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Abstract: Mutations and transient conformational movements of receptor binding domain (RBD) 33 

that make neutralizing epitopes momentarily unavailable, present immune escape routes to 34 

SARS-CoV-2. To mitigate viral escape, we developed a cocktail of neutralizing antibodies (NAbs) 35 

targeting epitopes located on different domains of spike (S) protein. Screening of a library of 36 

monoclonal antibodies generated from peripheral blood mononuclear cells of COVID-19 37 

convalescent patients yielded potent NAbs, targeting N-terminal domain (NTD) and RBD domain 38 

of S, effective at nM concentrations. Remarkably, combination of RBD-targeting NAbs and 39 

NTD-binding NAb, FC05, dramatically enhanced the neutralization potency in cell-based assays 40 

and animal model. Results of competitive SPR assays and cryo-EM structures of Fabs bound to S 41 

unveil determinants of immunogenicity. Combinations of immunogens, identified in NTD and 42 

RBD of S, when immunized in rabbits elicited potent protective immune responses against 43 

SARS-CoV-2. These results provide a proof-of-concept for neutralization-based immunogen 44 

design targeting SARS-CoV-2 NTD and RBD. 45 

 46 

One sentence summary: 47 

Immunogens identified in the NTD and RBD of the SARS-CoV-2 spike protein using a cocktail of 48 

non-competing NAbs when injected in rabbits elicited a potent protective immune response 49 

against SARS-CoV-2. 50 

 51 

Main Text: Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory 52 

syndrome coronavirus 2 (SARS-CoV-2), continues to spread across the world since December 53 

2019 (1, 2). The July 8, 2020 World Health Organization (WHO) Situation Report cited over 11 54 

million COVID-19 cases and 539,000 deaths. These numbers continue to rise daily (3). 55 

Concerningly, a variant of the SARS-CoV-2 carrying D614G spike mutation, which seemingly 56 

enhances the infectivity has been documented and is fast becoming the dominant strain of 57 

SARS-CoV-2 globally (4). Safe and effective preventive as well as therapeutic measures are 58 

urgently needed to bring the ongoing pandemic of COVID-19 under control (5). Over the past two 59 

months, experimental strategies based on eliciting neutralizing antibodies (NAbs) via 60 

immunization of potential vaccine candidates and passive administration of NAbs have shown 61 

promise in protecting and curing SARS-CoV-2-challenged nonhuman primates (6-8). The 62 

successes of these studies highlight the importance of screening and identification of immunogens 63 
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capable of eliciting high NAb titers. Furthermore, NAbs elicited by immunogens differ 64 

significantly in their abilities to neutralize SARS-CoV-2 and conferring protection. Therefore, a 65 

deep understanding of the nature of NAbs capable of potently neutralizing SARS-CoV-2 and their 66 

epitopes could guide new approaches for the development of vaccines.  67 

 68 

The coronavirus spike (S) protein is a multifunctional molecular machine that facilitates viral 69 

entry into target cells by engaging with cellular receptors and determines to a great extent cell 70 

tropism and host range (9). Coronaviruses S proteins are processed into S1 and S2 subunits by 71 

host proteases, among which S1 is responsible for receptor binding, while the S2 subunit mediates 72 

membrane fusion (10). The S1 subunit typically possesses two types of domains capable of 73 

binding to host cell receptors. For instance, some betacoronaviruses use the N-terminal domain 74 

(NTD) of their S1 subunit to bind sialic acids located on the glycosylated cell-surface receptor (11). 75 

Similarly, the betacoronavirus murine hepatitis virus uses its NTD for binding the protein receptor 76 

CEACAM1 (12). In contrast to this, SARS-CoV and SARS-CoV-2 use the C-terminal domain of 77 

their S1 subunit for binding to their protein receptor hACE2 (13). Although it remains unknown 78 

whether the NTD is involved in the entry of SARS-CoV-2 into host cells, recent studies have 79 

revealed that antibodies targeting the NTD exhibit potent neutralizing activities against 80 

SARS-CoV-2 and MERS-CoV infections (14, 15). Abrogation of the crucial role played by the S 81 

in the establishment of an infection is the main goal of therapies based on neutralizing antibodies 82 

and the focus of antibody-based drug and vaccine design. More recently, a number of 83 

