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SUMMARY

The emergence of SARS-CoV-2 variants raises concerns about the efficacy of existing COVID-19 vaccines
and therapeutics. Previously, we identified a conserved cryptic class 5 epitope of SARS-CoV-2 receptor
binding domain (RBD) by two cross-neutralizing antibodies 7D6 and 6D6. Intriguingly, this site remains
resistant to substantial mutations occurred in ever-changing SARS-CoV-2 subvariants. As compared to
class 3 antibody S309, 6D6maintains broad and consistent neutralizing activities against SARS-CoV-2 var-
iants. Furthermore, 6D6 effectively protected hamster from the virulent Beta strain. Sequence alignment
of approximately 6 million documented SARS-CoV-2 isolates revealed that 6D6 epitope maintains an
exceptionally high conservation rate (99.92%). Structural analysis demonstrated that all 33 mutations
accumulated in XBB.1.5 since the original strain do not perturb the binding 6D6 to RBD, in line with the
sequence analysis throughout the antigenicity evolution of SARS-CoV-2. These findings suggest the po-
tential of this epitope serving as a critical determinant for vaccines and therapeutic design.

INTRODUCTION

The recent outbreak coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has re-

sulted in severe illness and fatalities worldwide. Notably, COVID-19 represents the third major coronavirus outbreak, following the epidemics

caused by SARS-CoV andMiddle East respiratory syndrome coronavirus (MERS-CoV).1 The first case of SARS-CoV-2 infection, dating back to

late 2019, has rapidly spread worldwide, posing a significant threat to public health.2 In response, the World Health Organization (WHO)

declared COVID-19 a global public health emergency.3 As of May 15, 2023, the WHO has reports over 766 million infections and 6.9 million

deaths globally (https://www.who.int/).

Vaccination is a crucial strategy in combating the COVID-19 pandemic. Numerous vaccine candidates have been developed, with the

WHO reporting 183 candidates in preclinical studies and 199 in clinical evaluation as of March 30, 2023. However, the ongoing evolution

of SARS-CoV-2 variants raises concerns about the efficacy of vaccine-induced immunity, particularly with significant vaccine efficiency loss

noted in the Beta and Omicron variants.4–6 Several approaches are being explored to develop novel vaccines to combat potential immune

escape of SARS-CoV-2 variants, such as combination of different vaccines or designing broad-spectrum or multivalent vaccines. On August

23, 2021, the Food and Drug Administration (FDA) and the European Medicines Agency (EMA) authorized emergency use of the BNT162b2

bivalent vaccine (Pfizer–BioNTech) that targets both the Omicron BA.4-5 spike (BA.4 and BA.5 encode an identical spike protein) and the

ancestral wild-type (D614G) spike of SARS-CoV-2. Data indicated that additional BNT162b2 dose induced potent neutralization against Om-

icron variant that was low-to-absent in primary series vaccines.7 Additionally, SCTV01E, a recombinant S-trimer protein antigen developed by

SinoCellTech, has shown enhanced neutralization against various SARS-CoV-2 variants, includingOmicron subvariants.8 Nevertheless, recent

BQ and XBB subvariants demonstrate a heightened ability to evade neutralizing antibodies, even in individuals vaccinated with the bivalent

mRNA booster or previously infected with Omicron.9 Monoclonal antibodies (mAbs) and convalescent plasma have shown potential in
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treating COVID-19 caused by the original SARS-CoV-2 strain. Specially, an antibody cocktail therapy included tixagevimab and cilgavimab to

treat COVID-19 patients, including immunocompromised subjects, has demonstrated a substantial reduction in hospital admissions in phase

3 clinical trials.10 The administration of neutralizing antibodies is valuable given the frequent lack of humoral response to vaccination in immu-

nocompromised patients. However, Omicron lineage variants have reduced the effectiveness of previously approved antibody-based

therapy, such as S309, moreover, the efficiency of REGN10933 was completely nullified.11–13 Moreover, both BQ and XBB are fully resistant

to LY-CoV1404 (Bebtelovimab), thereby leaving no clinically authorized therapeutic antibodies effective against these circulating variants.9

The Spike (S) protein of SARS-CoV-2, essential for viral entry into host cells, is the primary neutralizing target.14,15 The currently known anti-

SARS-CoV-2 antibodies predominantly target the RBD and are classified into classes 1–5 based on epitope specificity.16–18 The epitopes of

RBD-targeting antibodies in class 1 and class 2 overlap with the ACE2 footprint on the RBD, and they achieve neutralizing by directly blocking

ACE2 binding. However, common mutations in the RBD, such as K417N, E484K, N501Y, and Q493R, causes most of these antibodies to lose

their neutralizing abilities for variants such as Beta, Gamma, andOmicron.19 Class 3 and class 4 antibodies bind the outside the ACE2-binding

region, with their epitopes beingmore conserved in the RBD.20 Nonetheless, theOmicronmutations are situated within the binding site of all

four epitopes targeted bymAbs.21 The newly emerged subvariants BQ.1 and BQ.1.1 are largely pan-resistant to antibodies targeting the RBD

class 1 andclass 3 epitopes,whereasXBBandXBB.1arepan-resistant toantibodies targeting theRBDclass 1, 2, and3epitopes.9 XBB.1.5with a

rare mutation F486P, has shown superior transmissibility and immune escape ability compared to other subvariants, becoming the dominant

strain in several countries.22 Class 5 mAbs, recently described, bind to a conserved region of the RBD and show potential broad neutralizing

abilities, as demonstrated by 7D6/6D6,23 COVOX-45,24 and S2H97.18 It was reported that positioning of the class 5 mAb when bound to the

