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SUMMARY
The rapidly spreading Omicron variant is highly resistant to vaccines, convalescent sera, and neutralizing an-
tibodies (nAbs), highlighting the urgent need for potent therapeutic nAbs. Here, a panel of human nAbs from
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) convalescent patients show diverse neutral-
ization against Omicron, of which XMA01 and XMA04 maintain nanomolar affinities and excellent neutraliza-
tion (half maximal inhibitory concentration [IC50]: �20 ng/mL). nAb XMA09 shows weak but unattenuated
neutralization against all variants of concern (VOCs) as well as SARS-CoV. Structural analysis reveals that
the above three antibodies could synergistically bind to the receptor-binding domains (RBDs) of both
wild-type and Omicron spikes and defines the critical determinants for nAb-mediated broad neutralizations.
Three nAbs confer synergistic neutralization against Omicron, resulting from the inter-antibody interaction
between XMA04 and XMA01(or XMA09). Furthermore, the XMA01/XMA04 cocktail provides synergistic pro-
tection against Beta and Omicron variant infections in hamsters. In summary, our results provide insights for
the rational design of antibody cocktail therapeutics or universal vaccines against Omicron.
INTRODUCTION

As of February 2022, coronavirus disease 2019 (COVID-19)

induced by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) has caused over 399 million infections and more

than 5.7 million deaths (Abu-Raddad et al., 2021). The contin-

uous emergence of multiple SARS-CoV-2 variants, especially

variants of concern (VOCs), generate serious threats to existing

vaccines and therapeutic antibodies (Abu-Raddad et al., 2021;

Madhi et al., 2021; McCallum et al., 2021; Wang et al., 2021),

which is exacerbated by the currently rapidly emerging Omicron

(B.1.1.529) variant (Hadfield et al., 2018; Scott et al., 2021). More

than any previous VOC, the Omicron variant contains 15 muta-

tions in the receptor-binding domain (RBD), 9 of which reside

in the receptor-binding motif (RBM), suggesting that the Omi-

cron variant has an unprecedented devastating effect on im-

mune protection established by vaccination and infection. Omi-
This is an open access article und
cron has been shown to be highly resistant to neutralization by

plasma from vaccinated individuals, convalescent sera, and

most reported neutralizing antibodies (nAbs), including those

authorized under Emergency Use Authorization (EUA) (Cameroni

et al., 2022; Cao et al., 2021; Cele et al., 2021; Hoffmann et al.,

2021; Liu et al., 2021; Planas et al., 2021; Wang et al., 2022),

which highlights the urgent need for broadly nAbs and essential

adjustments of current antibody therapeutics. In this study, we

generated a panel of human nAbs with diverse broad neutraliza-

tion against SARS-CoV-2 VOCs, including Omicron. Cryoelec-

tronmicroscopy (cryo-EM) structures of the combination of three

noncompeting nAbs in complex with wild-type spike trimer

(WT-S) and Omicron S trimer (Omicron-S) together revealed

the critical determinants for nAb-mediated broad neutralization.

We also elucidated the synergistic neutralization of three nAbs

and potent protection of XMA01/XMA04 cocktail against

SARS-CoV-2 Beta and Omicron variants infection in hamsters.
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Figure 1. Identification of antibodies with broadly neutralizing activities against SARS-CoV-2 variants, including Omicron

(A) Heatmap showing the binding activities of nAbs to different types of spike and RBD proteins determined using ELISA and neutralization potency against lenti-

virus (LV) pseudoviruses carrying spike protein of SARS-CoV and SARS-CoV-2 prototype strain (termed SARS-CoV LV and SARS-CoV-2 LV, respectively).

(legend continued on next page)
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RESULTS

Identification of broadly nAbs against SARS-CoV-2
variants including Omicron
Weconstructed a panel of eleven nAbs targeting the SARS-CoV-

2 RBD that were obtained from convalescent patients infected

with the SARS-CoV-2 prototype strain, as previously reported

(Tiller et al., 2008). Of the nAbs, XMA09 and XMA18 showed effi-

cient cross-neutralization against SARS-CoV (Figure 1A). Eleven

nAbs were classified into 4 clusters by primary identification of

their binding sites by cross-blocking assay, with classic anti-

bodies of Classes 1–5 as reference (Barnes et al., 2020; Starr

et al., 2021a) (Figure 1B). The cross-neutralizing nAbs XMA09

and XMA18 were evaluated as classes 5 and 4, respectively

(Figures 1A and 1C). The VOCs emerged after the Alpha

(B.1.1.7) variant, including Beta (B.1.351), Gamma (P.1), and

Delta (B.1.617.2) variants, were refractory to antibody neutraliza-

tion in varying degrees, indicating the diminished efficacy of vac-

cines and antibody therapeutics (Abu-Raddad et al., 2021;

Madhi et al., 2021; McCallum et al., 2021; Wang et al., 2021). A

pseudotyped SARS-CoV-2 neutralization assay revealed that

most nAbs from classes 4 and 5 and some nAbs from classes

1 and 2/3 showed broad-neutralizing activities against VOCs

as well as variants of interest (VOIs) (Figures 1D, 1E, and S1).

Strikingly, two nAbs, XMA01 (from class 1) and XMA03 (from

class 2/3) maintained excellent neutralizing potency and breadth

against VOCs (Figures 1D and 1E). Especially, XMA01 demon-

strated strong and unchanged broad-spectrum neutralization

against all tested pseudotyped variants with half maximal inhib-

itory concentrations (IC50s) less than 10 ng/mL (Figures 1D and

S1A). While class 2/3 nAbs XMA04 and XMA55 showed similar

neutralizing activities against the SARS-CoV-2 prototype strain

and D614G, compared with XMA01, diminished or abolished

neutralizing activities against Beta and Gamma variants were

observed, respectively, probably resulting from the mutations

of E484 residue (Figures 1D, 1E, and S2).

We next assessed the neutralizing activities of these nAbs

against Omicron pseudovirus. Despite an approximately

10-fold decrease in neutralization potency compared with

D614G, XMA01 and XMA04 still efficiently neutralized Omicron,

with IC50 values of 23.6 and 24.9 ng/mL, respectively; thus, they

showed significantly stronger neutralization potency than the

widely recognized S309 (sotrovimab) (Cameroni et al., 2022;
(B) Antigenic sites of the select 5 representative antibodies (classes 1–5) are sho

black line.

(C) Epitope mapping of our 11 nAbs and 5 representative nAbs by clustering ana

nAbs (in black font) to block HRP-coupled nAbs (in blue font). The heatmap of bloc

red (blocking rate >75%) in the scale bar.

