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Abstract: 31 

The ongoing evolution of SARS-CoV-2 has resulted in the emergence of Omicron, which displays 32 

striking immune escape potential. Many of its mutations localize to the spike protein ACE2 33 

receptor-binding domain, annulling the neutralizing activity of most therapeutic monoclonal 34 

antibodies. Here we describe a receptor-blocking human monoclonal antibody, 87G7, that retains 35 

ultrapotent neutralization against SARS-CoV-2 variants including the Alpha, Beta, Gamma, Delta 36 

and Omicron (BA.1/BA.2) Variants-of-Concern (VOCs). Structural analysis reveals that 87G7 37 

targets a patch of hydrophobic residues in the ACE2-binding site that are highly conserved in 38 

SARS-CoV-2 variants, explaining its broad neutralization capacity. 87G7 protects mice and/or 39 

hamsters against challenge with all current SARS-CoV-2 VOCs. Our findings may aid the 40 

development of sustainable antibody-based strategies against COVID-19 that are more resilient 41 

to SARS-CoV-2 antigenic diversity. 42 

 43 

One sentence summary: 44 

A human monoclonal antibody confers broad neutralization and protection against Omicron and 45 

other SARS-CoV-2 variants 46 

47 
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Main Text: 48 

Since its emergence in humans late 2019, SARS-CoV-2 has caused >400 million infections and 49 

>5.8 millions confirmed deaths worldwide. This massive propagation has allowed rapid evolution 50 

of the virus, leading to the independent emergence of a multitude of variants beginning in late 51 

2020. Five of these have been declared by WHO as variants of concern (VOCs) – B.1.1.7 (Alpha), 52 

B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta) and B.1.1.529 (Omicron) – as they display 53 

increased transmission, immune evasion and/or enhanced disease. Other variants that have 54 

spread less widely, but with mutations like those present within VOCs, have been defined as 55 

variants of interest (VOIs) such as C.37 (Lambda) and B.1.621 (Mu) (1). Some SARS-CoV-2 56 

variants – in particular Beta, Gamma and Omicron – have accrued mutations in the spike (S) 57 

protein that correlate with escape from humoral immunity. Sera from patients infected with the 58 

ancestral strain and sera from COVID-19 vaccinees exhibit 3 to 9-fold reductions in neutralization 59 

activity against Beta and Gamma (1-3), whereas neutralizing activity against the globally 60 

emerging Omicron was reduced to about 25 to 40-fold (4-11). With global population 61 

seroprevalence increasing due to natural infection and/or vaccination, the ongoing evolution of 62 

SARS-CoV-2 may lead to continuous emergence of antigenically drifted variants that jeopardize 63 

the effectiveness of vaccines and antibody-based therapeutics. 64 

Entry of SARS-CoV-2 into host cells is mediated by the trimeric S glycoprotein that consists of 65 

two subunits: S1 and S2. The S1 subunit binds the host angiotensin-converting enzyme 2 (ACE2) 66 

receptor and the S2 subunit accomplishes membrane fusion. The N-terminal domain (NTD) and 67 

the receptor-binding domain (RBD), within the S1 subunit, are the major targets of neutralizing 68 

antibodies. These domains are hotspots for mutations observed in SARS-CoV-2 variants that 69 

enable escape of serum neutralizing antibodies from infected or vaccinated individuals and of 70 

NTD- and RBD-directed monoclonal antibodies. Escape mutations in the RBD are concentrated 71 

in the four major and structurally defined neutralizing epitope classes in the RBD(12). In particular, 72 

the spike proteins of the emerging Omicron BA.1 and BA.2 subvariants carry an unprecedented 73 

set of mutations (approximately 30 substitutions, deletions, or insertions) with amino acid 74 

substitutions in each of these neutralizing epitope classes, including K417N (class 1), E484A 75 

(class 2), G446V (class 3) and G339D (class 4), as well as mutations in the major neutralizing 76 

epitope in the NTD (e.g. G142D and deletion of residues 143-145, NTD supersite), potentiating 77 

viral escape from vaccine- and infection-elicited antibody-mediated immunity (13-17). The escape 78 

mutations also have a devastating effect on neutralization by the potent neutralizing ACE2-79 

blocking antibodies corresponding to those that are emergency use authorized for treatment of 80 

COVID-19. REGN10933 and REGN10987 (Regeneron), LY-CoV555 and LY-CoV016 (Eli Lilly) 81 
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completely lost neutralization of Omicron, whereas COV2-2130 and COV2-2196 (parent mAbs of 82 

AZD1061 and AZD8895, AstraZeneca) showed an intermediate 12 to 428-fold and 74 to 197-fold 83 

loss in neutralization potential against BA.1 Omicron, respectively (18). Of the clinically approved 84 

or authorized antibodies, S309 (parent of the clinical mAb VIR-7831, Vir Biotechnology) retained 85 

significant neutralization against BA.1 Omicron (2 to 3-fold potency loss) but its potency was 86 

significantly reduced against BA.2 Omicron (27-fold potency loss) (15, 16, 18-23). In general, 87 

Omicron escapes existing SARS-CoV-2 neutralizing antibodies with few exceptions, which has 88 

major consequences for antibody-based treatment strategies for COVID-19 (15, 16, 18-22, 24). 89 

Isolation and in-depth characterization of broadly neutralizing and protective antibodies can inform 90 

the development of improved vaccines and monoclonal antibody treatments for COVID-19 that 91 

are more resistant to antigenically drifted SARS-CoV-2 variants. 92 

Here we identify a SARS-CoV-2 neutralizing human monoclonal antibody, 87G7, with a 93 

remarkable broad-spectrum neutralization and protection efficacy. 87G7 blocks SARS-CoV-2 94 

infection via ACE2 binding inhibition with robust neutralizing activity against Alpha, Beta, Gamma, 95 

Delta and Omicron. Structural elucidation reveals that 87G7 can bind the highly divergent ACE2 96 

receptor binding site by targeting a patch of hydrophobic residues in convex tip of the receptor-97 

binding ridge that are highly conserved in SARS-CoV-2 variants, including the five VOCs. We 98 

demonstrate in vivo prophylactic and therapeutic activity by 87G7 against ancestral and variant 99 

SARS-CoV-2 using two animal disease models. 100 

 101 

Human monoclonal antibody 87G7 potently neutralizes Omicron and other VOCs/VOIs 102 

To identify human monoclonal antibodies with broad neutralizing capacity against SARS-CoV-2 103 

variants, we explored the antibody repertoire of Harbour H2L2 mice immunized with the SARS-104 

CoV-2 spike protein. The transgenic H2L2 mice encoding chimeric immunoglobulins with human 105 

variable heavy and light chains and murine constant region were immunized with plasmid DNA 106 

encoding the spike ectodomain and with purified trimeric S ectodomain of the ancestral SARS-107 

CoV-2 strain Wuhan-Hu-1. Hybridoma supernatants with S ectodomain ELISA-reactivity were 108 

screened for neutralizing activity against SARS-CoV-2 S pseudovirus with the S E484K mutation, 109 

a residue that is at variance in several SARS-CoV-2 VOIs and VOCs playing a key role in 110 

resistance to neutralizing antibodies (Figure 1a). Among the ~300 hybridoma supernatants 111 

tested, the 87G7 hybridoma supernatant displayed the most potent neutralizing activity. The 112 

chimeric 87G7 H2L2 antibody was subsequently converted to a fully human immunoglobulin, by 113 

cloning of the human variable heavy and light chain regions into a human IgG1/kappa chain 114 

backbone, and the recombinantly expressed 87G7 human monoclonal antibody was evaluated 115 
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for its capacity to neutralize the prototypic Wuhan-Hu-1 SARS-CoV-2 and the Alpha, Beta, Delta 116 

and Omicron VOCs using the VSV pseudovirus neutralization assay. Two therapeutic mAbs 117 

REGN10933 and REGN10987 were used for comparison (25). 87G7 exhibited potent neutralizing 118 

efficacy against Wuhan-Hu-1 S mediated cell entry with a half maximum inhibitory concentration 119 

(IC50) of 5.4 ng/ml. In addition, entry of VSV pseudotypes harboring S proteins from VOCs 120 

including Alpha, Beta, Delta and Omicron (BA.1 subvariant) was blocked with IC50 values ranging 121 

from 1.4 to 5.1 ng/ml. REGN10933 showed decreased neutralization potency against Beta and 122 

Omicron corresponding with a 20-fold and 350-fold loss in IC50, respectively, whereas 123 

neutralization potential against Omicron by REGN10987 was lost (Figure 1b and 1e). 124 

Neutralization potency of 87G7 and REGN10933 was subsequently tested in live virus 125 

neutralization assay. Relative to an early pandemic strain with D614G spike mutation (D614G), 126 

REGN10933 exhibited a fold loss in inhibitory activity against Beta and Gamma of 7.8 and 15.9, 127 

respectively, and had fully lost its neutralization potential against Omicron BA.1. In contrast, 87G7 128 

potently neutralized D614G (IC50: 5.7 ng/ml), as well as Alpha, Beta, Gamma, Delta and Omicron 129 

(subvariants BA.1 and BA.2) VOCs with IC50 values ranging from 3.1 to 12.5 ng/ml (Figure 1c 130 

and 1e). In addition, 87G7 neutralized Lambda and Mu variants of interest with similar potency 131 

