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23 Abstract
24 SARS-CoV-2 pandemic alerts us that spillovers of various animal coronaviruses 

25 to human in the future may bring us enormous damages. Thus, there is a significant need 

26 of antibody-based drugs to treat patients infected with previously unseen 

27 coronaviruses.CV804 against the S2 domain of the spike protein, which is less prone to 

28 mutations. CV804 shows not only broad cross-reactivities with representative 20 animal-

29 origin coronaviruses but also with diseases-associated human beta coronaviruses 

30 including SARS-CoV, MERS-CoV, HCoV-OC43, HCoV-HKU1 and mutant strains of 

31 SARS-CoV-2. Other than that, the main characteristics of CV804 are that it has strong 

32 antibody-dependent cellular cytotoxicity (ADCC) activity to SARS-CoV2 spike protein-

33 expressed cells in vitro and completely lacks virus-neutralization activity. 

34 Comprehensively in animal models, CV804 suppressed disease progression by SARS-

35 CoV-2 infection. Structural studies using HDX-MS and point mutations of recombinant 

36 spike proteins revealed that CV804 binds to a unique epitope within the highly conserved 

37 S2 domain of the spike proteins of various coronaviruses. Based on the overall data, we 

38 suggest that the non-neutralizing CV804 antibody recognizes the conformational 

39 structure of the spike protein expressed on the surface of the infected cells and weakens 

40 the viral virulence by supporting host immune cells’ attack through ADCC activity in 

41 vivo. CV804 epitope identified in this study is not only useful for the design of pan-corona 

42 antibody therapeutics but also to design next-generation coronavirus vaccines and 

43 antiviral drugs.

44

45
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46 Introduction
47 The COVID-19 pandemic caused by SARS-CoV-2 beta coronavirus discovered 

48 in 2019 has had a severe impact on the global economy and health1. Besides COVID-19, 

49 various corona viruses caused various infectious diseases likely by animal-to-human 

50 spillover infection and pose a significant threat to public health. The coronaviridae is 

51 classified into four genera based on antigenicity and genetic criteria: alpha, beta, gamma, 

52 and delta2. Common human coronaviruses, such as HCoV-OC43, HCoV-HKU1 (beta 

53 coronaviruses), and HCoV-229E and HCoV-NL63 (alpha coronaviruses), are known to 

54 circulate annually and cause mild to moderate upper respiratory tract diseases3,4. In 

55 addition, the severe acute respiratory syndrome coronavirus (SARS-CoV) that occurred 

56 from 2002 to 2003 and the Middle East respiratory syndrome coronavirus (MERS-CoV) 

57 that occurred in 2012 are representative examples of highly pathogenic coronaviruses that 

58 caused pandemics with high mortality rates5. These historical data strongly suggest that 

59 zoonotic spillover of corona viruses will likely occur in the future6. Therefore, to prepare 

60 possible next pandemic, making the development of broad-spectrum antiviral drugs and 

61 vaccines against coronaviruses is a pressing need for proactive measures against 

62 coronavirus. 

63 Anti-virus spike antibodies show promise as effective drugs capable of promptly 

64 addressing new coronavirus-derived infections in case of future pandemics; however, the 

65 high specificities prevent their common use to treat different coronaviruses and easily 

66 allow virus-mutation to escape from the antibodies7. So far, virus neutralization, 

67 preventing virus entry into the host cells, is the most widely pursued mechanism for 

68 antibody drugs. The target portion of the most of the neutralizing antibodies (nAbs) that 

69 have been reported against SARS-CoV-2, SARS-CoV-1, and MERS-CoV is the receptor-
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70 binding domain (RBD) in the S1 domain, which inhibit the virus from binding to target 

71 cells. However, obtaining anti-RBD antibodies with broad reactivity against diverse 

72 viruses and overcoming the escape mutations pose difficulties 8–12. On the other hand, The 

73 S2 domain shows a higher degree of conservation across various coronaviruses than the 

74 S1 domain. Although the expected wide cross-reactivity is attractive for developing 

75 antibody drugs to the S2 domain for many corona viruses, neutralization limits the 

76 targetable antibody epitope regions in few regions of the S2 domain. Indeed, existing 

77 antibodies targeting S2, such as B6 and S2P6, binds to the restricted membrane proximal 

78 regions and work by preventing the refolding of the S2 subunit and inhibiting membrane 

79 fusion, that is essential event for the virus to introduce the viral genome into the host cell 

80 cytoplasm to replicate itself13–16. Antibodies to another S2 epitope such as 76E1 have also 

81 been reported to inhibit S2' cleavage and membrane fusion, thereby demonstrating 

82 neutralizing activity17. 

83 Antibodies targeting a less variable region outside the RBD, specifically the S2 

84 domain in the virus spike, have not undergone extensive validation as pharmaceuticals 

85 due to their limited in vitro infection-blocking activity (virus neutralization). Nonetheless, 

86 even antibodies lacking neutralizing activity that were induced in infected patients may 

87 support the host immune mechanisms, such as antibody-dependent cellular cytotoxicity 

88 (ADCC), contributing to favorable patient outcomes and preventing infection from 

89 related viruses18,19. 

90 Therefore, we expanded and explored targetable regions for therapeutic 

91 antibodies in less mutable S2 domain in this study. We hypothesized that the intrinsic 

92 ADCC function of antibody is significant to exhibit the therapeutical capability even 

93 without virus-neutralization.
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94 We successfully identified a cross-reactive antibody called CV804 against 

95 representative strains of beta coronaviruses. This antibody, CV804, inhibited the 

96 exacerbation of disease caused by viral infection through effector activity since it does 

97 not possess neutralizing activity. Structural and functional analysis revealed that CV804 

98 targets a unique epitope within the highly conserved S2 domain of the spike protein. 

99 Identifying highly conserved epitopes holds promise for the design of broad-spectrum 

100 coronavirus vaccines and antiviral agents against current and future emerging SARS-

101 CoV-2 mutants and other coronavirus genera.

102

103

104 Materials and Methods

105 Cells and viruses

106 VeroE6/TMPRSS2 cells from the National Institutes of Biomedical Innovation 

107 (Tokyo, Japan) were used to evaluate the antiviral activity against SARS-CoV-2. Cells 

108 were maintained in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific) 

109 supplemented with 10% heat-inactivated fetal bovine serum (FBS) at 37 °C with 5% CO2. 

