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% Check for updates To address the need for broadly protective SARS-CoV-2 vaccines, we devel-

oped an attenuated a SARS-CoV-2 vaccine virus that lacks the open reading
frames of two viral structural proteins: the envelope (E) and membrane (M)
proteins. This vaccine virus (AEM) replicates in a cell line stably expressing E
and M but not in wild-type cells. Vaccination with AEM elicits a CD8 T-cell
response against the viral spike and nucleocapsid proteins. Two vaccinations
with AEM provide better protection of the lower respiratory tissues than a
single dose against the Delta and Omicron XBB variants in hamsters. Moreover,
AEM is effective as a booster in hamsters previously vaccinated with an mRNA-
based vaccine, providing higher levels of protection in both respiratory tissues
compared to the mRNA vaccine booster. Collectively, our data demonstrate

the feasibility of a SARS-CoV-2 AEM vaccine candidate virus as a vaccine

platform.

The SARS-CoV-2 virion consists of four structural proteins—the spike
(S), envelope (E), membrane (M), and nucleoprotein (N) proteins—
which are encoded in the last third of the viral RNA genome along with
accessory proteins. The other two-thirds of the genome encodes non-
structural proteins that function in viral RNA replication. Most vac-
cines against SARS-CoV-2 induce neutralizing antibodies against the S
protein due to its key role in viral entry and high immunogenicity.
Although these vaccines, based on mRNA, viral vectors, recombinant
protein, and inactivated virus, induce robust neutralizing antibodies
and systemic immune responses when administered intramuscularly,
these responses are spike-specific and the induction of nasal mucosal
immunity is inadequate'”.

The frequent emergence of SARS-CoV-2 variants harboring mul-
tiple immune-evasive amino acid substitutions in the S protein has
highlighted the need to explore approaches that target viral proteins

other than the S protein®°. Most mutations observed in the variants
have accumulated in the S protein due to its higher mutation rate
compared to other viral proteins, which is largely driven by selective
pressure from the host immune response leading to the evolution of
new variants”®. While neutralizing antibodies mainly target the S pro-
tein, the epitopes targeted by T-cell responses are not limited to the S
protein and can include the entire regions of both the surface and
internal viral proteins’™2. Ideally, vaccines should induce both robust
protective humoral and cellular immunity that can be reactive against
several viral proteins at the site of initial infection in response to
possible future SARS-CoV-2 variants.

To overcome the limitations of current vaccines, alternative
strategies have been being implemented, such as an S protein booster
to induce a mucosal immune response', intranasal vaccines designed
to induce S-independent CD8 T-cell immunity", and dual antigen
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presenting vaccine platforms (e.g., self-amplifying RNA**, adenovirus
vectors™'® and modified vaccinia virus vectors”). In addition, live-
attenuated vaccine (LAV) viruses that have limited replicative ability
and reduced virulence are being developed. Strategies of SARS-CoV-2
attenuation have been achieved by genetic modification using codon-
pair deoptimization®®?, accessory gene deletions’, and cold-
adaptation”®. Intranasal administration of LAV viruses would be
expected to elicit local mucosal, humoral, and cellular immunity tar-
geting multiple viral proteins, which would be beneficial in future
pandemics caused by respiratory pathogens including SARS-CoV-2%,

Here, we describe a gene-deletion attenuation approach that
involves the generation of a SARS-CoV-2 isolate that lacks the open
reading frames for two structural proteins, the E and M proteins, which
we termed the AEM vaccine virus. Unlike current LAVs against SARS-
CoV-2, the AEM vaccine candidate virus cannot undergo multiple
rounds of virus replication in wild-type cells, can complete a single-
round of replication allowing for expression of viral proteins without
producing infectious progeny, thereby offering immune responses
similar to those induced by natural infection but without any disease.
In this study, we evaluated the protective efficacy of the AEM vaccine
candidate virus in rodents and characterized their immune responses
to AEM vaccination.

Results

Generation of an attenuated SARS-CoV-2 AEM virus

To generate a virus that is capable of only a single round of replication,
we developed a SARS-CoV-2 AEM vaccine candidate virus by deleting
the entire open reading frames (ORFs) for the E and M proteins from
the genome of the SARS-CoV-2 isolate, Wuhan-Hu-1 (Fig. 1a). Using
HEK293T cells that stably express the E and M proteins, we generated
the AEM virus by reverse genetics using the circular polymerase
extension reaction (CPER)?*%. The virus was then propagated on Vero
TMPRSS2 cells stably expressing E and M proteins (Vero TMPRSS2/EM)
that were generated by retrovirus transduction followed by transfec-
tion with a protein expression plasmid encoding human codon-
optimized SARS-CoV-2 E and M, respectively, along with antibiotic-
resistant genes. Single clones were selected based on the expression of
both viral proteins. The clone that allowed AEM virus replication with
the highest virus titer was used for these studies. In this stable cell line,
the AEM virus replicated efficiently resulting in virus-induced cyto-
pathic effects (CPE) (Fig. 1b, left panel). However, in wild-type Vero
TMPRSS2 cells, there was limited cell-to-cell spread of the AEM virus,
which resulted in the formation of foci, but no CPE (Fig. 1b, right panel;
Supplementary Fig. 1).

To examine the infectious progeny virus in the supernatant of
infected cells, Vero TMPRSS2/EM cells were infected with the AEM
virus at a multiplicity of infection (MOI) of 0.01. We observed an
increase in virus titers over 3 days after infection, reaching a titer of
more than 1x 10° plaque-forming units (pfu)/ml (Fig. 1c). Infection of
Vero TMPRSS2/EM cells at a higher MOI (0.1) resulted in less robust
virus growth with CPE by day 2 after infection (Fig. 1c). The titer of AEM
virus was lower than that of the parental recombinant virus, which can
reach a titer of 107 pfu/ml; this may be due to differences in the
expression kinetics of the viral E and M proteins between viral infection
and cells stably expressing these proteins.

When Vero TMPRSS?2 cells were infected with the AEM virus at an
MOI of 0.1, there was no detectable infectious virus through three days
after infection (Fig. 1c), confirming that the AEM virus is replication-
deficient on wild-type cells.

To demonstrate the lack of replication of the AEM virus in vivo, we
inoculated human (h)ACE2 transgenic (K18-hACE2) mice (females,
n=6/group) intranasally with 1x10* pfu of the AEM virus or the
recombinant parental virus (Wuhan-Hu-1) as a positive control. K18-
hACE2 mice infected with the parental virus showed a significant
reduction in body weight starting at day 4 after infection with five of

the six mice succumbing to infection within 10 days of inoculation
(Fig. 1d, e). In contrast, K18-hACE2 mice infected with the AEM virus did
not lose weight and all the mice survived (Fig. 1d, e).

To determine if whether infectious AEM virus was present in the
tissues of the infected K18-hACE2 mice (n=4 females/virus), lung,
nasal turbinate, and brain tissues were collected 3 days after infection,
and clarified tissue homogenates were used to determine virus titers
on Vero TMPRSS2/EM cells. While high virus titers were detected in all
tissues collected from animals infected with the wild-type virus, no
infectious virus was detected in any of the tissues from the AEM virus-
infected animals (Fig. 1f). We confirmed the lack of replication of the
AEM virus in hACE2 transgenic hamsters (n=4 females/virus). As
expected, the parental virus replicated efficiently in the lung, nasal
turbinate, and brain tissues, whereas there was no detectable infec-
tious AEM virus in any of these tissues at 3 days after inoculation
(Fig. 1g), confirming the lack of replication of the AEM virus in vivo.