(D and E) Neutralization potency of 11 nAbs and antibody S309 against SARS-Co

(B.1.351), Gamma (P.1), Delta (B.1.617.2), Epsilon (B.1.429), Eta (B.1.525), Lota-a

V2 in order (D) and the fold change of neutralization against variants compared wit

blue color indicates less change in neutralizing potency. Neutralization assays w

(F) Pairwise neutralization potency of nAbs against the Omicron variant and D614

spike protein and are presented in the top panel. The dots in brown refer to Om

potency against Omicron related to D614G are presented in the bottom panel. The

Omicron. The black dashed lines indicate the 10 and 100 ng/mL IC50 values (to

(G and H) Binding affinities of XMA01, XMA04, and XMA09 to Omicron RBD pro

calculated using the evaluation software for a Biacore 8K instrument using a 1:1
Pinto et al., 2020), with an IC50 of 284.7 ng/mL against Omicron

(Figures 1F, S1B, and S1C). The two nAbs showed effective

neutralization against Omicron by blocking ACE2 binding (Fig-

ure S2B). Surface plasmon resonance (SPR) assays further

confirmed the excellent affinities of XMA01 and XMA04 to Omi-

cron spike or RBD proteins (Figures 1G, 1H, and S3). Of the two

SARS-CoV/SARS-CoV-2 cross-neutralizing nAbs, XMA09 was

found to bind Omicron and SARS-CoV spikes with excellent

picomolar affinity and undiminished neutralizing activity

against Omicron pseudovirus when compared with D614G

(Figures 1G, 1H, and S3). However, similar to other reported

class 5 nAbs, such as S2H97, XMA09 showed poor neutralizing

activities against Omicron and other variants (Figures 1F and S1),

partially due to its weak ACE2-blocking potential (Figure S2B).

Collectively, our findings confirmed that the mutations present

in the Omicron RBD mediate substantial resistance to multiple

clusters of antibodies and identified XMA01 and XMA04 as

potent nAbs against Omicron with excellent affinities. Further-

more, XMA01, XMA04, and XMA09 from class 1, class 2/3,

and class 5, respectively, might serve as an antibody cocktail

to protect against infection by most SARS-CoV-2 variants

including Omicron.

Cryo-EM structures of three antibodies in complex with
SARS-CoV-2 WT and Omicron spike proteins
Given the excellent neutralizing breadth and potently noncom-

peting binding properties of XMA01, XMA04 and XMA09, we

then determined the cryo-EM structures of prefusion-stabilized

WT-S andOmicron-S in complex with a combination of Fab frag-

ments of three antibodies. Structures of WT-S and Omicron-S

simultaneously bound by three antibodies at resolutions of

3.42 and 3.82 Å, respectively, were obtained and showed iden-

tical binding modes of the three antibodies (Figures 2A–2D, S4A,

S4B, and S5; Table S1; Video S1). Intriguingly, only the spike

monomer (but not trimer) bound by the three Fabs was observed

and reconstructed, indicating the antibody-induced dissociation

of the trimeric spike. To this end, we also determined the cryo-

EM structure of trimeric Omicron-S in complex with the mono-

antibody XMA01 (Figures 2E, S4C, and S5; Table S1). The me-

dium-resolution structure revealed that three XMA01 bound to

three RBDs of the Omicron spike, and the fitting of our three-

Fab complex structure revealed that further binding of XMA04

and XMA09, especially the latter, will induce steric clashes with
wn on the SARS-CoV-2 RBD surface, and the ACE2 footprint is indicated as a

lysis based on blocking ELISA. Blocking ELISA was performed by using naked

king ELISA data is shown with blocking rate colored continuously fromwhite to

V-2 variants. The IC50 values of each nAb against D614G, Alpha (B.1.1.7), Beta

(B.1.526a), Lota-b (B.1.526b), Kappa (B.1.617.1), Lambda (C.37), and A.VOL.

h D614G (E) are shown. Numbers in the box indicate the fold-change value, and

ere performed by using an LV pseudovirus system.

G. The IC50 values were determined by using a VSV pseudovirus with Omicron

icron, and the dots in gray refer to D614G. The fold changes of neutralization

pink stars indicate three optimal nAbs against SARS-CoV-2 variants, including

p panel) or 10- and 100-time fold changes (bottom panel).

tein (G) and spike protein (H) determined by SPR technology. KD values were

global fit model.
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Figure 2. Cryo-EM structures of three antibodies in complex with SARS-CoV-2 WT and Omicron spike proteins

(A and B) Domain-colored cryo-EM map (A) and cartoon representation (B) of the immune complex of WT-S:XMA01:XMA04:XMA09.

(C and D) Domain-colored cryo-EMmap (C) and cartoon representation (D) of the immune complex of Omicron-S:XMA01:XMA04:XMA09.WT-RBD andOmicron

RBD are colored orange and brown, respectively, and nAbs XMA01, XMA04, and XMA09 are colored spring green, crimson, and dodger blue, respectively.

(legend continued on next page)
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adjacent NTDs on the trimer (Figure 2E). In addition, we also veri-

fied the antibody-induced dissociation of spike proteins by

negative-staining transmission electronic microscope (TEM).

The trimeric WT-S and Omicron-S in complex with XMA09 alone

or with the triple-antibody cocktail, respectively, were checked.

Both WT-S and Omicron-S were found disrupted by the admin-

istration of either XMA09 alone or the triple-antibody cocktail

(Figure S6), which is consistent with the observation in cryo-

EM analysis. Remarkably, the triple-antibody cocktail aggra-

vated the dissociation potential of spikes compared with

XMA09 alone (Figure S6).

nAbs targeting the RBD can be categorized into five classes

(class 1–5) (Starr et al., 2021a). XMA01, XMA04, and XMA09,

which bind to the upper ‘‘shoulder’’, lower shoulder, and cryptic

‘‘waist’’ regions of RBDs, respectively, belong to class 1, class 3,

and class 5 nAbs and resemble AZD8895 (Dong et al., 2021),

S309 (Tortorici et al., 2020), and S2H97 (Starr et al., 2021a),

respectively (Figure S7). The binding of three nAbs evaded

most of the RBD mutations revealed in previous VOCs (K417N,

L452R, T478K, E484K, and N501Y) and recent Omicron variants

(G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N,

T478K, E484A, Q493R, G496S, Q498R, N501Y, and Y505H)

(Figures 2F, 2G, and S7A–S7I). The footprints of three nAbs

were substantially nonoverlapping except for some common

residues involving the binding of two nAbs (Figures 2G and

2H). The footprints of XMA01 and XMA04 contain 2 and 3 Omi-

cron mutations, respectively (K417N and Q493R for XMA01

and N440K, G446S, and E484A for XMA04), which may corre-

spond to their slight decrease in neutralization against Omicron

(Figure 2I). In addition, the epitopes of XMA01 and XMA04 over-

lap with RBD residues involved in ACE2 binding to varying de-

grees and thereby show potent ACE2-blocking activities

(Figure S2B).