110 ExpiCHO cells (Thermo Fisher Scientific) were maintained in ExpiCHO expression 

111 medium (Thermo Fisher Scientific) at 37 °C under 8% CO2. Expi293F cells (Thermo 

112 Fisher Scientific) were maintained in Expi293 expression medium (Thermo Fisher 

113 Scientific) at 37 °C under 8% CO2.

114 SARS-CoV-2 clinical isolates were obtained from the National Institute of 

115 Infectious Diseases (NIID; Tokyo, Japan): hCoV-19/Japan/TY/WK-521/2020 (Pango 

116 Lineage: A), hCoV-19/Japan/QK002/2020 (B.1.1.7), hCoV-19/Japan/QHN001/2020 

117 (B.1.1.7), hCoV-19/Japan/QHN002/2020 (B.1.1.7), hCoV-19/Japan/TY7-501/2021 (P.1), 
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118 hCoV-19/Japan/TY8-612/2021 (B.1.351), hCoV-19/Japan/TY11-927/2021 (AY.122), 

119 hCoV-19/Japan/TY33-456/2021 (C.37), hCoV-19/ Japan/TY28-444/2021 (P.3), hCoV-

120 19/ Japan/TY38-873/2021 (BA.1.18), hCoV-19/ Japan/TY38-871/2021 (BA.1.1), hCoV-

121 19/ Japan/TY40-385/2022 (BA.2), hCoV-19/ Japan/TY41-721/2022 (BA.2.12.1), hCoV-

122 19/ Japan/TY41-716/2022 (BA.2.75), hCoV-19/ Japan/TY41-703/2022 (BA.4.1), hCoV-

123 19/ Japan/TY41-763/2022 (BA.4.6), hCoV-19/Japan/TY41-702/2022 (BE.1), hCoV-19/ 

124 Japan/TY41-704/2022 (BA.5.2.1), hCoV-19/ Japan/TY41-796/2022 (BQ.1.1), hCoV-19/ 

125 Japan/TY41-795/2022 (XBB.1), hCoV-19/ Japan/TY41-686/2022 (XE), hCoV-19/ 

126 Japan/TY41-820/2022 (BF.7), hCoV-19/Japan/TY41-828/2022 (BF.7.4.1), hCoV-19/ 

127 Japan/23-018/2022 (XBB.1.5), and hCoV-19/Japan/TY7-503/2011 (P.1). SARS-CoV-2 

128 strains were propagated in VeroE6/TMPRSS2 cells, and infectious titers were determined 

129 using the standard tissue culture infectious dose (TCID)50 method in VeroE6/TMPRSS2 

130 cells.

131

132 Animal experiments and approvals

133 Animal studies were conducted under applicable laws and guidelines. The 

134 protocols received approval from the Shionogi Pharmaceutical Research Centre Institute 

135 Director (Shionogi & Co., Ltd., Toyonaka, Japan) based on the report of the Institutional 

136 Animal Care and Use Committee. (Assurance number: S21043D). All animals were kept 

137 in specific pathogen-free conditions, under regulated temperature and a 12-hour light and 

138 dark cycle. They had access to water and standard laboratory chow ad libitum, and the 

139 humidity was maintained at 30-70%. Virus inoculations were performed under anesthesia, 

140 with measures taken to minimize animal suffering. The in vivo studies were not 

141 conducted in a blinded manner, and animals were randomly assigned to infection groups. 
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142 Sample size calculations were not performed for each study; instead, sample sizes were 

143 determined based on previous in vivo virus challenge experiments. Twelve-week-old 

144 female BALB/c mice (n = 5) were inoculated via the intranasal route with 1.0×105 

145 TCID50/mouse (in 50 μl) of SARS-CoV-2 hCoV-19/Japan/TY7-501/2021 (gamma strain). 

146 Immediately after infection, the mice were intravenously administered 40 mg/kg of 

147 CV804, CV804 (LALA), REGN10987 or isotype control mAb (C1.18.4). As a reference, 

148 PBS-inoculated uninfected control mice were also prepared. Body weight and survival 

149 were monitored once daily until day 6 post-virus infection. At 6 days post-infection, the 

150 mice were euthanized. If the mice lost more than 20% of their body weight compared to 

151 their initial body weight according to humane endpoints, they were immediately 

152 euthanized and regarded to be dead in the analysis for survival time. The numbers of mice 

153 that survived, euthanized according to humane endpoints, or died before reaching the 

154 humane endpoints are summarized in S1 Table.

155

156 SARS-CoV-2 spike IgG ELISA

157 In brief, the SARS-CoV-2 spike IgG ELISA is an indirect ELISA that is based 

158 on antibody/antigen interactions. Mouse antibodies were added to a solid-phase plate 

159 coated with anti-mouse IgG antibodies and incubated overnight at 4°C. After three 

160 washes with ELISA wash buffer, S2 protein (Acro BIOSYSTEMS) and trimeric S2 

161 protein, along with S protein, were added and incubated for 1 hour at room temperature. 

162 Following three washes with ELISA wash buffer, the plate was incubated with anti-

163 histidine tag antibody for 1 hour at room temperature. After another three washes with 

164 ELISA wash buffer, alkaline phosphatase-labeled anti-human IgG antibody was added 

165 and incubated for 1 hour at room temperature. Following four washes with ELISA wash 
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166 buffer, color development was achieved by adding P-nitrophenyl phosphate solution, and 

167 absorbance was measured at 405 nm.

168

169 Establishment of the in-cell SARS-CoV-2 ELISA

170 To detect SARS-CoV-2 infection, cells were distributed at a concentration of 

171 3x105 cells/ml. The culture medium was replaced, and a concentrated virus solution was 

172 introduced at 100 μL/well. The cells were then incubated at 37°C for 1 hour. The virus-

173 infected medium was aspirated and substituted with a mixture of 2xMEM/8% FBS 

174 medium and 2% MC in a 1:1 ratio. The medium was subsequently exchanged with 

175 1xMEM/4%　FBS/1%MC at 200　μL/well. The cells were incubated at 37°C for 16-17 

176 hours. The medium was gently removed, leaving approximately 30 μL in each well. A 

177 single wash with PBS was performed, ensuring complete removal of the PBS. A 4% 

178 paraformaldehyde solution was added at 300　μL/well and allowed to incubate at room 

179 temperature for 30 minutes. The plate was then wiped with ethanol, retaining about 30 

180 μL, before removal of the 4% paraformaldehyde. The cells were washed twice with PBS. 

181 A single wash with wash buffer was performed, leaving behind approximately 50 μL 

182 before removal. A 2x Permeability buffer was introduced at 50 μL/well and left at room 

183 temperature for 10 minutes. Subsequently, the cells were washed three times with wash 

184 buffer, retaining 50 μL after each wash. A 2% BSA solution was added at 50 μL/well and 

185 allowed to incubate at room temperature for 30 minutes. The blocking solution was 

186 completely aspirated, and the primary antibody was added at 50　μL/well. The cells were 

187 incubated at room temperature for 2 hours. Secondary antibody: The cells were washed 

188 four times with 300 μL of wash buffer. The wash buffer was completely removed, and 50 

189 μL of secondary antibody, diluted 2000-fold in 0.1% BSA solution, was added to each 
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190 well. The cells were incubated at room temperature for 1 hour. The cells were washed 

191 four times with 300 μL of wash buffer. After three washes, staining was visualized by 

192 addition of TrueBlue detection reagent. Infected foci were then enumerated using 

193 Immunospot (Cellular Technology Limited).

194

195 Flow cytometry

196 The antibody-reacted cells were analyzed by flow cytometry (FCM). Plasmids 

197 expressing spike proteins from various coronaviruses, including SARS-CoV-2, its strains 

198 (alpha, delta, lambda, theta, mu, omicron BA1, BA2, BA5, BQ1.1, XBB, XE), SARS-