RBD prompts greater conformational rearrangements in the S trimer, ultimately influencing neutralization potency and breadth of mAbs that

target relatedepitopes.23,25 S2H97bind toa highly conservedepitopeonRBDand couldneutralizeBA.1 variant. This antibody canbind towith

high affinity to 45 RBDsof SARS-related coronaviruses, indicating its promise as a neutralizingagent.26While thepotential expanseofCOVOX-

45 is still undergoing investigation, it may deliver broad protection by utilizing a similar neutralization mechanism given its recognition of an

epitope similar to S2H97. The class 5 mAbs represent an attractive target for immunogen design and broad-spectrum vaccine development.

With over 50 significantmutations in the SARS-CoV-2 S protein, Omicron has demonstrated remarkable resistant to class 1, 2, 3, and 4 RBD

antibodies.27 Emerging subvariants have accumulated new mutations, further evading neutralizing antibody immunity. Our previous work

identified two cross-neutralizing antibodies, 6D6 and 7D6, targeting a unique site on the RBD. 7D6 and 6D6 showed robust binding activity

against wild-type RBD and its mutants harboring earlier dominant mutations at N501Y, K417N/E484K/N501Y, L452R. Remarkedly, these two

antibodies exhibited extraordinarily potent broad-neutralization against pseudoviruses of the prevalent SARS-CoV-2 variants B.1.1.7, B.1.351,

and P.1 and the authentic B.1.351 virus.23 Owing to minor discrepancies in the binding angles and accessibility of epitopes between the two

antibodies, 6D6 demonstrates a higher affinity to the Spike trimer as compared to 7D6. Moreover, 6D6 conferred stronger effectiveness than

7D6 in neutralization assays, in particular, showed 5-fold higher in the authentic B.1.351 virus neutralization.23 Therefore, we chose 6D6 as the

promising candidate for further investigation. In this study, we performed an exhaustive evaluation and comparison of 6D6 with a collection of

representative antibodies, including previously reported monoclonals like S309, REGN10933, and CB6, which have shown high inhibitory ac-

tivity against several emerging SARS-CoV-2 variants.We elaborated on the properties of 6D6, which has been proven to neutralize a spectrum

of variants including BQ and XBB subvariants, and maintain a virtually unchanged broad-spectrum neutralization capacity against all pseu-

dotyped variants tested. Furthermore, 6D6 exhibited significant protective effects in a hamster model exposed to the Beta variant, evidenced

by a considerable reduction in infectious virus load relative to the control group. Sequence analysis and epitope mapping indicates that

diverse mutations in SARS-CoV-2 pandemic do not affect the epitope recognized by 6D6, underscoring its potential in next-generation anti-

body therapies and broad-spectrum vaccine development against SARS-CoV-2.

RESULTS

Construct design, expression, and purification of different S-6P proteins and mAbs

To assess the binding and neutralizing activity range of 6D6 against SARS-CoV-2, we constructed several SARS-CoV-2 and SARS-CoV S-6P

proteins. These sequences, including D614G, B.1.621 (Mu), C.1.2, B.1.617.2 (Delta), B.1.1.529 (Omicron), BA.2, B.1.640.1, XBB.1.5, and

SARS-CoV, were obtained from the GISAID (https://www.gisaid.org/). A trimerization foldon was added to the C-terminus of the S-6P,

and the proteins were further engineered with mutations, including six Pro substitutions (817, 892, 899, 942, 986, and 987), and a ‘‘GSAS’’

replacement at the furin cleavage site (residues 682–685). The coding genes were cloned into the pcDNA3.4 vector with the addition of a

His tag, and a FLAG tag (Figure 1A). All S-6P protein types eluted in the separation fractions were presented at molecular weights (m.w.)

of�180 kDa in SDS-PAGE and showed high purity (>95%) (Figure 1B). The expression level of S-6P protein in different mutant strains varies,

likely due tomutation-induced property changes. All mAbs were resolved at molecular weights (m.w.) of 50 kDa heavy chains and 25 kDa light

chains in SDS-PAGE and showed a high purity (Figure 1C).

Binding capability of 6D6 to SARS-CoV-2 variants S-6P proteins

A comparative evaluation of several antibodies was carried out to examine the binding efficacy of 6D6 to the spike protein. Enzyme-linked

immunosorbent assay (ELISA) demonstrated that 6D6 continually exhibited strong binding potential with all the nine tested S-6P proteins,

including Omicron subvariants. This was evidenced by half-maximal effective concentration (EC50) values ranging between 2.9 and

40.0 ng/mL (Figure 2A). It was observed that S309 maintained potent binding activity across most S-6P proteins except for a 10-fold decrease

for B.1.1529 and BA.2. On the other hand, CB6 and REGN10933, displayed significantly reduced reactivities toward B.1.159, BA.2, XBB.1.5,
2 iScience 27, 110208, July 19, 2024
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Figure 1. The purification of SARS-CoV-2 S-6P protein and mAbs

(A) Schematic representation of the Spike protein structure, highlighting key domains including the N-terminal domain (NTD), receptor binding domain (RBD),

subdomains 1 and 2 (SD1, SD2), heptad repeats 1 and 2 (HR1, HR2), central helix (CH), connector domain (CD), transmembrane domain (TM), cytoplasmic tail (CT),

alongside the T4 foldon motif (FD).