Those best-in-class SARS-CoV-2 nAbs mostly belong to clas-

ses 1 and 2, which are able to block the binding of ACE2 to the

RBM and always show excellent neutralizing potencies

(IC50 <10 ng/mL) (Starr et al., 2021a). However, due to the high

mutation rate in the Omicron RBM, the neutralization of those

nAbs (including someEUA antibodies, such asREGN10933 [class

1], REGN10987 [class 3], LY-CoV555 [class 2], LY-CoV016 [class

1], and AZD8895 [class 1]) against Omicron is almost lost (Camer-

oni et al., 2022; Wang et al., 2022). Omicron-resistant antibodies,

such as S309 (class 3) and S2H97 (class 5), show moderate

neutralizing potencies (IC50 of �200–1,000 ng/mL) against the

Omicron variant (Cameroni et al., 2022; Liu et al., 2021; Planas

et al., 2021). XMA01 is categorized as a class 1 nAb but maintains

a high potency of Omicron neutralization (IC50: 23.6 ng/mL). For

all 15 RBD mutations in Omicron, only the K417N mutation leads
(E) Cryo-EM density map (transparent gray) of Omicron-S in complex with XMA01

one open RBD of Omicron-S:XMA01 shows the steric clashes (orange dashed b

(F) Structure of WT-S:XMA01:XMA04:XMA09 with highlighted RBDmutations (rev

are shown as transparent surfaces and cartoons, respectively.

(G) Structure of Omicron-S:XMA01:XMA04:XMA09 with 15 highlighted mutations

(H) Comparisons of the footprints of XMA01 (spring green line), XMA04 (crimson lin

ACE2-binding site is marked as the black dotted line, and the mutation sites of O

(I) Sequence alignment of the spike proteins of SARS-CoV-2, VOCs, and SARS-C

nAbs are highlighted with a color scheme according to (A)–(D).
to the loss of one hydrogen bond between XMA01 and RBD

(Figures 3A and 3E), which may account for the neutralizing

decrease of the Omicron variant. The binding site of XMA01 is

similar to that of AZD8895 but farther from the notorious loop

470–490, which enriches several VOC mutations, such as

S477N, T478K, E484A, Q493R, and G496S (Figure S7J–S7L).

Among these residues, S477, T478, and Q493 are key residues

for AZD8895 binding, while only Q493 provides appreciable con-

tacts with XMA01 (Dong et al., 2021) (Figure S7J–S7L). Further-

more, residue F486 in the RBD, which was previously revealed

to be critical in mediating the interaction of spike to ACE2 by in-

serting itself into the hydrophobic pocket of ACE2 (Barnes et al.,

2020; Dong et al., 2021; Dussupt et al., 2021; Lan et al., 2020;

Yan et al., 2020), also plays a critical role in the binding of

XMA01 bymimicking the insertion of its bulky aromatic side chain

into the hydrophobic pocket formed by the heavy chain S57, T58,

Y59 and light chain Y94,W106 of XMA01 and creates strong inter-

actions with these residues (Figure S7M–S7N).

XMA04, another high potent nAb against Omicron (IC50:

24.9 ng/mL), recognizes an epitope that is near the binding site

of the well-known S309 but closer to the RBM and therefore

shows excellent ACE2-blocking activity (Figure S2B). XMA04 in-

teracts with the WT RBD by forming an elaborate interaction

network containing 15 hydrogen bonds and 6 salt bridges

(Figures 3B, 3C, and 3F–3G). Although the mutation of E484A in

the Omicron RBD causes the loss of 3 hydrogen bonds and 4

salt bridges, the binding affinities of XMA04 to the Omicron spike

or RBD are maintained at �10 nM. The XMA09 epitope shows

high similarity with the epitopes of the previously reported pan-

Sarbecovirus broad antibody S2H97 (Starr et al., 2021a), with

the final epitope designated site V (the fifth class of epitopes on

the RBD). The XMA09 epitope evades all RBD mutations of

concern found in most VOCs and VOIs, including Omicron

(Figures 3D, 3H, and S8). Furthermore, both XMA09 and S2H97

as well as some other nAbs belonging to this class (Li et al.,

2021) can cross-neutralize against SARS-CoV. The special cryptic

neutralizing site recognized by those class 5 nAbs was sequen-

tially highly conserved among Sarbecovirus (Figure 2I). Although

with unsatisfactory neutralization against both the WT and Omi-

cron variants, these nAbsmay neutralize the virus by destabilizing

the viral spike protein, which was previously elucidated for some

other nAbs, such as CR3022 (Wrobel et al., 2020) and 7D6/6D6

(Li et al., 2021).

Interaction of three antibodies toWT-RBD and Omicron-
RBD and the synergistic neutralization against Omicron
The three antibodies bound to one RBD are close to each other

and thereby introduce extra inter-antibody interactions between
and superimposition of the density map of WT-S:XMA01:XMA04:XMA09 onto

ox) between two adjacent NTDs and two Fabs XMA01 and XMA09.

ealed in the VOCs Alpha, Beta, Gamma, and Delta). WT-RBD and bound nAbs

in the Omicron RBD (displayed in coral sphere).

e), and XMA09 (dodger blue line) onWT-RBD (gray surface representation). The

micron mutations are colored in coral.

oV with strictly conserved residues shown as dots, and the epitopes of three

Cell Reports 39, 110862, May 24, 2022 5
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Figure 3. Comparisons of three antibodies interacting with WT-RBD and Omicron-RBD and the synergistic neutralization of three nAbs

against Omicron

(A–D) Interaction details of the WT RBD bound by XMA01 (A), XMA04 (B and C), and XMA09 (D).

(E–H) Parallel display of interaction details of Omicron-RBD bound by XMA01 (E), XMA04 (F and G), and XMA09 (H). Critical residues involved in interactions are

shown as sticks, and hydrogen bonds (lime) and salt bridges (dark blue) are labeled as dashed lines.

(I) Overall view of inter-antibody interactions between XMA01 and XMA04 and between XMA04 and XMA09.

(J and K) Close-up views of interaction details between XMA01 and XMA04 (J) and XMA04 and XMA09 (K) are shown. The key residues involved in inter-antibody

interactions are shown as sticks, and their representative density maps are also shown as meshes. Hydrogen bonds (lime dashed lines) and contacts (dark green

dashed lines) are labeled.

