bioRxiv preprint doi: https://doi.org/10.1101/2024.03.03.582873; this version posted October 28, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

available under aCC-BY-NC-ND 4.0 International license.

Title

Immunogenicity and safety of a live-attenuated SARS-CoV-2 vaccine candidate based on multiple
attenuation mechanisms

Mie Suzuki-Okutani,>*® Shinya Okamura,**® Tanggis," Hitomi Sasaki,* Suni Lee,* Akiho Yoshida,*? Simon Goto,*
Ma Matsumoto,® Mayuko Yamawaki,® Toshiaki Miyazaki,! Tatsuya Nakagawa,® Masahito Ikawa>*’ Wataru

K amitani,® Shiro Takekawa,* Koichi Yamanishi,! Hirotaka Ebina?*®’

! The Research Foundation for Microbial Diseases of Osaka University, Suita, Osaka, Japan

2 Virus Vaccine Group, BIKEN Innovative Vaccine Research Alliance Laboratories, Ingtitute for Open and
Transdisciplinary Research Initiatives, Osaka University, Suita, Osaka, Japan.

3 Department of Experimental Genome Research, Research Institute for Microbial Diseases, Osaka University,
Suita, Osaka, Japan

* Center for Advanced Modalities and DDS (CAMaD), Osaka University, Suita, Osaka, Japan.

® Department of Infectious Diseases and Host Defense, Gunma University Graduate School of Medicine, Maebashi,
Gunma, Japan

® Virus Vaccine Group, BIKEN Innovative Vaccine Research Alliance Laboratories, Research institute for
Microbia Diseases, Osaka University, Suita, Osaka, Japan.

" Center for Infectious Disease Education and Research (CiDER), Osaka University, Suita, Osaka, Japan.

8 These authors contributed equally.

*Correspondence to: hebina@biken.osaka-u.ac.jp

Abgract

MRNA vaccines against SARS-CoV-2 were rapidly developed and effective during the pandemic. However, some
limitations remain to be resolved, such as the short-lived induced immune response and certain adverse effects.
Therefore, there is an urgent need to develop new vaccines that address these issues. While live-attenuated vaccines
are a highly effective modality, they pose a risk of adverse effects, including virulence reversion. In the current
study, we constructed a live-attenuated vaccine candidate, BK2102, combining naturally occurring
virulence-attenuating mutations in the NSP14, NSP1, spike and ORF7-8 coding regions. Intranasal inoculation with

BK2102 induced humoral and cellular immune responses in Syrian hamsters without apparent tissue damage in the
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lungs, leading to protection againgt a SARS-CoV-2 D614G and an Omicron BA.5 strains. The neutralizing
antibodies induced by BK2102 persisted for up to 364 days, which indicated that they confer long-term protection
againgt infection. Furthermore, we confirmed the safety of BK2102 using transgenic (Tg) mice expressing human
ACE2 (hACE2), that are highly susceptible to SARS-CoV-2. BK2102 did not kill the Tg mice, even when virus
was administered at a dose of 10° plaque-forming units (PFU), while 10° PFU of the D614G strain or an attenuated
strain lacking the furin cleavage site (FCS) of the spike was sufficient to kill mice. These results suggest that

BK2102 isapromising live-vaccine candidate strain that conferslong-term protection without significant virulence.

Introduction

mMRNA- and adenovirus vector-based vaccines have been successfully developed and used in clinical practice
againgt SARS-CoV-2, the pathogen that caused the COVID-19 pandemic. These vaccines were highly effective,
inducing robust humoral and cellular immunity (Baden et a., 2021; Polack et al., 2020). Nevertheless, certain
drawbacks of SARS-CoV-2 vaccines remain to be addressed, including adverse effects, such as thrombosis, fever,
and fatigue (Yasmin et al., 2023). Further, several boosters of the MRNA vaccines have been required to reactivate
the immune response and increase efficacy against variants. New and improved vaccine modalities are therefore
required for SARS-CoV-2 infection.

In general, live-attenuated vaccines are among the most effective vaccine modalities, as they induce humoral and
cellular immunity, both systemically and locally (e.g., within mucosal surfaces), conferring protection against
various infectious diseases (Hoft et a., 2017). For example, the live-attenuated poliovirus vaccine developed in
1962 was highly effective in reducing the spread of the disease (Sabin, 1985). Nevertheless, this modality has
certain disadvantages, the most concerning being the risk of reversion to a virulent state as a result of mutations
generated during viral replication in vivo. In fact, vaccine-derived paralytic polio was reported 38 years after the
vaccine had been introduced, representing a threat to uninfected populations (Macklin et al., 2020). Advancesin our
basic knowledge of viruses have enabled the design of attenuated strains, such as that in the new type 2 oral polio
vaccine (nOPV2), which is associated with a reduced risk of reversion due to genome modification (Yeh et al.,
2020; Yeh et al., 2023). nOPV2 was recently approved by the World Health Organization, indicating that
live-attenuated vaccines that overcome the risk of reversion are gtill in demand.

Various mechanisms leading to reduced pathogenicity of SARS-CoV-2 have been reported. A cold-adapted

SARS-CoV-2 strain was isolated through passaging at low temperatures, eventually showing an attenuated
2
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phenotype (Seo and Jang, 2020). We also reported a temperature sensitive (TS) strain with low pathogenicity and
sufficient immunogenicity in vivo, achieved through the introduction of multiple TS-related mutations (Yoshida et
al., 2022). In addition to temperature sensitivity, several naturally occurring mutants exhibit attenuated phenotypes.
Passaging SARS-CoV-2 in Vero cells facilitates isolation of strains with deletions in the furin cleavage site (FCS)
(PRRAR) at the S1/S2 junction within the spike protein, resulting in low proliferation in vivo (Davidson et al.,
2020; Peacock et d., 2021). Furthermore, a mutant that lacks four amino acids (PRRA) within the FCS did not
induce weight loss in hamsters during challenge experiments (Hoffmann et al., 2020a; Hoffmann et al., 2020b;
Johnson et d., 2021; Lau et al., 2020). Reportedly, S1/S2 cleavage is essential for TMPRSS2-mediated entry into
hogt cells, and the deletion in the FCS is thought to reduce viral growth in lung cells, which express more
TMPRSS2 than cells of the upper respiratory tract (Hoffmann et al., 2020a; Hoffmann et al., 2020b; Johnson et al.,
2021; Lau et al., 2020). Furthermore, partia loss of NSP1, which correlates with alower viral load and less severe
symptoms of infection in SARS-CoV-2-infected patients, or of ORF8, which has been reported as associated with
milder infection in humans, were also associated with attenuated phenotypes (Lin et al., 2021; Ueno et a., 2024;
Young et al., 2020). Recovery of lost segments of viral genomes carrying deletions is more difficult than the
reversion of amino acid substitutions (Bull, 2015). In this study, we designed and constructed live-attenuated
vaccine candidates through a combination of substitutions and deletions involved in attenuation and reduced risk of
virulent reversion. We then evaluated the candidate’s immunogenicity and safety in animal models, providing

evidence that BK2102 is apromising vaccine candidate that confers prolonged protection.

Results

Condtruction of thelive-attenuated vaccine candidate strains

Several genomic aterations are involved in the attenuation of SARS-CoV-2. In this study, we focused on deletions
at three different sites within the viral genome: FCS within the spike protein, NSP1, and ORF7-8 (Supplementary
Fig. 1A). While loss of the FCS inhibits virus-cell fusion mediated by TMPRSS2 in lung cells, partial deletion of
NSP1 has been shown to impair viral proliferation in vitro, and the lack of ORF8 has been associated with milder
symptoms and disease outcomes (Johnson et al., 2021; Lin et al., 2021; Ueno et al., 2024; Young et al., 2020;
Zinzula, 2021). We previously obtained SARS-CoV-2 TS strains showing diverse attenuated phenotypes, and
revealed that NSP3 L445F NSP14 G248V, G416S, and A504V as well as NSP16 V67] were substitutions