(B) SDS-PAGE image of proteins purified via Ni-NTA. The S-6P protein was eluted using 250 mM imidazole.

(C) SDS-PAGE of mAbs purified from protein A agarose columns.
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and SARS-CoV. Surface plasmon resonance (SPR) analysis corroborated these findings, demonstrating that both 6D6 and S309 have nano-

molar affinities toward diverse viral variants (Figures 2B and S1). Notably, affinity of 6D6 was superior by approximately one logarithmic

unit to S309 for SARS-CoV and Omicron lineage variants. Moreover, REGN10933 and CB6 showed minimal response toward B.1.159,

BA.2, XBB.1.5, and SARS-CoV, a result that is mirrored by the ELISA. In conclusion, 6D6 displayed exceptional binding reactivity to both

SARS-CoV-2 variants and SARS-CoV, reacting with all tested S-6P trimers. This was particularly evident with high affinity toward the Omicron

lineage.
iScience 27, 110208, July 19, 2024 3



Target 6D6 CB6 S309 RENG10933

D614G S-6P 0.002 1.22 0.0002 0.62

C.1.2 S-6P 0.06 6.50 0.002 0.02

B.1.621 S-6P 0.15 0.61 0.01 0.002

B.1.617.2 S-6P 1.46 5.53 2.01 0.06

B.1.640.1 S-6P 0.11 2.33 0.08 0.15

B.1.1.529 S-6P 8.98 ND 29.90 ND

BA.2 S-6P 0.005 ND 8.17 ND

XBB.1.5 S-6P 0.004 ND 0.04 ND

SARS S-6P 0.008 ND 0.02 ND
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Figure 2. The characterization of mAb 6D6

(A) ELISA-based assessment of binding capabilities of 6D6 and other antibodies against various SARS-CoV-2 variants.

(B) Surface Plasmon Resonance (SPR) affinities of mAbs to S-6P proteins from SARS-CoV-2 variants and SARS-CoV. Non-detectable interactions are marked as

‘‘ND’’.
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Broad neutralizing activity of 6D6

With the continuous emergence of new viral mutants, particularly the wide prevalence of Omicron, certain mutants exhibit stronger immune

evasion abilities. For further examination, we assessed the cross-neutralization potential of 6D6 and S309 using lentiviral virus (LV) pseudotyp-

ing systems. The 6D6 showed neutralizing activity against all 14 tested variants, including D614G, B.1.617.1, B.1.617.2, BA.1, BA.1.1, BA.2,
4 iScience 27, 110208, July 19, 2024
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Figure 3. Broad neutralization activity of 6D6 against SARS-CoV-2 variants

(A) Neutralization potency of 6D6 and S309 against various SARS-CoV-2 variants, including Omicron, using an LV pseudovirus system. The graph shows IC50

values for D614G, B.1.617.1, B.1.617.2, BA.1, BA.1.1, BA.2, BA.2.12.1, BA.2.75, BA.4, BA.5, BF.7, BQ.1.1, XBB.1, XBB.1.5.

(B) Comparison of neutralization potency changes of nAbs against SARS-CoV-2 variants, with IC50 values from (A). S309 is represented in orange, and 6D6 in

green.

(C) Numbers in the box indicate the fold-change value, and the blue color indicates more change in neutralizing potency.

(D) HPLC profiles of 6D6 and S309 binding to the S trimer of different variants. The red peak is S trimer. The blue peak is S309 Fab. The green peak is 6D6 Fab. The

black peak indicates depolymerization of the spike.
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BA.2.12.2, BA.2.75, BA.4, BA.5, BF.7, BQ.1.1, XBB.1, XBB.1.5, with IC50 value ranging from 5.53 to 41.93 mg/mL. S309 also exhibited potent

cross-neutralization, with an IC50 value ranging from 0.02 to 11.18 mg/mL (Figure 3A). The neutralizing activity of 6D6 and S309 exhibits varying

degrees of damage to different variants.On average, the neutralizing activity of 6D6was lower than that of S309 (Figures 3A and 3B). However,

the decrease in neutralization for S309 relative to D614G was more than 10-fold for BA.2, BA.2.12.1, BA.4, BF.7, BQ.1.1, XBB.1, and XBB.1.5,

particularly with a 37.3-fold decrease in BF.7 and a 70.9-fold decrease in BQ.1.1. In contrast, 6D6 demonstrated comparable broad-spectrum

neutralization against all tested pseudotyped variants, including recent BF.7, BQ.1.1, XBB.1, and XBB.1.5 subvariants (change within 5-fold)

(Figures 3B and 3C). In all, although 6D6 generally demonstrated lower neutralizing activity than S309, it exhibited consistent broad-spectrum

neutralization across all tested pseudotyped variants, which may be related to its recognition of conserved epitope.