199 CoV-1, MERS, Human coronaviruses 229E, HKU1, NL63, OC43, Bat-CoV, Bat-HpCoV, 

200 Bat-HKU9, Bat-HKU4, Bovine-L9, MHV, PCoV GX-P1E, Bat-HKU3, BtRs-CoV, 

201 SADS-CoV, ChRCoV HKU24, Ro-BatCoV, LongquanAa mCoV, Eidolon BatCoV, 

202 Chaerephon BatCoV, RodentCoV, BtVs-BetaCoV, Rhinolophus BatCoV HKU, NL63-

203 related BatCoV, WigeonCoV HKU20, BulbulCoV HKU11-934, PorcineCoV HKU15, 

204 MuniaCoV HKU13-3514, Beluga whaleCoV SW1 were constructed and transfected into 

205 HEK293 cells. The transfected cell populations were separately allowed to react with the 

206 obtained antibodies at 4°C for 30 minutes. EC50 values were determined by plotting the 

207 compound concentration versus inhibition and fitting data with a four-parameter logistical 

208 fit (Model 205, XLfit).

209

210 Neutralizing antiviral activity

211 Antiviral activities against SARS-CoV-2 were evaluated using 

212 VeroE6/TMPRSS2 cells. The viral strains hCoV-19/Japan/TY/WK-521/2020 and SARS-

213 CoV-2/Japan/WK-521/2020 were employed, utilizing VeroE6/TMPRSS2 cells as the 
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214 infected cells. The culture medium consisted of MEM supplemented with 2% FBS. For 

215 antibody dilution, CV804, REGN10987, Ly-CoV1404 and isotype control antibody were 

216 adjusted to a maximum concentration of 3.3 　μM, each antibody with a 3-fold serial 

217 dilution of 10 points. The virus was adjusted to a concentration of 3000 TCID50/well. The 

218 adjusted antibody dilutions and virus solution were mixed in equal proportions and 

219 allowed to react at room temperature for 1 hour. The virus-antibody mixture was then 

220 added to VeroE6/TMPRSS2 cells at a density of 15,000 cells/well and cultured at 37℃, 

221 5% CO2 conditions. After 72 hours, CellTiter-Glo 2.0 (Promega) was added to measure 

222 the fluorescence intensity. Antiviral activity against SARS-CoV-2 was assessed by 

223 monitoring the cell viability. EC50 values were determined by plotting the compound 

224 concentration versus inhibition and fitting data with a four-parameter logistical fit (Model 

225 205, XLfit).

226

227 Measurement of ADCC activity

228 HEK293 cells expressing spike protein on their cell membrane were cultured 

229 overnight. Mouse antibodies (CV801, CV804, CV820, CV925, CV1117) and effector 

230 cells (Promega) expressing mouse FcγRIV and NFAT luciferase reporter were added to 

231 the cells, and the reaction was conducted at 37°C in a 5% CO2 incubator for 6 hours. 

232 Next, a colorimetric reagent was added and allowed to react for 5 minutes, followed by 

233 detection of the fluorescent signal. Four out of the five antibodies, except for CV925, 

234 were found to have ADCC activity. The EC50 values for each antibody indicate that the 

235 ADCC activity was below the detectable limit and therefore the value could not be 

236 determined.

237
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238 HDX-MS analysis

239 The plasmids for the recombinant SARS-CoV-2 variants were transiently 

240 transfected into Expi293F cells (Thermo Fisher Scientific) with the ExpiFectamine 293 

241 Transfection Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. 

242 After 4–5 days of culture in the Expi293 Expression Medium (Thermo Fisher Scientific), 

243 supernatants were collected and passed through a 0.22-µm filter. The recombinant 

244 proteins were purified from supernatants by NGL COVID-19 Spike Protein Affinity 

245 Resin (Repligen) according to the manufacturer’s protocol. The elute with 100 mM 

246 glycine-HCl (pH 2.7) from the resin was immediately neutralized with 1/10 faction 

247 volume of 1 M Tris-HCl pH 8.5 and concentrated using an Amicon Ultra-2 Centrifugal 

248 Filter Unit 100kDa NWMCO (Merck Millipore), in which the elution buffer was 

249 exchanged with PBS (GIBCO).

250 The hydrogen/deuterium exchange method has been previously described29,30. 

251 The system for HDX-MS experiments used the HDX-PAL system for deuterium labeling 

252 (Leap Technologies Inc.), enzyme pepsin column for sample digestion (Waters), 

253 HyperSil Gold column as a trap column (Thermo Fisher Scientific), Accelaim 

254 PepMap300 C18 column as an analytical column (Thermo Fisher Scientific), and 

255 Orbitrap Eclipse for mass measurement of digested peptides (Thermo Fisher Scientific). 

256 The target protein for hydrogen/deuterium exchange epitope mapping was a chimeric 

257 protein of the spike protein of SARS-CoV-2 expressed in HEK293 cells. The chimeric 

258 protein used included the ectodomain of the spike protein of SARS-CoV-2 (amino acids 

259 1-1213 of the S protein described in Genbank ACC No. QHD43416.1), with amino acids 

260 986 (K) and 987 (V) replaced with proline (P). The deuterated buffer was prepared at pH 

261 7.4 using 10 mM PBS buffer adjusted with D2O. The above target protein was allowed 
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262 to react at 37°C for 30 minutes in the presence or absence antibody. The initiation of 

263 deuterium labeling, control of reaction time, quenching reaction, injection into the UPLC 

264 system, and control of digestion time were all carried out automatically by the HDX-PAL 

265 system. First, the target protein/antibody complex or target protein was diluted 10-fold 

266 with deuterated buffer to initiate deuterium labeling. Deuterium labeling was carried out 

267 under conditions of 10°C for 30, 60, 120, and 240 seconds of labeling time. The 

268 deuterium-labeled sample (27 μL) was mixed with an equal volume of quenching buffer 

269 (4 mol/L guanidine hydrochloride, 0.2 mol/L glycine hydrochloride, 0.5 mol/L TCEP) 

270 and quenched at 0°C for 3 minutes. Subsequently, the quenched sample (50 μL) was 

271 injected into an Enzyme Pepsin Column for online pepsin digestion. The digested 

272 peptides were trapped on a trap column (Hypersil Gold column) at 1°C and eluted onto 

273 an analytical column (Acclaim PepMap300 C18) using a 7-minute gradient separation of 

274 10%-35% B (mobile phase A: 0.1% formic acid in water, mobile phase B: 0.1% formic 

275 acid/acetonitrile). Mass spectrometry (Orbitrap Eclips) was set with an electrospray 

276 voltage of 4000 V, a scan time of 1 second, and a mass/charge range of 260-2000 in 

277 positive ion mode to acquire both full-scan and MS/MS spectra. To identify the peptides 

278 from the acquired mass spectra, a search was conducted against a database containing the 

279 amino acid sequences of the spike protein of SARS-CoV-2 using Byos software (Protein 

280 Metrics). The retention time and mass information of the identified peptides were then 

281 imported into HDExaminer software (Sierra Analytics) to automatically calculate the 

282 deuterium exchange rates of each peptide in the hydrogen/deuterium exchange 

283 experiment. Peptides with calculated deuterium exchange rates were filtered according to 

284 the criterion that the difference in deuterium exchange rates (ΔD%) between the antibody 

285 present and absent samples of two or more adjacent peptides was 10% or more. The amino 
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286 acid residues of the spike protein of SARS-CoV-2 corresponding to the region containing 

287 the peptides meeting the criterion were identified as the epitope of the antibody.