responsible for such phenotypes (Yoshida et a., 2022). Each substitution conferred some advantage for the
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88  development of an attenuated vaccine candidate with restricted proliferative capacity in deep regions of the body,
89  such as lungs and brain. In addition, the presence of deletions is generally considered to confer a lower risk of
90 reversion to a wild-type genotype when compared to amino acid subgtitutions. To this end, we constructed three
91  candidates by combining severa of the above-described mutations to design a safe live-attenuated vaccine strain
92  (Supplementary Fig. 1A). The three candidates were inocul ated locally into hamsters via the nasal route to mimic a
93 natura infection. The immunogenicity of candidates 1 and 3 was much greater than that of candidate 2
94  (Supplementary Fig. 1B). Candidate 1, which has three deletions in the viral genome and contains three
95  TSresponsible substitutions in NSP14, induced neutralizing antibodies when inoculated at a dose of 10° PFU.
96  Candidate 2, which has TS-related subdgtitutions in both NSP3 and NSP14 and three deletions and, Candidate 3
97  which has only two deletions, were speculated to be excessively attenuated or to have a higher risk of virulent
98 reversion. Taking these observations into consideration, we selected Candidate 1 for the vaccine, hereafter referred
99  to asBK2102. The growth dynamics of BK2102 was evaluated at 32 °C and 37 °C (Fig. 1). It proliferated similarly
100 tothewild-type B-1 gtrain at 32 °C (Fig. 1A), but the infectious virus titer was significantly lower compared to that
101  of the wild type B-1 strain one day post-infection at 37 °C (Fig. 1B). Therefore, BK2102 showed a severe TS
102  phenotype but could be amplified by incubating infected cells a 32 °C, which would also facilitate the
103  manufacturing process.
104
105 BK2102induced humoral and cellular immune responses
106  To evaluate immunogenicity, BK2102 was intranasally inoculated into Syrian hamsters (10° and 10* PFU/dose).
107  Four weeks post-inoculation, spike-specific 1gG was measured in the sera by ELISA (Fig. 2A), and the endpoint
108 titers of the 10° PFU- and the 10" PFU-dose groups was 10°% and 10°*, respectively. Neutralizing antibodies (Fig.
109  2B) against the D614G strain were detected in 9 of the 10 hamsters in each dose group, with titers ranging between
110  2°and 2° (Fig. 2B, left). Cross-reactivity of the neutralizing antibodies against the delta variant was also detected in
111 9 of 10 hamsters (titer range: 2°-2% (Fig. 2B, middle) and 8 of 9 hamsters against gamma strain (Supplementary
112 Fig. 5A), but that againg the BA.5 variant was below the limit of detection in all hamsters (Fig. 2B, right).
113  Furthermore, we performed BK2102 immunization of cynomolgus monkeys at a dose of 10’ PFU, and the serum
114  neutrdizing titer against the D614G strain was detected in two of the four monkeys (titer range: 2°-2°)
115  (Supplementary Fig. 3A). Although a single dose did not raise neutralizing antibody titers in two of the four

116  monkeys, three doses given at a two-week interval, induced neutralizing antibodies in all six monkeys
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117  (Supplementary Fig. 3B). The safety of BK2102 was also evaluated in these six monkeys, and no toxic effects were
118  observed in any of the parameters assessed, including tissue damage, respiratory rate, functional observational
119  battery (FOB), hematology, or fever (data not shown).

120 A short-lived immune response has been reported for current mRNA vaccines against SARS-CoV-2. For example, a
121  reduction in neutralizing antibodies was observed in humans after six months (Zhang et a., 2022). In hamsters,
122 these were undetectable after 250 days (Machado et al., 2023). Therefore, we evaluated the persistence of the
123  immune response induced by BK2102 using a hamster model. We measured neutralizing antibody titers for up to
124 364 days after inoculation with BK2102. The titer peaks were observed 28 days after the first inoculation and
125  dlightly decreased, but were maintained until 364 days post-inoculation with adose of 10% or 10* PFU. For example,
126  the neutralizing antibody titer in the sera of hamsters inoculated with 10° PFU was 2° at 28 days and 2° at 364 days
127  post-inoculation. Two of the ten hamsters inoculated at a dose of 10° PFU showed neutralizing antibody titers
128  below the detection limit from the beginning, and those of another hamster in the same dose group began to
129  decrease gradualy from day 224 and fell below the detection limit on day 364 (Supplementary Fig. 4). However,
130  the neutralizing antibody titers in hamsters inoculated with 10* PFU did not exhibit such a decrease during the
131  evaluation period. Remarkably, a single dose of BK2102 was sufficient to induce long-lasting immunity, and there
132  wasno need for booster immunization 28 days after the first inoculation (Fig. 2C).

133  Furthermore, we evaluated cellular immune responses following inoculation with BK2102. Antigen-specific IFN-y
134  and IL-4 production in spleen cells from inoculated hamsters was measured via ELISA after in vitro re-stimulation
135  with spike or nucleocapsid peptides. As shown in Figure 2D, spike peptide-specific IFN-y production significantly
136  increased in the splenocytes of BK2102-inoculated hamsters, as did the nucleocapsid peptide-specific IFN-y
137  production, although in this case it did not reach statistical significance. IL-4 production was significantly increased
138 by spike-peptide stimulation (Fig. 2E). IFN-y producing cells were also detected by enzyme-linked immunosorbent
139  gpot (ELISPOT) assays (Fig. 2F). In correlation with the ELISA results, sgnificant induction of spike
140  peptide-specific IFN-y producing cells were detected in the splenocytes of BK2102-inoculated hamsters and the
141  nucleocapsid peptide-specific IFN-y-producing cells were also increased.

142  Moreover, a 10 pg-dose of a conventional mMRNA vaccine prepared in-house, expressing spike protein of D614G
143  strain of SARS-CoV-2, was intramuscularly injected into hamsters and compared to BK2102. Neutralizing antibody
144 titers against the D614G strain showed no significant difference between the BK2102-inoculated group and the

145 mRNA vaccine group (Supplementary Fig. 2A). Notably, under conditions that induced equal serum neutralizing
5
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146  antibody titersin hamsters, higher levels of spike-specific IgA in nasal wash sampleswere induced by BK2102 than
147 by the conventional mMRNA (Supplementary Fig. 2B). In addition, we qualitatively analyzed the spike-specific IgG
148  subclasses (IgG1 and 1gG2/3) in hamsters to evaluate the nature of the immune response induced by BK2102
149  (Supplementary Fig. 2C and D). When we inoculated BK2102 and our mRNA vaccine, total 1gG antibodies were
150  detected in both groups. 1gG2/3 antibodies were detected in the sera of BK2102-inoculated hamsters, but we could
151  not detect IgG1. On the other hand, mMRNA-vaccinated hamsters showed both IgG subclasses (Supplementary Fig.
152  2C). Asother studies have demonstrated that aluminum adjuvant preferentially induces a Th2 response (Marrack et
153 4., 2009), we also administered recombinant spike protein with aum adjuvant as a control. The result was the same,
154  since BK2102-inoculated hamsters showed only production of 1gG2/3 (Supplementary Fig. 2D). IL-4 production
155  and the presence of 1gG1 reflects a Th2 response, while IFN-y production and 1gG2/3 are indicative of a Thl
156  response in hamsters (Kushawaha et a., 2011; Ploquin et a., 2013). Our results therefore suggest that BK2102
157  mainly induced a Thl immune response in hamsters.

158

159 BK2102induced protective immunity against SARS-CoV-2 infection

160  Next, we performed challenge experiments with the SARS-CoV-2 D614G strain, BA.5 or gamma variants in order
161 to evaluate whether the immune responses induced by BK2102 would protect againgt infection. All hamsters
162  inoculated with BK2102 did not lose weight, whereas the naive hamsters lost approximately 10% of their total body
163  weight on day four or six post-challenge with the D614G or gamma strains (Fig. 3A and Supplementary Fig. 5B,
164  respectively). When challenged with the BA.5 variant, all hamsters pre-inoculated with a dose of 10" PFU of
165  BK2102 and three of five hamsters pre-inoculated with a dose of 10° PFU did not lose weight. However, the rest of
166  the animalsin the 10° PFU dose group lost 5% of their total body weight, similarly to the naive group (Fig. 3B).

167 In addition to body weight change, we determined infectious virus titers in lung homogenates and nasal wash
168  specimens four days-post infection with the D614G strain or the BA.5 variant. The number of infectious viruses
169  wassignificantly lower in hamsters inoculated with BK 2102 than in naive hamsters after challenge with the D614G
170  strain (Fig. 3C and D). One hamster in the 10° PFU dose group showed detectable levels of infectious virus
171  following D614G challenge (Fig. 3C). This result was consistent with the undetectable levels of neutralizing
172  antibodies in this animal (Fig. 2B). The virus titer in the lung and nasal wash of one animal in the 10° PFU dose
173 group was 6.4 logyo PFU/g and 3.8 logio PFU/mL, respectively, and the mean virus titers in the naive group was 6.1

174  logy PFU/g and 3.7 log;o PFU/ML, respectively. Although the cross-reactivity of neutralizing antibodies against the
6
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175 BA.5 variant was below the limit of detection in all hamsters (Fig. 2B, right), no infectious virus was detected
176  following challenge with the BA.5 variant in most of the vaccinated animals (Fig. 3F and G). The virustiter in the
177  lung and nasal wash of one animal in 10* PFU dose group was 4.2 logyo PFU/g and 2.5 logso PFU/mL, respectively,
178  and the mean virus titers in the naive group which virus detected was 4.6 logip PFU/g and 2.8 logio PFU/mL,
179  respectively. Lung tissue damage after the viral challenge was also evaluated in the hamsters. The inflammation
180  score of hamsters inoculated with BK2102 was lower than that of naive hamsters, regardless of the strain/variant
181  used for the challenge (Fig. 3E and H, respectively). These results suggest that the immune response induced by
182  BK2102 confers protection against infection that is not limited to the SARS-CoV-2 D614G strain, but also includes
183  the BA.5 variant.