(L) Neutralization of the Omicron variant by monoantibody, two-antibody cocktail (1:1 mixture), and three-antibody cocktail (1:1:1 mixture) based on VSV

pseudotyped with Omicron spike protein. IC50 values for antibody cocktails are listed. The IC50 values were calculated using nonlinear regression (four-

parameter) by Prism (v.8.0.1). Data are expressed as the means ± SD for three technical replicates. The significant difference between the groups was analyzed

by Student’s unpaired two-tailed t test. ns, no significant difference; *p < 0.05; **p < 0.01.
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adjacent nAbs (Figures 3I–3K). XMA04 dramatically interacts

with ambilateral XMA01 and XMA09 simultaneously and there-

fore constructs a three-antibody combinated interaction

network. This structural feature indicates the synergistic effect

of these antibodies when administered in combination. To test

the potential synergistic neutralization of antibody combinations
6 Cell Reports 39, 110862, May 24, 2022
against Omicron, we assessed the neutralization potencies of

two-antibody (1:1 mixture) and three-antibody (1:1:1 mixture)

combinations compared with a mono-antibody. The results indi-

cated that the XMA01/XMA04 cocktail showed an appreciable

synergistic effect, with an improved IC50 of 8.2 ng/mL (Fig-

ure 3L). In addition, the three-antibody cocktail also displayed
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Figure 4. Therapeutic activity of XMA01/XMA04 cocktail against SARS-CoV-2 Beta variant challenge in hamsters

(A) Schematic design. A total of 20 male hamsters, divided equally into 4 groups, were infected intranasally with the 13 104 PFU SARS-CoV-2 Beta variant and

then treated intraperitoneally with XMA01, XMA04, and XMA01/XMA04 cocktails at a total dose of 20 mg/kg or PBS as a control at 1 dpi. The body weight was

monitored daily, and examination of hamster lung samples was collected at 7 dpi.

(B) Changes in body weight induced by virus challenge were plotted. Data are expressed by means ± SEM. The significant difference between groups was

analyzed by Student’s unpaired two-tailed t test.

(C) Survival analysis. The number of surviving hamsters is indicated.

(D) Viral RNA concentrations in lysates from the nasal turbinate (NT), trachea (TR), and lung regions proximal (Lu-1) and distal (Lu-2) to the pulmonary hilum. Data

are expressed bymeans ±SEM. The significant difference between the groups was analyzed by Student’s unpaired two-tailed t test. ns, no significant difference;

*p < 0.05; **p < 0.01; ***p < 0.001.

(E) Gross observations of lung tissues from the therapeutic and control groups. Red stars indicate hamster death due to virus infection.
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potent neutralizing activity against Omicron, with an IC50 of

15.6 ng/mL (Figure 3L). The present antibody cocktail of

AZD8895 and AZD1061 (Dong et al., 2021) has been shown

to exhibit enhanced neutralizing activities over individual

antibodies because of the synergistic effects. Given that

the Omicron can escape most approved antibody cocktails,

our two- and three-antibody cocktails provide promising anti-

body-cocktail candidates that are effective against the Omicron

variant.

Enhanced therapeutic activities of XMA01/XMA04
cocktail against SARS-CoV-2 Beta and Omicron variants
challenge in hamsters
We subsequently evaluated the therapeutic activity of the

XMA01, XMA04, and XMA01/XMA04 cocktail against the infec-

tion of the Beta variant in a hamster model (Figure 4A). Eight-

week-old male hamsters were intranasally challenged with

1 3 104 plaque forming units (PFU) of the Beta variant and

treated intraperitoneally with XMA01, XMA04, or XMA01/

XMA04 cocktail at a total of 20 mg/kg dose at 1 day post-infec-

tion (dpi). Hamsters from the untreated group lost an average of

19.4%bodyweight, and 100%of the animals were deadwithin 6

dpi. In contrast, all antibody-treated hamsters survived with

slight weight loss: an average decrease of 6.0%, 5.8%, and

6.4% for XMA01-, XMA04-, and XMA01/XMA04-cocktail-treated

groups, respectively (Figures 4B and 4C). To determine the viral

burden in different groups, we then detected the viral replication
in the homogenized tissues of respiratory tract organs including

nasal turbinate, trachea, and lung regions proximal and distal to

the pulmonary hilum by real-time reverse-transcription polymer-

ase chain reaction (RT-PCR). While the amount of viral RNA in

the untreated group surged to approximately 1 3 107–13109

copies/mL in lung tissues, the antibody-treated groups showed

a profound reduction in viral RNA concentrations (1 3 105–

13107 copies/mL) (Figure 4D). Although XMA01 or XMA04 indi-

vidually could not significantly reduce the amounts of viral RNA in

the nonlung respiratory tract, such as nasal turbinate and tra-

chea, the combination of XMA01 and XMA04 succeeded in the

significant inhibition of virus replication, especially locally in the

nasal turbinate (Figure 4D), indicating the enhanced therapeutic

efficacy of antibody combination. The high efficiency of XMA01/

XMA04 cocktail for reducing the viral burden in the upper respi-

ratory tract may benefit to decrease the risk of the SARS-CoV-2

transmission within populations. However, the enhancement of

XMA01/XMA04 cocktail for the inhibition of virus replication in

lung tissues is less conspicuous, possibly due to the high po-

tency and abundant distribution of nAbs in lung tissues. We

also assessed the protective efficacies of mono-antibody and

XMA01/XMA04 cocktails in viral-infection-related lung damage.

For the untreated group, multifocal diffuse hyperemia and

consolidation were observed in the gross lung pictures (Fig-

ure 4E). In contrast, treatment with XMA01, XMA04, and espe-

cially XMA01/XMA04 cocktails effectively inhibited the occur-

rence of apparent lesions (Figure 4E).
Cell Reports 39, 110862, May 24, 2022 7
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Figure 5. Therapeutic activity of XMA01/XMA04 cocktail against SARS-CoV-2 Omicron variant challenge in hamsters

(A) Experimental schedule. Two groups (n = 6) were intraperitoneally treated with PBS and XMA01/XMA04 cocktail (20mg/kg) at 1 day post intranasally challenge

with the 1 3 104 PFU SARS-CoV-2 Omicron variant then were divided into two subgroups (n = 3) that were sacrificed at 5 and 6 dpi, respectively.

(B) Daily body-weight changes were observed and plotted by means ± SEM. The significant differences of body-weight changes at 4, 5, and 6 dpi were analyzed

using Student’s unpaired two-tailed t test. ns, no significant difference; *p < 0.05; ****p < 0.0001.

(C and D) Viral RNA concentrations in different tissues as in Figure 4D from subgroups that were separately sacrificed at 5 (C) and 6 dpi (D). Data are expressed by

means ± SEM. The significant difference between the groups was analyzed by Student’s unpaired two-tailed t test. ns, no significant difference; *p < 0.05.