RBD-targeting NAbs against SARS-CoV-2, which block the binding of the S trimer to hACE2 84 

have been reported and characterized (16-21). Stochastic conformational movements of the RBD 85 

transiently expose or hide the determinants of receptor binding and some key neutralizing epitopes, 86 

which might open up fortuitous escape routes for the virus. Furthermore, antibody-mediated 87 

selective pressure is known to lead to antigenic drift within the RBD, resulting in the accumulation 88 

of mutations that hamper neutralization by antibodies (22). To address these issues related to 89 

SARS-CoV-2 neutralization, administration of a cocktail of NAbs targeting both the RBD and 90 

non-RBD regions, rather than using a single NAb, could potentially increase the potency of 91 

protection via binding of NAbs to multiple domains of S, thereby preventing escape of the viral 92 

particles from the NAbs. In context with this, the immunogenic characteristics of the antigens 93 

targeted by potential NAb cocktails and their structural features can inform strategies for the 94 
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development of vaccines and therapeutics against COVID-19.   95 

 96 

One of the prospective goals of this study was to generate a large and diverse collection of human 97 

NAbs targeting multiple domains of S so as to allow for the formulation of a cocktail of highly 98 

potent antibodies that could simultaneously bind to the various regions of S. For this, we first 99 

established antigen-binding fragment (Fab) phage display libraries from peripheral blood 100 

mononuclear cells (PBMCs) of 5 COVID-19 convalescent patients. After three rounds of panning, 101 

~350 randomly picked colonies were screened by enzyme-linked immunosorbent assay (ELISA) 102 

for binding to the SARS-CoV-2 S trimer. A set of 202 positive Fab clones exhibiting tight binding 103 

to SARS-CoV-2 were selected for sequencing and further analysis (Fig. 1A). We evaluated the 104 

ability of these Fabs to bind to recombinant SARS-CoV-2 NTD, RBD or S2 proteins and observed 105 

that 40 (~20%), 117 (58%) and 45 (22%) of these monoclonal antibodies (mAbs) recognized the 106 

NTD, RBD and S2, respectively (Fig. 1A and 1B). We then narrowed down our selection of 107 

candidates for the development of a cocktail to 10 antibodies picked from each of these three 108 

groups based on their binding affinities and genetic diversity assessed from the phylogenetic 109 

analysis performed using the amino acid sequences of the VHDJH and VLJL regions (23) (Fig. 1A, 110 

fig. S1-S2 and Table S1). Among those selected, 3 (named FC01, FC08 and FC11) target the RBD, 111 

3 (named FC05, FC06 and FC07) recognize the NTD and 4 (named FC118, FC120, FC122 and 112 

FC124) are S2-specific mAbs (Fig. 1C and 1D). To find out whether these antibodies cross-react 113 

with SARS-CoV and MERS-CoV, we firstly assessed the binding capacity of these mAbs to RBDs, 114 

NTDs and S2s from SARS-CoV-2, SARS-CoV and MERS-CoV by ELISA (Fig. 1C). FC11 and 115 

FC07 showed cross-binding to SARS-CoV RBD and NTD, respectively. Expectedly, the four 116 

S2-directed mAbs interacted with S2s from all the 3 viruses, of which FC122 bound weakly to 117 

SARS-CoV and MERS-CoV (Fig. 1C). Surface plasmon resonance (SPR) assays demonstrated 118 

that all 10 mAbs exhibit tight bindings to SARS-CoV-2 with affinities in the range of 0.3-62 nM 119 

(Fig. 1D). Interestingly, binding affinities of S2-targeting mAbs were relatively weaker than those 120 

of RBD- or NTD-targeting antibodies (Fig. 1D and fig. S3). 121 

 122 

The effectiveness of the neutralization abilities of the 10 mAbs against SARS-CoV-2 infection 123 

when tested using Vero-E6 cells revealed that all 10 showed neutralizing activities with IC50 124 

values ranging from 0.8-520 nM, among which the 3 RBD-targeting and 1 NTD-binding (FC05) 125 
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mAbs potently neutralized virus at several nM levels (Fig. 1E). These results, together with the 126 

results of the binding site studies, allowed us to rationally evaluate the neutralization potency of 127 

the NTD-targeting FC05 in combination with the RBD-targeting NAbs. Not surprisingly, the 128 

combination of any one of the RBD-targeting NAbs and FC05 enhanced the neutralization 129 

potency dramatically when compared to neutralization performed by using individual NAbs under 130 

identical conditions (Fig. 1F). Notably, the cocktail consisting of FC05 (NTD-binding) and FC08 131 