184  Furthermore, to evaluate whether the protection conferred after a full vaccination protocol would persist over time,
185  hamsters with confirmed persistent immunity at day 364 post-inoculation (Fig. 2C) were challenged at day 420. In
186  elderly naive hamsters, a body weight loss of approximately 15% was observed seven days after infection with the
187 D614G drain, whereas the BK2102-inoculated hamsters showed a lower weight decrease, with significant
188  differences noted at this time point (Fig. 31). Therefore, BK2102 induced a prolonged humoral immune response,
189  which contributed to the protection against viral infection in hamsters.

190  We then evaluated whether BK2102 could inhibit onward transmission, as a previous report of a live-attenuated
191  vaccine generated through codon-pair deoptimization (SCPD9) had suggested that an effective immune response
192  within the nasal cavity would likely prevent it (Nouailles et a., 2023). The naive group, the spike
193  protein-inoculated (intra-muscularly) group, and the BK2102 intranasal inoculation groups were chalenged with
194  the SARS-CoV-2 D614G strain and co-housed with another group of naive hamsters one day later (Supplementary
195 Fig. 6A). Naive animals co-housed with hamsters in the naive or intramuscularly spike-alum vaccined groups
196  showed dight weight loss. However, no weight loss was observed in hamsters co-housed with the hamsters that had
197  been intranasally inoculated with BK2102 (Supplementary Fig. 6B). Therefore, intranasal inoculation of the
198 BK2102 live-attenuated vaccine effectively prevented onward transmission, in line with a previous report
199  (Nouailleset al., 2023).

200

201 BK2102 caused localized tissue damage and conferred a low risk of transmission

202  Next, we evaluated the safety of BK2102 by assessing the tissue damage during acute infection. The lungs and

203  whole heads of hamsters at day three post-infection were extracted and fixed with formalin (Fig. 4A). We evaluated
7


https://doi.org/10.1101/2024.03.03.582873
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.03.582873; this version posted October 28, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

204  inflammation and detected viral antigens in the lungs and multiple-depth sections of the nasal cavity (Fig. 4B, 4C
205  and Supplementary Fig. 7). The D614G strain caused broad inflammation within the nasal cavity (from level 1 to 3)
206  and lungs. Viral antigens were detected in the same areas, consistent with our previous report (Yoshidaet al., 2022).
207  However, in the BK2102-infected hamsters, viral antigens and weak-to-mild tissue damage were observed only in
208  the anterior area of the nasal cavity, whereas no tissue damage or viral antigens were detected in the posterior area
209  or lungs.

210  The replication of BK2102 at the tip of the nasal cavity may facilitate transmission because infectious viruses are
211  shed into the nasal fluid. In addition, virulent reverson may occur during replication in vivo. Therefore, we
212  evauated the risk of transmission and reversion to virulence by passaging in vivo using hamsters (Fig. 4D).
213  SARS-CoV-2 A50-18 is a previously isolated TS strain, in which substitutions within the NSP14 protein alone
214  account for the TS phenotype, without the need for deletions, such as those in NSP1, spike, or other accessory
215  proteins (Yoshida et al., 2022). The vira genome was detected in al nasa wash specimens from A50-18
216  drain-infected hamsters during primary infection, and an increase in this amount was observed in subsequently
217  passaged samples (Fig. 4E), which correlated with progressive weight loss (Supplementary Fig. 8). When we
218  confirmed the sequence of the viruses detected in samples, we observed that the TS-responsible substitutions in
219  NSP14 had reverted to the wild-type sequence (Table 3). The viral genome was detected in the nasal wash
220  specimens from BK 2102 infected hamsters during primary infection, but we could not detect it in the samples from
221  subsequent hamsters, except for in one case in p-1 (Fig. 4E). In this individual animal, the vira genome was not
222 detected in the samples from later passages. No weight loss was observed in any of the primary or subsequently
223  infected hamsters, and we did not detect changes to the wild-type sequence (Table 3, Supplementary Fig. 8).
224  Overadl, our results suggest that BK2102 is a safe live-attenuated vaccine candidate with a low risk of virulent
225  reversion.

226

227  BK2102 showed a favorable safety profilein Tg mice

228  hACE2 Tg mice are aso used as animal models of SARS-CoV-2 infection (Asaka et al., 2021; Bao et a., 2020).
229  We established a mouse line expressing hACE2 driven by the CAG promoter, and these mice were used to evaluate
230 the safety of BK2102 live-attenuated vaccine candidate. hACE2 expression was detected not only in the respiratory
231  tract, but also in various tissues such as the central nervous system, heart, skeletal muscle, digestive system (except

232 the small intestine), spleen, and testis (Supplementary Fig. 9A). We evaluated the survival rates and body weight of
8
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233  Tg mice infected with various SARS-CoV-2 strains. All of the mice died after weight loss by infection with the
234  D614G srain and even with the FCS deleted B-1 (B-1 AFCS) strain, previously established attenuated phenotype,
235  within six days after receiving a dose of 10? PFU (Fig. 5A and Supplementary Fig. 9B). Meanwhile, a higher
236  survival rate was observed in mice infected with the L50-33 and A50-18 strains, which were previously isolated TS
237  and live-attenuated strains (Yoshida et al., 2022), even at a dose of 10° PFU. However, one mouse in each group
238  infected with 10" and 10° PFU of the L50-33 strain died 10 days post-infection that is four days later than those in
239  the D614G dtrain-infected group. This time lag before death was expected as the virus could have reverted during
240  replication in vivo, being able to grow in deeper regions of the body. Thus, we evaluated the presence of infectious
241  virusin the lungs and brains of mice that died following infection with the D614G, B-1 AFCS, and L50-33 gtrains.
242 Infectious virus titers in the lungs were approximately 2.40 to 5.64 logyy PFU/g, while those in the brains were
243 higher, at approximately 5.75 to 8.69 log,, PFU/g (Table 4). We noticed that mice exhibiting head nodding, intense
244 running, jumping and repeated falling, died despite a generally mild inflammation in the lungs at necropsy (data not
245  shown). These results suggest that Tg mice were killed dueto replication of SARS-CoV-2 in the brain rather thanin
246  the lungs. Sanger sequencing analysis of viruses in the lungs and brains of mice that died following infection with
247  the L50-33 strain reveded that the 445F substitution in NSP3, responsible for the TS phenotype of this strain, had
248  reverted to the wild-type amino acid leucine (TTT — TTG), which is the same in the D614G and B-1 AFCS gtrains
249  (CTT, Table 4). These results suggest that the mice died due to viral proliferation in the brain, where a small virus
250 population lost its temperature senstivity, becoming virulent. This mouse is a highly susceptible model of
251  SARS-CoV-2virusinfection able to detect a few temperature-sensitive revertant viruses. In contrast to L50-33 with
252  the NSP3-basad TS phenotype, A50-18, harboring three TS-responsible substitutions in NSP14, did not kill any
253  mice. Moreover, in the case of BK2102, no mice died or lost weight following infection, even at a dose of 10° PFU
254  (Fig. 5B and Supplementary Fig. 9C, respectively). Therefore, BK2102 is considered to have a low risk of virulent
255  reversion, thus representing a suitable candidate for a safe live-attenuated vaccine.

256

257  Discussion

258 In this study, we evaluated candidates for a new live-attenuated SARS-CoV-2 vaccine. The candidate harboring
259  more mutations exhibited lower immunogenicity than those with fewer mutations (Supplementary Fig. 1A),
260  presumably, because excessive mutations hinder viral replication in the body, resulting in weaker immune

261  responses. Deletions within viral genes are less prone to reversion to the wild-type genotype, and TS-associated
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262  substitutions restrict viral dissemination to deep or warmer regions of the body, including the brain, which makes
263  them an attractive backbone for developing safe live-attenuated vaccines. Our BK2102 vaccine candidate was
264  designed with three deletionsin addition to TS-associated substitutions.

265  We previously reported that TS strains replicate only in the anterior regions of the nasal cavity and do not
266  proliferate in the posterior areas or lungs of hamsters. However, these isolated TS strains posed a risk of reversion
267  to virulence (Yoshida et al., 2022). K18-hACE2 Tg mice have been shown to die after infection with several
268  SARS-CoV-2 drains due to vira proliferation in the brain (Natekar et al., 2022). To better assess the safety of
269 BK2102, we generated and used CAG-hACE2 Tg mice in addition to hamsters. The TS strains (L50-33 and
270  A50-18) showed an attenuated phenotype in this mouse model, emphasizing the ability of TS to limit viral
271  replication and restrict replication-permissive regions by temperature. The TS-responsible substitutions in NSP14
272  were more stable than those in NSP3, as L50-33 caused the death of one mouse in each of the dose groups tested,
273  whereas A50-18 did not. Additionally, infectious viruses lacking TS mutations were detected in the central nervous
274  system and respiratory tracts of mice that died following L50-33 infection (Table 4). These findings suggest that
275  our mouse model is particularly suitable for assessing safety and evauating TS strains entry into the nervous
276  system, asit enables the detection of even asmall population of revertant viruses. This anima model also addresses
277  regarding SARS-CoV-2 infection via the intranasal route causing central nervous system damage (Jha et al., 2021;
278  Kumar et d., 2020).