(E) Gross observations of lung tissues from different subgroups.
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To further determine the therapeutic efficacy of the XMA01/

XMA04 cocktail against the Omicron variant, we conducted a

similar virus-challenge experiment as that of the Beta variant

and evaluated the therapeutic activity of the XMA01/XMA04

cocktail (Figure 5A). Both untreated and treated groups were

individually separated into two subgroups, hamsters of which

were sacrificed at 5 and 6 dpi for viral RNA load quantification

and gross lung observation, respectively. Although no animal

death was observed for both the untreated and the antibody-

cocktail-treated groups compared with the Beta variant, puta-

tively due to the relatively weaker pathogenicity of the Omicron

variant (Figure 5B), the Omicron variant caused slight body

weight decrease (3.8%) for the untreated group at 5 dpi but

nearly no decrease for the treated group (Figure 5B). Also, the

significant decrease of viral RNA loads in the tissues of nasal

turbinate, trachea, and lung regions proximal and distal to the

pulmonary hilum were achieved by the XMA01/XMA04 cocktail

at 5 dpi (Figure 5C). The hamsters in the untreated group recov-

ered from virus infection (increased body weight) to some extent

at 6 dpi (Figure 5B); however, the tissue viral RNA loads still

maintained at high levels (13 106–13 107) (Figure 5D). The anti-

body-cocktail-treated group showed relatively lower tissue viral

RNA loads at 6 dpi compared with that of the untreated group

(Figure 5D). We noted that the viral RNA loads of the cocktail-

treated group at 6 dpi slightly increased (while no statistical dif-

ference) when compared with that at 5 dpi, putatively resulted
8 Cell Reports 39, 110862, May 24, 2022
from the decreased antibody concentration in hamsters. Never-

theless, the relatively lower viral RNA loads at 5 and 6 dpi

(1 3 105–1 3 106) indicated that antibody cocktail efficiently in-

hibits viral replication to maintain concentrations of the Omicron

RNA at a relatively low level since 5 dpi. Given the reduction of

viral loads caused by the XMA01/XMA04 cocktail, no viral-infec-

tion-related lung damage was observed in the cocktail-treated

group at 5 dpi compared with the untreated group (Figure 5E).

Taken together, these results determined that the potently syner-

gistic neutralization of XMA01 and XMA04 effectively protected

hamsters from infection and infection-related lung damage of

two notorious VOCs, Beta and Omicron.

DISCUSSION

The ongoing coronavirus 2019 (COVID-19) pandemic causes

significant emergence of SARS-CoV-2 VOCs showing increased

transmissibility and obvious resistance to the existing vaccines

and therapeutic antibodies (Abu-Raddad et al., 2021; Madhi

et al., 2021; McCallum et al., 2021; Wang et al., 2021). Currently,

the concern is further exacerbated by the rapidly emerging Om-

icron variant that has an alarming 15 mutations almost accumu-

lating in the key neutralizing epitopes in the RBD (Hadfield et al.,

2018; Scott et al., 2021). Many studies have reported that the

Omicron variant can abolish the neutralization potency of FDA-

approved therapeutic antibodies, just with the exception of
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S309 (Cameroni et al., 2022; Cao et al., 2021; Cele et al., 2021;

Hoffmann et al., 2021; Liu et al., 2021; Planas et al., 2021;

Wang et al., 2022). In this study, a panel of human nAbs were ob-

tained from SARS-CoV-2 convalescent patients and showed

diverse broad neutralization against SARS-CoV-2 VOCs, of

which XMA01 and XMA04 classified into classes 1 and 3,

respectively, were identified as more potent nAbs against the

Omicron variant by about 10 times higher compared with S309

(Figure 1E). XMA01 derived from the paired germlines of IGHV

3–64 and IGKV15 mainly binds with the epitope focusing on res-

idue F486 by forming several strong interactions. The high con-

servation of residue F486 that is farther from the notorious loop

470–490 confers XMA01 broad-neutralization potency against

SARS-CoV-2 VOCs, including the Omicron variant. Although

many AZD8895-like public nAbs with a public clonotype en-

coded by the same germline sequences (the heavy chain:

IGHV1-58 and IGHJ3, and the light chain: IGKV3-20 and

IGKJ1), such as S2E12, target the similar antigenic site as

XMA01 (Dong et al., 2021; Tortorici et al., 2020), their relatively

weaker affinities with conserved F486 and higher overlapping

with Omicron mutation sites together mediate the largely

decreased neutralization against Omicron variant (Cameroni

et al., 2022). Besides, based on the structural analysis, XMA01

exhibits a different binding orientation to the left shoulder

compared with IGHV1-58-derived nAbs (Figures S9A–S9C), re-

sulting in contacting an epitope lower than the common site

recognized by IGHV1-58-derived nAbs and evading the three

VOC mutation residues S477, T478, and E484 (Figures S9D

and S9E) (Reincke et al., 2022). Thus, XMA01 maintains more

potent and broad neutralization against SARS-CoV-2 variants,

and its epitope site focusing on the F486 residue may provide

important inspiration for universal vaccine design in the future.

With the exception of the XMA01 epitope, broad nAb XMA09 is

also worth investigating. By binding to the special cryptic

neutralizing site V that is highly conserved among Sarbecovi-

ruses and distant from ACE2 footprint, XMA09, as well as the

previously reported nAb S2H97 (Starr et al., 2021a), broadly

inhibit infection of SASR-CoV-2 variants, including the Omicron

variant, and even SARS-CoV. The sequence conservation of

cryptic neutralizing site V may be necessary for the requirement

of structure and function of Sarbecoviruses spike protein.

Furthermore, our structural information indicated that XMA09

may destabilize the viral spike protein and further inhibit SARS-

CoV-2 infection, as did previously reported CR3022 (Wrobel

et al., 2020) and 7D6/6D6 (Li et al., 2021). However, the class 5

nAbs showed less potent neutralization against SARS-CoV-2

when compared with those ACE2-competing nAbs such as

XMA01 and XMA04. Thus, further efforts are needed for

enhancing neutralization potency, e.g., expansion of antibody

volume by modifying immunoglobulin G (IgG) as IgMs (Ku

et al., 2021) or particles forms (Ma et al., 2020) to enhance the

blocking of the RBD attachment to the receptor.

The Omicron variant, with accumulating mutations, could

affect nAbs targeting different antigenic sites. Nevertheless,

some class 3 (represented by S309) and 4 (represented by

CR3022) nAbs that show broad-neutralization potency against

Sarbecovirus are impaired by Omicron mutations (Cao et al.,

2021; Liu et al., 2021). The neutralization potency of nAbs BRII-
198 (class 3) approved byNationalMedical Products Administra-

tion (NMPA) (Ju et al., 2020) and ADG2 (class 4) under evaluation

in clinical trials (Rappazzo et al., 2021) are relatively less impaired

by the Omicron variant, with IC50 values ranging from 100 ng/mL

to 1 mg/mL (Liu et al., 2021). Because of their epitopes located

distantly from the ACE2 footprint, nAbs BRII-198 and ADG2

exhibit lower neutralizing activities against SARS-CoV-2 variants

compared with XMA01 and XMA04, which strongly block ACE2

attachment (Figure S2B). Notably, nAb BRII-198 has been re-

ported not invincible; especially, R346 mutation on RBD, which

is contained in approximately 10% of Omicron viruses in

GISAID, was reported to diminish the activity of BRII-198 (Liu

et al., 2021). In contrast, XMA01 could directly escape the

adverse influence of R346 mutation by spatial exclusion from

interacting with this residue. Another class of public nAbs

using IGHV 3–53/66 targeting class 1 antigenic sites (e.g.,

RENG10933) are substantially escaped by SARS-CoV-2 Beta,

Gamma, and Omicron variants due to the abolished interaction

of nAbwith the negatively charged lysine on residue 417. Howev-

er, nAb DXP-604, in a clinical trial from this class, shows moder-

ate neutralizing activity against the Omicron variant, with an IC50

value of 287 ng/mL (Caoet al., 2021). XMA01andXMA04 showed

at least 5- to 10-fold higher neutralizing efficacies against Omi-

cron when compared with all the above nAbs, implying their clin-

ical applicability against SARS-CoV-2 and variants.