Our previous studies confirmed that 6D6mediates neutralization by disrupting the trimeric spike of SARS-CoV-2. Here, we examined bind-

ing of 6D6 Fab and S309 Fab to S-6P variants in vitro by incubating excess Fab with S-6P trimers and then flowing through high-performance

liquid chromatography (HPLC). HPLC analysis showed delayed retention volume or reduced peak height of complexes (9.5 mL) after equiv-

alent S-6P (7–8 mL) of D614G, B.1.617.2, B.1.1.529, XBB.1.5 incubated with 6D6 Fab (10mL), which indicated S-6P trimer were dissociated into

smaller components. Additionally, when S309 Fab (10.5 mL) was co-incubated with S-6P, dissociation of the S trimer of XBB.1.5 (9.5 mL) was

observed except for D614G, B.1.617.2, and B.1.1.529 complexes (7–8 mL) (Figure 3D). These results are consistent with our previously re-

ported neutralization mechanism for 6D6 by antibody-induced spike disruption. And S309 Fab specifically bind to other variants of S-6P,

without causing trimer dissociation, whichmay possibly neutralize the virus via induction of spike trimer cross-linking, steric hindrance, aggre-

gation of virions, and/or inhibition of viral membrane attachment via C-type lectin receptors13,28 (Figure 3D). Based on the result, it is evident

that 6D6 is capable of dissociating the S-6P trimer in different SARS-CoV-2 variants, and supports the mechanism of broad-spectrum

neutralization.
Therapeutic activities of 6D6 against SARS-CoV-2 Beta variant challenge in hamsters

The Beta variant exhibits the high resistance to neutralization of sera sourced from both vaccinated individuals and convalescent serum.29

Infections with the Beta variant are associated with a greater intensity of disease, leading to life-threatening conditions, and a higher rate

of COVID-19-related fatalities, as compared to the Alpha variant (B.1.1.7).30 The therapeutic activity of 6D6 against the Beta variant infection

was evaluated utilizing a hamster model (Figure 4A). Eight-week-old male hamsters were intranasally inoculated with 13104 plaque-forming

units (PFU) of the Beta variant, and were subsequently treated with an intraperitoneal injection of 6D6, totaling a dose of 20mg/kg, a day after

the infection (dpi). The untreated control group witnessed a 15.7% average loss in body weight, and totally succumbed within a week of infec-

tion. In contrast, 6D6-treated hamsters showed only a 10.2% average weight loss with no fatalities (Figures 4B and 4C). Viral load was quan-

tified in respiratory tract tissues (nasal turbinate, trachea, proximal and distal lung zones) via RT-PCR targeting theORF1ab and nucleoprotein

N genes. The viral RNA concentration in the untreated group rose to approximately 107-109 copies/mL in lung tissues, while 6D6 treatment

significantly reduced these levels to about 105-107 copies/mL. Encouragingly, 6D6 substantially reduced viral RNA quantities in the nonlung

respiratory tract—such as the nasal turbinate and trachea—and halted virus replication in lung tissues (Figure 4D). This potential of 6D6 to

reduce the viral load in the upper respiratory tract could prove beneficial in lowering the risk of SARS-CoV-2 transmission across populations.

Protective efficacy of 6D6 against viral infection-related lung damage was also evaluated. For the untreated group, severe pathological

changes, such as multifocal diffuse hyperemia and consolidation, were observed. In comparison, treatment with 6D6 conspicuously curtailed

the appearance of such lesions (Figure 4E). Overall, these findings illustrate that the potent neutralization capacity of 6D6 effectively protects

hamsters from Beta variant infection and correlated lung damage.
Sequence and structural analysis of 6D6’s broad neutralization of SARS-CoV-2 variants

The progression of the pandemic, especially post the emergence of the Omicron variant, has been marked by several antigenic mutations in

the spike RBD, enhancing the virus’s survival and evasion capabilities. We analyzed spike protein sequences from various pandemic stages, as

available in the GISAID andNGDCdatabase, focusing on amino acid substitutions in the RBD.We identified two distinct mutation waves: the

‘‘RBD wave’’ encompassing earlier sequences and the ‘‘Omicron wave.’’ Notably, Omicron subvariants, particularly XBB.1.5, have accumu-

lated a high number of RBD mutations, include G339H, R346T, F486P, F490S, etc, raising concerns about current vaccine and effectiveness

of mAb therapies (Figure 5A). To date, SARS-CoV-2 variants of concerns (VOCs) rarely mutate near class 5 antigenic sites. Sequence analysis

showed that the frequency of mutation in the 6D6 epitope was extremely low (conservation: 99.92% in all SARS-CoV-2 strains,N = 5,960,320;

99.51% in SARS-CoV-2 VOCs,N = 6,573,403; 99.68% in Omicron,N = 3,376,575; 86.67% in Sarbecovirus,N = 5,960,403) (Figure 5B; Table S1).

In July 2021, we reported the conservation of 6D6 epitope in SARS-CoV-2 is >99.7% (N= 2,216,094), these data indicated that the 6D6 epitope
6 iScience 27, 110208, July 19, 2024
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Figure 4. Therapeutic efficacy of 6D6 against SARS-CoV-2 Beta variant in hamsters

(A) Experimental Scheme: A group of 12 male hamsters, divided evenly into two groups, were intranasally infected with the SARS-CoV-2 Beta variant at 1 3

104 PFU. Subsequently, these animals were intraperitoneally treated with either a total dose of 20 mg/kg of 6D6 or PBS as a control at 1 dpi. Daily body

weight measurements were taken and lung samples were collected for examination at 5 dpi.

(B) Graph demonstrating changes in body weight induced by virus challenge are presented. Data are expressed as means G SEM. Significant differences

between groups were evaluated using Student’s unpaired two-tailed t test.