279  BK2102, did not proliferate in the brains of Tg mice even at adose of 10° PFU, which was 10,000 times higher

280  than the dose that killed mice infected with the D614G or B-1 AFCS strains (Fig. 5A and 5B). Importantly, BK2102
281  was not detected during passaging in vivo using naive hamsters, probably due to the multiple defective mutations
282  that controlled replication in the host animal, preventing sufficient proliferation for transmission. In contrast, the
283  AL0-18 dtrain, with a genetic background similar to BK2102 but lacking the three deletion mutations, showed an
284  attenuated phenotype during primary infection, but reverted to virulence during replication in hamsters, leading to
285  transmission of the virulent strain to naive animals (Fig. 4E). We hypothesized that even if TS-related substitutions
286  arelost during primary infection, the remaining deletion mutations in BK2102 ensure low replication efficiency,
287  preventing transmission. Indeed, mutations in the FCS coding region has been reported to reduce proliferation (Lau
288  etal., 2020; Sasaki et al., 2021; Wang et al., 20218) and to prevent transmission in vivo (Peacock et al., 2021).

289  Our vaccine candidate BK2102 induced humoral and cellular immune responses in hamsters, and animals were

290  protected against challenge with the heterologous BA.5 variant, even though the neutralizing titer in serum was
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291  below the limit of detection (Fig. 2B, right). The nucleocapsid proteins of many coronaviruses are highly
292  immunogenic and are abundantly expressed in infected cells, making them effective targets for antigen-specific T
293  cells (Cong et al., 2020; Dutta et al., 2020; Hasanpourghadi et a., 2023). Studies have also reported the benefit of
294  vaccination with the nucleocapsid protein of SARS-CoV-2, showing protective immunity in anima models
295  vaccinated with the nucleocapsid protein alone (Primard et al., 2023) or in combination with the spike protein
296  (Chiuppes et al., 2022; Hasanpourghadi et al., 2023). In our hamster study, we observed cellular immune responses
297  againg both the nucleocapsid and spike protein. BK2102 may induce a cellular immune response against various
298  structural proteins of SARS-CoV-2, providing protection against multiple variants. We also considered the potential
299  induction of mucosal immunity. In this study, BK2102 induced spike-specific IgA in nasal wash (Supplementary
300 Fig. 2B). Live-attenuated influenza vaccines have been reported to be effective against a broad range of variants
301  dueto therobust humoral and cellular immune responses they dlicit, even in mucosal tissues (Thwaiteset d., 2023).
302  BK2102 was administered intranasally, and inhibition of onward transmission was observed (Supplementary Fig. 6),
303  similar to what was reported for the SARS-CoV-2 live-attenuated vaccine candidate SCPD9 (Nouailles et a., 2023).
304  Thus, we assumed that BK2102 also induced a mucosal immune response in addition to systemic humoral and
305  cdlular immunity, contributing to protection against mutant strains and prevention of onward transmission to other
306 animals.

307  The findings of this study should be interpreted in light of certain limitations. First, the limited availability of
308 analytical reagents for hamster models restricted the detailed immunological characterization of the response.
309  Additionaly, it took time to gather preclinical data due to the space-related restrictions of BSL3 facilities, which
310 delayed theclinical trials for BK2102 until many individuals had already acquired immunity against SARS-CoV-2.
311 It remains to be seen whether our candidate will be optimal for human use, as the immunogenicity of
312  live-attenuated vaccines is generaly influenced by pre-existing immunity. Finaly, speciesrelated differences in
313  susceptibility must also be considered. The minimum infectious titer of SARS-CoV-2 has been reported as 10
314  TCID50 in hamsters and humans (Lindeboom et al., 2024; Rosenke et a., 2020), but 3.84x10* PFU in
315  monkeys(Johnston et al., 2021). When we inoculated this candidate into monkeys, they were less susceptible than
316  hamsters, requiring a very high titer and multiple doses to induce immunity. Therefore, the dosage for
317  firg-in-human trials should be carefully optimized. It is also important to note that live-attenuated vaccines are
318  contraindicated in immunosuppressed individuals or those with chronic diseases, and BK2102 is not intended for

319  these populations.
1
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320 The key to developing live-attenuated vaccines lies in balancing immunogenicity and safety. Mogt live-attenuated
321  vaccine candidates, such as SCPD9 and CoviLiv™ (which isin phase Il clinical trial), have been evaluated with a
322  primary focus on immunogenicity in animal models (Wang et al., 2021b). In this study, we rigorously assessed not
323  only the immunogenicity, but also the safety of BK2102, demonstrating its superior safety profile. For example,
324  sCPD9 and CoviLiv™ are attenuated by codon deoptimization or a combination of codon deoptimization and FCS
325  deletion (Trimpert et al., 2021; Wang et al., 2021b). These strategies affect viral proliferation but not necessarily
326  virulence. The TS-responsible subgtitutions in NSP14 included in BK2102 selectively restrict the infection site,
327  reducing the likelihood of lung and brain infection and enhancing sefety.

328  Our findings also indicated that the TS substitutions in BK2102 made it difficult to passage the virus in vivo,
329  limiting its spread to the central nervous system. Although attenuated strains with amino acid substitutions pose a
330  risk of reversion to virulence, combining multiple modifications related to diverse attenuated phenotypes may allow
331 for the construction of safer live-attenuated vaccine candidates. Among these modifications, deletions are
332  particularly useful in reducing the risk of reversion to virulence, and TS-responsible substitutions significantly limit
333  viral replication in deep regions of the body. This strategy of combining multiple modifications could be effective
334  for the development of live-attenuated vaccines againgt other viruses, such as the Japanese encephalitis and
335 influenza viruses, which have been reported to replicate in the brain and lung (Desai et al., 1995; Weinheimer et a.,
336  2012).

337

338 Material and methods

339 Ceéllsand viruses

340  Vero cells were purchased from ATCC and maintained in D-MEM supplemented with 10% FBS, penicillin (100
341  U/mL), and gtreptomycin (0.1 mg/mL). VeroE6/TMPRSS2 cells were obtained from the Japanese Collection of
342  Research Bioresources (JCRB) cell bank and cultured in D-MEM supplemented with 10% FBS, penicillin (100
343  U/mL), gtreptomycin (0.1 mg/mL), and G-418 (1 mg/mL). We previously constructed baby hamster kidney (BHK)
344  cdls congtitutively expressing the human angiotensin-converting enzyme 2 (hACE2) (BHK/hACE2 cells)
345 (Okamura et d., 2023), and these cells were maintained in MEM, supplemented with 10% FBS,
346  penicillin-streptomycin, and puromycin (3 ug/mL). The SARS-CoV-2 drains used in this study are listed in Table 1.
347  The SARS-CoV-2 B-1 (D614G) strain was isolated from a clinical specimen, and TS derivative strains were

348  obtained through random mutagenesis of this clinical isolate, as previoudy reported (Yoshida et a., 2022).
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349  SARS-CoV-2 delta and omicron variant were obtained from the Research Foundation for Microbial Diseases of
350 OsakaUniversity and the National Institute of Infectious Disease of Japan, respectively.

351

352  Congruction of virusesthrough circular polymerase extension reaction (CPER)

353 SARS-CoV-2 live-attenuated vaccine candidate strains and B-1 AFCS strain has genetic backgrounds similar to that
354  of B-1 grain, in combination with following naturally occurring virulence-attenuating mutations. The mutations in
355 the ORF7a8, NSP3, NSP14, and NSP16 coding regions are the same as those in the genomes of
356  temperature-sensitive virus strains (L50-33, A50-18 and H50-11), described in Yoshida et al., 2022. The mutations
357 in the spike FCS (579NSPRRARSVgg7 — 1) and the NSP1 (5,GDSVEEV L 3g) are the same as those in the genomes
358 of a laboratory strain described in Davidson et al.,2020 and of a clinical isolate (accession: LC521925),
359  respectively.

360  For construction of the strains we used the CPER method, in which 11 PCR-generated cDNA fragments covering
361  thevira full genome plus another DNA fragment with controlling sequences are stitched into a circular DNA that
362  can produce vira genomic RNA upon introduction to cells (Okamura et al., 2023; Torii et al., 2021). Primers used
363  to prepare PCR fragments are listed in Table 2. The PCR and CPER reaction were performed using PrimeSTAR
364  GXL DNA polymerase (Takara Bio, Cat# RO50A). The CPER product was transfected into BHK/hACE2 cells
365  using Lipofectamine LTX (Thermo Fisher Scientific). The cells were incubated at 32 °C in a CO, incubator for one
366  week. At this point, the supernatants were collected and transferred to 6-well plates which had been pre-seeded with
367  VeroE6/TMPRSS2 cells. The viruses contained in the supernatants of these cells were collected when cytopathic
368  effects (CPES) were clearly observed.