(RBD-binding) yielded the strongest neutralizing activity with an IC50 value as low as 15 pM, 132 

which was better than the cocktail consisting of FC05 and FC01 as well as other combinations of 133 

3 or 4 NAbs (Fig. 1F). Although more recently, synergistic effects between pairs of non-competing 134 

RBD-targeting NAbs have been reported for SARS-CoV-2 (19, 22, 24), our cocktail of FC05 and 135 

FC08 that bind to different domains of the S trimer provides a proof-of-concept for 136 

neutralization-based immunogen design targeting both SARS-CoV-2 NTD and RBD domains.      137 

   138 

Next we sought to assess the in vivo protection efficacy of these NAbs against a SARS-CoV-2 139 

challenge. A newly established mouse model based on a SARS-CoV-2 mouse adapted strain 140 

MASCp6 (25) was used to evaluate potential prophylactic and therapeutic efficacy of these NAbs. 141 

BALB/c mice were administered a single dose of 20 mg/kg of FC05 or FC08 or a cocktail of 142 

FC05 (NTD-binding) and FC08 (RBD-binding) either 12 h before (day -0.5) or 0.5 day (day 0.5) 143 

after viral challenge with 2 × 104 PFU of MASCp6 (BetaCoV/Beijing/IMEBJ05-P6/2020) (Fig. 144 

2A). Animals were sacrificed at day 3 for detecting viral loads and examining the pathology of the 145 

lungs and tracheas. The number of viral RNA copies estimated in the lungs and tracheas revealed 146 

that, in prophylactic settings, a treatment with either individual NAbs or the cocktail led to a 3-4 147 

log reduction of viral loads in both lungs and tracheas at day 3 when compared to the PBS-treated 148 

group. Notably, a synergistic protective efficacy was observed for the cocktail (Fig. 2B and 2C). 149 

The estimated viral loads from the lungs of groups belonging to therapeutic settings showed 150 

similar levels as those observed for the groups of the prophylactic settings, however, the viral 151 

loads from the tracheas differed for both the groups. An ~10-fold higher titer was observed for the 152 

groups in therapeutic settings (Fig. 2B and 2C). Histopathological examination revealed a typical 153 

interstitial pneumonia, including widening of alveolar septum, vasodilation, hyperemia and edema, 154 

accompanied by a large number of monocytes and lymphocytes and a small number of lobulated 155 

granulocytes and other inflammatory cell infiltration in mice belonging to the PBS control group 156 
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(Fig. 2D). In contrast, no obvious lesions of alveolar epithelial cells or focal hemorrhage were 157 

observed in the lung sections from either of the antibody-treated groups at day 3 (Fig. 2D). 158 

 159 

To gain a better understanding of the synergy observed during the neutralization of SARS-CoV-2 160 

by a cocktail of NAbs, we performed competitive SPR assays. The results of the assays were 161 

expected to reveal whether the NAbs recognize the same or different patches of the epitopes. As 162 

expected, the binding of the NTD-specific FC05 does not affect the attachment of any of the three 163 

RBD-specific NAbs to the SARS-CoV-2 S trimer, explaining the cooperativity in the antibodies of 164 

the cocktail as they bind simultaneously to distinct domains (Fig. 3A). Conversely, the 3 165 

RBD-targeting NAbs competed with each other for binding to the SARS-CoV-2 S trimer (Fig. 3B), 166 

which may imply that these RBD-targeting antibodies recognize similar epitopes or their epitopes 167 

overlap partially. Lastly, none of the 4 S2-specific NAbs were capable of blocking the interactions 168 

between soluble hACE2 and the SARS-CoV-2 S trimer (Fig. 3C). To decipher the nature of the 169 

epitopes and the mechanism of neutralization at the atomic level, we determined cryo-EM 170 

structures of a prefusion stabilized SARS-CoV-2 S ectodomain trimer in complex with the Fab 171 

fragments of the NAbs. Surprisingly, the structural studies revealed that all the three 172 

RBD-targeting NAbs are capable of destroying the S trimer into monomers or irregular pieces. A 173 

similar perturbation of the S trimer was observed previously in the studies conducted on the 174 