Protective efficacy of AEM vaccination in K18-hACE2 mice

To assess the protective efficacy of the AEM vaccine candidate virus,
we immunized groups of K18-hACE2 mice with 1x10* pfu of the AEM
virus by intranasal inoculation.

Mice (females; n =12 in each vaccinated group, n = 8 in the control
group) were vaccinated with one or two doses of the AEM virus or were
inoculated with PBS as a control. A second vaccination was given to
one group four weeks after the initial vaccination. Four weeks after the
last vaccination, mice were challenged with an ancestral SARS-CoV-2
isolate (1x10° pfu). After the challenge, neither of the AEM virus-
vaccinated groups exhibited weight loss and all vaccinated mice sur-
vived the challenge (Fig. 2a, b). In contract, mice in the control group
started to show significant weight loss on day 4 after challenge, with
three of the eight mice succumbing to infection by day 11 after chal-
lenge (Fig. 2a, b).

To evaluate the protective effect on respiratory tissues, lung and
nasal turbinate were collected from K18-hACE2 mice (n=8 females/
group) three days after challenge. Mice in the control group had high
virus titers in the lung and nasal turbinate tissues, close to 107 pfu/g
and 10° pfu/g, respectively (Fig. 2c). A single vaccination resulted in a
significant reduction of viral titers in both tissues by approximately
1000-10,000-fold compared to the control group. Two of the eight
mice that received a single vaccination had no detectable infectious
virus in their lung tissue. Two vaccinations provided better protection
than the single vaccination, with no infectious virus detected in both
respiratory tissues (Fig. 2c).

Immune responses in AEM-vaccinated K18-hACE2 mice

The anticipated benefit of intranasal administration of LAV vaccines is
their potential to induce local mucosal, humoral, and cellular immu-
nity targeting multiple viral proteins®. Therefore, we first analyzed the
induction of S-specific IgA in the respiratory tract of AEM virus-
vaccinated mice. K18-hACE2 mice (n =7-8 females/group) were intra-
nasally inoculated with AEM virus at 10* pfu. As a control, another
group of mice (n=4 females/group) was vaccinated with 1 g of an
mRNA vaccine (BNT162b2) by intramuscular injection. Four weeks
after vaccination, mice were challenged with an ancestral SARS-CoV-2
isolate (1x10°pfu). Nasal wash and bronchoalveolar-lavage fluid
(BALF) were collected on days 2 and 5 after challenge and S-specific IgA
antibody was measured by an ELISA (Fig. 3a).

In the nasal wash samples, there was no significant difference in
the IgA antibody levels between the AEM- and mRNA-vaccinated
groups at day 2 after challenge. However, by day 5 after challenge,
the IgA antibody levels in the AEM-vaccinated mice were higher than
those in the mRNA- and mock-vaccinated mice. Similarly, in BALF
samples, IgA antibody levels in AEM-vaccinated mice were sig-
nificantly higher at day 5 after challenge compared to mRNA- and
mock-vaccinated mice.
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Elicitation of resident memory T cells in the respiratory tract is
crucial to rapidly limit viral spread and disease severity***. Thil-
biased IgG subclasses, IgG2c and IgG3, were strongly induced in
AEM-vaccinated mice (K18-hACE2 female mice, single vaccination,
n=8/group) compared to Th2-biased IgG subclasses (Supplementary
Fig. 2), suggesting that cell-mediated immune responses are integral
to the respiratory tract defense facilitated by AEM vaccination.
Therefore, we analyzed the induction of antigen-specific T cells in the
lungs of the AEM virus-vaccinated mice. Control groups of mice (K18-
hACE2 female mice, single vaccination, n = 6/group) were vaccinated
with two different amounts (1.0 and 0.1pg) of an mRNA vaccine

(BNT162b2) by intramuscular injection. Two weeks after vaccination,
cells collected from the lung tissue were stimulated with either S or N
peptide pools and the induction of antigen-specific T cells was qua-
lified by using an IFN-y enzyme-linked immunospot (ELISpot) assay.
Vaccination with the AEM virus induced SARS-CoV-2 S- and
N-reactive T cells secreting IFN-y (Fig. 3b, c), whereas mRNA vacci-
nation induced only S-reactive IFN-y-secreting T cells in the lung, as
expected”. The S-reactive T cells induced in the lungs of the AEM-
vaccinated mice were comparable to those in those receiving high
amount of mRNA vaccine. Subsequently, we used flow cytometry to
analyze the frequencies of helper CD4" T cells and cytotoxic CD8"

Nature Communications | (2025)16:4453


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59533-4

Fig. 1| Generation of the SARS-CoV-2 AEM vaccine candidate virus and its
attenuation in rodent models. a Schematic diagram of the viral genomes of the
parental virus (top) and the AEM vaccine candidate virus (bottom) with the dashed
lines around ORF E and ORF indicating the removal of the ORFs from the genome.
b Infection of Vero TMPRSS2/EM cells (left panel) or Vero TMPRSS2 cells (right
panel) with the AEM vaccine candidate virus. The SARS-CoV-2 N protein was
visualized by DAB staining using an anti-N antibody. ¢ Growth kinetics of the AEM
vaccine candidate virus in Vero TMPRSS2/EM cells (MOI of 0.1 or 0.01) or Vero
TMPRSS2 cells (MOl of 0.1). Virus titers in the cell supernatants were determined on
Vero TMPRSS2/EM cells. The Day 0 samples were collected from media added
immediately after washing unbound virus from the cells. Data represent the mean
of experiments repeated three times (Vero TMPRSS2/EM cells) or twice (Vero
TMPRSS2 cells), respectively. Error bars represent standard deviation (SD). ND; not
detected. The limit of detection of infectious virus was 20 pfu/ml. d Body weight
changes in hACE2 mice infected with the recombinant parental virus (Wuhan-Hu-1)

or the AEM virus (mean with SD, n = 6 females/group). Statistical significance was
determined by use of the unpaired two-tailed Student’s ¢-test (*P < 0.05,

*P < 0.01, ***P < 0.0001). Exact Pvalues: day 4 (P= 0.013253), day 5
(P=0.000006), day 6 (P<0.000001), day 7 (P=0.000001), day 8 (P=0.000051),
day 9 (P= 0.000042), day 10 (P= 0.000119), day 11 (P= 0.002217). e Survival of
hACE2 mice infected with the recombinant parental virus (Wuhan-Hu-1) or the AEM
virus (mean with SD, n = 6 females/group). Statistical significance was determined
by use of the Log-rank Mantel-Cox test (**P = 0.004). f, g Virus titers of the
recombinant parental virus (Wuhan-Hu-1) or the AEM vaccine candidate virus in
lung, nasal turbinate (NT), and brain tissues of infected hACE2 mice (f) and hACE2
hamsters (g) (mean with SD, n =4 females/virus). Tissues were collected 3 days
after infection. Each dot in the bar graph indicates an individual animal in each
group. ND; not detected. The dotted lines indicate the lower limit of detection (1.3
logo pfu/g). Source data are provided as a Source Data file.
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Fig. 2 | Protective efficacy of the AEM vaccine candidate virus in K18-

hACE2 mice. a, b Body weight changes (a) and survival rate (b) (n=12 females in
each vaccinated group, n =8 females in the control group) of hACE2 mice vacci-
nated once or twice with the AEM virus and then challenged with an ancestral SARS-
CoV-2 isolate. Data represent the mean, and error bars indicate SD (a). Statistical
significance was determined by use of the two-tailed Dunnett’s multiple compar-
isons test (a; *P < 0.05, **P < 0.01, ***P < 0.0001) and the Log-rank Mantel-Cox
test (b; *P = 0.033). Exact P values: (a) control vs. AEM x2: day 4 (P= 0.0360), day 5
(P= 0.0012), day 6 (P<0.0001), day 7 (P<0.0001), day 8 (P= 0.0022), day 9