369

370  Virustitration

371  Theinfectioustiter of SARS-CoV-2 was determined based on the median tissue culture infectious dose (TCIDso) or
372  plague formation assay (PFA). In order to obtain the TCIDsg, virus-containing samples were serially diluted with
373 D-MEM supplemented with 2% FBS. Fifty uL of each diluted sample were used to infect Vero cells in 96-well
374  plates. The cells were fixed with 10% formalin after incubating at 32 °C for four days and stained with crystal
375  violet solution. The TCIDso was calculated using the Behrens-Karber method. For the calculation of PFU, 500 puL
376  of the diluted samples were added to confluent Vero cells in 6-well plates and incubated at 32 °C for 3 h to alow

377  virus adsorption. The supernatant was removed, and the cells were washed with D-PBS. Subsequently, 2 mL of 1%
13
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378  SeaPlaque agarose dissolved in D-MEM and supplemented with 2% FBS were layered on the cells. The plates were
379  incubated at 32 °C in a CO; incubator for three days, fixed with 10% formalin, and stained with crystal violet
380  solution. Visible plagues were counted to calculate PFU.

381

382  Viral proliferation assay at varioustemperatures

383  The SARS-CoV-2 B-1 (D614G) strain or vaccine candidate strain was used to infect Vero cells at a multiplicity of
384  infection (MOI) of 0.01. Infected cells were cultured at 32 °C or 37 °C, and a part of the supernatant was collected
385  daily and stored at -80 °C. The vira titers of these samples were determined using the TCIDs, assay described
386  above. Each experiment was performed in triplicates.

387

388  Quantitative RT-PCR

389  Vira RNA was extracted from various samples using the IndiSpin Pathogen Kit (INDICAL BIOSCIENCE)
390 following the manufacturer's instructions. RNA was quantified using a DetectAmp SARS-CoV-2 RT-PCR kit
391  (Sysmex). Five pL of a 100-fold dilution of the extracted RNA were used to perform the reverse transcription and
392  subsequent gPCR reactions in a 7500 Fast Real-time PCR System (Applied Biosystems). The reactions were
393  performed intriplicate.

394

395 Neutralization assay

396  The neutralizing activity of sera was evauated using authentic SARS-CoV-2. One hundred PFU of authentic virus
397  were mixed with serially diluted serum samples and incubated at 37 °C for 1 h. The mixtures were then transferred
398  to confluent Vero cells in 96-well plates. The infected cells were fixed with 10% formalin and stained with crystal
399  violet solution after an incubation period of three days at 32 °C. Neutralization titers were calculated as the inverse
400 of the maximum dilution that prevented CPE formation. Additionally, neutralizing antibody titers against
401  SARS-CoV-2 in the serum of monkeys that received three doses of BK2102 were quantified at day 42 with
402  luciferase-expressing pseudovirus carrying the SARS-CoV-2 Wuhan strain spike (Abnova Corporation). Serum
403  samples were 4-fold serialy diluted and incubated at room temperature for 30 minutes with Spike-pseudovirus.
404  Subsequently, the mixtures were added into wells containing 293-ACE2 cells. The luciferase expression of the
405  infected cells was detected with Luciferase Assay System (Promega) after an incubation of 46 hours at 37 °C. NT50

406  neutralization titers were determined by a calibration curve with GraphPad prism.
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407

408 Enzyme-linked immune-sorbent assay (ELISA)

409  Haf-well protein high-binding 96-well plates (Greiner) were coated with recombinant SARS-CoV-2 (D614G)
410  spike or nucleocapsid proteins (SinoBiologicals) dissolved in PBS (50 ng/100 pL/well) and incubated at 4 °C
411  overnight. 1% BSA PBS was used as blocking solution, and 1% BSA PBS-T was used to dilute the sera, antibodies,
412  and sreptavidin. Antigen-specific 1gG antibodies in hamster sera were detected using horseradish peroxidase
413  (HRP)-labeled goat anti-Syrian hamster 1gG H+L Ab (Abcam, 1/30000 dilution). Biotinylated anti-Syrian hamster
414  1gG1, IgG2/3 subclass Abs (Southern Biotech, 1/100 and 1/200000 dilutions, respectively) and IgA Ab (Brookwood
415 Biomedical, 1/100 dilution) were used and detected with HRP-labeled streptavidin (Abcam, 1/1000 dilution).
416  Mouse IgG was detected using HRP-labeled goat anti-mouse 1gG H&L (Abcam, 1/100000 dilution). TMB
417  one-component substrate and stopping solutions (Thermodics) were used for the chromogenic reaction, and the
418  optical density (OD) was measured at 450-650 nm with a microplate reader. Endpoint titers of 1gG were calculated
419  based on a calibration curve using a five-parameter, non-linear curve fitting. Samples for which the endpoint titers
420  could be calculated were defined as ‘ Positive', and the mean was calculated using only the titer of positive samples.
421

422  Enzyme-linked immunosorbent spot (EL1SPOT) assay

423  Hamster IFN-y ELISPOT was performed using the ELISpot Flex: Hamster IFN[ly (ALP) (MABTECH) kit
424  according to the manufacturer’s instructions. MSIP plates (Millipore) were washed 5 times with sterile water,
425  coated with Capture mAb (MTH21) and incubated overnight at 4 1°C. Coated plates were washed 5 times with
426  PBS, blocked for 300minutes (at room temperature) with RPMI medium supplemented with 10% FBS and
427  antibiotics. Two-hundred and fifty thousand splenocytes were seeded in each well and simulated with
428  SARS-CoV-2 spike or nucleocapsid peptide pools, consisting mainly of 15-mer sequences with 11-amino-acid (aa)
429  overlaps (Miltenyi Biotec). Negative controls for non-stimulated cells were included in the test. After stimulation
430 for aday at 37°C, the spots were detected with the detection mAb (MTH29-biotin) and Streptavidin-ALP. After
431  drying the plate, spots were counted using the ImmunoSpot® S5 (Cellular Technology Limited). The average
432  number of spotsin the two negative control wells was subtracted from each well stimulated with peptide pools. The
433 result was shown as the difference in spot-forming cells (SFC)/10° splenocytes between the negative control and
434  the peptide pool stimulated wells.

435
15
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436 mRNA and LNP production process

437 A codon-optimized mRNA encoding the SARS-CoV-2 S protein was in vitro synthesized and purified following the
438  procedure of Moderna Therapeutics mRNA-1273 as reference (Hassett et al., 2019). The mRNA was encapsulated
439  using a NanoAssemblr™ Ignite™ nanoparticle formulation system. The sample was subsequently concentrated to
440  1ug/100uL/dose using Amicon Ultra® 4-100K, and filtered through a 0.45um membrane for in vivo use.

441

442  Evaluation of immunogenicity in hamsers

443  Four-week-old male Syrian hamsters were purchased from Japan SLC Inc. After a one-week housing period, they
444  were first anesthetized via inhalation with 3% isoflurane, followed by intraperitoneal anesthesia with a combination
445  of medetomidine, midazolam, and butorphanol (0.3, 4, and 5 mg/kg, respectively). One thousand or 1x10* PFU of
446  BK2102 were administered intra-nasally in a volume of 20 puL to confine administration to the upper respiratory
447  tract. To evauate the humoral immune response, blood samples were collected from the facial vein using a lancet
448  (MEDIpoint), and neutralizing antibody titersin the sera were measured as described above. In addition, to evaluate
449  mucosa immunity, nasal wash samples were collected through a plastic catheter using two separate washes of 1 mL
450  of PBS. Only one animal inoculated BK2102 once was not used for IgA measurement because the nasal wash was
451  contaminated with blood. To evaluate the cellular immune response, 1x10" PFU of BK2102-inoculated hamsters
452  were euthanized one week post-inoculation, and spleens were collected. The spleens were mechanically crushed
453  with the piston of a syringe and passed through a cell strainer (100 um). Cell suspensions were treated with RBC
454  lysis buffer (Biolegend) to remove red blood cells, as per manufacturer instructions. The spleen cells were then
455  suspended in RPMI medium supplemented with 10% FBS and antibiotics at a concentration of 1x10° cellsmL and
456  stimulated by SARS-CoV-2 spike or nucleocapsid peptide pools, consisting mainly of 15-mer sequences with 11-
457  aaoverlaps (Miltenyi Biotec). Negative controls for non-stimulated cells were included in the test. Stimulated cells
458  were incubated at 37 °C for one day, and supernatants were collected and stored at -80 °C until use.
459  Interferon-gamma (IFN-y) and interleukin-4 (IL-4) were quantified with commercially-available ELISA kits
460 (MABTECH AB and FineTest, respectively) following the manufacturer’s protocol. Furthermore, IFN-y-producing
461  cells were identified after a 22-hour stimulation culture with spike or nucleocapsid peptide pools, and analyzed by
462  ELISpot Flex (MABTECH AB). We also performed a challenge assay to investigate whether these immune
463  responses were effective in protecting against other variants. Four weeks post-inoculation with 1x10° PFU or 1x10*