288

289 Results

290 Antibody isolation and binding activity to S protein

291 To obtain antibodies that effectively bind to a wide range of coronaviruses, we 

292 immunized mice with various immunization methods and their combinations using 

293 plasmid DNA encoding the S2 subunit of the spike protein of SARS-CoV2, proteins, 

294 spike-expressing cells, peptides. Using the antiserum, we confirmed their binding to the 

295 S2 region and coronaviruses, including MERS and SARS. Hybridomas were generated 

296 using the PEG and electrofusion methods, and specific clones with binding activity to 

297 HEK293 cells expressing the spike protein of SARS-CoV-2 were selected. We finally 

298 obtained five antibodies (CV801, CV804, CV820, CV925, CV1117). Their binding 

299 activities against different high-ordered structures of the spike protein were examined in 

300 ELISA using S2 protein monomers, trimers, and full-length S protein trimers (Fig 1). 

301 Although remarkably, all proteins demonstrated binding activity (Fig 1A). 

302 Interestingly, three antibodies (CV801, CV804, and CV820) displayed stronger affinity 

303 for the trimer compared to the monomer (Figs 1A-1C). To explore the binding activity of 

304 each antibody in greater detail, we examined their efficacy against single mutations and 

305 mutant strains of the S2 protein, which have been identified globally. Plasmids expressing 

306 various single mutants and mutant strains were created, transiently expressed in cells, and 

307 subjected to flow cytometry analysis. Interestingly, CV804 demonstrated exceptional 

308 effectiveness against confirmed single mutants from around the world, displaying robust 

309 binding activity (Table 1) (S1A Fig). Furthermore, to assess the cross-reactivity of this 
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310 antibody, flow cytometry was performed on cells expressing S proteins from different 

311 types of coronaviruses. The results revealed that CV804 exhibited binding activity against 

312 a broad spectrum of coronaviruses, including SARS-COV2, SARS-COV1, MERS, 

313 Human- Coronavirus HKU1, NL63, OC43, Bat-COV RaTG13, Bat-HpCOV, Bat-HKU4, 

314 PCOV GX-P1E, Bat-HKU3-3, BtRs-COV, and SARS-COV (Table 2) as well as 

315 ChRCoV HKU24, Ro-BatCoV, LongquanAa mCoV, Eidolon BatCoV, Chaerephon 

316 BatCoV, RodentCoV, BtVs-BetaCoV, Rhinolophus BatCoV HKU, NL63-related 

317 BatCoV, WigeonCoV HKU20, BulbulCoV HKU11-934, PorcineCoV HKU15, 

318 MuniaCoV HKU13-3514, Beluga whaleCoV SW1 (S1B Fig).

319

320 CV804 binds to SARS-CoV-2 and its variants but does not neutralize 

321 them

322 CV804, located within the S2 domain of the viral spike protein, exhibits a 

323 structure that is resistant to mutations, allowing it to effectively react with various mutant 

324 strains, including the Omicron strain, as well as numerous related coronaviruses20. 

325 However, there are still questions regarding the binding mechanism and functional 

326 characteristics of CV804.

327 For therapeutic purposes in humans, the mouse antibody CV804 (IgG-κ) was 

328 humanized using our proprietary algorithm (Shionogi Co. Ltd., Osaka, Japan). The 

329 variable regions were humanized based on the Kabat antibody numbering scheme, with 

330 substitutions of amino acids guided by physical property predictions from the closest 

331 germline and known human antibody sequences and structures. Consequently, the 

332 humanized antibody named hCV804 was generated. This antibody was produced and 

333 assessed for binding to the S protein. Remarkably, the humanized antibody maintained 
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334 binding activity to the S protein, with a similar Kd value to that of the mouse-derived 

335 CV804 (Fig 2A).

336 To gain deeper insight into the characteristics of CV804, we assessed its binding 

337 to spike protein-expressing cells after infection using various mutant strains, including 

338 the Omicron variant. Unlike S1 antibodies such as REGN10987 (imdevimab)21 and LY-

339 CoV1404 (bebtelovimab)22, CV804 demonstrated binding activity against multiple 

340 strains, including B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), B.1.617.1 (kappa), 

341 B.1.617.2 (delta), and B.1.1.529 (omicron, BA.1), as well as the Omicron subvariants 

342 (BA.2.75, BA.4.1, BA.4.6, BE.1, BA.5.2.1, BQ.1.1, XBB.1, XE, BF.7, BF.7.4.1) (Fig 

343 2B). It displayed remarkable resilience against viral mutations. We also evaluated the 

344 ADCC activity of CV804 and found that it had robust activity (Fig 2C). However, CV804 

345 did not exhibit inhibitory activity against SARS-CoV-2 in a virus neutralization test using 

346 VeroE6/TMPRSS2 cells (Fig 2D). Furthermore, our investigation did not detect any 

347 membrane fusion-inhibiting activity of CV804 in a cell fusion induction assay system 

348 utilizing spike-expressing cells (Fig 2E).

349

350 Antiviral activity of non-neutralizing CV804 against SARS-CoV-2

351 To evaluate the therapeutic effects of CV804 in vivo, female BALB/c mice were 

352 intranasally infected with 1.0×105 TCID50/mouse of SARS-CoV-2 hCoV-19/Japan/TY7-

353 501/2021 (gamma strain). Immediately after infection, the mice were intravenously 

354 administered 40 mg/kg of CV804 or isotype control. All mice were observed daily for 

355 survival and body weight changes (Figs 3B and 3C). In the group treated with 40 mg/kg 

356 of CV804, the body weight of the mice decreased by approximately 15% until day 4 and 

357 recovered to the level comparable to uninfected mice by day 6 (Fig 3B). In the isotype-
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358 treated group, all mice reached the humane endpoint or died by day 5, whereas 80% of 

359 the mice in the CV804-treated group survived, indicating an improvement in survival rate 

360 due to CV804 administration (Fig 3C). This effect was diminished by using the LALA 

361 mutant, which eliminates the Fc effector function of IgG, suggesting the possible 

362 contribution of ADCC activity to the therapeutic efficacy. However, the improvement in 

363 disease pathology observed with CV804 administration in this mouse model was limited. 

364 Although some degree of improvement was observed, the therapeutic effect was inferior 

365 to that of the neutralizing antibody (REGN10987) used as a control drug.