(P= 0.0348); control vs. AEM x1: day 5 (P= 0.0020), day 6 (P<0.0001), day 7
(P=0.0001), day 8 (P= 0.0064). c Efficacy of one or two vaccinations of the AEM
vaccine candidate virus. Virus titers in the lung and nasal turbinate (NT) tissues of
K18-hACE2 mice (mean with SD, n = 8 females/group) at 3 days after challenge with
an ancestral SARS-CoV-2 isolate. The dotted line indicates the limit of detection (1.3
log;o pfu/g). Each dot in the bar graph indicates an individual mouse in each group.
Statistical significance was determined by use of a one-way ANOVA with Dunnett’s
multiple comparisons test (***P < 0.0001). Source data are provided as a Source
Data file.

T cells secreting both IFN-y and TNF-a®>**, The numbers of S-reactive
CD4" and CD8' T cells were significantly increased in the lung tissue
of the AEM-vaccinated animals compared to in the non-vaccinated
control group and the animals immunized with the low dose of
mRNA vaccine and comparable to those in animals immunized with
the high dose of mRNA vaccine (Fig. 3d). Although induction of

N-reactive CD4" T cells by AEM vaccination was limited, the number
of N-reactive CD8" T cells was significantly higher in the lung tissue of
the AEM-vaccinated animals compared to the non-vaccinated control
and mRNA-vaccinated animals (Fig. 3e). Collectively, these results
suggest that AEM vaccination induces lung resident T-cell responses
comprising S-reactive CD4" T cells and S/N-reactive CD8' T cells.
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Protective efficacy of AEM vaccination against SARS-CoV-2 var-
iants in hamsters

We next explored the protective efficacy of the AEM vaccine can-
didate virus against a SARS-CoV-2 Delta variant® and the Omicron
variant XBB*. Wild-type Syrian hamsters (n =4 females) were vac-
cinated intranasally with 2 x 10* pfu of the AEM virus. Six weeks later,
the animals were challenged with the Delta variant (8 x 10* pfu). On
day 3 after challenge, this single vaccination resulted in an
approximately 10-fold reduction in virus titers in the lung tissue with
no infectious virus detected in the lung tissue of one of the AEM-
vaccinated hamsters; however, there was no reduction in virus titers
in the nasal turbinate tissues of the same animals compared to
the control group (n =4 females; Supplementary Fig. 3a). In vacci-
nated hamsters (n=4 females) challenged with Omicron XBB
(1x10° pfu), there was a 10-100-fold reduction of the challenge

virus titers in the lung and nasal turbinate tissues compared to
animals in the control group (n =4 females), with no infectious virus
detected in the lung tissue of one of the vaccinated animals (Sup-
plementary Fig. 3b).

Next, we examined the efficacy of two doses of AEM virus
(2 x10* pfu, intranasally) given four weeks apart. In addition, we eval-
uated vaccination in female and male hamsters. Six weeks after the
second vaccination, one group of animals was challenged with the
Delta variant (8 x10* pfu). On day 3 after challenge, the Delta variant
replicated efficiently in both female (n = 7) and male (n = 4) hamsters in
the respiratory tissues of mock-vaccinated control animals (lung tis-
sue: 10® pfu/g; nasal turbinate tissue: 107 pfu/g) (Fig. 4a). In contrast, no
infectious virus was detected in the lungs of any of the vaccinated
hamsters (n =8 females, n =4 males) (Fig. 4a). In the nasal turbinate,
virus was detected in 3 of the 8 vaccinated female hamsters, but at
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Fig. 3 | Respiratory tract immune response in AEM virus-vaccinated K18-
hACE2 mice. a Induction of spike-specific IgA in nasal wash and bronchoalveolar
lavage fluid (BALF) of AEM virus-vaccinated mice (n =4 females for the mock
infection group; n = 6 females for the infection groups except that nasal wash
samples on day 5 post-infection was collected from 7 females), mRNA-vaccinated
mice (n =6 females for both the mock and infection groups), or mock-vaccinated
mice (n =4 females) as measured by an ELISA. Samples were collected on days 2 or 5
following infection with an ancestral SARS-CoV-2 isolate. b, ¢ Induction of an
antigen-specific T cell population producing IFN-y in the lungs of AEM virus- or
mRNA-vaccinated mice (n = 6 females/group) as measured by use of an ELISpot
assay. Representative ELISpot wells of cells isolated from lung tissue stimulated
with S peptide pool (b; 2 x 10° cells/well) or N peptide pool (c; 4 x 10° cells/well) are
shown. d, e The frequency of IFN-y- and TNF-a-positive CD4* and CD8' T cells in the
lungs of AEM virus- or mRNA-vaccinated mice as measured by flow cytometry. Cells
collected from lung tissue were stimulated with S peptide pool (d, n = 6 females) or
N peptide pool (e, n = 6 females). Box plots show the median center line and 10/90
percentiles. Whiskers show min and max values. Statistical significance was deter-
mined by use of a one-way ANOVA with Tukey’s multiple comparisons test (a, d, e)

and a one-way ANOVA with Dunnett’s multiple comparisons test (b, c¢) (*P < 0.05,
*P < 0.01, ***P < 0.0001; ns, not significant). Exact P values: (a) nasal wash sam-
ples on day 5 post-infection: AEM x1 vs. mock vaccination control (P= 0.0051), AEM
x1 vs. mRNA x1 (P= 0.0944); BALF samples on day 5 post-infection: AEM x1 vs.
mock vaccination control (P= 0.0492), AEM x1 vs. mRNA x1 (P= 0.0262). (b) AEM
vs. mock (P= 0.0284), AEM vs. mRNA 0.1 ug (P= 0.0452), AEM vs. mRNA 1.0 pg
(P=0.7588). (c) AEM vs. mock (P< 0.0001), AEM vs. mRNA 0.1pg (P< 0.0001),
AEM vs. mRNA 1.0 pg (P< 0.0001). (d) S-reactive CD4" T cells frequency: AEM vs.
mock (P=0.0109), AEM vs. mRNA 0.1 ug (P= 0.0494), AEM vs. mRNA 1.0 pug

(P= 0.9897), mock vs. mRNA 1.0 pg (P= 0.0213); S-reactive CD8" T cells frequency:
AEM vs. mock (P= 0.0015), AEM vs. mRNA 0.1 pg (P= 0.0310), AEM vs. mRNA
1.0 pg (P= 0.9140), mock vs. mRNA 1.0 pg (P= 0.0066). (e) N-reactive CD4" T cells
frequency: AEM vs. mock (P= 0.9932), AEM vs. mRNA 0.1 ug (P= 0.9847), AEM vs.
mRNA 1.0 pg (P= 0.5050), mock vs. mRNA 1.0 pg (P= 0.3592); N-reactive CD8"

T cells frequency: AEM vs. mock (P= 0.0076) AEM vs. mRNA 0.1 pg (P= 0.0076),
AEM vs. mMRNA 1.0 pg (P= 0.0144), mock vs. mRNA 1.0 pug (P= 0.9915). Source data
are provided as a Source Data file.

significantly lower virus titers and not in any of the vaccinated male
hamsters (Fig. 4a).