(IC50s: 1.2 and 4.8 ng/ml, respectively) as to D614G (Figure 1d and 1e). 132 

We next evaluated the epitope location and mechanism of action of 87G7. The antibody binds to 133 

the S receptor-binding domain (RBD) as demonstrated by ELISA using different SARS-CoV-2 S 134 

antigen forms (Figure S1a). By using biolayer interferometry (BLI), we show that 87G7 IgG shows 135 

strong, subnanomolar affinity against monomeric S1 and picomolar apparent binding affinity 136 

against trimeric S ectodomain, suggesting bivalent binding to the spike trimer (Figure S1b). 137 

Binding competition of 87G7 with published monoclonal antibodies targeting distinct RBD 138 

epitopes was determined by BLI. Binding interference for 87G7 was only seen with the class 1 139 

antibody REGN10933 indicating an overlapping binding epitope on the RBD (Figure S1c). To 140 

understand the mechanism of virus neutralization, we assessed the antibody interference with 141 

spike-mediated receptor-binding activity. Similar to REGN10933, 87G7 was found to block the 142 

binding of recombinant S trimer to ACE2, as shown by BLI and ELISA-based assay, rationalizing 143 

the potent neutralizing activity by 87G7 (Figure S1d and S1e). 144 

 145 

Structural basis for broad neutralization by 87G7 146 

To understand the structural basis for 87G7-mediated neutralization of SARS-CoV-2, we 147 

performed cryo-electron microscopy (cryo-EM) analysis on the 6P-stabilized SARS-CoV-2 S 148 

trimer (26) in complex with the 87G7 Fab fragment (Figure S2a-d, Table S1). Three-dimensional 149 
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(3D) classification of the data revealed that the S ectodomains had all three RBDs in the open 150 

conformation with the 87G7 Fab fragment bound to the flexible, convex tip of the receptor-binding 151 

ridge (RBR). Subsequent 3D refinement produced a density map with a global resolution of 2.9 Å 152 

(Figure 2a and S2e-g). Due to the conformational dynamics of the RBD and the flexible nature 153 

of the RBR, the epitope-paratope region was poorly resolved. To improve the interpretation of the 154 

87G7 binding site, focused refinement was performed on the Fab-RBD region of the density map, 155 

which improved the local resolution sufficiently to resolve the bulky sidechains which make up the 156 

majority of the epitope-paratope interface (Figure S2h). Consistent with our BLI data, the 87G7 157 

epitope overlaps with the ACE2 binding site, preventing receptor engagement through steric 158 

hindrance (Figure 2b). The 87G7 core epitope consists of residues Y421, L455, F456, F486 and 159 

Y489, which form a hydrophobic patch on the RBD (Figure 2c). 87G7 buries ~610 Å2 of surface 160 

area, with light and heavy chains contributing 48% and 52% of total buried surface area (BSA), 161 

respectively. The interaction between 87G7 and the RBR is primarily mediated by the CDR H2-3 162 

and CDR L1 and L3 loops, forming a hydrophobic interface. Of note, RBD residues F486 and 163 

Y489 insert into a hydrophobic cleft formed by the sidechains of CDR H2-3 residues Y59 and 164 

Y103, Y104 and CDR L3 residues F92 and W94. This interaction is reminiscent of the RBD-ACE2 165 

interaction, where F486 penetrates a deep hydrophobic pocket formed by receptor residues F28, 166 

L79, Y83, and L97. The 87G7-RBD interface also appears to be stabilized by several hydrogen 167 

bonds. Specifically, the backbone carbonyl groups of RBD residues L455 and G485 interact with 168 

H30 (CDR L1) and Y59 (CDR H2), respectively. The sidechain of W94 (CDR L3) is also situated 169 

in a manner that it may form a hydrogen bond with Y489 and the backbone carbonyl of F486 170 

(Figure 2d). Additional residues outside of the core epitope-paratope interface may also 171 

contribute to the interaction between 87G7 and the RBD but were not interpreted further due to 172 

limited resolution in these areas. To verify the 87G7 epitope, we evaluated the relative contribution 173 

of predicted contact residues on antibody binding. Consistent with the structural data, the F486A 174 

mutation strongly reduced 87G7 S binding activity in ELISA (Figure 2e). F486A also blocked 175 

binding by REGN10933 whereas it had no effect on REGN10987 binding, which is consistent with 176 

their reported epitopes (25). Alanine substitution of Y489 prevented binding by all three 177 

antibodies. F456A mutation only slightly impaired binding by 87G7, whereas a stronger reduction 178 

in binding was observed for REGN10933 and REGN10987. We assessed the impact of these 179 

alanine substitutes in neutralization escape using the pseudovirus system. Pseudovirus 180 

production for SF456A and SY489A however did not yield infectious virus, consistent with the reported 181 

unfavorable impact of these alanine substitutions on ACE2 binding (27). The SF486A mutant 182 

pseudovirus was inefficiently neutralized by 87G7 (and by REGN10933) (Figure 2f), mirroring the 183 

ELISA binding data and confirming that F486 is a key residue for 87G7 binding and neutralization.  184 
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We next made a structural comparison with other broadly neutralizing mAbs that bind the RBD 185 

epitopes with F486 as a key central residue (2C08, 58G6, COV2-2196, P5C3, S2E12 and A23-186 

58.1) (28-33). The orientations of these molecules are highly similar, with each binding parallel to 187 

the longest axis of the ACE2 binding site and the antibody light chain sitting atop the convex tip 188 

of the RBR (Figure 2g). These antibodies were derived from different donors but share 189 

immunoglobulin heavy (IGHV1-58) and light (IGKV3-20) chain germline origins and display high 190 

sequence identity (Figure 2h), indicating a public B-cell clone (public clonotype) (28). These six 191 

public clonotype antibodies potently neutralized Alpha, Beta, Gamma and Delta. Two of them - 192 

S2E12 and COV2-2196 - have been assessed thus far for Omicron neutralization, and exhibited 193 

a loss in IC50 of 242 (in pseudovirus assay) and 74 to 197-fold (in live virus assay), respectively 194 

(15, 16, 19, 20, 22). Although 87G7 binds an overlapping epitope and is functionally similar, it has 195 

distinct structural and genetic features. Firstly, 87G7 binds perpendicular to the RBR and is 196 

rotated ~122 degrees relative to these other antibodies. Secondly, the ancestral germlines are 197 

different and the heavy and light chains have the IGHV3-23 and IGKV3-11 germline origins, 198 

respectively. Recently another F486-targeting antibody WRAIR-2125 with broad neutralization 199 

potential against Alpha, Beta, Gamma and Delta encoded from distinct heavy-chain (IGHV3-200 

30*18) and light-chain (IGKV1–39*01) germline genes has been reported (34). Despite originating 201 

from different germline genes, the binding mode is similar for WRAIR-2125 and 87G7, with the 202 

aligned Fab:RBD complexes deviating by a root mean square deviation (RMSD) value of 1.9 Å 203 

across 200 Cα atom pairs (Figure 2e). However, there are differences in the epitope-paratope 204 

interactions between these two antibodies. For example, the CDR H3 loop of WRAIR-2125, which 205 

is partially disordered in the FAB-RBD crystal structure, is orientated away from the RBR. In 206 

contrast, the shorter CDR H3 loop of 87G7 adopts a conformation which places Y103 between 207 

F486 and Y489. In addition, the CDR L3 loop of WRAIR-2125 interacts with F486 via T94, 208 

whereas the equivalent residue in 87G7 is a tryptophan, creating the possibility for aromatic 209 

stacking interactions. Collectively, the sidechains of 87G7 residues Y59 (CDR H2), Y103 (CDR 210 

H3) and W94 (CDR L3) create a deep, F486-binding pocket which is not present in WRAIR-2125 211 

(Figure S3a-b). Thus far, WRAIR-2125 has not been assessed for Omicron neutralization. 212 

The 87G7 core epitope residues Y421, L455, F456, F486 and Y489 are highly conserved among 213 

SARS-CoV-2 variants (Figure 3a). Mutations at these residue positions occur at a very low 214 

frequency (< 0.05%) of human-derived SARS-CoV-2 sequences on GISAID as of 5 February 215 

2022. The ACE2 interaction site however comprises a significant number of residues that are 216 

mutated in SARS-CoV-2 variants, of which some including K417N, L452R, S477N, T478K, 217 

E484A, E484K, F490S, Q493R are close to the 87G7 core epitope and may increase ACE2 218 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 17, 2022. ; https://doi.org/10.1101/2022.02.17.480751doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.17.480751
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 
 

8 

affinity and/or enable antibody escape (25, 27, 35). We measured the neutralization potential of 219 

87G7 against pseudoviruses carrying S proteins with single site RBD mutations found in 220 

VOCs/VOIs. In contrast to REGN10933, 87G7 displayed potent neutralization against all S 221 

mutations tested, which is consistent with the ability of 87G7 to retain potent neutralization against 222 

the SARS-CoV-2 variants (Figure 3b) (25). 223 

 224 

87G7 provides in vivo protection from challenge with D614G and SARS-CoV-2 variants 225 