In addition, many studies have demonstrated that the combi-

nation of two noncompeting antibodies can efficiently protect

against SARS-CoV-2 infection, and antibody cocktails have

been approved under EUA (Baum et al., 2020; Dong et al.,

2021; Starr et al., 2021b; Weisblum et al., 2020). Further, we

speculate that antibody cocktails composed of three antibodies

targeting different epitopes on the RBD are also reasonable and

might provide stronger synergistic protection due to their

adequate cover of ACE2 footprints as well as multiple neutraliza-

tion mechanisms. In this study, structure analyses revealed that

XMA01, XMA04, and XMA09 recognize three noncompeting epi-

topes then nearly shield the receptor-binding site to efficiently

hinder spike protein attachment with ACE2. Excitingly, XMA04

is conformationally close to the other antibodies, mediating

simultaneous interaction with XMA01 and XMA09. Thereby, an

appreciable synergistic effect with an improved IC50 of 8.2 ng/

mL was observed for the XMA01 and XMA04 cocktail, and the

enhanced therapeutic activity of the XMA01 and XMA04 mixture

was further confirmed in a hamster model. Previously reported

antibodies, AZD8895 and AZD1061, recognized similar epitopes

as XMA01 and XMA04, respectively, and also showed synergis-

tic effect to promote the neutralizing activity (Dong et al., 2021).

Unfortunately, unlike XMA01 and XMA04, these two antibodies

showed a significant loss in neutralization potency against the

Omicron variant (IC50s: �1–10 mg/mL), which may limit the us-

age of their combination (Planas et al., 2021).

In summary, our studies generated a panel of human nAbswith

diverse broad neutralization against SARS-CoV-2 VOCs. Potent

and synergistic neutralization of XMA01, XMA04, and XMA09

against the Omicron variant were determined by both structural

and functional analyses. The XMA01 and XMA04 cocktail further

provided potent therapeutic activities against the infection of the

Beta and Omicron variants in hamsters. Collectively, our results
Cell Reports 39, 110862, May 24, 2022 9
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provide insights for the rational development of therapeutic anti-

body cocktails and universal vaccines against circulating SARS-

CoV-2 VOCs and emerging variants in the future.

Limitations of the study
Some limitations are present in this study. The neutralization

assay was performed using pseudoviruses instead of authentic

variants. While the efficacy of the SARS-CoV-2-related pseudo-

viruses system has been validated, neutralization assay using

the authentic virus could measure a variety of neutralizing mech-

anisms of nAbs including the ACE2-dependent manner. Due to

the limitation of authentic SARS-CoV-2 variants, we just per-

formed therapeutic efficacy of the antibody cocktail against the

Beta and Omicron variants in hamster models. Inclusion of the

other authentic variants in future studies will illuminate the broad

therapeutic efficacy of this antibody cocktail.
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Structure coordinates are deposited in the Protein DataBank under accession codes 7WHZ (WT-S:XMA01:XMA04:XMA09) and 7WI0

(Omicron-S:XMA01:XMA04:XMA09). The corresponding EM density maps have been deposited in the Electron Microscopy Data

Bank under accession numbers EMD-32516 (WT-S:XMA01:XMA04:XMA09), EMD-32517 (Omicron-S:XMA01:XMA04:XMA09) and

EMD-32518 (Omicron-S:XMA01). Reagents will be made available to the scientific community by contacting Zizheng Zheng or Ning-

shao Xia and completing a materials transfer agreement. Video S1 has been deposited on Mendeley at https://doi.org/10.17632/

kmg9s6t684.1. This paper does not report original code. Any additional information required to reanalyze the data reported in this pa-

per is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Cell lines used in this study were obtained from the ATCC (H1299, BHK21, 293T and Vero) or Thermo Fisher Scientific Inc. (ExpiCHO

cells). All cell lines used in this study were routinely tested for mycoplasma and found to be mycoplasma-free.

Sample donors and collection
Ten convalescent individuals infected with the SARS-CoV-2 prototype strain (aged 33–71 years) were recruited with informed con-

sent. Then, sera and PBMCs were collected. This study was designed in accordance with the Declaration of Helsinki and subse-

quently approved by the medical ethics committee of the School of Public Health, Xiamen University.

METHOD DETAILS

Protein expression and purification
The spike proteins and/or RBDs of SARS-CoV, SARS-CoV-2 were obtained as previously reported (Wrapp et al., 2020). In brief, a

gene encoding the ectodomain of a prefusion conformation-stabilized spike proteins (GenBank: MN908947, GenBank:

MN908947 for SARS-CoV and SARS-CoV-2 spike genes, respectively) with the proline substitutions at 986 and 987 and the

‘GSAS’ substitutions at the S1/S2 furin cleavage site (residues 682–685), a C-terminal T4 fibritin trimerization motif, an HRV3C pro-

tease and 8xHisTag were synthesized and individually cloned into pTT5 vector. To determine the blocking capacity of mAbs, we also
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synthesized gene of SARS-CoV-2 spike fluorescin probe comprising SARS-COV-2 gene sequence, a C-terminal T4 fibritin trimeri-

zation motif, an HRV3C protease, 8xHisTag and a C-terminal green fluorescent protein (mGamillus).

Recombinant expression of these proteins was performed by the ExpiCHO expression system (Thermo Scientific, A29133). Briefly,

plasmids encoding targeted proteins were transiently transfected into ExpiCHO cells using ExpiFectamine CHO transfection kit

(Thermo Scientific, A29129). The cell-free supernatants were obtained 7 days after transfection by centrifugation and filtration

with a 0.22 mm filter. Subsequently, the proteins were purified by Ni Sepharose 6 Fast Flow (Cytiva) column, and stored in the

PBS buffer.

Specific memory B cell sorting and antibody gene amplification
The SARS-CoV-2 RBD specific B cells were obtained in the same way as previously reported (Tiller et al., 2008). In brief, PBMCs

collected from SARS-CoV-2 convalescent individuals were incubated with a cocktail containing live/dead-Aqua (Molecular Probes,

dilution: 1 per 100), CD3-PE-Cy7 (BD Biosciences, dilution: 1 per 200), CD19-BV786 (BD Biosciences, dilution: 1 per 200), CD27-

BV650 (BD Biosciences, dilution: 1 per 100), anti-human IgM-PerCP-Cy5.5 (BD Biosciences, dilution: 1 per 100), anti-human IgG-

BV421 (BD Biosciences, dilution: 1 per 100), RBD-FITC and biotinylated RBD, followed with Streptavidin-APC (Molecular Probes)

binding to biotinylated RBD. IgG + memory B cells (CD3-CD19 + CD27+IgM-IgG+) that bind to RBD were single cell sorted from

PBMC samples from each donor. Single cells were sorted by fluorescence-activated cell sorting on an Aria III sorter (BDBiosciences)

into 96-well PCR plates containing 20 mL per well of lysis buffer (5 mL of 5 3 first strand buffer (Invitrogen), 1.25 mL dithiothreitol (In-

vitrogen), 0.5 mL RNase Out (Invitrogen) and 0.0625 mL Igepal (Sigma)). Then, the antibody variable genes (IgH, Igl and Igk) were

amplified by real-time (RT-) PCR and nested PCR reactions and were sequenced. Antibody genes were analyzed for the variable re-

gions of IgG heavy and light chains using the IMGT V-quest webserver (http://www.imgt.org/IMGT/vquest).