CR3022 antibody (26). The NTD-binding FC05 however did neither exhibit any such ability of 175 

disrupting the S trimer nor did it affect the viral stability (Fig. S4). To gain a deeper understanding 176 

of the epitopes targeted by RBD-binding NAbs that disrupt the S trimer, we used a representative 177 

antibody, FC08, for performing a competitive SPR-based epitope binding assay. Recently, we 178 

mapped the antigenic sites of 3 well characterized RBD-targeting NAbs, H014, HB27 and P17 (16, 179 

20, 21), which bind epitopes located on one side of the RBD, the apical head of the RBD and the 180 

receptor binding motif (RBM), respectively. Using these previously characterized antibodies along 181 

with FC08 in the assays revealed that only P17 competes with FC08 for binding to the 182 

SARS-CoV-2 S trimer. H014 and HB27, as well as the hACE2 can simultaneously bind to 183 

SARS-CoV-2 S trimer together with FC08 (Fig. 3D-3F). This observation coupled with an ability 184 

of dispersing the S trimer into monomers, suggests that FC08 probably recognizes a cryptic 185 

epitope lying towards the interior of the S trimer (Fig. 3D-3F). Cryo-EM characterization of the 186 

S-FC05 complex showed full occupancy where one Fab is bound to each NTD of the 187 
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homotrimeric S (Fig. 3G). 3D classification revealed that the S trimer adopts a 3-fold symmetrical 188 

structure with all three RBDs closed albeit without imposing any symmetry. By applying a C3 189 

symmetry, we reconstructed the cryo-EM structure of the complex at an overall resolution of 3.4 190 

Å. A “block-based” reconstruction approach was used to improve the local resolution (3.9 Å) of 191 

the map around the binding interface between NTD and FC05 (Fig. 3G, fig. S5-S7 and table S2). 192 

Interestingly, the binding mode of FC05 resembles with that of 4A8, a recently reported 193 

SARS-CoV-2 NAb (14) (fig. S8). Similar to 4A8, FC05 recognizes a conformational epitope 194 

formed by elements of the N3 and N5 loops located on the NTD with a buried surface area of 195 

~700 Å2. The essential epitope contains 12 residues, among which all 12 residues (100 %) are not 196 

conserved between SARS-CoV and SARS-CoV-2, explaining FC05’s virus-specific binding and 197 

neutralization activities (Fig. 3H-3I and fig. S9). The paratope of FC05 is composed of 4 198 

complementarity-determining regions (CDR) loops: CDRL2 (residues 49-55), CDRH1 (residues 199 

29-33), CDRH2 (residues 50-59) and CDRH3 (residues 99-106) (table S3). Extensive 200 

hydrophobic and hydrophilic interactions facilitate the tight binding between FC05 and the NTD. 201 

Analysis of the structures also provides structural basis for rationalizing the cooperativity 202 

observed when both FC05 and FC08 are used for neutralizing SARS-CoV-2.  203 

 204 

Most of the potent neutralizing antibodies reported till date target the RBD of CoV (18-20). 205 

Therefore, a number of RBD-subunit based vaccines for protection against SARS, MERS and 206 

COVID-19 are under development (27-29). However, RBD-subunit based vaccines could face 207 

some critical challenges arising from their relatively low immunogenicity, less diversity within the 208 

elicited antibodies and the ensuing potential escape of viral mutants from the antibodies under 209 

selective pressure. Our study here, together with other recently published studies, indicates that a 210 

subset of NTD-directed antibodies possesses potent neutralizing activities (Fig. 1 and Fig. 2) and 211 

that cocktails of antibodies containing NTD-directed as well as RBD-targeting NAbs act in 212 

synergy to confer protection against SARS-CoV-2, suggestive of the NTD to be a promising 213 

immunogenic partner of the SARS-CoV-2 RBD. To verify this idea, 16 groups of New Zealand 214 

rabbits (n=4/group) were injected at day 0, 14 and 28 with various doses of candidate antigen 215 

formulations mixed with alum or AS01B adjuvant as follows - 5 µg RBD or 5 µg NTD or 2.5 µg 216 

RBD + 2.5 µg NTD; or 20 µg RBD or 20 µg RBD or 10 µg RBD + 10 µg NTD; or 20 µg RBD + 217 

20 µg NTD per dose, 0 µg of antigens in physiological saline as the sham group (Fig. 4). No 218 
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inflammation or other adverse effects were observed in the animals. Titers of 219 