(C) Illustrates the number of surviving hamsters.

(D) Indicate concentrations of viral RNA in lysates obtained from nasal turbinate (NT), trachea (TR), and lung regions proximal (Lu-1) and distal (Lu-2) to the

pulmonary hilum. Data are expressed as means G SEM. Significant differences between groups were analysed by two-way ANOVA with Bonferroni’s

multiple comparisons test. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

(E) Gross observations of lung tissues following the therapeutic.
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remained highly conserved during the evolution of virus.23 In fact, studies reported that theOmicron variant containing R346K renders almost

all current antibody therapy for COVID-19 ineffective.27 Furthermore, these specific residues have also been observed in different Omicron

sublineages, indicating a significant growth advantage.31 Observing these trends, we selected 33 RBD mutations present in the spike of the

XBB.1.5 subvariant for further structural analysis (Figure 5C). We compared the epitope mapping of mAbs 6D6 (Class 5), S2H97 (Class 5), and

S309 (Class 3), based upon available information from complex structures18 (Figure 5D). We identified only a single amino acid variation

(N460/K) within the footprint of 6D6. Although 6D6 forms interactions with the main chain of N460 at the interface, the side chain alteration

does not significantly affect the activity of 6D6 against XBB.1.5 (Figures 3A–3C, 5E, and 5F). Moreover, all 33 mutated amino acid sites are

located outside the S2H97 epitope (Figure 5G). However, we discovered that three amino acid substitutions are present in the footprint

of the S309 antibody (R339/D, R346/T, N440/K). These mutations may potentially impact the interaction of S309 with the Omicron
iScience 27, 110208, July 19, 2024 7
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The amino acids of the 6D6 binding site are represented by red solid dots.
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Figure 5. Continued

(B) The conservation of 6D6 epitopes in all SARS-CoV-2 strains (N = 5,960,320), SARS-CoV-2 VOCs including Alpha, Beta, Gamma, Delta, Lambda, Mu and

Omicron (N = 6,573,403), Omicron(N = 3,365,575), Sarbecovirus(N = 5,960,403).

(C) Schematic representation of mutations presents in the spike protein of XBB.1.5 subvariant. A selected set of representative RBD mutations were chosen for

functional assessment in this study.

(D) Overlay of RBD structures (gray) alongside Class 1–5 mAbs, C102 (PDB: 7K8M), P2B-2F6 (PDB: 7BWJ), S309 (PDB: 6WPS), CR3022 (PDB: 6YLA), 6D6 (PDB:

7EAN) and S2H97 (PDB: 7M7W), showcasing distinct binding orientations.

(E), (G) and (H) Residues on the RBD involved in interactions with 6D6, S2H97, and S309 are indicated. The mutated residue from (B) is highlighted in yellow.

(F) The interaction between 6D6 and two different RBD (WT RBD, PDB: 7EAN, XBB.1.5 RBD, PDB:8SPI) located at the interface.

(I) The interaction between S309 and two different RBD (WT RBD, PDB: 7EAN, XBB.1.5 RBD, PDB:8SPI) located at the interface.
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lineage, further driving escape of XBB.1.5 from S309 (Figures 3A–3C, 5H, and 5I). Studies indicated that R346T andG339Hmutations could cf.

the strong neutralization resistance of these two subvariants to S309-like antibodies.32 In summary, class 5 epitopes are highly conserved dur-

ing viral evolution, and antibodies targeting class 5 epitope, represented by 6D6 and S2H97, are not affected by Omicron mutations. Com-

bined with the neutralization analysis, 6D6 maintains its broad-spectrum neutralizing activity in the current wave of the Omicron variant,

compared with another conserved epitope class 3, represented by S309. These findings present both a structural basis and experimental ev-

idence for the broad-spectrum neutralizing epitope targeted by 6D6-like antibodies in the antigenicity evolution of SARS-CoV-2.
DISCUSSION

SARS-CoV-2 variants, particularly the Omicron variant, exhibit a high degree of adaptability, marked by an unprecedented number of muta-

tions among VOCs. Thesemutations enhance transmissibility and immune evasion, significantly impacting the effectiveness of existingmAbs

and vaccines. Consequently, Omicron represents a substantial public health challenge, complicating efforts to return to normalcy. In the face

of continuously evolving SARS-CoV-2 variants, identifying conserved epitopes is crucial for developing universal vaccines and broadly neutral-

izing antibodies.

The 6D6 epitope is well conserved across divergent Sarbecoviruses. So far, few of the SARS-CoV-2 VOCs displaymutations near the class 5

antigenic site, which suggests that the probability of viral mutation at the 6D6 epitope is quite low.Wedemonstrated broad recognition capa-

bility of 6D6, with high-affinity binding to S-6P from all tested variants. Notably, 6D6 effectively neutralized all known VOCs, including recent