Challenge with the Omicron XBB variant (1x10° pfu) after two
vaccinations yielded similar results. On day 3 after challenge, no
infectious virus was detected in the lungs of the vaccinated animals
(n=8 females, n =4 males), and mean virus titers in the nasal turbinate
of vaccinated hamsters were reduced by 10,000-fold compared to
mock-vaccinated control animals (n = 6 females, n =4 males) (Fig. 4a).

At six days after challenge, infectious virus was still detectable but
at lower levels in the respiratory tissues of many control animals
inoculated with either the Delta variant (n = 6 females, n =4 males) or
the Omicron XBB variant (n=6 females, n=6 males). No infectious
virus was detected at this timepoint in the respiratory tissues of the
vaccinated animals (Fig. 4b).

Protection against the Delta variant conferred by two doses of
AEM vaccination was nearly as strong as that observed in hamsters that
were initially infected with an ancestral SARS-CoV-2 isolate and re-
infected with the Delta variant eight weeks later. No detectable infec-
tious virus was found in the lung and nasal turbinate tissues of pre-
viously infected hamsters on day 3 after challenge with the Delta
variant (Supplementary Fig. 4).

By using sera collected one day prior to a second vaccination (27
days after the first vaccination) or the challenge (41 days after the
second vaccination), we determined neutralizing antibody titers
against an ancestral SARS-CoV-2 isolate using a focus reduction neu-
tralization test with titers reported as the reciprocal of the dilution at
which the number of foci is reduced by 50% (FRNT50). No neutralizing
antibodies were detected after the first vaccination with AEM virus
(n=4 females, n =4 males; limit of detection 1:20 dilution of serum)
while sera from hamsters vaccinated twice with the AEM virus (n=6
females, n =6 males) had FRNT50 values that ranged 51 to 209 (geo-
metric mean of 131) (Supplementary Fig. 5a). In the sera collected from
hamsters 55 days after a previously infection with an ancestral SARS-
CoV-2 isolate (n=3 females), neutralizing antibodies titers were
higher, with FRNT50 values ranging from 767 to 1269 (geometric
mean: 1096) (Supplementary Fig. 5a).

Next, we examined the neutralizing antibodies against the two
challenge viruses. The sera from hamsters vaccinated twice with the
AEM virus (n =6 females, n = 6 males) had FRNT50 values that ranged
from 42 to 229 (geometric mean of 119) against the Delta variant, which
differs from the ancestral isolate by only two amino acids in the
receptor-binding domain (Supplementary Fig. 5b). Conversely, there
was no neutralizing activity against the Omicron XBB variant (Sup-
plementary Fig. 5b), as previously reported by others®~,

We also compared the pathological features in the lung tissue at
day 6 after challenge between the control and vaccinated hamsters

after challenge with the Delta variant. Histopathological analysis was
conducted on hematoxylin and eosin (H&E)-stained lung sections from
the control group (n=4 females; n=4 males) and the double-
vaccinated group (n=6 females; n=6 males). Histopathological
changes were assessed by a third-party pathologist using a semi-
quantitative, 5-point grading scheme based on 4 different histo-
pathological parameters: perivascular inflammation, bronchial or
bronchiolar epithelial degeneration or necrosis, bronchial or bronch-
iolar inflammation. In 7 of 12 hamsters in the AEM vaccinated group,
minor inflammation within the lungs was the only noted pathology
(Fig. 5a) with individual total pathology scores of 0/16 to 1/16 (Fig. 5b).
In contrast, there was more severe pathology noted for all four scored
parameters (Fig. 5a) in the control hamsters with individual total
pathology scores ranging from 9/16 to 13/16 (Fig. 5b).

Collectively, these results suggest that two vaccinations with the
AEM virus could confer promising protection in the lower respiratory
tract against possible future variants.

The AEM vaccine candidate virus as a booster vaccine in
hamsters

Lastly, given the certain levels of immunity against SARS-CoV-2 either
by vaccination or natural infection in human populations, we deter-
mined the efficacy of the AEM vaccine candidate virus as a booster
vaccination.

We first assessed the systemic IgG responses against the spike
proteins of an ancestral SARS-CoV-2 isolate with a D614G spike and the
Omicron XBB variant. Groups of hamsters received the mRNA vaccine
(group #1), the mRNA vaccine followed by a booster vaccination with
the AEM vaccine candidate virus (group #2), or the AEM virus. Serum
samples after the first vaccination but prior to the booster showed
similar ELISA endpoint dilution titers of binding IgG antibodies against
both spikes (the average titers ranged from 1:1360 to 1:3200); there
were no significant differences between any of the vaccinated groups
(Fig. 6a). After the boost vaccination with the AEM virus, the IgG
antibody endpoint titers significantly increased by about 5-11-fold
compared to those prior to the boost vaccination, and average titers
ranged from 1:15360 to 1:23040, but with no significant difference
between the vaccinated groups (Fig. 6a). Both vaccines were based on
the original Wuhan-Hu-1 isolate, but the induced IgG antibodies in the
sera reacted against both the ancestral spike protein and the Omicron
XBB spike protein.

We next examined protection against the Omicron XBB variant in
hamsters vaccinated with the mRNA vaccine (1 pg/animal) and boosted
with either the mRNA vaccine (n =4 females) or the AEM virus (n=4
females). Three days after challenge with the Omicron XBB variant,
virus titers in the lung and nasal turbinate tissues of the hamsters
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Fig. 4 | Protective efficacy of AEM vaccination against SARS-CoV-2 variants in
hamsters. Efficacy of two vaccinations with the AEM vaccine candidate virus in
hamsters. a Virus titers in the lung and nasal turbinate (NT) tissues on day 3 after
challenge with a Delta variant (n =7 female and n =4 male control animals; n=8
female and n =4 male vaccinated animals) or an Omicron XBB variant (n = 6 female
and n=4 male control animals; n=8 female and n =4 male vaccinated animals).
b Virus titers on day 6 after challenge with a Delta variant (n =6 female and n=4
male control animals; n =6 female and n =6 male vaccinated animals) or an Omi-
cron XBB variant (n =6 female and n =6 male control animals; n= 6 female and

n =6 male vaccinated animals). Data represent the mean, and each dot in the bar
graph indicates an individual hamster. Error bars represent SD. The dotted line

indicates the limit of detection (1.3 log;, pfu/g). Statistical significance was deter-
mined by use of a two-way ANOVA with Sidk’s multiple comparisons test

(*P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001). Exact P values: (a) Delta-
challenged female lung (P < 0.0001), female NT (P < 0.0001), male lung

(P < 0.0001), male NT (P < 0.0001); XBB-challenged female lung (P < 0.0001),
female NT (P < 0.0001), male lung (P < 0.0001), male NT (P < 0.0001). (b) Delta-
challenged female lung (P = 0.0036), female NT (P =0.0171), male lung

(P < 0.0001), male NT (P = 0.0128); XBB-challenged female lung (P = 0.0165),
female NT (P = 0.0004), male lung (P = 0.0209), male NT (P= 0.0012). Source
data are provided as a Source Data file.

boosted with the mRNA vaccine were reduced by about 10-fold com-
pared to the control (Fig. 6b). In contrast, in the lung tissue of the AEM-
boosted hamsters, there was no detectable infectious virus in three of
four animals and more than a 10,000-fold reduction in the fourth
animal (Fig. 6b), which is comparable to the protective efficacy
observed in animals vaccinated twice with the AEM virus (Fig. 4a). In
the nasal turbinate tissue of the mRNA-vaccinated, AEM-boosted
hamsters, there was a 500- and 50-fold reduction in virus titers com-
pared to the non-vaccinated and mRNA-boosted hamsters, respec-
tively (Fig. 6b). These results demonstrate that although the levels of
systemic ELISA antibody titers were similar between animals

vaccinated with the mRNA vaccine and boosted with the mRNA vac-
cine or the AEM vaccine candidate virus, the levels of protection in
both the lungs and nasal turbinate conferred by AEM were higher than
those of the mRNA vaccine against both homologous and antigenically
advanced challenge viruses.