464  PFU of BK2102, 3x10° PFU of SARS-CoV-2 D614G strain, TY41-702 strain (Omicron variant BA.5) or gamma
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465  strain were used to challenge the hamsters through the intra-nasal route to target the lower respiratory tract. The
466  weights of the hamsters were monitored daily, and they were euthanized four days after the challenge. Lungs were
467  divided, cut into small pieces, and homogenized with a biomasher Il device in 500 uL of D-MEM. Supernatants
468  were collected as lung homogenates after centrifugation at 300 xg for 5 min at 4 °C. Nasal wash specimens were
469  obtained by flushing one mL of D-PBS into the nasal cavity from the trachea in the direction of the nose where it
470  was collected. Infectious virus titers in these samples were evaluated using a plaque formation assay, as described
471  above. To evaluate immune response persistence, hamsters inoculated with 1x10° PFU or 1x10* PFU of BK 2102
472  were maintained for 364 days post-infection. Blood samples were collected from the facial vein using a lancet
473  (MEDIpoint), and neutralizing antibody titers were measured. At 420 days after inoculation, avira challenge assay
474  was performed to evaluate whether the immunity contributing to infection protection was maintained. Hamsters
475  were infected with 3x10° PFU of the SARS-CoV-2 D614G strain, and weight changes were monitored daily for 10
476  days post-infection.

477

478  Evaluation of immunogenicity in monkeys

479  Sixteen male and female cynomolgus monkeys, two-to three years old, were purchased from Hamri Inc. After a
480  one-week acclimatization housing period, they were sedated with a mixture of ketamine (5 mg/kg) and xylazine (2
481  mg/kg) administered intramuscularly. Ten million PFU of BK2102 were inoculated intranasally in a volume of 1.6
482  mL. Four monkeys were inoculated with a single-dose of BK2102, and blood samples were collected at 0, 28, 35
483  and 42 days after inoculation from the radial vein, femoral vein, or abdominal vena cava using a syringe.
484  Neutralizing antibody titersin the sera were measured as described above to evaluate the humora immune response.
485  Another twelve monkeys were inoculated with 1x10” PFU of BK 2102 or the solvent, receiving three doses given at
486  two-week intervals. Blood samples were collected 42 days after the last inoculation, and neutralizing antibody titers
487  inthe serawere measured.

488

489  Evaluation of BK 2102 pathogenicity in hamsters

490  Four-week-old male Syrian hamsters were obtained from Japan SLC Co. Ltd. After acclimatization, 1x10* PFU of
491  BK2102 or 1x10" PFU of the SARS-CoV-2 D614G strain were used for infection, as described above. These and
492  naive hamsters were euthanized three days post-infection. The heads and lungs were collected and fixed in 10%

493  formalin. Sections of the head were prepared to expose different regions of the nasal cavity and were stained with
17
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494  hematoxylin-eosin or an immunohistochemistry (IHC) staining kit using a SARS-CoV-2 spike RBD-specific
495  antibody (Sino Biological). The damage score of each section was defined as 0: not remarkable (< 10%); 1:
496  minimal (10-50%); and 2: mild (50-70%).

497

498  Invivo passage of BK2102 in hamsters

499  Four-week-old male Syrian hamsters were obtained from Japan SLC Co. Ltd. After a one-week acclimatization
500 period, 1x10° PFU of BK2102 or A50-18 strain (a TS mutant isolated in a previous report) in a volume of 20 puL
501  were used to infect the hamsters intranasally. The hamsters were observed daily, and their body weights were
502  measured at 0 and 3 days post-infection. At this point, hamsters were euthanized, and nasal wash specimens were
503  collected with 500 uL D-PBS. After filtration through 0.45-um and 0.22-um filters, 100 uL were used to infect a
504  new group of naive hamsters. The passage of inoculum was repeated three times, and nasal wash samples were
505  collected at every passage. The viral genome in these nasal wash samples was quantified via gPCR, as described
506  above. Sanger sequencing was performed to analyze the mutations introduced to generate an attenuated phenotype.
507

508  Generation of human ACE2-transgenic mice

509 The transgene was prepared as described previously (lkawa et al., 1995; Okabe et al., 1997). Briefly, the
510 hACE2-coding sequence was amplified via PCR with the following primers:
511 5’-aatctagagccgecgecgcecatgtcaagcetcttectggetecttc-3' and  5'-aaactcgagctaaaaggaggtctgaacatcatca-3', using human
512  testis cDNA as the template. The Xbal and Xhol sites included in the PCR primers were used to introduce the
513  amplified hACE2 cDNA into a pCAGl.1 expression vector (https.//www.addgene.org/173685/) containing the
514  chicken beta-actin promoter and cytomegalovirus enhancer, the beta-actin intron, and the rabbit globin
515  poly-adenylation signal. The transgene fragment was excised using Sacl and Pacl and gel-purified. Transgenic
516  mouse lines were generated by injecting purified transgene fragments into C57BL/6NxC57BL/6N fertilized eggs. A
517  total of 350 DNA-injected eggs were transplanted into pseudopregnant mice, resulting in 32 newborn pups. Three
518  of these were transgenic, and thefirst line was established as Tg (CAG-hACE2)010sh. The Tg mice were kept of a
519 B6D2F1 background. Expression of hACE2 in each organ was confirmed via western blotting. Briefly, organ
520  homogenates were prepared in radioimmunoprecipitation assay buffer containing a proteinase inhibitor cocktail
521  (Thermo Scientific) using a bead mill homogenizer (Fischer Scientific). Protein concentrations were measured via

522  BCA assay (Pierce), and 10 ug of protein were subjected to SDS-PAGE and subsequent western blotting. hACE2
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523  and beta-actin were detected using a rabbit polyclonal antibody against hACE2 (Abcam: ab15348) and a mouse
524  monoclona antibody to beta-actin (Abcam: ab8226) with Can Get Signal solutions (TOY OBO).

525

526

527  Evaluation of safety in transgenic mice

528  Seven- to nine-week-old Tg mice were anesthetized via inhalation of 3% isoflurane, then receiving a combination
529  of medetomidine, midazolam, and butorphanol (0.3, 4, and 5 mg/kg, respectively) intraperitoneally. Mice were
530 infected with SARS-CoV-2 in a volume of 20 puL, and their weights were measured daily. Mice that reached
531  humane endpoints, such as difficulty walking or rapid weight loss, were euthanized by bleeding under isoflurane
532  anesthesia. The brain, olfactory bulbs, nasal turbines, and lungs were collected. Mice infected with live-attenuated
533  strainsthat did not reach the humane endpoint were also euthanized 14 days post-infection.

534

535  Statigtical analysis

536  Two-way analysis of variance (ANOVA), one-way ANOVA or Mann-Whitney U test was used to calculate
537  datistical significance. These data were analyzed using GraphPad Prism 9.4.1 software. Statistical significance was
538 setatap-value<0.05.
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566

567  Figurelegends

568  Fig. 1 Growth dynamicsof the vaccine candidate strain at different temperatures

569  Vero cells were infected with the wild-type parent B-1 (D614G) or the BK2102 vaccine candidate strains at a
570  multiplicity of infection (MOI) = 0.01, and virus titers in the supernatants were determined for samples harvested
571  every day, after incubating at 32 °C (A) or 37 °C (B). Infectious virus titers were determined using the TCIDsg
572  method. Symbols indicate the average of three independent experiments, and error bars represent the SD. The limit
573  of detection (LOD) was 2.05 log10 TCID50/mL, and for samples below the LOD, the mean value was calculated as
574  110gl10 TCID50/mL. The dotted line represents the assay’s LOD. Days post-infection are indicated on the x-axis.
575  For statistical analys's, two-way ANOVA with Sidak’s multiple comparison test was performed (ns, not significant;
576 ,p<0.0001).

577

578  Fig. 2 Immunogenicity of the vaccine candidate in hamsters

579  (A) Hamsters were inoculated with 1x10° or 1x10* PFU of BK2102 intranasally, and the serum was collected four

580  weeks after inoculation. Spike-specific 1gG in the sera of BK2102-inoculated hamsters and mock-treated hamsters
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581  was detected by ELISA. Symbols depict data of individual hamsters, and bars correspond to the median vaue. The
582  limit of dilution isindicated in the x- axis.

583  (B) Neutralizing antibodies in the sera were induced in BK2102-inoculated hamsters. Neutralizing antibodiesin the
584  sera were measured at day 28 pogt-inoculation using the following authentic SARS-CoV-2 drains: wild-type
585  D614G (left), Delta (middle), and BA.5 (right). Symbols represent titers of individual animals, and the barsindicate
586  the median. The LOD was 2°, and for samples below the LOD, the mean value was set to 2*. The dotted line
587  represents the assay’s LOD. For dtatistical analysis, one-way ANOVA with Tukey’s multiple comparison test was
588  performed (ns, not significant; , p<0.001; , p <0.0001).