Omicron subvariants such as BA.1, BA.2, BA.4, BA.5, and XBB. Despite itsmoderate neutralizing activity, 6D6 showed stable IC50 values across

variants, a rare attribute among current antibodies. The 6D6 caused dissociation of stabilized S-6P trimer, providing a strong, well-docu-

mentedmechanism for the potent neutralizing activity. Additionally, in vivo studies in a hamster model infectedwith the Beta variant revealed

efficacy of 6D6 in reducing viral load andmitigating lung pathology, resulting in 100% survival. Specifically, although S309 demonstrates rela-

tively low affinity for BA.2 S-6P, it still provides superior neutralization against BA.2 when compared to 6D6. This discrepancy between affinity

and neutralization outcomes suggests that the neutralization mechanism of 6D6, which involves the dissociation of the trimer, may be less

effective than S309’s mechanism by bivalent avidity effect despite not competing with receptor attachment like 6D6.13 Nevertheless, the ef-

ficacy of 6D6 has conferred in vivo protection against beta SARS-CoV-2 in hamsters. The development of therapeutic antibodies could benefit

from the cocktailing antibodies with diversemechanism tomaximize therapeutic efficacy. It is worth noting that this study did not evaluate the

in vivo protective effect of 6D6 against the Omicron variant. However, considering the shared mutations between the beta and Omicron var-

iants, as well as the lower pathogenicity of Omicron compared to beta, studying the efficacy of 6D6 against Omicron XBB in future would be

valuable.33–35

To date, neutralizing antibodies have primarily targeted epitopes on the spike protein, predominantly on the RBD and, to a lesser

extent, the NTD and S2 subunit. Previous structural and binding competition studies have shown that the most potently neutralizing

anti-RBD antibodies target several distinct epitopes on the RBD.24 Studies also highlight a trade-off between sarbecovirus breadth and

potency against SARS-CoV-2.18 Generally, mAbs targeting class 1–4 sites of the RBD, as well as those directed against the NTD, exhibit

greater potency.36 However, antibodies in these groups are highly susceptible to neutralization escape due to mutations and deletions

found in emerging VOCs.36 By contrast, mAbs targeting class 5 site exhibit broader activity and higher resistance to viral escape, yet

they usually demonstrate lower potency.18,36 The class 5 epitope remained conserved during the evolution of virus, which suggests

that the probability of viral mutation at the class 5 epitope is quite low.25 A few previously reported neutralizing antibodies, such as

S2H97,18 553-49,37 and XMA09,17 targeting this site have shown remarkably broad neutralization. Mutation of the class 5 epitope by

deep mutational scanning of the RBD showed that mutation of these residues predominantly resulted in decreased protein expression,

ACE2 binding, and viral infectivity, denoting the functional and structural constraint of several class 5 epitope residues, particularly around

E465.38 Enhanced potency might be achieved through engineering mAbs that target the class 5 epitope as multivalent formats, making

them key members of a variant-resistant cocktail. Notably, class 5 antibodies are less frequently reported than other classes. According to

CoV-AbDab database, the heavy chain of representative class 5 human antibodies, S2H97 and WRAIR-2063, were encoded by the gene

IGHV5-51 and IGH3-33, only 3.6% and 3.5% among the reported coronavirus antibodies using these genes, respectively, while 10% of

heavy chain of class 1 antibodies were encoded by the IGHV3-53 gene.25,39,40 These studies underscore the rarity and uniqueness of

the VH genes usage by class 5 antibodies.

The epitopes targeted by neutralizing antibodies remain a pivotal focus in vaccine design and the development of therapeutic

antibodies. We underscore the importance of targeting conserved viral epitopes to create antibody therapies with broad-spectrum
iScience 27, 110208, July 19, 2024 9
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efficacy and to inform vaccine development. Glycan engineering is a strategy being tested to reduce the immunogenicity of regions

outside the conserved epitopes. One potential approach is to introduce glycans into the spike or RBD of SARS-CoV-2, which can

shield regions of low interest and enhance the exposure of desirable epitopes for broadly neutralizing antibodies.41 Similarly,

designing SARS-CoV-2 antigens to target the 6D6 epitope could stimulate the production of rare but broadly neutralizing anti-

bodies. Additionally, cocktail treatments combining antibodies that target different epitope sites are expected to exhibit synergistic

effects and reduce the chance of escape mutations. Indeed, combination of three noncompeting RBD-specific neutralizing anti-

bodies (nAbs), such as REGN10933, REGN10987, and REGN10985, improved the efficiency of individual nAbs in neutralizing

SARS-CoV-2 variants, preventing the development of escape mutants.42 In addition, it had been reported that presence of some

class 5 antibodies such as WRAIR-2063 can significantly enhance S protein binding to other mAbs with cryptic S protein epitopes.25

The 6D6 exhibits considerable breadth, with a nearly invariant antigenic sites, and modest neutralization capacity. Thus, therapeutics

incorporating it as one component of a cocktail may provide synergistic protection against SARS-CoV-2 variants and prevent viral

escape, representing a more robust therapeutic option than what is presently available.

Given the likelihood of SARS-CoV-2 persisting in the human population, ongoing global genomic surveillance, enhanced vacci-

nation campaigns, development of nAbs, and new drugs are crucial in the fight against COVID-19. The global effort has led to

the development of broad vaccines, which continue to cf. immunity against currently circulating SARS-CoV-2 variants. By differenti-

ating antibody epitopes with high resolution, as demonstrated in our study, we can inform the development of targeted antibodies

and vaccines. The binding epitope of 6D6 within the sarbecovirus is a promising target for pan-sarbecovirus vaccine development.

Furthermore, the in vivo protective efficacy data suggest that 6D6 could be a potential drug candidate for treating or preventing

COVID-19 infection. Engineering 6D6 in a multivalent format may enhance its potency, making it a valuable addition to variant-resis-

tant cocktail formulations in the future.