To understand the difference in protective levels between
boosting with the mRNA vaccine compared to the AEM virus (Fig. 6b),
we examined the induction of S-reactive T cells in the lungs of the
mRNA-boosted (n=6 females) and AEM-boosted (n =6 females) ani-
mals by using the ELISpot assay. The number of S-reactive IFN-y-
secreting T cells was higher in the AEM-boosted hamsters than in the
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Fig. 5 | Pathological features in the lungs of AEM virus-vaccinated hamsters.

Semi-quantitative pathological scores of individual hamsters analyzed using the
indicated four parameters (a). A 5-point scoring system (O-within normal limits,
1-mild, 2-moderate, 3-marked, 4-severe) was used. A total pathology score was
calculated for each hamster by adding the individual histopathological feature
scores (b). A maximum total pathology score of 16 is possible for an individual

hamster (n =4 females, n =4 males for non-vaccinated controls, n=6

females, n =6 males for vaccinated hamsters). Statistical significance was
determined by use of a two-way ANOVA with Sidak’s multiple comparisons
test (***P < 0.0001). Data represent the mean, and error bars indicate SD (a and
b). Each symbol indicates an individual hamster. Source data are provided as a
Source Data file.

control and mRNA-boosted hamsters (Fig. 6¢). There was no sig-
nificant difference in the number of S-reactive IFN-y-secreting T cells
between the control and mRNA-boosted hamsters. Collectively, these
data provide a possible rationale for the protection conferred by
booster vaccination with the AEM virus. Our data thus demonstrate the
potential of the AEM vaccine candidate virus as a booster that can
induce protective immunity against newer variants to which the ani-
mals have not been previously exposed.

Discussion

Intranasal LAVs can induce cellular immunity against exterior and
interior viral proteins in addition to neutralizing antibody responses
targeting the S protein at the site of infection, mimicking natural
infection. Here, we developed one such LAV candidate, the SARS-
CoV-2 AEM vaccine virus. To restrict productive viral infection and
attempt to achieve a single round of replication for our vaccine
candidate, the E and M proteins were deleted since these proteins are
structural components of the virus necessary for assembly but are
not needed for viral genome replication, which is facilitated by the
viral nucleoprotein (N) and polymerase complex proteins. Previous
groups have taken similar approaches to attenuate SARS-CoV-2. One
group engineered a recombinant virus lacking the accessory proteins
encoded by ORF3a, 6, 7, and 8 that can still replicate without com-
pensating for the missing proteins®. In a similar approach, a trans-
complementation system using SARS-CoV-2 virus lacking ORF3a and
E has been established for safe use in BSL-2 containment”. Like other
LAVs, vaccination with the AEM virus conferred promising respira-
tory protection in vaccinated animals (mice and hamsters), without
requiring an adjuvant. The sCPD9 vaccine virus, which is a codon-pair
deoptimized LAV demonstrated broad and complete protection
against the Alpha, Beta, and Delta variants in the lung tissue of vac-
cinated animals'®". Here, we demonstrated that our AEM vaccine
candidate virus also offers broad and efficient protection against the
Delta and Omicron XBB variants in the lungs of vaccinated female
and male hamsters. Although protection in the nasal turbinate tis-
sues was less pronounced compared to that in the lower respiratory
tract, all but a few animals had a greater than 1,000-fold reduction in
virus titers on day 3 after challenge, which lead to prompt virus
elimination within 6 days of challenge.

Like other LAVs, there are potential concerns about recombina-
tion of the AEM vaccine candidate virus with circulating SARS-CoV-2
variants in the environment. Although this safety concern will be
assessed in a future study, we would expect the AEM virus to be quickly
eliminated. Indeed, infectious AEM virus was no longer detected in the
respiratory tissues and brain tissue of transgenic hACE2 hamsters and
mice three days after inoculation. Furthermore, since the AEM virus is a
vaccine platform, updated versions of the vaccine virus can be gen-
erated by reverse genetics to replace the S protein with that of a cir-
culating virus to accommodate the continued antigenic changes of
SARS-CoV-2.

The lack of data on the effectiveness of AEM vaccination in pre-
venting transmission of SARS-CoV-2 variants and the durability of the
vaccine-induced immune response are limitations of this study that
require further evaluation. Given the low titer of the AEM virus, we plan
to investigate whether a lower dose can provide adequate protection
and explore methods for generating AEM vaccine virus with higher
virus titers.

The current mRNA-based vaccines induce minimal mucosal
immunity in the respiratory tract’, which may allow breakthrough
infections. LAVs are highly protective against intranasal virus challenge
and transmission because they mimic the multi-faceted immunity eli-
cited by natural infection®®. Resident memory T cells in the airway and
lung tissue play vital roles in preventing respiratory virus infections®. A
previous study found that although the population of respiratory
memory T cells induced by LAVs was not significantly increased even
after boosting, IFN-y expression levels of memory T cells in the lung
tissue were relatively high compared to those in blood'. Here, AEM
vaccination significantly induced IFN-y-producing T cells in the lung
tissue of vaccinated animals, which was comparable to those induced
by a high dose of mRNA vaccine. These AEM-induced T cells respond
not only to the S protein but also the N protein, and possibly to other
viral proteins. Among the AEM-induced lung T cells, the S-reactive
T cells included CD4" and CD8" T cells, but the N-reactive T cells were
mainly CD8" T cells. This suggests that AEM vaccination preferentially
and strongly induces virus-reactive CD8" T cells rather than CD4"
T cells. Disease severity and viral load in COVID-19 patients are strongly
associated with T cell response*® and in mild cases, high levels of virus-
reactive CD8' T cells are induced®*.. Virus-reactive CD8" T cells in the
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Fig. 6 | Potential of the AEM vaccine candidate virus to serve as a booster
vaccine in hamsters. a Total IgG antibody endpoint titers against the spike proteins
of an ancestral isolate (spike D614G) or Omicron XBB using hamster sera after one or
two vaccinations with the AEM virus. Each dot in the bar graph indicates an individual
hamster in each group (mean with SD, n =4 females/group). Statistical significance
was determined by using a two-way ANOVA with Sidak’s multiple comparisons test
(*P < 0.05, *P < 0.01, **P < 0.001). b Efficacy of the AEM vaccine virus as a booster
vaccine. Virus titers of the Omicron XBB variant in lung and nasal turbinate (NT)
tissues at day 3 after challenge. Each dot in the bar graph indicates an individual
hamster in each group (mean with SD, n =4 females/group). Statistical significance
was determined by using the unpaired two-tailed Student’s ¢-test. (*P < 0.05,