589  (C) Neutralizing antibodies persist in hamsters for at least 364 days. The neutralizing antibody titer againg the
590  authentic D614G wild-type strain was measured periodicaly in the sera of hamsters inoculated with BK2102 (once
591  or twice at four-week intervals with 1x10° or 1x10* PFU) for about a year. Symbols represent the mean of 9 to 10
592  animals, and error bars represent the SD. The LOD was 2°, and for samples below the LOD, the mean value was set
593  to 2°. The dotted line represents the assay’s LOD. For statistical analysis, two-way ANOVA with Tukey’s multiple
594  comparison test was performed (ns, not significant).

5905 (D and E) Evaluation of the cellular immune response in BK2102-inoculated hamsters. Splenocytes were collected
506  one week post-inoculation with 1x10* PFU of BK2102 and were stimulated in vitro with spike or nucleocapsid
597  peptide pools. IFN-y (D) and IL-4 (E) in the supernatants were measured with commercially available ELISA kits
508 (MABTECH AB and FineTest, respectively). Symbols depict data of individua hamsers, and bars indicate the
599  median. For statistical analys's, one-way ANOVA with Tukey’s multiple comparison test was performed (ns, not
600  significant; ", p<0.05; ", p < 0.001).

601  (F) Evaluation of IFN-y-secreting cells. Four hamsters were inoculated with 1x10" PFU of BK2102 once and the
602  splenocytes were collected a week later. Splenocytes were stimulated in vitro with spike or nucleocapsid peptide
603  pools for 24 h. IFN-y-secreting splenocytes were quantified by ELISPOT. Symbols depict data of individual
604  hamsters, and bars indicate the median. For statistical anaysis, two-way ANOVA with Sidak’s multiple comparison
605  test was performed (ns, not significant; *, p < 0.05).

606

607  Fig. 3 BK2102 induces protective immunity.

608 (A and B) BK2102 protects hamsters against homologous and heterologous virus chalenges. Hamsters that

609  received a full vaccination protocol with the indicated doses of BK2102 were challenged with 3x10° PFU of
21
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610  wild-type D614G (A) or BA.5 (B) strains, and their body weight was monitored for four days. Body weight is
611  expressed as a percentage of the initial weight. Two-way ANOVA with Tukey’s multiple comparison test was
612  performed for satistical analysis(, p<0.01; , p <0.0001).

613 (C, D, F and G) The infectious virus titer in the lungs and nasal wash specimens taken on day four post-challenge
614  was measured via a plague assay for the wild-type D614G strain (C and D) and for the BA.5 strain (F and G). The
615 LOD was 1.3 log;o PFU/g or PFU/mL, and for samples below the LOD, the mean value was calculated as 1.0 logso
616 PFU/g or PFU/mL. The dotted line represents the assay’s LOD. One-way ANOVA with Dunnett's multiple
617  comparison test was performed for statistical analysis (ns, not significant; , p <0.05; ,p<0.01; , p < 0.001).
618 (E and H) Lung inflammation scores were determined via H& E staining of D614G- (E) and BA.5-challenged (H)
619  hamsters. The percentage of the disrupted areain the entire visual field was classified as 0: not remarkable (< 10%);
620 1. minima (10-50%); and 2: mild (50-70%). One-way ANOVA with Tukey’s multiple comparison test was
621  performed for satistical analysis (ns, not significant; ", p < 0.05).

622 (1) Weight changes after the challenge assay one year post-inoculation with BK2102. Hamsters inoculated with
623  BK2102 were challenged with the wild-type D614G strain at 3x10° PFU on 420 days. Nine-month-old elder
624  hamsters were used as the naive group. The symbols represent the average weight of the hamsters, and error bars
625 indicate the mean SD. Two-way ANOVA with Tukey’'s multiple comparison test was performed for satistical
626 anaysis(, p<0.0001).

627

628  Fig. 4 BK2102 caused localized tissue damage and posed aslow risk of transmission.

629  (A) Scheme for the evaluation of tissue damage in acute infection with BK2102 in a hamster model. The wild-type
630 D614G strain was used as a positive control.

631 (B) Inflammation score of nasal cavity sections and lungs determined via H& E. The percentage of the disrupted
632  areain theentire visua field was classified as 0: not remarkable (< 10%); 1: minimal (10-50%); 2: mild (50-70%),
633  respectively. One-way ANOVA with Tukey’s multiple comparison test was performed for satistical analysis (ns,
634  notsignificant; , p < 0.001).

635 (C) SARS-CoV-2 spike protein saining in the nasa cavity sections and lungs determined via
636  immunohistochemistry using a SARS-CoV-2 spike RBD-specific antibody. The proportion of positive cells in the
637  entire visua field was classfied as 0: not remarkable (< 10%); 1: minimal (10-50%); and 2: mild (50-70%),

638  respectively. One-way ANOVA with Tukey’s multiple comparison test was performed for satistical analyss (ns,
22
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*

639  not significant; ", p<0.00L; """, p < 0.0001).

640 (D) Scheme for the evaluation of BK2102 transmission viain vivo passage in hamsters. The TS-strain A50-18 was
641  used as apositive control.

642  (E) Ct values obtained for the RT-PCR performed using RNA extracted from the nasal wash specimens.

643

644  Fig. 5 BK 2102 showed a highly safe phenotype in Tg mice

645 (A and B) Survival rate of Tg mice infected with the wild-type D614G, B-1 AFCS, L50-33, and A50-18 TS strains
646  (A) and BK2102 (B).

647

648  Supplementary figure legends

649  Supplementary fig. 1 Characterigtics of the vaccine candidates.

650 (A) Candidate vaccine constructs. The abbreviations shown in the figure are respectively, ORF: Open Reading
651  Frame, NSP: Non-Structural Protein, FCS: Furin Cleavage Site.

652  (B) Immunogenicity of vaccine candidates in hamsters. Neutralizing antibody titers in the sera were measured 21
653  days post-inoculation.

654

655  Supplementary fig. 2 Comparison of immunogenicity of BK 2102 with other vaccine modalities

656  (A) An mRNA vaccine was administered to hamsters intramuscularly twice at 2-week intervals, and BK2102 was
657  inoculated to another group of hamsters intranasally once or twice at 2-week intervals. Neutralizing antibodies in
658  the sera were measured at day 28 post-first inoculation using authentic SARS-CoV-2 wild-type D614G srain. The
659  LOD was 23, and for samples below the LOD, the mean value was set to 22 The dotted line represents the assay’s
660 LOD. For satistical analysis, one-way ANOVA with Tukey’s multiple comparison test was performed (ns, not
661  significant; , p<0.05; ,p<0.01; ", p<0.001).

662 (B) SARS-CoV-2 spike-specific IgA measured via ELISA of nasal wash from inoculated hamsters, 28 days
663  pog-first inoculation. To calculate the IgA titer, the dilution factor a an OD vaue of 0.1 was considered and
664  corrected with the vaue of the standard serum included in each plate. For statistical analysis, one-way ANOVA
665  with Tukey’s multiple comparison test was performed (ns, not significant; , p<0.05; ,p<0.01; , p < 0.001).
666 (C) SARS-CoV-2 spike-specific total 1gG and 1gG subclasses (IgG1 and 19G2/3) were measured in the serum of

667  inoculated hamsters, 28 days post-first inoculation via ELISA.
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668 (D) Recombinant SARS-CoV-2 Spike-protein mixed with an aum adjuvant was administered to hamsters
669 intramuscularly twice at 2-week intervals, and BK2102 inoculated once to another group of hamsters intranasally.
670 SARS-CoV-2 spike-specific total 1gG and 1gG subclasses (IgG1 and 1gG2/3) were measured via ELISA of serum
671  from inoculated hamsters, 28 days post-inoculation.

672

673  Supplementary fig. 3 Immunogenicity of BK 2102 in monkeys

674  (A) Immune response in monkeys. Neutralizing antibodies in the sera of monkeys inoculated with 10’ PFU of
675 BK2102 was measured at the indicated time points post-inoculation. The data for individual monkeys are shown.
676  The LOD was 2°, and for samples below the LOD, the mean value was set to 2. The dotted line represents the
677 assay’'sLOD.

678  (B) Neutralizing antibodies in the sera were induced in BK2102-inoculated monkeys. Monkeys were inoculated
679  with 10’ PFU of BK2102 or the solvent, receiving three doses given at two-week intervals. Neutralizing antibodies
680 in the sera were measured at day 42 post-inoculation using luciferase-expressing pseudovirus carrying the
681  SARS-CoV-2 Wuhan strain’'s spike protein. Symbols represent titers of individual animals, and the bars indicate the
682  median. The LOD was 2*®, and for samples below the LOD, the mean value was ¢ set to 2°. The dotted line
683  representsthe assay’s LOD. For statistical analysis, Mann-Whitney U test was performed (, p < 0.01).

