mL Amphotericin B, and 0.6 %

N.A. Rader et al.



Vaccine: X 20 (2024) 100543

12

sodium bicarbonate with 1.2 % carboxy methylcellulose) was added to
each well then plates were incubated at 37 ◦C and 5 % CO2 for 4 days
(96 h). At the end of this incubation, media was aspirated from each well
and replaced with 10 % neutral-buffered formalin before they were
incubated at room temperature for 30 min. Plates were washed three
times with water and stained with 0.1 % crystal violet solution for 15
min. Plates were washed three times with water and dried overnight
prior to counting plaques.

To calculate the percent neutralization, individual plaques in each
well were counted by eye using a light box. Wells with plaques that were
“too many to count” were designated as such.

Statistical analyses

Data sets collected in these experiments were statistically analyzed
using GraphPad Prism version 9. Vaccination and challenge studies were
conducted using 10 mice per group. All data sets following a normal
distribution were compared using ordinary one-way ANOVA with
Tukey’s multiple comparisons tests. Data determined to not follow a
Gaussian distribution were compared using Kruskal-Wallis tests. Com-
parisons between two groups were made using a Student’s t-test. Sur-
vival curves to compare the protection of each vaccine after SARS-CoV-2
Delta or Omicron challenged were created using the Kaplan-Meier
estimate.
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