***p < 0.001, ***P < 0.0001). ¢ Induction of a spike-specific T cell population

producing IFN-y in the lungs of AEM virus- or mRNA-boosted hamsters that had
previously received a prime mRNA vaccination as measured by use of an ELISpot
assay (n =6 females/group). Box plots show the median center line and 10/90 per-
centiles. Whiskers show min and max values. Statistical significance was determined
by using a one-way ANOVA with Tukey’s multiple comparison test (*P < 0.05,

*P < 0.01; ns, not significant). Exact P values: (a) Ancestral D614G spike: mRNA x2
(P =0.0001), mRNA + AEM (P =0.0018), AEM x2 (P = 0.0004); XBB spike: mRNA x2
(P =0.0011), mRNA + AEM (P = 0.0003), AEM x2 (P =0.0348). (b) lung: control vs.
mMRNA x2 (P =0.0002), mRNA x2 vs. mRNA + AEM (P < 0.0001); NT: control vs.
mMRNA x2 (P = 0.0122), mRNA x2 vs. mRNA + AEM (P = 0.0129). (c) control vs. mRNA
x2 (P =0.2058), control vs. mRNA + AEM (P =0.0011), mRNA x2 vs. mRNA + AEM
(P =0.0381). Source data are provided as a Source Data file.

respiratory tract are thought to play an important role in viral
clearance'*>. Moreover, memory CD8" T cells in convalescents have
the potential to broadly respond to variant S proteins***,

In addition to CD8" T cells, memory CD4" T cells have been seen
in convalescents®*¢. While CD8" T cells preferentially recognize the
N protein, CD4" T cells can recognize multiple viral proteins®’. In our
experimental setting, N-reactive, IFN-y/TNF-a-producing CD4"
T cells were not induced in the lung tissue of AEM-vaccinated ani-
mals. This might be due to the single vaccination, the low dose of
the vaccine, or the missing ORFs. Boosting might increase the
N-reactive CD4* population as the prime-boost vaccination regimen
improved the protective efficacy of the AEM vaccine. Further
investigation is needed to better understand the immune responses
induced by AEM vaccination, including an assessment of the cell-

mediated immunity induced by AEM vaccination compared with
that induced by natural infection which was not investigated in
these studies.

In wild-type hamsters, one vaccination of the AEM virus did not
elicit detectable neutralizing antibodies, and there was little to no
reduction in virus titers in the respiratory tissues. However, this lack of
detectable neutralizing antibodies did not blunt the immune response
produced by a second vaccination, which did induce neutralizing
antibodies and a greater reduction in virus titers in the tissues of the
vaccinated animals challenged with a Delta variant. With the Omicron
XBB variant, IgG antibodies in the sera of AEM virus-vaccinated animals
could bind to the spike but did not exhibit neutralizing activity against
this variant. This finding suggests that, in addition to T cell immunity,
the AEM virus vaccine may confer another layer of antibody-mediated
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immunity, such as ADCC***°

studies.

In summary, here, we generated a single cycle-replicating AEM
vaccine candidate virus based on the ancestral isolate and demon-
strated its protective effectiveness against the homologous ancestral
virus and its variants in small animal models and the induction of
resident memory T cells in the vaccinated animals. Our data show that
the AEM vaccine candidate virus is a promising platform for the
development of an effective COVID-19 LAV candidate.

, which will be investigated in future

Methods

Cells

Vero TMPRSS2 cells*® and HEK293T cells (laboratory stock) were cul-
tured in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), and antibiotics. G418 (1 mg/ml) in
DMEM was added to Vero TMPRSS2.

HEK293T EM cells (HEK293T cells stably expressing SARS-CoV-2 E
and M) were generated as follows: a cDNA fragment encoding the
human codon-optimized SARS-CoV-2 E (#141273, Addgene, a gift from
Fritz Roth™) and M (#141274, Addgene, a gift from Fritz Roth®) genes
was cloned into the retroviral vector pMXs-IRES-puromycin (pMXs-IP)
(RTV-014, Cell Biolabs). To generate the retrovirus, Plat-GP cells (RV-
103, Cell Biolabs) were co-transfected with pMXs-IP vectors encoding E
and M along with an expression vector for VSV G (PT3343-5, Clontech)
by using Lipofectamine 2000 (Invitrogen). Two days later, the culture
supernatants containing the retroviruses were collected and used to
transduce HEK293T cells. Stable cells were selected with 2 pg/ml pur-
omycin (InvivoGen).

Vero TMPRSS2/EM cells (Vero TMPRSS2 cells stably expressing
SARS-CoV-2 E and M) were generated in a similar manner as HEK293T
EM cells, with slight modification. Vero TMPRSS2 cells were first
transduced with a retrovirus carrying the E gene and selected with
7 pg/ml puromycin. E protein expression was confirmed by use of an
immunofluorescent assay using an anti-SARS-CoV-2 E antibody (SARS-
COV2-E-101AP, Thermo Fisher Scientific). Single clone cells with high E
protein expression levels (Vero TMPRSS2/E) were obtained by cell
cloning. Then, the Vero TMPRSS2/E cells were transfected with pIRE-
Shyg3 vector (#631620, Clontech) expressing SARS-CoV-2 M (#141274,
Addgene, a gift from Fritz Roth®) and selected with 400 pg/ml
Hygromycin B (InvivoGen). Single clone cells with high M protein
expression levels were obtained by cell cloning. Among the selected
cell clones, the Vero TMPRSS2/EM cell line that showed CPE after
infection and supported AEM virus replication most efficiently was
used for this study (Supplementary Table 1). All cells were incubated at
37 °C and 5% CO, and were routinely tested for mycoplasma by using a
PCR-based assay.

Viruses

An ancestral SARS-CoV-2 isolate (SARS-CoV-2/UT-HP095-IN/Human/
2020/Tokyo)*, Delta variant (hCoV-19/USA/WI-UW-5250/2021 [B.1.617.2;
UW-5250])*, and Omicron XBB subvariant (hCoV-19/USA/NY-MSHSPSP-
PV73997/2022)** were used as authentic challenge viruses in this study.
All viruses were sequenced on the Illumina NGS platform to confirm the
stability of substitutions and the absence of adventitious alterations. All
virus experiments were performed under biosafety level 3 containment
with an approved biosafety protocol (BO0000263).

Generation of recombinant SARS-CoV-2 wild-type and AEM
viruses

Fragments for circular polymerase extension reaction (CPER). Six
fragments with overlapping 20 nucleotide sequences for the CPER
reaction’®”’ were amplified from the full-length cDNA of SARS-CoV-2
(Wuhan-Hu-1 isolate) (NC_045512) cloned into the pBeloBACI1 vector
by using PrimeSTAR GXL DNA polymerase (TaKaRa Bio) and the

corresponding primer pairs with overlapping sequences at the 5’ end,
which enables sequence-specific assembly.

Fragment F6 for the AEM virus lacks both the entire E and M ORF
regions (nucleotides 26,245 to 27,191) including the intergenic region
between them (Supplementary Fig. 6a). The linker fragment used to
connect fragments F1 and F6 contains a polyA tail (30 adenines) and
the hepatitis delta virus ribozyme for generating the authentic 3’ end of
the viral RNA, a simian virus 40 polyA signal for efficient termination of
transcription, and a spacer sequence followed by the cytomegalovirus
promoter for viral RNA transcription. Each PCR product was purified
with a QlAquick Gel Extraction Kit (Qiagen) after separation by agarose
gel electrophoresis, and then used for the CPER to generate a circular
infectious clone (Supplementary Fig. 6b).