Limitations of the study

Due to the continuous evolution of SARS-CoV-2, the statistics on the conservation of the 6D6 epitope are limited to the documented SARS-

CoV-2 isolates available at the time of writing. Consequently, continuous monitoring of the conservation of the 6D6 epitope is necessary.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

6D6 Li et al.23 N/A

S309 Pinto et al.13 RRID: AB_2941328

CB6 Shi et al.43 N/A

RENG10933 Hansen et al.12 N/A

Bacterial and virus strains

SARS-CoV-2 D614G pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 B.1.617.1 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 B.1.617.2 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BA.1 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BA.1.1 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BA.2 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BA.2.12.1 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BA.2.75 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BA.4 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BA.5 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BF.7 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 BQ.1.1 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 XBB.1 pseudovirus (LV) Zhang et al.44 N/A

SARS-CoV-2 XBB.1.5 pseudovirus (LV) Zhang et al.44 N/A

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 D614G S-6P This manuscript N/A

SARS-CoV-2 B.1.621 S-6P This manuscript N/A

SARS-CoV-2 C.1.2 S-6P This manuscript N/A

SARS-CoV-2 B.1.617.2 S-6P This manuscript N/A

SARS-CoV-2 B.1.529 S-6P This manuscript N/A

SARS-CoV-2 BA.2 S-6P This manuscript N/A

SARS-CoV-2 B.1.640.1 S-6P This manuscript N/A

SARS-CoV-2 XBB.1.5 S-6P This manuscript N/A

SARS-CoV S-6P This manuscript N/A

Critical commercial assays

Ni Sepharose 6 Fast Flow Cytiva Cat#17-5318-03

MabSelect SuRe Cytiva Cat#17-5438-02

SARS-CoV-2 RT-PCR Kit Wantai Cat#WS-1248

QIAamp Viral RNA Mini Kit Qiagen Cat#52906

ExpiCHO Expression Medium Thermo Fisher Scientific Cat#A2910002

ExpiFectamine CHO Transfection Kit Thermo Fisher Scientific Cat#A29129

OPM-293 CD05 Medium OPM Cat#81075-001

PEI MW40000 transfection reagent YEASEN Cat# 40816ES03
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Experimental models: Cell lines

Expi293F cells Thermo Fisher Scientific Cat#A14528

ExpiCHO cells Thermo Fisher Scientific Cat#A29127

H1299-ACE2hR Zhang et al.44 N/A

293T Zhang et al.44 N/A

Vero cells ATCC Cat#CCL-81

Experimental models: Organisms/strains

LVG Syrian hamsters Charles River Cat#501

Software and algorithms

GraphPad Prism (version 8.0.1) Graphpad https://www.graphpad.com/
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Lead contact

Information and requests for resources should be directed to and will be fulfilled by the lead contact, Shaowei Li (shaowei@xmu.edu.cn).

Materials availability

All plasmids generated in this study are available from the lead contact without restriction.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell cultures

Cell lines used in this study were sourced from Thermo Fisher Scientific Inc. Chinese Hamster Ovary, CHO, were cultured in ExpiCHO�
Expression Medium. Human embryonic kidney cells, HEK293F, were maintained in OPM-293 CD05 Medium. Cells were cultured at 37�C,
5% CO2 at 95% air atmosphere. All cell lines used in this study were routinely tested for mycoplasma and found to be mycoplasma-free.

METHOD DETAILS

Expression and purification of mAbs

The isolation and purification of 6D6 were described by us elsewhere.23 The variable domain genes of S309,13 CB643 and REGN1093312 heavy

and light chains were cloned into a pTT5 (Thermo Fisher Scientific) vector containing the constant region of the human IgG. The recombinant

antibodies were expressed in Chinese hamster ovary (CHO) cells through transient transfection with equal amounts of paired heavy and light

chain plasmids. Antibodies in the culture supernatant were purified by affinity chromatography using protein A agarose columns (Cytiva).

Expression and purification of S-6P proteins

The SARS-CoV-2 D614G S-6P proteins carrying six stabilizing Pro substitutions (817, 892, 899, 942, 986, and 987) and ‘‘GSAS’’ substitutions at

the furin cleavage site (682–685). The coding genes of spike ectodomain followed by a foldon trimerization motif, a His tag, and a flag tag at

the C-terminus were synthesized and cloned into the pcDNA3.4 vector by GenScript. All S-6P plasmids, containing D614G, B.1.621 (Mu),

C.1.2, B.1.617.2 (Delta), B.1.1.529 (Omicron), BA.2, B.1.640.1, XBB.1.5, SARS-CoV, were transiently transfected into 293 F cells, respectively.

After 6 days, the secreted S-6P proteins were purified from the supernatant using Ni-sepharose fast-flow 6 resin (Cytiva) and eluted with

250 mM imidazole.