The in vivo protection capacity of 87G7 against SARS-CoV-2 challenge was first evaluated using 226 

the K18-hACE2 transgenic mice model. To assess prophylactic activity, mice were 227 

intraperitoneally injected with 87G7 (10 mg/kg body weight) or an IgG1 isotype control (10 mg/kg) 228 

and challenged intranasally 16 hours later with 105 PFU of SARS-CoV-2 using the D614G strain 229 

and Alpha, Beta, Gamma or Delta VOCs. To assess therapeutic activity, 87G7 or isotype control 230 

was administered (10 mg/kg) at day 1 after challenge with D614G. Mice were scored for weight 231 

loss and lungs were collected at day five after challenge for quantification of lung antigen levels 232 

and infectious virus. Animals in isotype-treated groups started losing weight after two days (Alpha 233 

and Gamma), three days (D614G and Beta) or four days (Delta) post-infection. 87G7-treated 234 

animals however were protected from weight loss upon challenge, consistent with the observed 235 

reduction in lung antigen levels at day five after challenge in these mice compared to isotype-236 

control treated animals (Figure 4a and b). The amount of live virus detected in the lung 237 

homogenates decreased by at least one to three orders of magnitude compared to mice receiving 238 

the control antibody (Figure 4c). Delivery of 87G7 one day after challenge with ancestral virus 239 

reduced weight loss (13% of their starting weight relative to 22% in the control group), lung antigen 240 

levels, and infectious SARS-CoV-2 titers in lungs by two orders of magnitude (Figure 4d-f). These 241 

data highlight the prophylactic and therapeutic efficacy in mice by 87G7 against challenge with 242 

SARS-CoV-2 and four variants of concern. 243 

Protective efficacy by 87G7 was further evaluated in a hamster model of SARS-CoV-2 infection. 244 

Syrian hamsters were administered intraperitoneally with 87G7 (10 mg/kg or 20 mg/kg for 245 

Omicron-challenged hamsters) or an IgG1 isotype control (10 mg/kg or 20 mg/kg for Omicron-246 

challenged hamsters), 24 h before or 12 h after intranasal challenge with 104 TCID50 of the 247 

D614G SARS-CoV-2, Gamma, Delta or Omicron variant. 87G7 administration reduced infectious 248 

virus titers in the lungs of most animals in all groups to almost undetectable levels (Figure 5a). 249 

Preventive treatment with 87G7 reduced infectious virus titers in the nasal cavity of the D614G-, 250 

Gamma- and Delta- and Omicron-challenged hamsters by approximately 1-2 logs compared to 251 

isotype control antibody treated groups. Histopathological analysis of lung sections from 87G7-252 
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treated hamsters showed a markedly reduced number of lesions for all tested variants compared 253 

to isotype-treated animals, whereas this pathological difference in the nasal cavity was less 254 

prominent (Figure 5b). In addition, prophylactic treatment with 87G7 clearly resulted in a notable 255 

reduction in antigen expression levels both in the lung and nasal cavity (Figure 5c). Therapeutic 256 

treatment with 87G7 of the D614G-challenged hamsters significantly reduced infectious virus 257 

titers detected in the lungs (>3 log reduction) and nose (approximately 1 log reduction) at day 4 258 

after challenge, and lowered lesions and antigen levels in these respiratory tissues (Figure 5d-f). 259 

Overall, the ACE2-blocking 87G7 exhibits broad and potent neutralizing activity and protects 260 

against challenge with ancestral SARS-CoV-2 and key variants of concern, including Omicron 261 

that is on its way to become the dominant lineage worldwide. 262 

Mutations in Omicron have reshaped the antigenic landscape of the spike, likely forming a new 263 

antigenic cluster relative to all preceding VOCs and VOIs (16, 18-22). These mutations caused a 264 

substantial reduction of neutralizing activity of sera from Pfizer or AstraZeneca vaccine recipients 265 

and totally or partially escapes neutralization by potent neutralizing mAbs including most 266 

monoclonal antibodies that obtained emergency use authorization (16, 18-22). Typically, the most 267 

potent neutralizing antibodies have epitopes that overlap with the ACE2 interaction site and inhibit 268 

infection of the prototypic SARS-CoV-2 through ACE2 receptor blockage. However, these 269 

antibodies appeared significantly restricted in binding breadth due to the marked genetic diversity 270 

of the ACE2-interaction site among SARS-CoV-2 variants. The 87G7 antibody appears to be 271 

among the few exceptions of ACE2-blocking mAbs that retain potent neutralization against SARS-272 

CoV-2 variants including Alpha, Beta, Gamma, Delta and Omicron (5).  273 

Whereas effective SARS-CoV-2-specific mAb treatment for hospitalized patients has remained 274 

elusive, clinical success has been obtained in the treatment of outpatients with mild or moderate 275 

COVID-19 with anti-SARS-CoV-2 monoclonal antibodies (36, 37). In addition to therapeutic 276 

treatment, the development of these monoclonal antibodies may also be of value for preventive 277 

treatment of seronegative individuals including those that do not make endogenous antibodies in 278 

response to either vaccination or infection (38). The antigenic evolution of SARS-CoV-2 has 279 

posed a formidable challenge to the development of monoclonal antibodies for the treatment and 280 

prevention of COVID-19. While neutralization potential has been the first selection criterium of 281 

anti-SARS-CoV-2 antibody candidates for clinical use, the antibody potential for cross-282 

neutralization through targeting highly conserved sites on the spike protein has now become 283 

much more relevant, to mitigate the risk of antibody escape by future emerging variants. Our work 284 

may contribute to the development of sustainable mAb strategies against COVID-19 using 285 
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(combinations of) broadly neutralizing antibodies that are more resilient to SARS-CoV-2 antigenic 286 

diversity. 287 

 288 

 289 

290 
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 291 

Figure 1. 87G7 potently neutralizes Omicron and other SARS-CoV-2 variants (A) S protein 292 

schematic with mutations indicated that are found in Alpha, Beta, Gamma, Delta and Omicron 293 

(BA.1 and BA.2) variants of concern (VOCs), and Lambda and Mu variants of interest (VOIs), 294 

relative to ancestral SARS-CoV-2. The S N-terminal domain (NTD, in blue) and receptor-binding 295 

domain (RBD, in orange), and S1/S2 junction are indicated. SARS-CoV-2 lineage naming 296 

according to WHO (World Health Organization) and PANGO (Phylogenetic Assignment of Named 297 

Global Outbreak). (B) Neutralizing activity of 87G7 against virus particles pseudotyped with 298 

ancestral SARS-CoV-2 S (Wuhan-Hu-1 strain) or S proteins of Alpha, Beta, Delta and Omicron. 299 
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Error bars indicate standard deviation between at least two independent replicates. (C and D) 300 

87G7 mediated neutralization of live SARS-CoV-2 and variants. Neutralizing potency of 87G7 301 

and REGN10933 against the D614G SARS-CoV-2, and Alpha, Beta, Delta, Gamma and BA.1 302 

and BA.2 Omicron VOCs (C) and against Lambda and Mu SARS-CoV-2 VOIs (D). Error bars 303 

indicate standard deviation between at least two independent replicates. (E) Inhibitory 304 

Concentrations 50% (IC50) of 87G7 against SARS-CoV-2 variants calculated from the 305 

neutralization curves displayed in panel b, c and d. NT: not tested.  306 
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Figure 2
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Figure 2. Structural basis for binding and neutralization by 87G7 (A) Composite cryo-EM 308 

density map for the SARS-CoV-2 spike ectodomain in complex with the 87G7 antibody Fab 309 

fragment. The spike protomers are colored blue, gray, and pink, and the 87G7 light- and heavy-310 

chain variable domains colored purple and yellow, respectively. (B) Surface representation of the 311 

87G7-bound RBD overlaid with the RBD-bound ACE2 (PDB ID: 6M0J). (C) Surface 312 

representation of the RBD colored according to the Kyte-Doolittle scale, where the most 313 

hydrophobic residues are colored tan and the most hydrophilic residues are colored blue. The 314 

residues which make up the 87G7 core epitope and the ACE2 footprint are outlined. (D) Close-315 

up view showing selected interactions formed between 87G7 and the SARS-CoV-2 RBD (E) 316 

ELISA binding of 87G7 to plate-immobilized WT, F456A, F486A and Y489A S1 domains. (F) 317 

87G7 neutralizing activity against pseudoviruses with Wuhan-Hu-1 S and SF486A. REGN10933 318 

and REGN10987 were taken along as a reference in panel E and F. (G) Side-by-side comparison 319 

of the SARS-CoV-2 RBD bound to 87G7, WRAIR-2125 (PDB ID: 7N4L), 58G6 (PDB ID: 7E3L), 320 

P5C3 (PDB ID: 7PHG), COV2-2196 (PDB ID: 7L7D), S2E12 (PDB ID: 7K45) and A23-58.1 (PDB 321 

ID: 7LRS). (H) Germline origins of 87G7 and other F486-directed SARS-CoV-2 mAbs with broad 322 

neutralization capacity. NA: not applicable. 323 
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 324 

Figure 3. 87G7 recognizes a conserved epitope in SARS-CoV-2 RBD (A) Surface 325 

representation of the SARS-CoV-2 S RBD with mutations colored red that are found in Omicron 326 

BA.1 (left panel) and Omicron BA.2 (middle panel). The right panel displays the set of mutations 327 

surrounding the 87G7 core epitope that are present in Alpha, Beta, Gamma, Delta, Lambda or 328 

Mu (see also Fig.1a). The 87G7 core epitope residues are colored green. (B) 87G7 neutralizing 329 

activity against pseudoviruses with S variants carrying single residue substitutions found in the 330 