Expression of antibodies and Fabs
Variable region genes of antibody heavy chain and light chain were codon optimized and cloned into pTT5 vectors (Youbio, VT2202)

containing the constant region of human IgG1 heavy chain and light chain, respectively. For the expression of Fabs, the variable re-

gion genes of heavy chain were cloned into pTT5 vector just carrying heavy chain constant CH1 region. The paired heavy and light

chain expression cassettes were then transiently co-transfected into ExpiCHO cells with equal amounts of plasmids according to the

manufacturer’s instructions (Life Technologies), and antibodies were purified from culture supernatant 5–7 days after transfection,

using a protein-A column (Cytiva).

Binding assay for nAbs by indirect ELISA
The binding activities of nAbs against SARS-CoV-2 spike protein were determined using an indirect ELISA. The nAbs were added to

antigen-coated microwell plates, and incubated at 37�C for 30 min. Then, incubation of HRP-conjugated anti-human antibody at

37�C for 30 min to detect the bound mAbs, followed by washing five times. Finally, substrate solution was incubated for 15 min at

37�C, and stopped by 50 mL of 2 M H2SO4. OD was determined at 450 nm with a reference wavelength of 630 nm. The binding ac-

tivities of nAbs against SARS-CoV-2 RBD and SARS-CoV spike protein were determined by same method.

Blocking assay by ELISA and cluster analysis
Briefly, the unlabeled nAbs (50 mg per well) or 20mM phosphate-buffered saline (PBS) were added to SARS-CoV-2 RBD-coated

96-well microplates and then incubated for 30 min at 37�C. Next, HRP-conjugated nAbs were added at selected dilutions, at which

OD readings was �1.5 present. After incubation for 30 min at 37�C, the microplates were rinsed and the color was developed. The

blocking rate was measured quantitatively by comparing OD in the presence and absence of competitor mAbs, and transformed us-

ing the formula [1- (ODinhibited/ODoriginal)] x100%.

Blocking capacity of nAbs against ACE2 binding
For SARS-CoV-2 spike protein-blocking assay, nAbs were pre-made as 2-fold serial dilutions using DMEM containing 10% FBS.

Aliquots (44 mL per well) of diluted samples and spike protein probes (11 mL per well) were mixed in a 96-well plate with U shaped

bottom. Half of the culture medium (50 mL) of 293T-ACE2iRb3 cell plate were gently removed, and 50 mL of sample/probe mixtures

were added to each well. Cell image acquisitions performed with Opera Phenix (green, red and near-infrared channels in confocal

mode) using a 203 water immersion objective at 1-h after probe incubation in wash-free and live-cell conditions.

All quantitative image analyses were based on images that acquired by Opera Phenix (PerkinElmer). All image data were transfer to

Columbus system (version 2.5.0, PerkinElmer Inc.) for analysis. Multiparametric image analysis was performed as described in the

following. The signals of blue channel or near-infrared channel were used to detect the nucleus. As the ACE2 is a membrane protein,

the signals of ACE2-mRuby3 (red channel) were used to determine the cell boundary. Then, the cells were further segmented into the

regions of membrane (outer border: 0%, inner border: 15%), cytoplasm (outer border: 20%, inner border: 45%), and nucleus (outer

border: 55%, inner border: 100%). The median fluorescence intensity (MFI) of probe channel (Ex488/Em525) in the cytoplasmic re-

gion (cMFI) and the MFI of ACE2-mRuby3 (Ex561/Em590) on the membrane were calculated for inter-well normalization. The cMFI

inhibition ratio (%) of the test sample was calculated using the following equation: [(cMFIpc-cMFItst)/(cMFIpc-cMFIblk)]3100%. In

this formula, the cMFIpc is the cMFI value of probe-only well (as positive control), the cMFItst is the cMFI value of test well and the
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cMFIblk is the cMFI value of cell-only well. For each plate, 5 replicates of probe-only well and 1 cell-only well were included. The

blocking capacities of nAbs were expressed as means of IC50.

Pseudovirus neutralization assay based on lentiviral pseudovirus
Neutralizing capacities of nAbs against SARS-CoV, SARS-CoV-2 ancestral strain and related variant strains were test based on len-

tiviral (LV) pseudotyping particles bearing spike protein, according to previous report (Chang et al., 2021). In briefly, lentiviral pseu-

dovirions carrying spike protein were produced by co-transfection of a lentiviral packaging plasmid (psPAX2, Addgene), spike plas-

mids of SARS-CoV-2 variants and a green fluorescent protein (mNeonGreen) reporter vector (pLvEF1a-mNG, carrying EF1a

promoter-driven mNeonGreen expressing cassette) in 293 T cells. The mixtures of serially diluted nAbs and LV pseudotyping parti-

cles inoculum (0.5 TU/cell), incubated for 1 h, were transferred into 96-well cell culture plates with an optically clear bottom that were

pre-seededwith H1299-ACE2hR cells (H1299 cells that stably over-expressing humanACE2 and nuclear-localized H2B-mRuby3) for

36 h incubation. Then, the fluorescence images were collected by Opera Phenix or Operetta CLS high-content equipment

(PerkinElmer) and quantitatively determined using Columbus Software 2.5.0 (PerkinElmer). To determine the antibody neutralizing

activity, the reduction percentage of mNeonGreen (+) cells in the nAbs treated wells compared to the control wells was calculated.

The IC50 value was determined by the 4-parameter logistic (4PL) regression using GraphPad Prism (version 8.0.1) (https://www.

graphpad.com).

Pseudovirus neutralization assay based on VSV pseudovirus
Omicron variant and D614G pseudovirus using Vesicular Stomatitis Virus (VSV) carrying the spike protein were produced as our pre-

vious study (Xiong et al., 2020). Briefly, mAbs with 2-fold serial dilutions with 10% FBS-DMEM (GIBCO, 12,100,061) from 2 mg/mL

were mixed with diluted pseudovirus (MOI = 0.05), incubated at 37�C for 1 h. A mixture of 80 mL was added to the precoated

BHK21-hACE2 cells (BHK21 cells stably expressing hACE2). After incubation for 12 h, post-infection cells were fluorescently imaged

using Opera phenix or Operetta CLS (PerkinElmer), and quantitatively analyzed by Columbus image management analysis software

to detect the number of green fluorescent positive cells. The inhibition rate was calculated by reduction of GFP positive cells with

presence of nAbs compared with the untreated control wells. The IC50 value identified by the maximum dilution concentration

required to achieve infection inhibition by 50% was determined by the 4-parameter logistic (4PL) regression using GraphPad Prism

(version 8.0.1).