SARS-CoV-2-specific neutralizing antibodies produced by the animals over a period of time (at 220 

week 0, 2, 4 and 6) effective in neutralizing the live virus were monitored using 221 

microneutralization assays (MN50). Similar to the immune responses elicited by an inactivated 222 

SARS-CoV2 vaccine candidate (PiCoVacc) reported by us previously, the neutralizing antibody 223 

titer emerged at week 2, surged at week 4 and continued to increase at week 6 (Fig. 4). Perhaps 224 

correlated with the less glycosylation and more neutralizing epitopes present in RBD, the RBD 225 

induced much higher NAb titers than the NTD at various doses. However, the combination of 226 

RBD and NTD exhibited more robust and stable immunogenicity for neutralization compared with 227 

a single immunogen consisting of either RBD or NTD at the same dose tested under identical 228 

conditions (Fig. 4). Notably, relatively large differences in the ability of individual animals in 229 

eliciting NAb titers were observed within the RBD vaccinated groups. Addition of NTD to RBD 230 

not only substantially enhanced the NAb titer, but also remarkably decreased the fluctuation in 231 

eliciting NAb titer from immunized animals (Fig. 4). Compared to AS01B, alum based adjuvant 232 

facilitates the antigens in boosting immune responses at 5 or 20 µg/dose. Administration of higher 233 

doses of antigens during immunization (20 µg RBD + 20 µg NTD) with AS01B led to the highest 234 

NAb titer, up to ~1000. In contrast, immunization with higher doses of antigens in conjunction 235 

with alum yielded a decreased NAb titer (~200) compared to the median dose (10 µg RBD + 10 236 

µg NTD), indicative of the need for proper collocation of the adjuvant and various doses of 237 

antigen during immunization (Fig. 4).       238 

     239 

COVID-19 vaccine development is moving at unprecedented speed, with more than 250 240 

candidates under development worldwide. Except for a few inactivated SARS-CoV-2 virus 241 

vaccines, most of the candidate vaccines are aimed at the RBD or the spike of SARS-CoV-2 as 242 

target immunogen. Selection of the target immunogen is critical for the success of a vaccine, since 243 

eliciting a large amount of antibody that binds, but does not neutralize, may lead to low protection 244 

or even immunopathology (30). The ideal immunogen should elicit high-quality, functionally 245 

neutralizing antibodies while avoiding induction of non-neutralizing antibodies. We are now 246 

entering a new era of precision vaccinology in which multi-disciplinary techniques provide 247 

avenues to rapidly isolate and characterize human NAbs, to define the structural basis of 248 

antigenicity, to understand mechanisms of viral neutralization and to guide rational immunogen 249 
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design. The immunogenic data derived from immunization with a combination of SARS-CoV-2 250 

RBD and NTD here demonstrates the feasibility of eliciting robust targeted immune profiles by 251 

using antibody-guided vaccine design and advance us a step forward towards a future of precision 252 

vaccines.     253 

 254 

 255 
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 411 

Figure 1. Identification and characterization of SARS-CoV-2 S-targeting neutralizing 412 

antibodies. (A) Characteristics of antibodies binding to SARS-CoV-2 RBD, NTD or S2 by ELISA. 413 

SARS-CoV-2 RBD-, NTD- and S2-specific mAbs are colored in pink, wheat and pale cyan dots, 414 

respectively. A number of mAbs that exhibit non-specific bindings to both SARS-CoV-2 RBD and 415 

NTD are presented in wheat dots with pink outlines. (B) Proportion of SARS-CoV-2 S-specific 416 

antibodies targeting each of the indicated domains. (C) Bar graph depicting the binding of 10 417 

representative mAbs (FC01, FC05, FC06, FC07, FC08, FC11, FC118, FC120, FC122 and FC124) 418 

to S proteins of SARS-CoV-2, SARS-CoV and MERS-CoV using ELISA assays (shown as mean 419 

± S.D. of values derived from experiments conducted in triplicate). (D) Summary of the 420 

performance of the representative 10 mAbs in the indicated assays. In vitro neutralization 421 

activities of 10 individual mAbs (E) or the cocktail of antibodies (F) against SARS-CoV-2 in 422 