SARS-CoV-2 variants of concern. The REGN10933 and REGN10987 therapeutic mAbs were 331 

used for benchmarking. Data are shown as mean (± SEM) of two independent experiments with 332 

technical triplicates, and corresponding IC50 titers are presented in the lower panel. 333 
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 334 

Figure 4. 87G7 protects mice from challenge with D614G SARS-CoV-2 and Alpha, Beta, 335 

Gamma or Delta variants. Prophylactic and therapeutic treatment was assessed in the K18-336 

hACE2 SARS-CoV-2 mouse model. 87G7 or isotype control mAb was administered 337 

intraperitoneally (10 mg/kg body weight) into groups of mice (n = 5) at 24 h before (A, B, C) or 338 

after virus challenge (D, E, F). Mice were challenged intranasally with 105 PFU of SARS-CoV-2 339 

(D614G, Alpha, Beta, Gamma or Delta) and monitored daily for weight loss (A and D). Five days 340 

after challenge lungs were collected from all mice, and lung viral antigen levels were determined 341 

by immunohistochemistry (B and E; Table S2), and infectious SARS-CoV-2 loads in lung tissue 342 

were measured by plaque assay (C and G). The mean values ± SEM of all data points were 343 

shown. Dashed line indicates assay limits of detection. Non-parametric Mann-Whitney U tests 344 

were used to evaluate the statistical difference between the 87G7 and isotype-treated groups 345 

(**p<0.01, *p<0.05, ns p>0.05). 346 
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 347 

Figure 5. 87G7 protects hamsters from challenge with D614G SARS-CoV-2 and Gamma, 348 

Delta and Omicron variants. 87G7 or isotype control mAb was administered intraperitoneally 349 

(10 mg/kg body weight or 20mg/kg for Omicron-challenged hamsters) into groups of Syrian 350 

hamsters (n = 5, and n = 6 for Omicron groups) at 24 h before (A, B, C) or 12 h after virus 351 

challenge (D, E, F). Hamsters were challenged intranasally with 104 TCID50 of D614G SARS-352 

CoV-2, Beta, Gamma or Omicron. Four days after challenge hamsters were euthanized, and 353 

infectious SARS-CoV-2 titer in lung homogenates and nasal cavity were evaluated by TCID50 354 

measurement (A and D). Lung and nasal cavity were examined for lesions by histopathological 355 

scoring and presence of viral antigen by immunohistochemistry (B, C and E, F; Table S3-S5). 356 

The mean values ± SEM of all data points were shown.  357 
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Materials and Methods 360 

Viruses and cells. Calu-3 cells were maintained in Opti-MEM I (1) + GlutaMAX (Gibco) 361 

supplemented with 10% FBS, penicillin (100 IU/mL), and streptomycin (100 IU/mL) at 37˚C in a 362 

humidified CO2 incubator. HEK-293T cells were cultured in DMEM supplemented with 10% FCS, 363 

sodium pyruvate (1 mM, Gibco), non-essential amino acids (1×, Lonza), penicillin (100 IU/mL), 364 

and streptomycin (100 IU/mL) at 37°C in a humidified CO2 incubator. Cell lines tested negative 365 

for mycoplasma. SARS-CoV-2 isolates were grown to passage 3 on Calu-3 cells. For stock 366 

production, infections were performed at a multiplicity of infection (moi) of 0.01 and virus was 367 

collected at 72 hours post-infection, clarified by centrifugation and stored at -80°C in aliquots. All 368 

work with infectious SARS-CoV-2 was performed in a Class II Biosafety Cabinet under BSL-3 369 

conditions at Erasmus Medical Center. Viral genome sequences were determined using Illumina 370 

deep-sequencing as described before  (39). The 614G virus (clade B; isolate Bavpat-1; European 371 

Virus Archive Global #026 V-03883) passage 3 sequence was identical to the passage 1 (kindly 372 

provided by Dr. Christian Drosten). The Alpha (B.1.1.7; MW947280), Gamma (P.1; OM442897), 373 

Delta (B.1.617.2; OM287123), Omicron BA.1 (B.1.1.529.1; OM287553), Omicron BA.2 374 

(B.1.1.529.2), Lambda (C.37) and Mu (B.1.621) variant passage 3 sequences were identical to 375 

the original respiratory specimens. For Omicron, the S1 region of spike was not covered well due 376 

to primer mismatches. Therefore, the S1 region of the original respiratory specimen and passage 377 

3 virus were confirmed to be identical by Sanger sequencing. The Beta variant (B.1.351; 378 

OM286905) passage 3 sequence contained two mutations compared the original respiratory 379 

specimen: one synonymous mutations C13860T (Wuhan-Hu-1 position) in ORF1ab and a L71P 380 

change in the E gene (T26456C, Wuhan-Hu-1 position). No other minor variants >40% were 381 

detected. SARS-CoV-2 variants of concern/interest used contained the following spike changes 382 

relative to the Wuhan-Hu-1 strain: Alpha (B.1.1.7), Δ69-70, Δ144, N501Y, A570D, D614G, 383 

P681H, T716I, S982A, D1118H; Beta (B.1.351), L18F, D80A, D215G, Δ241-243, K417N, E484K, 384 

N501Y, D614G, A701V; Gamma (P.1), L18F, T20N, P26S, D138Y, R190S, K417T, E484K, 385 

N501Y, D614G, H655Y, T1027I, V1176F; Delta (B.1.617.2), T19R, G142D, E156G, Δ157-158, 386 

L452R, T478K, D614G, P681R, D950N; Omicron BA.1 (B.1.1.529.1), A67V, Δ69-70, T95I, 387 

G142D, Δ143-145, N211I, Δ212, ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K, 388 

G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, 389 

N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, L981F; Omicron BA.2 (B.1.1.529.2), 390 

T19I, L24S, ∆25/27, G142D, V213G, G339D, S371L, S373P, S375F, T376A, D405N, R408S, 391 

K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, 392 

P681H, N764K, D796Y, Q954H, N969K; Lambda (C.37), G75V, T76I, R246N, Δ247-253, L452Q, 393 
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F490S, D614G, T859N; Mu (B.1.621) T95I, Y144S, Y145N, R346K, E484K, N501Y, D614G, 394 

P681H, D950N. 395 

Expression and purification of SARS-CoV-2 S proteins. Human codon-optimized gene was 396 

synthesized at Genscript encoding the 6P-stabilized SARS-CoV-2 S ectodomain expression 397 

construct  (26) (S protein residues 1–1,213, Wuhan-Hu-1 strain: GenBank: QHD43416.1) with a 398 

C-terminal T4 foldon trimerization motif followed by an octa-histidine tag and a Twin-Strep-tag®  399 

(40). Constructs encoding S1 (residues 1–682), the N-terminal domain (NTD, residues 1–294) or 400 

receptor-binding domain (RBD, residues 329–538) of SARS-CoV-2 S (Wuhan-Hu-1 strain), C-401 

terminally tagged with Strep-tag have been described before (41). Human codon-optimized genes 402 

were synthesized encoding S1 proteins of Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta 403 

(B.1.617.2) and Omicron (B.1.1.529) VOCs described above, including a C-terminal Strep-tag. All 404 

proteins were expressed transiently in HEK-293T (ATCC® CRL-11268™) cells from pCAGGS 405 

expression plasmids, and secreted proteins were purified from culture supernatants using 406 

streptactin beads (IBA) following the manufacturer’s protocol. Spike variants with single-site 407 

residue substitutions were generated using Q5® High-fidelity DNA polymerase (NEB)-based site-408 

directed mutagenesis.  409 

Immunization, hybridoma culturing and production of (recombinant) monoclonal 410 

antibodies. Harbour H2L2 mice were immunized using heterologous DNA/protein immunization 411 

protocol 16-512-22 under animal license (AVD101002016512) approved by CCD (Dutch Central 412 

Comity for animal experimentation). Mice were housed in SPF facility with cage enrichment, light 413 

switched on at 7:00 and switched off at 19:00 and with humidity at around 40%. Both female and 414 

male H2L2 mice were used. The female mice were housed up to 4 per individually ventilated cage 415 

(IVC), while males were in separate IVC cages to prevent fighting. Food was standard and water 416 

and food intake ad libitum. Mice were immunized intradermally three times bi-weekly with 50 417 

micrograms of plasmid DNA encoding the Wuhan-Hu-1 SARS-CoV-2 S ectodomain trimer in 20 418 

microliters of water, using the AgilePulse Intradermal electroporator system (BTX) according to 419 

the manufacturer instructions. After priming with DNA, immunization was continued in bi-weekly 420 

intervals by subcutaneous and intraperitoneal injection of 20-30 μg of antigen preparations 421 

formulated with Ribi Adjuvant System (RAS, Sigma) according to manufacturer instructions, 422 

alternating between the S ectodomain trimer and RBD of Wuhan-Hu-1 SARS-CoV-2 as antigens. 423 

Antigen specific antibody titres were monitored during immunization by taking blood samples from 424 

the mice and performing antigen-specific ELISA. High-titre mice were euthanized three to five 425 

days after the last protein boost (5 in total), B cells were collected from lymphoid tissues (lymph 426 

nodes and spleen), and hybridomas were generated by standard method using SP 2/0 myeloma 427 
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cell line (ATCC #CRL-1581) as a fusion partner. Supernatants from 96 well plates (estimated to 428 

have 1-4 hybridoma clones per well) were screened for SARS-CoV-2 S binding antibodies by 429 