366

367 The epitope of CV804 is buried within the prefusion spike trimer

368 To further validate the conservation of the epitope recognized by CV804 and 

369 investigate the molecular basis of its broad specificity, antigen binding, and epitope 

370 interaction, we generated a spike protein ectodomain trimer and performed HDX-MS 

371 analysis to identify the CV804 epitope. We detected a peptide region within the CV804 

372 binding trimer that showed more than 5% decrease in deuterium exchange efficiency 

373 compared to the isolated trimer, indicating the core of the epitope. We confirmed the 

374 binding of CV804 and humanized CV804 to the spike protein at positions 960-1001 

375 (SARS-CoV-2 numbering) (Fig 4A). The data obtained as described above revealed the 

376 epitope region of CV804 and the specificity of the cross-reactivity of the antibody. Based 

377 on the reported higher order structure of the spike protein, we considered the rational 

378 relationship between the epitope and cross-reactivity.

379 For the epitope identified from the HDX-MS analysis, we performed primary 

380 sequence alignment of the spike proteins from 27 related coronaviruses (Fig 4B). We 

381 identified amino acid residues that are common to all virus species as well as those that 
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382 are characteristic to beta coronaviruses but differ from alpha coronaviruses, and mapped 

383 them onto the reported higher order structure of CoV2 Spike 2-up form (PDB Code: 

384 6BSV). As a result, many of the conserved amino acids in beta coronaviruses, which are 

385 included in the epitope region of CV804, were found to be located in exposed positions 

386 in the up form structure of the spike, strongly suggesting that the higher order structure 

387 composed of these residues is important for the binding of CV804 antibody (Fig 4C). In 

388 the alanine scan analysis using these mutants, the binding of CV804 antibody was 

389 abolished by mutations to alanine at residues L962, E988, Q992, L996, R1000, L1001, 

390 L1004, Y1007, and I1018, suggesting that these conserved residues are particularly 

391 important for the binding of CV804 to related coronaviruses (Table 4). In contrast, there 

392 were residues characteristic of alpha coronaviruses in the vicinity of these conserved 

393 residues, indicating a possible reason for the lack of cross-reactivity of CV804 with alpha 

394 coronaviruses. It should be noted that alanine mutations at these residues did not affect 

395 the reactivity of CV804, suggesting that the amino acid residues do not directly participate 

396 in the antigen-antibody interaction and are predicted to tolerate point mutations.

397

398 Discussion
399 Antibody therapeutics against novel coronavirus infection should possess 

400 excellent specificity and efficacy. However, problems arise due to the emergence of virus 

401 variants resistant to nAbs, resulting in loss of efficacy, as well as the difficulty in 

402 generating broadly reactive antibodies that can target diverse viruses. In this study, we 

403 successfully developed an anti-SARS-CoV-2 spike 2 antibody CV804 that exhibits 

404 therapeutic effects by utilizing antibody effector functions in the host, which is distinct 

405 from traditional virus-nAbs. Despite lacking virus-neutralizing activity, CV804 
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406 demonstrated a certain degree of improvement in disease pathology in a lethal infection 

407 mouse model. Furthermore, CV804 recognizes a unique epitope that is different from 

408 other antibody therapeutics targeting the critical site RBD in virus-infected individuals, 

409 thereby specializing in supporting the host immune response and inducing therapeutic 

410 effects.

411 The location of the epitope core of the CV804 antibody, identified by HDX-MS, 

412 encompasses approximately 40 amino acids, including a portion of the HR1 region in the 

413 S2 domain and a portion of the central helical domain in the primary structure of the 

414 spike. In the quaternary structure, this region is located at the S1 end of the trimeric S2 

415 domain of the viral spike, surrounded by the S1 receptor-binding domain. The spike 

416 protein of SARS-CoV-2 adopts an equilibrium between the "down" and "up" 

417 conformations, with the receptor-binding domain in the S1 domain binding to the ACE2 

418 receptor on the surface of human cells, stabilizing the "up" conformation. In this "up" 

419 conformation, the S1 domain is distanced from the S2 domain, exposing the region of the 

420 S2 domain responsible for membrane fusion required for viral entry. The epitope structure 

421 of CV804 is located within the S2 region but is covered by the S1 domain and positioned 

422 inside the trimeric spike structure surrounded by the S1 receptor-binding domain in the 

423 "down" conformation. However, it becomes exposed when the spike protein adopts the 

424 "up" conformation. Due to the strong reactivity of CV804 towards cells expressing the 

425 spike protein, it is speculated that the exposed higher-order structure in the "up" 

426 conformation of the spike is present on the spike protein of infected cells. On the other 

427 hand, since CV804 does not exhibit in vitro infection-blocking activity (neutralizing 

428 activity), it is considered that the binding of the antibody to this epitope region does not 

429 possess inhibitory activity against the membrane fusion activity required for virus 
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430 infection, which involves the S2 domain.

431 The unique epitope structure of the CV804 antibody is a three-dimensional 

432 epitope on the spike protein that is shared among many related coronaviruses. CV804 

433 exhibits a high degree of cross-reactivity with various mutant strains and related 

434 coronaviruses. Structural data indicate that several key residues involved in the antibody-

435 antigen interaction are either completely or partially hidden within the pre-fusion S trimer. 

436 The loss of neutralizing capability of CV804 may be due to limited epitope exposure. 

437 This suggests that structural changes occur during the transition from the pre-fusion state 

438 to the post-fusion state, leading to increased epitope exposure and enabling binding of 

439 CV804.

440 The S2 region of coronaviruses is highly conserved and represents a promising 

441 target for a wide range of coronavirus antibodies and vaccines, compared to the S1 

442 region17,23–25. Several nAbs such as S2P6, CC40.8, IgG22, B6, 28D9, and CV3-25 have 

443 been isolated from convalescent patients, vaccinated individuals, and mice13,14,26–28. 

444 Consistent with the highly conserved S2 stem helix epitope among beta-coronaviruses, 

445 these nAbs typically demonstrate a broad neutralizing breadth against beta-coronaviruses, 

446 including SARS-CoV-1 and SARS-CoV-213,14. In our study as well, CV804 exhibited 

447 extensive reactivity against beta-coronaviruses, similar to or surpassing the 

448 aforementioned antibodies. The highly conserved epitope recognized by CV804 leads to 

449 its extensive reactivity. Mutations within the epitope residues of CV804 in SARS-CoV-

450 2 sequences were found to be less than 0.032%, and all relevant SARS-CoV-2 variants 

451 do not have residue mutations within this epitope. Notably, major natural variations 

452 within the CV804 epitope did not affect its binding activity. Some mutations can 

453 significantly reduce viral infectivity, thus potentially limiting the spread of the virus. We 
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454 concluded that CV804, with its broad spectrum, represents an attractive means to address 

455 viral escape mutations and should be a valuable tool in tackling future outbreaks of novel 

456 coronaviruses.