684

685  Supplementary fig. 4 Persstence of the neutralizing antibodiesinduced by BK2102 in each group.

686  Results for individual mice in the group used in the experiment of Figure 2D are shown. Light-blue circles
687  correspond to mice inoculated with 10° PFU, while dark-blue circles correspond to mice inoculated with 10* PFU.
688  Dotted lines depict one dose, and solid linesto two doses. § Hamsters died due to aging, fighting, or mishandling.
689

690  Supplementary fig. 5 BK2102 induces protective immunity against SARS-CoV-2 gamma strain

691  (A) Neutralizing antibodies in the sera were induced by BK2102-inoculated hamsters. Neutralizing antibodies in
692  the sera were measured at day 28 post-inoculation using the following authentic SARS-CoV-2 drains: wild-type
693  D614G (left) and gamma (right). Symbols represent titers of individual animals, and the bars indicate the median.
694  The dotted line represents the assay’s LOD. For dtatistical analysis, one-way ANOVA with Tukey's multiple
695  comparison test was performed (ns, not significant; ~~, p < 0.0001).

696  (B) Weight changes in vaccinated mice after the challenge with the gamma strain. Hamsters inoculated with
24
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697  BK2102 were challenged with 3x10° PFU of the gamma strain on day 28 post-inoculation. The symbols represent
698  the average weight of the hamsters, and error bars indicate the mean SD. Two-way ANOVA with Tukey’s multiple
699  comparison test was performed for statistical analysis(, p < 0.0001).

700

701  Supplementary fig. 6 Evaluation of BK 2102 onward transmission in hamsters

702  (A) Scheme of the onward transmission experiment. Hamsters that received the full vaccination protocol with the
703  indicated doses of BK2102 and recombinant SARS-CoV-2 spike protein mixed with an aum adjuvant were
704  challenged with the wild-type D614G strain. Vaccinated and infected animals were co-housed with naive hamsters
705  at oneday post-infection.

706  (B) Body weight was monitored for six days.

707

708  Supplementary fig. 7 Evaluation of thetissue damage induced by BK 2102

709  H&E daining of nasal cavity sections and lungsis shown for hamsters infected with the wild-type D614G strain or
710  the BK2102 vaccine candidate. IHC results using a SARS-CoV-2 spike RBD-specific antibody are shown in for the
711  same sections. Scale bar: 200 um.

712

713  Supplementary fig. 8 BK 2102 showed a low risk of transmission

714  The body weights of hamsters inoculated with the A50-18 TS and BK 2102 strains obtained in the in vivo passage
715  experiment detailed in Figure 4D are shown. For statistical analyss, two-way ANOVA with Holm-Sidak’s multiple
716  comparison test was performed (ns, not significant; , p<0.01; p<0.001; """ p < 0.0001).

717

718  Supplementary fig. 9 Expression of hACE2 and body weight of Tg mice after infection

719  (A) The expression of hACE2 in various tissues of Tg mice was detected via western blotting using an anti-human
720  ACE2 antibody (ab15348).

721  (B) The body weight of Tg mice infected with the wild-type D614G, B-1 AFCS, L50-33, and A50-18 TS dtrains.
722  The symbols represent the average weight of each group, and error bars indicate the mean SD. Two-way ANOVA
723 with Tukey’s multiple comparison test was performed for statistical analysis (ns, not significant; ~, p < 0.0001).
724  (C) The body weight of Tg mice inoculated with the BK2102. The symbols represent the average weight of each

725  group, and error bars indicate the mean SD. Two-way ANOVA with Tukey’s multiple comparison test was
25
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Table 1. SARS-CoV-2 strains

REAGENT or RESOURCE SOURCE IDENTIFIER
SARS-CoV-2: pre-alpha type, D614G, B-1 strain  Yoshida. et al.,2022 NCBI: LC603286
A50-18 strain Yoshida. et al.,2022 NCBI: LC603287
L50-33 strain Yoshida. et al.,2022 NCBI: LC603289
B-1 AFCS strain Current study N/A?
Candidate 1 (BK2102) Current study N/A?
Candidate 2 Current study N/A®
Candidate 3 Current study N/A?
Research Foundation for
SARS-CoV-2: delta variant, BK325 strain Microbial Diseases of Osaka N/A?
University

National Institute of Infectious GISAID ID:

SARS-CoV-2: gamma variant, TY7-501 strain .
Diseases EPI_ISL_833366

National Institute of Infectious GISAID ID:

SARS-CoV-2: omicron variant, TY41-702 strain Diseases EPI_ISL_13241867

#Not gpplicable
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Table 2. Primer list

Primer ID Oligonucleotides SOURCE

F1_F CTATATAAGCAGAGCTCGTTTAGTGAACCGTattaaaggtttataccttcccaggtaac Torii, et al. (2021)
F1_R cagattcaacttgcatggcattgttagtagccttatttaaggctcctgc Torii, et al. (2021)
F2_F gcaggagccttaaataaggctactaacaatgccatgcaagttgaatctg Torii, et al. (2021)
F2_R ggtaggattttccactacttcttcagagactggttttagatcttcgcaggce Torii, et al. (2021)
F3_F gcctgcgaagatctaaaaccagtctctgaagaagtagtggaaaatcctace Torii, et al. (2021)
F3_R ggtgcacagcgcagcttcttcaaaagtactaaagg Torii, et al. (2021)
F4_F caccactaattcaacctattggtgctttggacatatcagcatctatagtagctggtgg Torii, et al. (2021)
F4_R gtttaaaaacgattgtgcatcagctgactg Torii, et al. (2021)
F5_F cacagtctgtaccgtctgcggtatgtggaaaggttatggctgtagttgtgatc Torii, et al. (2021)
F5_R gcggtgtgtacatagcctcataaaactcaggttcccaataccttgaagtg Torii, et al. (2021)
F6_F cacttcaaggtattgggaacctgagttttatgaggctatgtacacaccgc Torii, et al. (2021)
F6_R catacaaactgccaccatcacaaccaggcaagttaaggttagatagcactctag Torii, et al. (2021)
F7_F ctagagtgctatctaaccttaacttgcctggttgtgatggtggcagtttgtatg Torii, et al. (2021)
F7_R ctagagactagtggcaataaaacaagaaaaacaaacattgttcgtttagttgttaac Torii, et al. (2021)
F8_F gttaacaactaaacgaacaatgtttgtttttcttgttttattgccactagtctctag Torii, et al. (2021)
F8_R gcagcaggatccacaagaacaacagcccttgagacaactacagcaactgg Torii, et al. (2021)
F9_F ccagttgctgtagttgtctcaagggctgttgttcttgtggatcctgetge Torii, et al. (2021)
F9 R caatctccattggttgctcttcatc Torii, et al. (2021)
F10_F gatgaagagcaaccaatggagattg Torii, et al. (2021)
F10_R GGAGATGCCATGCCGACCCtttttttttttttttttttttttttgtcattctcctaag Torii, et al. (2021)
Linker_F cttaggagaatgacaaaaaaaaaaaaaaaaaaaaaaaaaGGGTCGGCATGGCATCTCC Torii, et al. (2021)
Linker_R gttacctgggaaggtataaacctttaatACGGTTCACTAAACGAGCTCTGCTTATATAG Torii, et al. (2021)
TS_F6_R catacaaactgccacTatcacaaccaggcaagttaaggttagatagcactctag Yoshida, et al. (2022)

TS _F7_F ctagagtgctatctaaccttaacttgcctggttgtgatAgtggcagtttgtatg Yoshida, et al. (2022)
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Table 3. Genetic variations of viruses passaged in vivo

Mutations

AG359 - A382 G18782T G19285A C19550T  AA23598-G23624 AC27549-T28251

(NSP1) (NSP14)  (NSP14) (NSP14) (Spike FCS) (ORF7a-8)
N/A® G G/IA T N/A® N/A®
N/A® GIT G/A T N/A? N/A®
A50-18 N/A? GIT G/A T N/A? N/A?
N/A® GIT G T N/A? N/A®
N/A® GIT G/IA T N/A® N/A®
ob T A T oP ob
ob T A T oP ob
BK2102 oP T A T oP ob
ob T A T oP ob
ob T A T oP ob

#Not gpplicable
b Same sequence as the inocul ated virus
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Table 4. NSP3 genetic variations in viruses recovered from infected Tg mice

Virus titer
(Log10 PFU/g)

TS substitution

n Brain Lung NSP3
D614G N . .
) . 5 6.94 £0.44 3.67£0.26 N/A
(10° PFU infected)
B-1 AFCS a . R
) . 5 8.69+0.33 5.64 +0.62 N/A
(10° PFU infected)
L50-33 F445L
4 ) 1 5.75 <2.40
(10" PFU infected) (TTT - TTG)
L50-33 F445L
5 . 1 7.24 2.40
(10° PFU infected) (TTT - TTG)
*Average + SD

® Not applicable
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