ELISA and neutralizing antibodies using pseudovirus neutralization assay. Selected hybridomas 430 

were subcloned by limited dilution and retested in ELISA and pseudovirus assay.  431 

Production of recombinant human antibodies using HEK-293T was described previously (42). 432 

Gene blocks encoding the variable heavy (VH) and light (VL) chain sequences of 87G7 and of 433 

benchmark monoclonal antibodies REGN10933, REGN10987 (PDB ID: 6XDG) (43), S309 (PDB 434 

ID: 6WPS) (44), CR3022 (GenBank accession numbers: DQ168569.1 and DQ168570.1) (45), 435 

47D11 (GenBank accession numbers: MW881223.1 and MW881224.1) (41) were synthesized. 436 

VH and VL sequences were separately cloned into the expression plasmids with human IgG1 437 

heavy chain and human kappa chain constant regions, respectively using the HBM vectors pHBM 438 

000254 (VH into pTT5-mIGK- hIgG1_HCv2) and HBM 000265 (VK into pTT5mIgK-hIgG_KCv2). 439 

Recombinant human antibodies were expressed in HEK-293T cells following transient 440 

transfection with pairs of the IgG1 heavy and light chain expression plasmids. Recombinant 441 

antibodies were purified using Protein A Sepharose (IBA) according to the manufacturer’s 442 

instructions.  443 

ELISA analysis of antibody binding to SARS-CoV-2 S antigens. Purified S antigens (1µg/ml) 444 

were coated onto 96-well NUNC Maxisorp plates (Thermo Scientific) at room temperature (RT) 445 

for 3 h followed by three washing steps with Phosphate Saline Buffer (PBS) containing 0.05% 446 

Tween-20. Plates were blocked with 3% bovine serum albumin (BSA, Fitzgerald) in PBS with 447 

0.1% Tween-20 at 4℃ overnight. 87G7 mAb was allowed to bind to the plates at 5-fold serial 448 

dilutions, starting at 10 μg/ml diluted in PBS containing 3% BSA and 0.1% Tween20, at RT for 1 449 

h. Antibody binding to the S proteins was determined using a 1:2000 diluted HRP conjugated goat 450 

anti-human IgG, (ITK Southern Biotech) for 1 h at RT and tetramethylbenzidine substrate (BioFX). 451 

Readout for binding was done at 450 nm (OD450) using the ELISA plate reader (EL-808, Biotek).  452 

Antibody binding kinetics and affinity measurement. 87G7 (21 nM) was loaded onto Protein 453 

A biosensors (ForteBio) for 10 min. Antigen binding was performed by incubating the biosensor 454 

with 2-fold dilutions of recombinant SARS-CoV-2 S1 monomer or S ectodomain trimer for 10 min 455 

followed by a long dissociation step (30 min) to observe the decrease of the binding response. 456 

The affinity constant KD was calculated using 1:1 Langmuir binding model on Fortebio Data 457 

Analysis 7.0 software.  458 

Biolayer interferometry-based binding competition assay. Binding competition was 459 

performed using biolayer interferometry (Octet Red348; ForteBio), as described previously (41, 460 

42). In brief, SARS-CoV-2 S ectodomain trimer (50 μg/ml) was immobilized onto the anti-strep 461 
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mAb-coated protein A biosensor. After a brief washing step, the biosensor tips were immersed 462 

into a well containing primary mAb (50 μg/ml) for 15 min and subsequently into a well for 15 min 463 

containing the competing mAb (secondary mAb; 50 μg/ml) or recombinant soluble ACE2. A 3 to 464 

5-min washing step in PBS was included in between steps. 465 

ELISA-based receptor-binding inhibition assay. The ACE2 receptor-binding inhibition assay 466 

was performed as described previously (41, 42). Recombinant soluble ACE2 was coated on 467 

NUNC Maxisorp plates (Thermo Scientific) at 1µg/well at RT for 3 h. Plates were washed three 468 

times with PBS containing 0.05% Tween-20 and blocked with 3% BSA (Fitzgerald) in PBS 469 

containing 0.1% Tween-20 at 4 °C overnight. Recombinant SARS-CoV-2 S RBD domain (200 470 

nM) and serially diluted mAbs were mixed and incubated for 2 h at RT. The mixture was added to 471 

the plate for 2 h at 4 °C, after which plates were washed three times. Binding of SARS-CoV-2 S 472 

RBD domain to ACE2 was detected using 1:2000 diluted HRP-conjugated anti-StrepMAb (IBA) 473 

that recognizes the Strep-tag affinity tag on the SARS-CoV-2 S RBD domain. Detection of HRP 474 

activity was performed as described above (ELISA section). 475 

Pseudovirus neutralization assay. Human codon-optimized genes encoding the spike proteins 476 

of SARS-CoV-2 S proteins corresponding to ancestral Wuhan-Hu-1 virus (Genbank: 477 

NC_045512.2) or variants of concern Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta 478 

(B.1.617.2) and Omicron (B.1.1.529) were synthesized by GenScript. The production of SARS-479 

CoV-2 S pseudotyped vesicular stomatitis virus (VSV) and the neutralization assay were 480 

performed as described previously (41). In brief, HEK-293T cells at 70~80% 481 

confluency were transfected with the pCAGGS expression vectors encoding SARS-CoV-2 S with 482 

a C-terminal cytoplasmic tail 18-residue truncation to increase cell surface expression levels. 483 

Cells were infected with VSV G pseudotyped VSVΔG bearing the firefly (Photinus pyralis) 484 

luciferase reporter gene at 48 hours after transfection. Twenty-four hours later, the supernatant 485 

was harvested and filtered through 0.45 μm membrane. Pseudotyped VSV was titrated on 486 

VeroE6 cells. In the virus neutralization assay, 3-fold serially diluted mAbs were pre-incubated 487 

with an equal volume of virus at RT for 1 h, and then inoculated on VeroE6 cells, and further 488 

incubated at 37˚C. After 20 h, cells were washed once with PBS and lysed with Passive lysis 489 

buffer (Promega). The expression of firefly luciferase was measured on a Berthold Centro LB 960 490 

plate luminometer using D-luciferin as a substrate (Promega). The percentage of 491 

neutralization was calculated as the ratio of the reduction in luciferase readout in the presence 492 

of mAbs normalized to luciferase readout in the absence of mAb. The half maximal inhibitory 493 

concentrations (IC50) were determined using 4-parameter logistic regression (GraphPad Prism 494 

v8.3.0).   495 
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Live virus neutralization assay. Human monoclonal antibodies were tested for live virus 496 

neutralization using a plaque reduction neutralization (PRNT) assay. PRNT was performed 497 

according to a previously published protocol (39), with minor modifications. Briefly, 50 μl of serially 498 

diluted antibody in Opti-MEM I (IX) + GlutaMAX (Gibco, USA) was mixed 1:1 with virus (400 PFU) 499 

and incubated at 37ºC for 1 hour before layering over fully confluent monolayers of Calu-3 cells 500 

(washed once prior with Opti-MEM I (IX) + GlutaMAX). After 8 h of infection, the cells were fixed 501 

with formalin, permeabilized with 70% ethanol, washed in PBS and stained using rabbit anti-502 

SARS-CoV nucleocapsid (SinoBiological, 1:2000 in 0.1% bovine serum albumin (BSA) in PBS) 503 

followed by goat anti-rabbit Alexa Fluor 488 antibody (Invitrogen, 1:2000 in 0.1% BSA in PBS). 504 

Plates were scanned on the Amersham Typhoon Biomolecular Imager (GE Healthcare, USA). 505 

Data were analyzed using ImageQuantTL 8.2 image analysis software (GE Healthcare). The 506 

PRNT titer was calculated using Graphpad Prism 9, calculating a 50% reduction in infected cells 507 

counts based on non-linear regression with bottom constraints of 0% and top constraints of 100%. 508 

Cryo-electron microscopy sample preparation and data collection. The 87G7 Fab fragment 509 

was digested from the IgG with papain using a Pierce Fab Preparation Kit (Thermo Fisher 510 

Scientific), according to the manufacturer’s instructions. Spike-Fab complexes were prepared 511 

under two conditions. For the first condition, 4 μl of SARS-CoV-2 hexaproline spike ectodomain, 512 

at a concentration of 28 μM (based on the molecular weight of the spike protomer) was combined 513 

with 1 μl of 150 μM 87G7 Fab and incubated for ~10 min at RT before blotting and plunge freezing. 514 

For the second condition, 3.5 μl of 28 μM SARS-CoV-2 hexaproline spike ectodomain was 515 

combined with 1 μl of 150 μM 87G7 Fab and then incubated for ~10 min at RT. Immediately 516 

before blotting and plunge freezing, 0.5 μl of 0.2% (w/v) fluorinated octyl maltoside (FOM) was 517 

added to the sample, resulting in a final FOM concentration of 0.02% (w/v). For both conditions, 518 

3 μl of spike-Fab complex was applied to glow-discharged (20 mAmp, 30 sec, Quorum GloQube) 519 

Quantifoil R1.2/1.3 grids (Quantifoil Micro Tools GmbH), blotted for 5 s using blot force 2 and 520 

plunge frozen into liquid ethane using Vitrobot Mark IV (Thermo Fisher Scientific). The data were 521 

collected on a Thermo Scientific™ Krios™ G4 Cryo Transmission Electron Microscope (Cryo-522 