457 We discovered that the binding of ACE2 promotes the exposure of the S2' site 

458 and fusion peptide, possibly removing the obstacle posed by this epitope through 

459 structural reorganization of the S protein and providing access to CV804. Additionally, 

460 CV804 antibody targets the spike protein expressed on infected cells and is specialized 

461 in antibody effector functions in the body, and thus does not require virus neutralizing 

462 activity. It binds to the less mutable S2 region to impair infected cells, demonstrating 

463 efficacy in animal experiments. CV804 synergizes with human ACE2 to prevent SARS-

464 CoV-2 infection, and we speculate that the binding of CV804 to the S structure, which 

465 includes the S2' site and fusion peptide, may have synergistic effects with receptor 

466 priming or receptor blocking processes and ADCC activity. Our data also suggest that 

467 some RBD antibodies may provide possible combinations with CV804 and human ACE2 

468 or RBD antibodies for the prevention or treatment of SARS-CoV-2 infection. However, 

469 the mechanism of action of CV804 supports the immune response mediated by the host 

470 and therefore, monitoring the immune function of model mice is necessary, but the details 

471 are still unclear. The efficacy potential of CV804 as a monotherapy is considered to be 

472 insufficient compared to previous nAbs. It is important to elucidate the epitope details of 

473 the CV804 antibody and understand the antibody characteristics, such as cross-reactivity, 

474 for future development of broad-spectrum anti-coronavirus antibody therapeutics and 

475 further research on vaccine development to efficiently induce useful antibody responses.

476
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478 Table 1. The presence or absence of binding to each viral strain is indicated.

479
　 　 CV801 CV804 CV820 CV925 CV1117

Isotype IgG2a IgG2a IgG2a IgG2a IgG2a

SARS-CoV2 ＋ ＋ ＋ ＋ ＋
SARS-CoV1 ＋ ＋ ＋ ＋ ＋

MERS － ＋ ＋ － －
H-CoV(HKU1) － ＋ ＋ － ＋
H-CoV(OC43) － ＋ ＋ － －

Bat-CoV(RaTG13) ＋ ＋ ＋ ＋ ＋
Bat Hp-bCoV ＋ ＋ ＋ ＋ ＋
Bat HKU9-1 － － － － －
Bat HKU4 ＋ ＋ － － －
Bovine L9 ＋ － － － ＋

MHV － － － － －
PCoV GX-P1E ＋ ＋ ＋ ＋ ＋
Bat HKU3-3 ＋ ＋ ＋ ＋ ＋

BtRs-betaCoV ＋ ＋ ＋ ＋ ＋

β-CoV

SADS-CoV ＋ ＋ ＋ － －
H-CoV(NL63) － － － － －

α-CoV
H-CoV(229E) － － － － －

480  We conducted binding evaluation on the expression cells of spike proteins belonging to the genus of 

481 coronaviruses. The five obtained antibodies, CV801, CV804, CV820, CV925, and CV1117, reacted 

482 with more than 52% of the different spike proteins among the 17 different viral spikes examined. 

483 CV804 reacted with more than 70% of the different spike proteins among the 17 different viral spikes. 

484 "+", "-", and "N.T." represent positive binding, negative binding, and experiment not performed, 

485 respectively.
486
487
488
489
490
491
492
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493 Table 2 Reactivity to SARS-CoV-2 spike protein variants expressed in cells.

494
Ref 

residue Position Variant 
residue CV801 CV804 CV820 CV925 CV1117

Wuhan WT ＋ ＋ ＋ ＋ ＋
Alpha B.1.1.7 ＋ ＋ ＋ ＋ ＋
Beta B.1.351 ＋ ＋ ＋ ＋ ＋

Delta B.1.617.2 ＋ ＋ ＋ ＋ ＋
L 452 R N.T ＋ N.T N.T N.T

E 484 K N.T ＋ N.T N.T N.T

E 484 Q N.T ＋ N.T N.T N.T

N 501 Y ＋ ＋ ＋ ＋ ＋
D 614 G N.T ＋ N.T N.T N.T

D
S

614
929

G
I ＋ ＋ ＋ ＋ ＋

D
D

614
936

G
Y ＋ ＋ ＋ ＋ ＋

A 688 V N.T ＋ N.T N.T N.T

T 716 I N.T ＋ N.T N.T N.T

R 765 L N.T ＋ N.T N.T N.T

T 768 I ＋ ＋ ＋ ＋ ＋
T 791 I ＋ ＋ ＋ ＋ ＋
F 797 C ＋ ＋ ＋ ＋ ＋
P 812 S N.T ＋ N.T N.T N.T

I 818 V N.T ＋ N.T N.T N.T

L 822 F N.T ＋ N.T N.T N.T

V 826 L N.T ＋ N.T N.T N.T

T 827 I N.T ＋ N.T N.T N.T

A 829 T N.T ＋ N.T N.T N.T

A 831 V ＋ ＋ ＋ ＋ ＋
I 834 T N.T ＋ N.T N.T N.T

D 839 N ＋ ＋ ＋ ＋ ＋
D 839 Y ＋ ＋ ＋ ＋ ＋
S 884 F ＋ ＋ ＋ ＋ ＋
S 929 I ＋ ＋ ＋ ＋ ＋
A 930 V ＋ ＋ ＋ ＋ ＋
D 936 Y ＋ ＋ ＋ ＋ ＋
S 939 F ＋ ＋ ＋ ＋ ＋

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 29, 2024. ; https://doi.org/10.1101/2024.02.28.582480doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.28.582480
http://creativecommons.org/licenses/by/4.0/


S 943 P ＋ ＋ ＋ ＋ ＋
S 982 A N.T ＋ N.T N.T N.T

T 1027 I N.T ＋ N.T N.T N.T

T
V

1027
1176

I
F N.T ＋ N.T N.T N.T

K 1073 N N.T ＋ N.T N.T N.T

A 1078 S ＋ ＋ ＋ ＋ ＋
A 1078 V ＋ ＋ ＋ ＋ ＋
D 1118 H N.T ＋ N.T N.T N.T

D 1163 Y N.T ＋ N.T N.T N.T

G 1167 V N.T ＋ N.T N.T N.T

D 1168 H ＋ ＋ ＋ ＋ ＋
495 To confirm the reactivity of the antibodies of the present study to various SARS-CoV-2 spike protein 

496 variants, including SARS-CoV-2 wild-type (Genbank ACC No. QHD43416.1), alpha variant 

497 (GISAID ID: EPI_ISL_768526), gamma variant (GISAID ID: EPI_ISL_833366), and omicron variant 

498 (GISAID ID: EPI_ISL_6640917), the experiments were conducted using flow cytometry. The cells 

499 expressing each full-length spike protein were incubated with the mouse antibodies. The amino acid 

500 variants of the SARS-CoV-2 spike protein as shown in Table 4 represent the mutation of the amino 

501 acid residue at position 452 from L to R in the wild-type SARS-CoV-2 spike protein (Genbank ACC 

502 No. QHD43416.1), with other variants having similar mutations. Amino acid positions 686 and above 

503 represent mutations found in the extracellular domain of the S2 subunit, which are present in any of 

504 the naturally occurring SARS-CoV-2 spike protein variants. In the table, "+", "-", and "N.T." represent 

505 positive binding, negative binding, and experiment not performed, respectively. It was found that the 

506 antibodies of the present study bind to all tested variants.
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507 Table 3. Epitope mapping of CV804 antibody binding to the SARS-CoV-2 spike protein using 