SDS-PAGE

Protein samples were prepared with loading buffer, boiled for 10 min, and subjected to sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE). Equal amounts of protein for each sample were loaded onto SDS-PAGE gels and electrophoresed at 160 V for
14 iScience 27, 110208, July 19, 2024
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45minutes using a BioRadMINI-PROTEAN Tetra system (BioRad Laboratories, CA, USA). The gels were stained with Coomassie Brilliant Blue

R-250 (Bio-Rad) for 20 min at room temperature.
Enzyme-linked immunosorbent assay (ELISA)

Purified proteins (200 ng/well) were coated onto 96-well microtitre plates and incubated at 37�C for 2 hours. Plates were blocked with 1 3

enzyme dilution buffer (PBS + 0.25% casein + 1% gelatin + 0.05% proclin-300) at 37�C for 2 hours. Antibodies (2 mg/mL) were serially diluted,

added to the wells (100 mL), and incubated at 37�C for 30 minutes. A horseradish peroxidase (HRP)-labeled goat anti-mouse or mouse anti-

human antibody (Abcam) was used as the secondary antibody at 1:5000 dilution. After washing, the reaction was developed using o-phenyl-

enediamine substrate at 37�C for 10 min. The OD450nm (reference OD620nm) was measured on a microplate reader (TECAN, Männedorf,

Switzerland). The half-effective concentration (EC50) values were calculated via sigmoid trend fitting with GraphPad Prism software

(GraphPad Software, CA, USG).
Pseudotype LV-based neutralization assay

Antibodies were tested against lenti-viral pseudotyping particles (LVpp) bearing the SARS-CoV-2 spike antigen based on H1299-ACE2hR

cells, as described previously.45 In brief, SARS-CoV-2 LVpp were generated by co-transfection of a lentiviral packaging plasmid (psPAX2,

Addgene), a SARS-CoV-2 spike expression plasmid (containing codon-optimized spike gene derived from the strain of D614G or

B.1.617.1, B.1.617.2, BA.1, BA.1.1, BA.2, BA.2.12.1, BA.2.75, BA.4, BA.5, BF.7, BQ.1.1, XBB.1, XBB.1.5 and a green fluorescent protein (mNeon-

Green) reporter vector (pLvEF1a-mNG, carrying EF1a promoter-driven mNeonGreen expressing cassette) in HEK293T cells. Infection and

neutralization assays were performed on H1299-ACE2hR cells, which stably over-expressed human ACE2 (enabling it to be highly susceptible

to SARS-CoV-2 virus) and nuclear-localized RFP (H2B-mRuby3, allowing accurate cell counting) based onH1299 cells. For ppNAT tests, serially

diluted antibodies were incubated with LVpp inoculum (0.5 TU/cell) for 1 h. Subsequently, the mixtures were incubated with the cells, which

had been pre-seeded in 96-well cell culture plates with an optically clear bottom. After 36 hours incubation, the plates were imaged by using

Opera Phenix or Operetta CLS high-content equipment (PerkinElmer). For quantitative determination, fluorescence images were analyzed by

Columbus Software 2.5.0 (Perki-nElmer), the numbers ofmNeonGreen (+) cells per well were calculated to indicate the infection performance,

and the total cell numbers per well were also counted to normalize the readouts. The reduction (%) on mNeonGreen (+) cells of the plasma-

treated well in comparison with control-well was calculated to show the neutralization activity. The ppNAT titer of each sample was expressed

as the maximum dilution concentration required to achieve infection inhibition by 50% (IC50). The IC50 value was determined by the

4-parameter logistic (4PL) regression using GraphPad Prism software (GraphPad Software, CA, USG).
KD determination

KD values were determined by SPR technology using a Biacore 8K instrument (Cytiva). The S-6P was amine-coupled to a CM-5 sensor chip.

Antibodies were then captured on the sensor surface at a flow rate of 30ml/min in PBS-P + buffer (0.2 M phosphate buffer with 27 mM KCl,

1.37MNaCl, and 0.5% Surfactant P20 (Tween 20)). The antibodies were tested using serially diluted concentrations (200, 100, 50, 25, 12.5, 6.25,

0 nM). The flow durations were 200 s for the association stage and 10 min for dissociation. Association rates (ka), dissociation rates (kd), and

affinity constants (KD) were calculated using BIAcore evaluation software.
Therapy against beta variants in hamsters

The therapeutic activity of antibodies against SARS-CoV-2 Beta variant strain (GISAID: EPI_ISL_2,779,639) that was passaged on Vero cells

(#CCL-81, ATCC) in vivo were performed in a Syrian hamster model.46 Groups of 8-week-old male hamsters were intranasally challenged

with 1x104 PFU of SARS-CoV-2 Beta variant. After 24 h, the infected hamsters were treated intraperitoneally with 6D6 at 20 mg/kg dose or

PBS. The health status and body weight changes were monitored daily. The lung tissues of hamsters were collected at 5 days post-infection

(dpi). The therapeutic efficacy of 6D6 was determined depending on the indicators including body weight, tissue viral RNA load, and lung

pathological examination in gross.
SARS-CoV-2 RNA quantification

The tissue samples including lung, trachea and nasal turbinate were separated from infected hamsters and homogenized with TissueLyser II

(Qiagen), and SARS-CoV-2 RNA was extracted using the QIAamp Viral RNA Mini Kit (Qiagen). Then, the viral RNA concentration was quan-

tified using a SARS-CoV-2 RT-PCR Kit (WS-1248, Wantai BioPharm) according to the manufacturer’s instruction.
QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prismwas used for all statistical calculations. EC50 and IC50 values were calculated by non-linear regression analysis [log(agonist) vs.

response� variable slope (four parameters)]. Data are expressed as meansG SEM. Significant differences between groups were analysed by

two-way ANOVA with Bonferroni’s multiple comparisons test. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
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