Vero-E6 cells. Neutralizing activities are represented as mean ± SD. Experiments were performed 423 

in triplicates 424 

 425 

 426 

 427 

 428 

 429 
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Figure 2 Prophylactic and therapeutic efficacy of FC05 or FC08 or the cocktail of antibodies 430 

of FC05 and FC08 in SARS-CoV-2 susceptible mice model. (A) Experimental design for 431 

therapeutic and prophylactic evaluations of FC05 or FC08 or the cocktail of antibodies consisting 432 

of FC05 and FC08 by using a mouse adapted SARS-CoV-2 virus (MASCp6) in mice model. 433 

Group of BALB/c mice were infected intranasally with 2×104 PFU of MASCp6. A dose of 20 434 

mg/kg of antibody was administrated intraperitoneally at 12 hours before infection (the 435 

prophylactic group, P) or at 2 hours after infection (the therapeutic group, T). PBS injection was 436 

used as a negative control group. Then, the lung and the trachea tissues of mice were collected at 3 437 

and 5 dpi for virus load measurement and histopathological analysis. (B) and (C) Virus loads of 438 

lung and trachea tissues at 3 dpi in mouse model. The viral loads of the tissues were determined 439 

by qRT-PCR (*P<0.05; **P<0.01; ***P<0.001). Data are represented as mean ± SD. Dashed lines 440 
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represent the limit of detection. (D) Histopathological analysis of lung and trachea samples at 3 441 

dpi. Scale bar: 100 µm. 442 
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 456 

Figure 3. Epitope mapping of SARS-CoV-2 NAbs. (A) SPR kinetics of simultaneous binding of 457 

FC05 and 3 RBD-directed NAbs to SARS-CoV-2 S trimer. (B) SPR-based competitive binding of 458 

3 RBD-directed NAbs to SARS-CoV-2 S trimer. SARS-CoV-2 S trimer was initially immobilized 459 

onto the sensor. 1 NAb was first injected, followed by the other 2, which indicated these 3 460 

RBD-directed NAbs competed with each other for binding to the SARS-CoV-2 S trimer. (C) 461 

Binding of any one RBD-directed NAb blocks the interactions between ACE2 and SARS-CoV-2 462 

S trimer assessed by competitive SPR. (D) Competitive SPR-based epitope mapping of FC08 463 

through 3 recently well characterized RBD-targeting SARS-CoV-2 NAbs, H014, HB27 and P17. 464 

The results indicate P17 competes with FC08 for binding to the SARS-CoV-2 S trimer, while 465 

H014 and HB27 are capable of simultaneously binding to SARS-CoV-2 S trimer together with 466 

FC08. (E) FC08 epitope analysis on the RBD surface. The epitope clusters of H014, P17 and 467 

HB27, and the binding region for ACE2 are shown in indicated colors. Putative epitopes are 468 

indicated by dashed lines. (F) Two putative models for FC08 binding to SARS-CoV-2 S trimer. 469 

Domains of S2 and NTD are colored in cyan and yellow, respectively. The color scheme for the 470 

RBD bound FC08 is same as Fig. 3E and the other 2 RBDs are colored in violet. FC08 Fab is 471 

presented as blue cartoon with 50% transparent surface. (G) Cryo-EM structure of SARS-CoV-2 S 472 

trimer-FC05 complex. Each S monomer is depicted by various colors and the FC05 Fabs are 473 
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shown in hotpink (light chains) and purpleblue (heavy chains). (H) Interactions between the NTD 474 

and FC05. The loops involved in interactions with FC05 are highlighted in green and key CDRs 475 

are labeled. (I) Surface representation of the RBD of SARS-CoV-2 S. The areas buried 476 

by FC05 is marked by sky blue lines. Sequence identities and differences between the 477 

S of SARS-CoV and SARS-CoV-2 are shown in pink and green, respectively, 478 

mapped on the surface of SARS-CoV-2 S/RBD. 479 
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 486 

Figure 4. Immunogenic evaluation of candidate antigen formulations mixed with alum or 487 

AS01B adjuvant in rabbits. (A-B) Rabbits were immunized intramuscularly with various doses 488 

of individual (RBD or NTD) or combined (RBD+NTD) immunogens mixed with alum or AS01B 489 

adjuvant or adjuvant only (sham) (n=4). Neutralizing antibody titer against live SARS-CoV-2 was 490 

measured. Data points represent mean +/- SEM of individual rabbits from four independent 491 

experiments; error bars reflect SEM; horizontal lines indicate the geometric mean titer (GMT) of 492 

EC50 for each group.   493 
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