508 the HDX method.
Sta
rt

En
d

Sequence De
ut 
Ti
me 
(se
c)

Avg(del
%D)

Avg(
%D)

Avg(
%D 
(#1))

Avg(
#D)

First(C
onf 
Interv
al 
(#D))

Avg(
#D 
(#1))

First(C
onf 
Interv
al 
(#D) 
(#1))

94
4

94
8

QALNT 60 3.3 23.81 20.5
2

0.71 　 0.62 　

94
4

94
8

QALNT 12
0

5.47 32.1 26.6
3

0.96 0.17 0.8 0.16

94
4

94
8

QALNT 24
0

6.79 38.42 31.6
3

1.15 　 0.95 　

94
4

94
9

QALNTL 60 6.26 14.29 8.03 0.57 　 0.32 　

94
4

94
9

QALNTL 12
0

7.99 22.65 14.6
6

0.91 0.18 0.59 0.82

94
4

94
9

QALNTL 24
0

6.49 26.33 19.8
4

1.05 　 0.79 　

94
7

95
7

NTLVKQLSSNF 60 11.81 38.09 26.2
8

3.43 　 2.37 　

94
7

95
7

NTLVKQLSSNF 12
0

15.09 44.19 29.1 3.98 1.25 2.62 0.22

94
7

95
7

NTLVKQLSSNF 24
0

15.76 47.33 31.5
7

4.26 　 2.84 　

94
7

96
1

NTLVKQLSSNFGAIS 60 22.41 48.84 26.4
2

6.35 　 3.44 　

94
7

96
1

NTLVKQLSSNFGAIS 12
0

23.29 51.63 28.3
4

6.71 0.62 3.68 0.65

94
7

96
1

NTLVKQLSSNFGAIS 24
0

25.23 52.44 27.2
1

6.82 　 3.54 　

94
7

96
4

NTLVKQLSSNFGAIS
SVL

60 22.73 55.29 32.5
6

8.85 　 5.21 　

94
7

96
4

NTLVKQLSSNFGAIS
SVL

12
0

24.25 56.63 32.3
8

9.06 1.42 5.18 0.22

94
7

96
4

NTLVKQLSSNFGAIS
SVL

24
0

24.67 57.91 33.2
4

9.27 　 5.32 　

94
9

95
6

LVKQLSSN 60 11.52 38.8 27.2
8

2.33 　 1.64 　

94
9

95
6

LVKQLSSN 12
0

15.71 45.35 29.6
4

2.72 0.33 1.78 0.05

94
9

95
6

LVKQLSSN 24
0

17.93 49.32 31.3
9

2.96 　 1.88 　

94
9

95
7

LVKQLSSNF 60 12.14 43.01 30.8
7

3.01 　 2.16 　

94
9

95
7

LVKQLSSNF 12
0

13.68 47.93 34.2
6

3.36 0.18 2.4 0.24

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 29, 2024. ; https://doi.org/10.1101/2024.02.28.582480doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.28.582480
http://creativecommons.org/licenses/by/4.0/


94
9

95
7

LVKQLSSNF 24
0

13.9 50.56 36.6
6

3.54 　 2.57 　

94
9

95
9

LVKQLSSNFGA 60 21.17 51.71 30.5
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509 To determine the binding sites (epitopes) of the CV804 antibody from the amino acid sequence of the 

510 SARS-CoV-2 spike protein (Genbank ACC No. QHD43416.1), mass spectrometry was performed 

511 using hydrogen/deuterium exchange epitope mapping. The hydrogen-deuterium exchange rates of 

512 each peptide were automatically calculated from the mass spectra obtained in the full-scan mode in 

513 the deuterium exchange experiment. Peptides with calculated hydrogen-deuterium exchange rates 

514 were filtered according to the criteria of a difference (ΔD%) in hydrogen-deuterium exchange rates 

515 between samples with and without the presence of hCV804-40 antibody in two or more adjacent 

516 peptides being 10% or more. The amino acid residues of the SARS-CoV-2 spike protein corresponding 

517 to the region containing peptides that met the criteria were identified as the epitope of the hCV804-40 

518 antibody. The sequence coverage of the target protein was 98.5%, and a total of 737 peptides were 

519 identified in the samples with and without the presence of the hCV804-40 antibody. Among the 

520 identified 737 peptides, 36 peptides met the criteria of a difference (ΔD%) in hydrogen-deuterium 

521 exchange rates between samples with and without the presence of the hCV804-40 antibody being 10% 
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522 or more. These 36 peptides were found to contain 42 amino acid residues (sequence number 49) 

523 corresponding to amino acid residues 960-1001 (sequence number 48) of the SARS-CoV-2 spike 

524 protein (Genbank ACC No. QHD43416.1). Therefore, amino acid residues of the SARS-CoV-2 spike 

525 protein to which the hCV804-40 antibody binds are located at positions 960-1001. The table data show 

526 the sequence numbers, amino acid sequences, positions of amino acid residues in the SARS-CoV-2 

527 spike protein, and ΔD% for the above-mentioned 36 peptides. Similar experiments were conducted 

528 for the CV804 antibody, and similar results were obtained, indicating that amino acid residues 960-

529 1001 of the SARS-CoV-2 spike protein are also included in the epitope.

530
531
532
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533 Table 4. Epitope mapping of the CV804 antibody against the spike protein of SARS-CoV-2 

534 using alanine scanning.

Ref 
residue Position Variant 

residue CV804

N 960 A +

T 961 A +

L 962 A －
V 963 A +

K 964 A +

Q 965 A +

L 966 A +

S 967 A +

S 968 A +

F 970 A +

I 973 A +

S 974 A +

N 978 A +

D 979 A +

I 980 A +

L 981 A +

R 983 A +

L 984 A +

D 985 A +

K 986 A +

V 987 A +

E 988 A －
E 990 A +

V 991 A +

Q 992 A －
I 993 A +

D 994 A +

R 995 A +

L 996 A －
I 997 A +

T 998 A +

G 999 A +

R 1000 A －
L 1001 A －
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Q 1002 A +

S 1003 A +

L 1004 A －
Q 1005 A +

T 1006 A +

Y 1007 A －
V 1008 A +

T 1009 A +

Q 1010 A +

Q 1011 A +

L 1012 A +

I 1013 A +

R 1014 A +

E 1017 A +

I 1018 A －
R 1019 A +

535 50 site-specific mutants were created by replacing amino acids from position 960 to 1018 of the SARS-

536 CoV-2 spike protein with alanine, and the reactivity of the CV804 antibody was evaluated. The results 

537 are represented as "+" for positive binding and "-" for negative binding.　The overall structure of the 

538 protein remains intact by substituting each amino acid with alanine, where each amino acid residue is 

539 replaced with a methyl group that forms alanine, allowing detection of the function of the original 

540 amino acid residue before substitution, which is necessary for the antigen-antibody interaction. 