TEM) equipped with Selectris X Imaging Filter (Thermo Fisher Scientific) and Falcon 4 Direct 523 

Electron Detector (Thermo Fisher Scientific) operated in Electron-Event representation (EER) 524 

mode. Data processing was performed in Relion 3.1 (46) and cryoSPARC™  (47)single particle 525 

analysis suites. Raw data were imported in cryoSPARC™. After Patch motion correction and 526 

Patch CTF estimation, 313,636 particles were picked from 1331 images from 0.02% FOM dataset 527 

and 621,175 particles were picked from 2500 images without FOM. After 2D classification and 528 

heterogenous refinement, the best particle stack consisting of 133,550 particles was subjected to 529 
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non-uniform refinement  (48) with C3 symmetry imposed yielding a Spike-Fab complex cryo-EM 530 

map with an overall resolution of 2.9 Å. Following global refinement, a soft mask encompassing 531 

one RBD with the Fab bound was made in UCSF Chimera (49). Particles were imported into 532 

Relion 3.1 and, using the “relion_particle_symmetry_expand” tool, each particle from the C3-533 

symmetry–imposed reconstruction was assigned three orientations corresponding to its 534 

symmetry related views. The soft mask was placed over a single RBD-Fab region of the map, 535 

and the symmetry- expanded particles were subjected to masked 3D classification without 536 

alignment using a regularization parameter (‘T’ number) of 20. Following a single round of focused 537 

classification, the best particle stack consisting of 72,118 particles was imported back to 538 

cryoSPARC™ and refined without imposing symmetry using the local refinement job, yielding a 539 

map with a global resolution of 4.9 Å. The nominal resolutions and local resolution estimations for 540 

the global and local refinements were performed in Relion 3.1. The ‘Gold Standard’ Fourier shell 541 

correlation (FSC) criterion (FSC = 0.143) was used for resolution estimates. Finally, the globally 542 

and locally refined maps were masked and sharpened using DeepEMhancer tool (50), as 543 

implemented in COSMIC2 (51), and combined using the “vop add” command in UCSF Chimera 544 

(49). Data collection and reconstruction parameters can be found in Table 1. 545 

Model building and refinement. UCSF Chimera (49) (version 1.15.0) and Coot (52) (version 546 

0.9.6) were used for model building. As a starting point for modelling the 87G7-bound spike, the 547 

crystal structure of the SARS-CoV-2-S N-terminal domain (residues 14-308; PDB ID: 7B62  (53)), 548 

the fully open SARS-CoV-2-S model (residues 309-332 and 527-1145; PDB ID: 7K4N (29)) and 549 

RBD crystal structure (residues 333-526; PDB ID 6M0J (54)) were individually rigid-body fitted 550 

into the composite density map using the UCSF Chimera “Fit in map” tool (49). Subsequently, the 551 

models were combined, and the peptide sequence was adjusted to match the 6P spike construct 552 

used in this study. For modelling the 87G7 Fab fragment, atomic coordinates of the heavy chain 553 

(HC) and the light chain (LC) variable regions were generated using the phyre2 server (55) and 554 

rigid body fitted into the EM density map using the UCSF Chimera ‘fit in map’ tool and then 555 

combined with the spike model. The resulting model was then edited in Coot using the ‘real-space 556 

refinement (52), carbohydrate module (56) and ‘sphere refinement’ tool. Iterative rounds of 557 

manual fitting in Coot and real space refinement in Phenix (57) were carried out to improve non-558 

ideal rotamers, bond angles and Ramachandran outliers. During refinement with Phenix, 559 

secondary structure and non-crystallographic symmetry restraints were imposed. The final model 560 

was validated with MolProbity (58), EMRinger (59) and Privateer (glycans) (60, 61). 561 

Analysis and visualization. Spike residues interacting with 87G7 were identified using 562 

PDBePISA (62) and LigPlot+ (63) . Surface coloring of the SARS-CoV-2 RBD according to 563 
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sequence conservation and the Kyte-Doolittle hydrophobicity scale was performed in UCSF 564 

ChimeraX (64). The UCSF Chimera “MatchMaker” tool was used to obtain RMSD values, using 565 

default settings. Figures were generated using UCSF Chimera (49) and UCSF ChimeraX (64). 566 

Structural biology applications used in this project were compiled and configured by SBGrid (65). 567 

Mouse challenge experiment. In vivo prophylactic and therapeutic efficacy of mAb 87G7 against 568 

challenge with SARS-CoV-2 and four variants of concern, was evaluated in heterozygous K18-569 

hACE2 C57BL/6J mice (strain: 2B6.Cg-Tg(K18-ACE2)2Prlmn/J) obtained from The Jackson 570 

Laboratory. Groups of 14-week-old mice (n = 5), were given 200 μg of 87G7 or isotype control 571 

antibody (equivalent to 10 mg of the antibody per kg) by intraperitoneal injection, 16 h before or 572 

one day after intranasal inoculation with a lethal dose of the indicated SARS-CoV-2 strain (105 573 

PFU/mouse). Virus inoculations were performed under anesthesia that was induced with 574 

isoflurane, and all efforts were made to minimize animal suffering. All animals were housed in a 575 

self-contained ventilated rack (Tecniplast, IT), with the light switched on at 7:30 and switched off 576 

at 19:30. The ambient temperature was 19.5-22 °C and with humidity at 35-40%. Animal 577 

protection studies were carried out under the animal permit PROEX-146.6/20, approved by the 578 

Community of Madrid (Spain), and performed in biosafety level 3 facilities at CISA-INIA (Madrid). 579 

To quantify infectious SARS-CoV-2 virus particles, one fourth of the right lung was homogenized 580 

using a MACS homogenizer (Miltenyi Biotec) according to the manufacturer’s protocols. Virus 581 

titrations were done using plaque assay performed on Vero E6 cells following standard 582 

procedures. In brief, cells were overlaid with DMEM containing 0.6% low-melting agarose and 2% 583 

FBS, fixed with 10% formaldehyde and stained with 0.1% crystal violet at 72 h post-infection. 584 

To quantify viral antigen by immunohistochemistry, left lung lobes were fixed in 10% buffered 585 

formalin (Chemie Vertrieb GmbH & Co Hannover KG, Hannover, Germany). Left lung lobes were 586 

pre-fixed by injections of 10% buffered formalin as recommended by Meyerholz et al (66)  to 587 

ensure an optimal histopathological evaluation (Table S2). 588 

Hamster challenge experiment. During the experiment, the animals were under veterinary 589 

observation and all efforts were made to minimize distress. Approval for the experiments was 590 

given by the German Niedersächsisches Landesamt für Verbraucherschutz und 591 

Lebensmittelsicherheit (LAVES file number 21/3755) and by the Dutch authorities (Project license 592 

number 27700202114492-WP12). Syrian hamsters (Mesocricetus auratus, 6-10 weeks old) were 593 

housed under BSL-3 conditions, starting 10 days prior to the experiment. 87G7 or a non-SARS-594 

CoV-2 human IgG control antibody were injected intraperitoneally in a volume of 500 µl. The 595 

hamsters were challenged intranasally, 24 h after or 12 h before antibody inoculation, with 104 596 

TCID50 of the respective SARS-CoV-2 variants, respectively. The animals were monitored for 597 
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body weight loss and clinical symptoms twice daily until they were humanely euthanized four days 598 

after infection. Antibody injection, with challenge virus and euthanasia were performed under 599 

isoflurane anesthesia. Left nasal turbinates and left lung lobe were fixed in 10% buffered formalin 600 

(Chemie Vertrieb GmbH & Co Hannover KG, Hannover, Germany) from the investigated 601 

hamsters. Left lung lobes were pre-fixed by injections of 10% buffered formalin as recommended 602 

by Meyerholz et al. (66)  to ensure an optimal histopathological evaluation. Left nasal turbinates, 603 

following formalin fixation, were decalcified in soft tissue decalcifier (Roth # 6484.2) for about 14 604 

days prior to routine tissue processing. 605 

To quantify infectious SARS-CoV-2 virus particles, lung and nasal turbinate tissues were 606 

homogenized using a TissueLyser II (Qiagen) and infectious SARS-CoV-2 virus particles in tissue 607 

homogenates were quantified on Vero E6 cells. Cells were infected with 10 fold serial dilutions of 608 

the homogenized tissue prepared in DMEM + 2 % FBS (starting dilution 100- and 10-fold for lung 609 

and nasal turbinate homogenate, respectively). Plates were further incubated in a humidified 610 

atmosphere, at 37°C, 5% CO2. Cytopathic effect was evaluated 5 days post infection. Omicron 611 

samples were titrated in Calu-3 cells due to the low infectivity of Omicron in Vero cells. In this 612 

case, after 5 day incubation, cells were fixed with 4% PFA and stained using an anti-SARS-CoV-613 

2 nucleocapsid antibody (Sinobiological). Virus titers (TCID50/ml) were calculated using the 614 

Spearman-Karber method. 615 

Formalin-fixed, paraffin-embedded (FFPE) tissue was used for histology and 616 

immunohistochemistry. Histopathological lesions were evaluated on hematoxylin-eosin (HE) 617 

stained sections. For the detection of viral antigen in Syrian golden hamsters, 618 

immunohistochemistry with a monoclonal antibody detecting SARS-CoV/SARS-CoV-2 619 

nucleocapsid (Sino Biological 40143-MM05) was performed on FFPE tissue sections, as 620 

described previously (67, 68). Briefly, tissue sections were dewaxed and rehydrated, followed by 621 

endogenous peroxidase blocking for 30 min at RT. Antigen retrieval was performed in 622 