CPER reaction. To generate an infectious cDNA clone, six fragments
and a linker fragment were mixed at 0.1 pmol each in a 50 pl reaction
volume and used for the following PCR reaction with PrimeSTAR GXL
DNA polymerase: initial denaturation at 98 °C for 1 min; 15 cycles of
denaturation at 98 °C for 10 s, annealing at 55 °C for 20 s, extension at
68 °C for 15 min, and a final extension at 68 °C for 15 min.

CPER transfection and virus rescue. The CPER product (30 ul of a
50-ul reaction volume) was directly transfected into wild-type
HEK293T or HEK293T EM cells seeded in a 6-well plate (8.0 x10°
cells/well) by using TransIT-LT1 transfection reagent (Mirus Bio). The
next day, the culture supernatant was replaced with fresh culture
medium containing 5% FBS. On the fourth day after transfection, the
supernatant was collected, and 1 ml of it was added to a T-25 flask of
confluent wild-type Vero TMPRSS2 or Vero TMPRSS2/EM cells.
Supernatants containing viruses were harvested when cytopathic
effect appeared (4-7 days post-infection). To obtain high-titer virus
stocks, the supernatant was passaged in fresh cells. The whole gen-
ome sequences of the recombinant parental virus and vaccine virus
candidate were confirmed to be identical to that of the Wuhan-Hu-1
isolate by next-generation sequencing on the Illumina MiSeq
platform®.

3, 3’-Diaminobenzidine (DAB) staining

Wild-type Vero TMPRSS2 cells and Vero TMPRSS2/EM cells were
infected with the AEM virus at a multiplicity of infection (MOI) of 0.01.
Three days later, the cells were fixed with 4% paraformaldehyde and
permeabilized with 0.05% Triton X-100. After being blocked with 1%
FBS in PBS, the cells were incubated with a rabbit anti-SARS-CoV-2
nucleocapsid antibody (1:200, Rockland, #200-401-MS4) followed by
an HRP-conjugated goat anti-rabbit IgG (1:3000, Life Technologies,
G21234). The infected cells were then washed with PBS and visualized
by using DAB (MP Biomedicals). The reaction was stopped by rinsing
with water.

Animal experiments and approval

Animal studies were performed under a protocol approved by the
Institutional Animal Care and Use Committee at the University
of Wisconsin, Madison (protocol number V006426). Virus infections
were performed under isoflurane, and all efforts were made to
minimize pain. In vivo studies were not blinded. Group sizes were
determined based on prior virus challenge studies, and no sample-
size calculations were performed to determine the power of
each study.

Animal studies analyzing T-cell responses were carried out in
accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. The
protocol (P19-72) was approved by the Institutional Animal Care and
Use Committee at the Animal Experiment Committee of the Institute
of Medical Science, the University of Tokyo.
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Mouse vaccination and challenge experiments

Heterozygous K18-hACE2 C57BL/6 ) mice (strain 2B6.Cg-Tg[K18-ACE2]
2Primn/J) were obtained from The Jackson Laboratory and Charles
River Laboratories. Animals were housed in groups under controlled
conditions (22 + 2 °C temperature, 55-65% humidity) with a 12 h light/
dark cycle and fed standard chow diets. In the first set of challenge
experiments, K18-hACE2 mice (females, 5-month-old) were anesthe-
tized with isoflurane and inoculated intranasally with 1 x 10* pfu of the
recombinant parental virus or AEM virus in a total volume of 50 pl of
DMEM. In the second set of experiments, K18-hACE2 mice (females,
5-month-old) were anesthetized with isoflurane and vaccinated
intranasally with 1x 10* pfu of the AEM virus in a total volume of 50 pl
of DMEM. Boost vaccination was performed four weeks after the prime
vaccination. Challenge was performed four weeks after the last vacci-
nation. Mice were anesthetized with isoflurane and inoculated intra-
nasally with 1x10° pfu of an ancestral SARS-CoV-2 isolate (50 pl per
mouse). Animal health was monitored daily for changes in body weight
and signs of illness including inability to remain upright; no other
scoring was performed. Three days after challenge, the mice were
humanely sacrificed by isoflurane overdose and lung tissue was col-
lected to measure virus titers, which were determined by performing
the standard plaque assays on Vero TMRPSS2 cells or Vero TMRPSS2/
EM cells*®.

Hamster vaccination and challenge experiments

Syrian golden hamsters were obtained from Charles River Labora-
tories, Envigo. K18-hACE2 homozygous transgenic hamsters®”*® were
from an established colony at UW-Madison. Animals were housed in
groups and fed standard chow diets. In the first set of challenge
experiments, hACE2 hamsters (females, 5-6-weeks-old) were anes-
thetized with isoflurane and inoculated intranasally with 4 x 10* pfu of
the ancestral virus or AEM virus in a total volume of 100 pl of DMEM. In
the second set of experiments, wild-type Syrian hamsters (females and
males, 5-6-weeks-old) were anesthetized with isoflurane and vacci-
nated intranasally with 2 x 10* pfu of the AEM virus in a total volume of
100 pl of DMEM. Boost vaccination was performed four weeks after the
prime vaccination. Challenge was performed six weeks after the last
vaccination. Hamsters were anesthetized with isoflurane and inocu-
lated intranasally with a Delta variant (8 x 10* pfu; determined on Vero
ACE2/TMPRSS2 cells) or Omicron XBB (1 x 10° pfu; determined on Vero
ACE2/TMPRSS2 cells) in a total volume of 100 pl of DMEM. In the third
set of experiments, wild-type Syrian hamsters (females and males, 5-6-
weeks-old) were anesthetized with isoflurane and vaccinated either
intramuscularly with 10 pg of an mRNA vaccine (BNT162b2) or intra-
nasally with 2x10*pfu of the AEM vaccine candidate virus. Boost
vaccination with the AEM vaccine candidate virus was performed four
weeks after the prime vaccination. Challenge was performed six weeks
after the last vaccination. Hamsters were anesthetized with isoflurane
and inoculated intranasally with Omicron XBB (10° pfu; determined on
Vero ACE2/TMPRSS?2 cells). Animal health was monitored daily. Three
days after challenge, the hamsters were humanely sacrificed by iso-
flurane overdose. Nasal turbinates and lungs were collected to mea-
sure virus titers on Vero ACE2/TMPRSS?2 cells, which were determined
by performing the standard plaque assays®. Blood was collected from
the sublingual vein under isoflurane anesthesia the day before boost
vaccination and challenge, and the serum was used in the ELISA assay.