541 Alanine is used because it has a small size and a chemically inactive methyl group, which can mimic 

542 the secondary structure shown by many other amino acids. The results revealed that mutants L962A, 

543 E988A, Q992A, L996A, R1000A, L1001A, L1004A, Y1007A, and I1018A showed negative binding 

544 reactivity with the CV804 antibody. The amino acids replaced by alanine in these mutants are 

545 important amino acids for the binding of the CV804 antibody and constitute the epitope of the CV804 

546 antibody. Therefore, the loss of reactivity of the CV804 antibody indicates that the region from 

547 position 962 to 1018 of the spike protein of SARS-CoV-2 is included in the epitope sequence of the 

548 CV804 antibody.

549
550
551
552
553
554
555
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556
557 Fig 1. Antibody isolation and binding activity to S protein. 5 antibodies (CV801, CV804, CV820, 

558 CV925, CV1117) binding to the soluble S2 domain monomer (A), trimer (B), and full-length (C) of 

559 SARS-CoV-2 spike protein was assessed using ELISA assay. Representative data of two independent 

560 experiments are shown (A-C).

561
562
563 Fig 2. CV804 binds to SARS-CoV-2 and its variants, but does not neutralize them. (A) Five 

564 humanized CV804 antibodies were analyzed by flow cytometric assay of titrated candidates against 

565 SARS-CoV-2 spike protein expressing cells. Four parameter logistic curve fitted with EC50 in 

566 parentheses. Normalized by secondary alone and saturation signal. Representative data of two 

567 independent experiments are shown. (B) Evaluation of hCV804-35 antibody, REGN10987, and Ly-

568 CoV1404 antibody binding to cells infected with SARS-CoV-2 variants. "+" indicates positive binding, 

569 "-" indicates negative binding. (C) Evaluation of antibody-dependent cell-mediated cytotoxicity 

570 ADCC activity against spike-expressing cells for mouse derived antibodies (CV801, CV804, CV820, 

571 CV925, CV1117). Four out of the five antibodies (not CV925) were found to have ADC activity. The 

572 EC50 values for each antibody indicate that the ADC activity was below the detectable limit and 

573 therefore the value could not be determined. (D) In vitro cell infection inhibition experiments were 

574 conducted. The viral strains used were hCoV-19/Japan/TY/WK-521/2020 (top) and SARS-CoV-

575 2/Japan/TY-501/2020 (bottom), with VeroE6/TMPRSS2 cells being used as the target cells. The 

576 hCV804-35 antibody, REGN10987, and Ly-CoV1404 were measured in this experiment. The 

577 antibody concentration that inhibited cell death by 50% was defined as the IC50. Both REGN10987 

578 and Ly-CoV1404 exhibited strong in vitro antiviral activity, whereas the CV804 antibody from the 

579 present study did not show any in vitro antiviral activity even at high concentrations.

580
581 Fig 3. Antiviral activity of non-neutralizing CV804 against SARS-CoV-2.

582 The therapeutic effects in aged mice were evaluated. (A) Outline for treatment protocol. Mice were 

583 intranasally inoculated with 50 μL of hCoV-19/Japan/TY7-501/2021 (1.00x105 TCID50) under 

584 anesthesia. Non-infected control mice were intranasally inoculated with 50 μL of vehicle under 

585 anesthesia. Starting from immediately after virus infection, mice (n = 5/group) were intravenously 

586 administered a single dose of 40 mg/kg of CV804, CV804-LALA, and REGN10987, or a single dose 

587 of 40 mg/kg of C1.18.4 (isotype control). The body weight (B) and survival rate (C) of the mice were 

588 assessed once daily until day 6 post-virus infection.

589
590 Fig 4. The epitope of CV804 is buried within the prefusion spike trimer.

591 We performed epitope mapping of the CV804 antibody binding to the spike protein of SARS-CoV-2 
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592 using HDX-MS. (A) The regions detected by HDX-MS were plotted onto the three-dimensional 

593 structure (PDB ID: 6vsb_1_1_1) shown in red for the ACE2 binding recognition domain and in cyan 

594 for the regions detected by HDX-MS. The figures from left to right depict the monomer and trimer, 

595 with the figure on the right showing a top view of the spike trimer. It is speculated that the epitope 

596 region of CV804 is exposed due to structural changes when it adopts the UP form, similar to the class4 

597 antibody epitope. (B) An amino acid sequence alignment of the spike protein epitope candidate region 

598 (960-1001) was performed. The red box represents alpha coronaviruses, and the asterisks indicate 

599 amino acids that are relatively different in alpha coronaviruses. (C) Highly conserved regions in alpha 

600 and beta coronaviruses were extracted and mapped onto the 2-up structure of the Wuhan strain crystal 

601 structure (PDB code: 7DCX). Purple represents the spike 2 protein, green represents the detected 

602 epitopes, cyan represents the regions that are conserved among all target coronaviruses within the 

603 detected epitopes, pink represents residues that are unique to alpha coronaviruses, and yellow 

604 represents amino acid residues that are relatively different in alpha coronaviruses. The red box enlarges 

605 the central part of the trimer. The white box illustrates the monomeric state of the region indicated by 

606 the red box, with the amino acid residue numbers indicating the universally conserved regions among 

607 coronaviruses and exposed residues on the surface of S2 protein.

608
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699 Supporting information 
700 S1 Table. The numbers of euthanized, died or survived mice in the study for examining the 

701 lethality in SARS-CoV-2 infected mice.

702
703
704 S1 Fig. Antibody Isolation and binding activity to S protein. (A) Reactivity of CV804 antibody to 

705 SARS-CoV-2 spike protein variants expressed in cells. The following experiments were conducted to 

706 assess the reactivity of the present invention's antibodies to amino acid variants of each SARS-CoV-

707 2 spike protein. The table shows that the antibodies of the present study could bind to all tested variants. 

708 (B) Binding evaluation of CV804 antibody to cells expressing spike protein of related coronaviruses. 

709 Expression plasmid vectors for spike protein were generated, and the binding of CV804 antibody to 

710 transfected cell populations was assessed using the same method as in Table 1. CV804 antibody 

711 exhibited reactivity towards over 73% of the distinct spike proteins among the 15 different viral 

712 strains."+" indicates positive binding, "-" indicates negative binding.

713
714
715 S2 Fig. Evaluation of hCV804-35 antibody, REGN10987, and Ly-CoV1404 antibody binding to 

716 cells infected with SARS-CoV-2 variants. To further understand the characteristics of CV804, we 

717 conducted a study on its binding to cells expressing spike protein post-infection using various mutant 

718 strains, including the Omicron variant. Unlike S1 antibodies such as REGN10987 and LY-CoV1404, 

719 CV804 exhibited binding activity against multiple strains, including B.1.1.7, B.1.351, P.1 , B.1.617.1, 

720 B.1.617.2, and B.1.1.529 (BA.1), as well as the Omicron subvariants (BA.2.75, BA.4.1, BA.4.6, BE.1, 

721 BA.5.2.1, BQ.1.1, XBB.1, XE, BF.7, BF.7.4.1). The hCV804-40 antibody demonstrated spot 

722 confirmation for all strains. However, Ly-Cov1404 and REGEN 10987 did not show spot confirmation 

723 for three to four types of οmicron strains.

724
725
726
727
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