Na2H2EDTA buffer for 20 minutes in a microwave at 800 W. The primary antibody (dilution 1:4000) 623 

was applied for 1 h at RT. Sections were subsequently rinsed, and secondary labeling was 624 

performed using the respective peroxidase-labeled polymer (Dako Agilent Pathology Solutions, 625 

K4003) for 30 min for 60 min at RT. Visualization of the reaction was accomplished by incubation 626 

in chromogen 3,3-diaminobenzidine tetrahydrochloride (DAB, 0.05%) and 0.03% H2O2 in PBS for 627 

5 min. The slides were afterwards counterstained with Mayer’s hematoxylin for 1 min. Nasal 628 

turbinates were evaluated on a full-length longitudinal section of the nose including respiratory 629 

and olfactory epithelium. Assessment of histopathological lesions in the nasal turbinates was 630 

performed with a semi-quantitative score system, as described previously with minor 631 
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modifications . Quantification of the viral antigen in the nasal epithelium was performed using a 632 

semi-quantitative score. Hamsters left lung lobe was evaluated on one cross-section (at the level 633 

of the entry of the main bronchus) and one longitudinal section (along the main bronchus) of the 634 

entire left lung lobe. Assessment of histopathological lesions and viral load in the lung was 635 

performed with a semi-quantitative scoring system, as described previously with minor 636 

modifications (69). System for semi-quantitative scoring of histopathological lesions and viral 637 

antigen in nose and lung is shown in Table S3-S5. Histopathological semi-quantitative 638 

evaluations were performed by veterinary pathologists (GB, MC, FA) and subsequently confirmed 639 

by a European board certified veterinary pathologist (WB). During the evaluation, the pathologist 640 

was blinded regarding the treatment groups and used virus strains. 641 

 642 
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Supplementary Figures and Tables 823 
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 825 
  826 

Figure S1. 87G7 epitope binning and ACE2 binding inhibition. (A) ELISA binding curves of 827 

87G7 to the plate-immobilized N-terminal domain (NTD), the receptor-binding domain (RBD) or 828 

ectodomain of SARS-CoV-2 S. (B) Binding kinetics of 87G7 to SARS-CoV-2 S measured by 829 
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biolayer interferometry (BLI). 87G7 mAb was loaded at optimal concentration (21 nM) onto the 830 

anti-human Fc biosensor for 10 mins, after which association of antigen was achieved by 831 

incubating the sensor with a 2-fold dilution series of recombinant SARS-CoV-2 S1 monomer or S 832 

ectodomain trimer for 10 min, followed by a dissociation step in PBS for 30 min. KD : equilibrium 833 

dissociation constant. kon : association rate constant, koff : dissociation rate constant. KD
App reflects 834 

the ‘apparent affinity’ between IgG antibodies and spike trimer. (C) Binding competition between 835 

87G7 and benchmarking antibodies to SARS-CoV-2 S ectodomain trimer evaluated using BLI. 836 

The strep-tagged SARS-CoV-2 S antigen was loaded to the anti-human Fc biosensor bound with 837 

antibodies against Strep tag. The competitor antibody was bound to spike (step 1) before 838 

incubation with the analyte antibody (step 2) as indicated, and percent competition bins are 839 

indicated in the table (dark red: >90% competition, light red; 40-80% competition, white: <10% 840 

competition). Data from a representative experiment (out of two) are shown. Benchmarking 841 

antibodies tested for binding competition with 87G7 are shown in complex with SARS-CoV-2 RBD 842 

and include REGN10933 (PDB: 6XDG), REGN10987 (PDB: 6XDG), S309 (parent of VIR-7831, 843 

PDB: 6WPS), CR3022 (PDB: 6W41) and 47D11 (PDB: 7AKD) (D) BLI-based receptor-binding 844 

inhibition assay. SARS-CoV-2 S ectodomain bound to the sensor was pre-incubated with 87G7 845 

or two control mAbs REGN10933 (ACE2 binding competitor) or S309 (non-ACE2 competing), 846 

followed by a washing step and subsequent exposure to soluble human ACE2 receptor. The 847 

experiment was performed twice, data from a representative experiment is shown. (E) ELISA-848 

based receptor-binding inhibition assay. SARS-CoV-2 S ectodomain pre-incubated with serially 849 

diluted 87G7 or two control mAbs REGN10933 or REGN10987 (both ACE2 binding competitors) 850 

was added to ELISA plates coated with soluble human ACE2. Spike binding to ACE2 was 851 

detected using an HRP-conjugated antibody recognizing the C-terminal Strep-tag on SARS-CoV-852 

2 S ectodomain. Data points represent the average ± SDM, for n = 3 replicates from two 853 

independent experiments. 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 
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 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 
 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

 883 

 884 

Figure S2. Cryo-EM data processing of SARS-CoV-2 S bound to 87G7 FAb (A) 885 

Representative motion-corrected micrograph of the 87G7-bound SARS-CoV-2 spike 886 

ectodomains embedded in vitreous ice. Scale bar = 50 nm. (B) As shown in A, for the sample 887 

incubated with 0.2% fluorinated octyl maltoside. (C) Representative reference-free 2D class 888 

averages generated in cryoSPARC. (D) As shown in C, for the sample incubated with 0.2% 889 

fluorinated octyl maltoside. (E) DeepEMhancer filtered EM density maps for the globally refined 890 
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spike-87G7 complex and locally refined RBD-87G7 complex, colored according to local resolution 891 

which was calculated in Relion3.1. The outline of the local refinement mask is overlaid with the 892 

globally refined map. Representative density and fitted atomic coordinates for the S2 region of 893 

the globally refined map is shown on the left. (F) Gold-standard Fourier shell correlation (FSC) 894 

curves generated from the independent half maps contributing to the 2.9 Å resolution global 895 

refinement and 4.9 Å resolution local refinement. (G) Angular distribution calculated in 896 

cryoSPARC for particle projections in the local refinement. (H) Cryo-EM density for the locally 897 

refined 87G7 epitope-paratope region with the fitted atomic coordinates. RBD residues are 898 

colored blue and the light- and heavy-chain variable domains are colored purple and yellow, 899 

respectively. 900 

 901 
 902 
 903 
 904 
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 923 

 924 
Figure S3. Structural comparison of WRAIR-2125 and 87G7. (A) The top panel shows a 925 

surface representation of the WRAIR-2125 Fab fragment variable domains, rendered at 6 Å 926 

resolution, in complex with SARS-CoV-2 RBD residues 470-494 (generated using PDB ID: 7N4L). 927 

The CDR H2, H3 and L3 loop are labelled in italics. The Fab heavy and light chain are colored 928 

yellow and purple and RBD residues are colored blue. The bottom panel shows a close-up view 929 

showing selected interactions formed between WRAIR-2125 residues and the SARS-CoV-2 RBD 930 

residues Y489 and F489. The unmodelled region of the CDR H3 loop is indicated with a dashed 931 

line. (B) As shown in A for 87G7. 932 
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 933 
Table S1. Summary of data acquisition and image processing statistics. Related to Figure 2 and 934 

3. 935 

 936 

 937 

 938 

 939 

 940 

 941 
 942 
 943 

Data Collection  
    Microscope  Titan Krios G4 
    Voltage (keV) 300 keV 
    Nominal magnification 130,000x 
    Movie acquisition rate ~335 per hour 
    Detector Falcon 4 
    Energy filer Selectris-X 
    Slit width (eV) 10 
    Calibrated pixel size (Å) 0.929 
    Cumulative exposure (e/Å2) 51.5 
    Dose rate (e/pixel/sec) 8.04 
    Underfocus range (µm) 0.5 to 1.5 
    Micrographs collected 1331 (0.02% FOM) + 2500 (0% FOM) 

      
Reconstruction Global Local 
    Final particles (no.) 133,550 72,118 
    Symmetry C3 C1 
    B-factor (Å2) -84 -172 
  Resolution (Å)  
    FSC 0.5 (masked) 3.3 5.9 
    FSC 0.143 (masked) 2.9 4.9 
    Resolution range (local) 2.6-11.1 4.7-7.9 
  
Refinement (composite)  
    Protein residues/atoms 3840/29907 
    N-glycans/atoms 51/714 
  Resolution (Å)  
    FSC 0.5 3.5 
  Map correlation coefficient  
    Mask 0.63 
    Box 0.68 
    Volume 0.63 
    Peaks 0.63 
  R.M.S. deviations  
    Bond Lengths (Å) 0.003 
    Bond Angles (°) 0.713 
  MolProbity   
    Overall score 1.58 
    Clashscore 4.76 
    Ramachandran outliers (%) 0 
    Ramachandran favoured (%) 95.24 
    Rotamer outliers (%) 0 
    C-beta outliers 0 
  EMRinger Score 1.24 
  Privateer  
    Wrong anomer 0 
    Wrong configuration 0 
    Unphysical puckering amplitude 0 
    In higher-energy conformations 0 
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 944 

Table S2. Scoring system of mice lung SARS-CoV antigen immunohistochemistry. Related to 945 
Figure 4B and 4E. 946 
 947 