Affinity assay
Antibody affinity to spike and RBD proteins were tested using surface plasmon resonance technology (SPR) by a Biacore 8K instru-

ment (GE Healthcare). Firstly, the S2P or RBD was linked to a CM-5 sensor chip (GE Healthcare) by amine-coupled method. Then,

serially diluted antibodies (800, 400, 200, 100, 50, 25, 12.5 and 6.25 nM) flow through the sensor surface at a flow rate of 30 mL/min in

PBS-P + buffer (0.2M phosphate buffer with 27mMKCl, 1.37MNaCl, and 0.5%Surfactant P20 (Tween 20)). The flow durations were

120 s for the association stage and 300 s for dissociation. Finally, association rates (ka), dissociation rates (kd), and affinity constants

(KD) were calculated using evaluation software equipped for Biacore 8K instrument.

Negative-staining electronic microscopy
The SARS-CoV-2 WT-S and Omicron-S (Sino Biological Inc.) were incubated with XMA09-Fab alone and three-nAb Fabs, respec-

tively, for 45 min. Next, the spike proteins (WT-S and Omicron-S) and immune complexes (WT-S:XMA09, WT-

S:XMA01:XMA04:XMA09, Omicron-S:XMA09 and Omicron-S:XMA01:XMA04:XMA09) were diluted in PBS (pH 7.4) and then

absorbed onto 200 mesh carbon-coated copper grids (Quantifoil Micro Tools) for 1 min. The grids were washed twice with dou-

ble-distilled water and negatively stained with 2% phosphotungstic acid (pH 6.4) for 30 s. Specimens were evaluated and imaged

with the FEI Tecnai T12 TEM at 1,500,003 magnification.

Cryo-EM sample preparation and data collection
Aliquots (3 mL) of 3.5 mg/mLmixtures of purified SARS-CoV-2WT-S (ACRO Biosystems) or Omicron-S proteins (Sino Biological Inc.)

in complex with excess Fab fragments of nAbs were incubated in 0.01% (v/v) Digitonin (Sigma) and then loaded onto glow-dis-

charged (60 s at 20 mA) holey carbon Quantifoil grids (R1.2/1.3, 200 mesh, Quantifoil Micro Tools) using a Vitrobot Mark IV

(ThermoFisher Scientific) at 100% humidity and 4�C. Data were acquired using the SerialEM software on an FEI Tecnai F30 trans-

mission electron microscope (ThermoFisher Scientific) operated at 300 kV and equipped with a Gatan K3 direct detector. Images

were recorded in the 36-frame movie mode at a nominal 390,003 magnification at super-resolution mode with a pixel size of

0.389 Å. The total electron dose was set to 60 e� Å�2 and the exposure time was 4.5 s.

Image processing and 3D reconstruction
Drift and beam-induced motion correction was performed with MotionCor2(Zheng et al., 2017) to produce a micrograph from each

movie. Contrast transfer function (CTF) fitting and phase-shift estimation were conducted with Gctf (Zhang, 2016). Micrographs with

astigmatism, obvious drift, or contamination were discarded before reconstruction. The following reconstruction procedures were

performed by using Cryosparc V3 (Punjani et al., 2017). In brief, particles were automatically picked by using the ‘‘Blob picker’’ or
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‘‘Template picker’’. Several rounds of reference-free 2D classifications were performed and the selected good particles were then

subjected to ab-initio reconstruction, heterogeneous refinement and final non-uniform refinement. The resolution of all density

maps was determined by the gold-standard Fourier shell correlation curve, with a cutoff of 0.143 (Scheres and Chen, 2012). Local

map resolution was estimated with ResMap (Kucukelbir et al., 2014).

Atomic model building, refinement, and 3D visualization
The initial model of nAbs were generated from homology modeling by Accelrys Discovery Studio software (available from: URL:

https://www.3dsbiovia.com). The structure of RBD from the structure of WT trimeric spike (pdb no. 6VSB (Wrapp et al., 2020))

were used as the initial modes of our WT-RBD and Omicron RBD. We initially fitted the templates into the corresponding final

cryo-EM maps using Chimera (Pettersen et al., 2004), and further corrected and adjusted them manually by real-space refinement

in Coot (Emsley and Cowtan, 2004). The resulting models were then refined with phenix.real_space_refine in PHENIX (Adams et al.,

2010). These operations were executed iteratively until the problematic regions, Ramachandran outliers, and poor rotamers were

either eliminated or moved to favored regions. The final atomic models were validated with Molprobity (Chen et al., 2010; Robert

and Gouet, 2014). All figures were generated with Chimera or ChimeraX (Goddard et al., 2018; Pettersen et al., 2021).

Therapeutic activity against Beta and Omicron variants in hamsters
The therapeutic activity of antibodies against SARS-CoV-2 Beta variant strain (GISAID: EPI_ISL_2,779,639) and Omicron variant

strain (share an identical sequence with EPI_ISL_8,182,026) that were passaged on Vero cells (#CCL-81, ATCC) in vivo were per-

formed in a Syrian hamster model (Wu et al., 2021). For Beta variant, groups of 8-week-old male hamsters were intranasally chal-

lenged with 1 3 104 PFU of SARS-CoV-2 Beta variant. After 24 h, the infected hamsters were treated intraperitoneally with

XMA01, XMA04 and XMA01/XMA04 cocktail (1:1) at 20 mg/kg dose or PBS. The health status of the hamsters was observed and

the changes in body weight were recorded daily. The lung tissues of hamsters were collected at 5 days post-infection (dpi). The ther-

apeutic efficacy of XMA04 was determined depending on the indicators including body weight, tissue viral RNA load, and lung path-

ological examination in gross. For Omicron variant, we conducted similar virus challenge experiment as that of Beta variant. Three

hamsters in XMA01/XMA04 cocktail (1:1) and PBS treated groupswere sacrificed at 5 dpi and at 6 dpi for viral RNA load quantification

and gross lung observation, respectively.

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 RNAwas extracted using the QIAamp Viral RNAMini Kit (Qiagen). Then, the viral RNA con-

centration was quantified using a SARS-CoV-2 RT-PCR Kit (WS-1248, Wantai BioPharm) according to the manufacturer’s

instruction.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism (version 8.0.1) was used for all statistical calculations. To compare continuous variables, Student’s unpaired two-

tailed t test was performed between groups. For statistical difference analysis, p values less than 0.05 were considered statistically

significant. ns: no significant difference; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. IC50 values were calculated by non-

linear regression analysis (log(agonist) vs response - Variable slope (four parameters)).

ADDITIONAL RESOURCES
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