IgG ELISA assay

Ninety-six-well plates were coated overnight at 4 °C with 50 pL of
recombinant ancestral (Hexa pro-His, produced in-house*’) and Omi-
cron XBB (Sino Biological, 40589-VO8H40) spike antigens at 2 pg/mlin
PBS. After being blocked with PBS containing 0.1% Tween 20 (PBS-T)
and 3% non-fat milk, the plates were incubated in duplicate with heat-
inactivated serum diluted in PBS-T with 1% milk. A hamster IgG sec-
ondary antibody conjugated with horseradish peroxidase (1:5000,

Thermo Fisher Scientific), and mouse IgGl (115-035-205), 1gG2b (115-
035-207), and IgG3 (115-035-209) subclass secondary antibodies con-
jugated with horseradish peroxidase (1:2000, Jackson ImmunoR-
esearch) were used for detection. Plates were developed with
SigmaFast o-phenylenediamine dihydrochloride solution (Sigma), and
the reaction was stopped by adding 3M hydrochloric acid. The
absorbance was measured at a wavelength of 490 nm (OD490).
Background absorbance measurements from pooled naive hamster
sera were subtracted from measurements from sera collected after
immunization for each dilution. IgG antibody endpoint titers were
defined as the highest serum dilution with an OD490 cut-off value of
0.15 which has been used as a cut-off value in our other vaccine studies
for consistency***,

IgA ELISA assay

Ninety-six-well plates coated with the recombinant Wuhan-Hu-1 spike
protein (Hexa pro-His, produced in-house*®) were prepared as descri-
bed above. After blocking, the plates were incubated in duplicate with
heat-inactivated nasal wash or BALF samples diluted at 1:1 with PBS. IgA
was detected by using an IgA secretory component ELISA kit
(ABIN6962949, Antibodies-online). The absorbance was measured at a
wavelength of 450 nm (OD450).

Intracellular cytokine staining of lung cells from AEM virus-
vaccinated mice

Hemizygous K18-hACE2 C57BL/6]) mice (strain B6.Cg-Tg[K18-ACE2]
2Prlmn/J) were obtained from the Jackson Laboratory. For the immu-
nization, eight-week-old female K18-hACE2 mice were anesthetized
with isoflurane and intranasally inoculated with VP-SFM medium
(control) or the AEM virus (10*pfu). For comparison, mice were
intramuscularly injected with mRNA vaccine (0.1 or 1.0 pg). Two weeks
after the immunization, mice were euthanized, and their lungs were
collected after perfusion with PBS. To harvest single cells, lungs were
minced to yield 1-2 mm pieces and incubated with RPMI 1640 con-
taining collagenase D for at least 30 min at 37 °C. Then, the cells were
purified in 33% Percoll by centrifugation. The purified cells were
resuspended in RPMI 1640 with 10% FCS at a concentration of 4 x 10°
cells/100 pl/well. These cells were then stimulated for 6 h with or
without 1pg/mL SARS-CoV-2 peptide designed from the S protein
(#LB01792) or N protein (#LB01786) of the ancestral strain (peptides
and elephants) in the presence of GolgiStop (BD Biosciences) in a
U-bottom plate at 37 °C under 5% CO, in RPMI 1640 with 10% heat-
inactivated FCS. After incubation, the cells were incubated with Live/
dead fixable aqua (Thermo Fisher Scientific) (1:200), anti-CD16/32 (93)
Ab (1:200), and antibodies specific to CD45 (30-F11) (1:100), CD4 (RM4-
5) (1:100), and CD8a (53-6.7) (1:100). Following fixation and permea-
bilization with Cytofix/Cytoperm from the Fixation/Permeabilization
Solution Kit (BD Biosciences), the cells were stained with antibodies
specific to TNF-a (MP6-XT22) (1:100) and IFN-y (XMGL1.2) (1:50) (Bio-
legend). Data were acquired with CytoFLEX S (Beckman Coulter Inc.)
and data analysis was performed using FlowJo software (Supplemen-
tary Fig. 7).

Enzyme-linked immunospot (ELISpot) assay

ELISpot was performed using the mouse IFN-y ELISpot Kit (55188, BD
Biosciences) and the ELISpot Flex: Hamster IFN-y kit (3102-2 A, MAB-
TECH) according to the manufacturers’ instructions. Briefly, for mice,
cells from the lungs were isolated as described above and resuspended
in RPMI 1640 with 10% FCS at a concentration of 2x10° cells/
100 pl/well for stimulation with S peptide or 4 x10° cells/100 pl/well
for stimulation with N peptide. For hamsters, wild-type Syrian ham-
sters (females, 5-6-weeks-old) were anesthetized with isoflurane and
vaccinated intramuscularly with 10 pg of mRNA vaccine (BNT162b2).
Four weeks after this vaccination, the hamsters were boost vaccinated
either intramuscularly with the mRNA vaccine or intranasally with
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2 x10* pfu of the AEM vaccine candidate virus. Boost vaccination with
the AEM virus was performed four weeks after the prime vaccination.
Six weeks after the last vaccination, lungs were minced to yield 1-2 mm
pieces and incubated with RPMI 1640 containing collagenase D for at
least 30 min at 37 °C. Then, the cells were purified in 33% Percoll by
centrifugation. The purified cells were resuspended in RPMI 1640 with
10% FCS at a concentration of 2 x 10° cells/100 pl/well for stimulation
with S peptide. Then, the cells were incubated with SARS-CoV-2 pep-
tides at a final concentration of 1pg/mL in 96-well ELISpot plates at
37 °C. Sixteen hours later, the cells and supernatants were removed,
and the ELISpot membranes were stained for IFN-y. The spot numbers
were quantified by using an ImmunoSpot S6 Analyzer, Immuno-
Capture software, and BioSpot software (Cellular Technology).

Histopathology

Left lung lobes of the hamsters were fixed in 10% neutral buffered
formalin and processed for paraffin embedding. The paraffin blocks
were sectioned and placed on glass slides, followed by hematoxylin
and eosin (H&E) staining for histopathological examination. Whole
slide images were created by digital scanning on the Aperio
AT2 scanner (Leica Biosystems, Inc.) and were evaluated by a semi-
quantitative analysis using the following four parameters: perivas-
cular inflammation, bronchial/bronchiolar epithelial degeneration
or necrosis, bronchial/bronchiolar inflammation, and alveolar
inflammation. A 5-point scoring system was utilized [0-within nor-
mal limits, 1-mild (<25%), 2-moderate (25%-50%), 3-marked
(50%-75%), or 4-severe (>75%)]. A total pathology score was calcu-
lated for each hamster by adding the individual histopathological
feature scores.

Focus reduction neutralization test (FRNT)

A 2-fold dilution series of serum starting at a dilution of 1:20 was mixed
with approximately 800 focus-forming units of an ancestral virus, a
Delta variant, or an Omicron XBB variant/well and incubated for 1 h at
37°C. The antibody-virus mixture was inoculated onto Vero E6/
TMPRSS2 cells in 96-well plates and incubated for 1 h at 37 °C. An equal
volume of methylcellulose solution was added to each well. The cells
were incubated for 16 h at 37 °C and then fixed with formalin. After the
formalin was removed, the cells were immunostained with a mouse
monoclonal antibody against SARS-CoV-1/2 nucleoprotein (clone
1C7C7, Sigma-Aldrich, catalog #MA5-29982, 1:10,000 dilution), fol-
lowed by a horseradish peroxidase-labeled goat anti-mouse immu-
noglobulin (ThermoFisher, catalog #31430, 1:2000 dilution). The
infected cells were stained with TrueBlue Substrate (SeraCare Life
Sciences) and then washed with distilled water. After cell drying, the
focus numbers were quantified by using an ImmunoSpot S6 Analyzer,
ImmunoCapture software, and BioSpot software (Cellular Technol-
ogy). The FRNT50 value was then calculated using a four-parameter
nonlinear regression in Graphpad Prism.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data underlying graphs generated in this study are provided in the
Source Data file. There are no restrictions in obtaining access to pri-
mary data. All virus sequences in this study were previously deposited
and are available from the GISAID database (https://gisaid.org/), Gen-
bank database (https://www.ncbi.nlm.nih.gov/genbank/), or Uni-
protKB database (https://www.uniprot.org/).
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