 948 

 949 

950 

1. Immunohistochemistry

1.1 Extent alveolar antigen

0 No No specific signal

1 Minimal Single small foci with immunolabelled pneumocytes, less than 1 % of alveoli

2 Mild Multifocal areas with immunolabelled pneumocytes, 2-25 % of alveoli

3 Moderate Multifocal areas with immunolabelled pneumocytes, 26-50 % of alveoli

4 Marked Multifocal areas with immunolabelled pneumocytes , 51-75 % of alveoli

5 Subtotal Multifocal areas with immunolabelled pneumocytes, > 75 % of alveoli

1.2 Extent airway (bronchi and bronchioli) antigen

0 No No specific signal

1 Minimal Single small foci with immunolabelled epithelia, less than 1 % of airways

2 Mild Multifocal areas with immunolabelled epithelia, 2-25 % of airways

3 Moderate Multifocal areas with immunolabelled epithelia, 26-50 % of airways

4 Marked Multifocal areas with immunolabelled epithelia, 51-75 % of airways

5 Subtotal Multifocal areas with immunolabelled epithelia, > 75 % of airways

Total immunohistochemistry score

Semiquantitative score (antigen): Sum of alveolar and airway score
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 951 
Table S3. Scoring system of hamster lung (alveolar, airway and vascular) lesions, Related to 952 

Figure 5B and 5E. 953 

954 

1. Alveolar lesions
1.1 Extent alveolar inflammation 
0 No No inflammation

1 Minimal Single small foci of mild inflammatory infiltrates, affecting max. 1% of tissue, 
(significance questionable)

2 Mild 2-25 % of tissue affected

3 Moderate 26-50 % of tissue affected

4 Marked 51-75 % of tissue affected

5 Subtotal > 75 % of tissue affected

1.2 Severity alveolar inflammation (scored in area of maximal severity)

0 No No inflammatory infiltrates

1 Minimal Few inflammatory cells in alveolar septae or lumina, alveolar architecture 
maintained (significance questionable)

2 Mild Mild septal and luminal infiltrates (2-3 cells thick), alveolar architecture 
maintained

3 Moderate Moderate septal and luminal infiltrates, occasionally obscuring alveolar 
architecture

4 Marked Marked septal and luminal infiltrates with large areas with completely obscured 
alveolar architecture

1.3 Alveolar damage
0/1 No/Yes Necrosis/desquamation/loss (denuded septae) of alveolar cells 
0/1 No/Yes Intraalveolar fibrin/hyaline membranes
0/1 No/Yes Atypical/large or multinucleated cells lining alveoli
0/1 No/Yes Alveolar edema
0/1 No/Yes Alveolar hemorrhage
Total alveolar lesions score 
Sum of all scores

2. Airway lesions
2.1 Extent airway inflammation 
0 No No inflammation

1 Minimal Single small foci of mild inflammatory infiltrates, affecting max. 1% of tissue, 
(significance questionable)

2 Mild 2-25 % of tissue affected

3 Moderate 26-50 % of tissue affected

4 Marked 51-75 % of tissue affected
5 Subtotal > 75 % of tissue affected
2.2 Severity airway (bronchi/bronchiole) inflammation (scored in area of maximal severity)
0 No No inflammation

1 Minimal Rare peribronchial/peribronchiolar, mild, mononuclear infiltrates (significance 
questionable)

2 Mild
Mild, mononuclear and granulocytic bronchitis/bronchiolitis (with exocytosis of 
inflammatory cells into epithelium, occasional single cell necrosis and mild, 
peribronchial/peribronchiolar infiltrates)

3 Moderate

Moderate, mononuclear and granulocytic to necrotizing bronchitis/bronchiolitis 
(with exocytosis of inflammatory cells into epithelium, frequent single cell 
necrosis  and intraluminal debris + moderate, peribronchial/peribronchiolar 
infiltrates)

4 Marked

Marked, mononuclear and granulocytic and necrotizing bronchitis/bronchiolitis
with widespread exocytosis of inflammatory cells into epithelium, frequent 
epithelial necrosis and intraluminal debris, severe peribronchial/peribronchiolar
infiltrates)

Total airway lesions score 
Sum of all scores

3. Vascular lesions

3.1 Extent vaculopathy/vasculitis (large and medium sized vessels with visible tunica media, characterized by 
endothelialitis and mural infiltrates with disruption of vessel walls)

0 No No lesions

1 Minimal Single vessels with mild inflammation (significance questionable)

2 Mild 2-25 % of vessels affected

3 Moderate 26-50 % of vessels affected

4 Marked 51-75 % of vessels affected

5 Subtotal > 75 % of vessels affected

3.2 Severity perivascular infiltrates (scored in area of maximal severity)

0 No No inflammation

1 Minimal
Single vessels with endothelial hypertrophy and few perivascular cells (no continuous 
cuff, significance questionable)

2 Mild 1-2 cell layers of perivascular cuffs 

3 Moderate 3-5 cell layers of perivascular cuffs 

4 Marked > 5 cell layers of perivascular cuffs 

3.3 Vascular lesions 

0/1 No/Yes Perivascular edema

0/1 No/Yes Perivascular hemorrhage

Total vascular lesions score 
Sum of all scores

Semiquantitative score (lesion lung): sum of total alveolar, airway and
vascular lesions score 
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 955 

Table S4: Scoring system of nasal cavity lesions. Related to Figure 5B and 5E. 956 

 957 

 958 

1. Nose lesions

1.1 Inflammation respiratory epithelium :

0 No No inflammation
1 Minimal occasional foci with few inflammatory cells, less than 1% of tissue affected
2 Mild 2-25% of tissue affected
3 Moderate 26-50% of tissue affected

4 Marked 51-75% of tissue affected
5 Subtotal > 75 % of tissue affected

1.2 Necrosis of respiratory epithelium :

0 No no necrosis

1 Minimal occasional foci of few necrotic cells, less than 1% of tissue affected
2 Mild 2-25% of tissue affected
3 Moderate 26-50% of tissue affected
4 Marked 51-75% of tissue affected

5 Subtotal > 75 % of tissue affected

1.3 Epithelial hyper-and/or metaplasia respiratory epithelium

0/1 No/Yes
1.4 Combined score respiratory epithelium

Sum of 1.1 to 1.3
1.5 Inflammation olfactory epithelium

0 No No inflammation
1 Minimal occasional foci with few inflammatory cells, less than 1% of tissue affected
2 Mild 2-25% of tissue affected

3 Moderate 26-50% of tissue affected
4 Marked 51-75% of tissue affected
5 Subtotal > 75 % of tissue affected
1.6 Necrosis olfactory epithelium

0 No no necrosis
1 Minimal occasional foci of few necrotic cells, less than 1% of tissue affected
2 Mild 2-25% of tissue affected
3 Moderate 26-50% of tissue affected

4 Marked 51-75% of tissue affected
5 Subtotal > 75 % of tissue affected
1.7 Combined score olfactory epithelium

Sum of 1.5 and 1.6
1.8 Intraluminal exudate

0/1 No/Yes
1.9 Vasculopathy (ural infiltrates , endothelial hypertrophy)

0/1 No/Yes
1.10 Combined Score nose

Semiquantitative score (lesion): Sum of 1.4 and 1.7-1.9
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 959 
Table S5: Scoring system of hamster lung and nose SARS-CoV-2 antigen 960 

immunohistochemistry. Related to Figure 5C and 5F. 961 

2. Immunohistochemistry nose

2.1 Respiratory Epithelium:

0 No No signal 

1 Minimal single positive cells, up to 1% of epithelium

2 Mild 2-25% of epithelium positive

3 Moderate 26-50% of epithelium positive

4 Marked 51-75% of epithelium positive

5 Subtotal > 75 % of epithelium positive

2.2 Olfactory Epithelium:

0 No No signal 

1 Minimal single positive cells, up to 1% of epithelium

2 Mild 2-25% of epithelium positive

3 Moderate 26-50% of epithelium positive

4 Marked 51-75% of epithelium positive

5 Subtotal > 75 % of epithelium positive

2.3 Intraluminal exudate

0/1 No/Yes
2.4 Subepithelial cells

0/1 No/Yes

2.5 Combined Score

Semiquantitative score (antigen): Sum of all scores

1. Immunohistochemistry (lung)

1.1 Extent alveolar antigen 

0 No No specific signal

1 Minimal Single small foci with immunolabelled pneumocytes, less than 1 % of alveoli

2 Mild Multifocal areas with  immunolabelled pneumocytes, 2-25 % of alveoli

3 Moderate Multifocal areas with  immunolabelled pneumocytes, 26-50 % of alveoli

4 Marked Multifocal areas with  immunolabelled pneumocytes, 51-75 % of alveoli

5 Subtotal Multifocal areas with  immunolabelled pneumocytes, > 75 % of alveoli

1.2 Extent airway (bronchi and bronchioli) antigen

0 No No specific signal 

1 Minimal Single small foci with immunolabelled epithelia, less than 1 % of airways

2 Mild Multifocal areas with  immunolabelled epithelia, 2-25 % of airways

3 Moderate Multifocal areas with  immunolabelled epithelia, 26-50 % of airways

4 Marked Multifocal areas with  immunolabelled epithelia, 51-75 % of airways

5 Subtotal Multifocal areas with  immunolabelled epithelia, > 75 % of airways

Total immunohistochemistry score 

Semiquantitative score (antigen): Sum of alveolar and airway score
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