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SUMMARY
Several potent neutralizing antibodies against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) virus have been identified. However, antibody-dependent enhancement (ADE) has not been comprehen-
sively studied for SARS-CoV-2, and the relationship between enhancing versus neutralizing activities and
antibody epitopes remains unknown. Here, we select a convalescent individual with potent IgG neutralizing
activity and characterize his antibody response. Monoclonal antibodies isolated from memory B cells target
four groups of five non-overlapping receptor-binding domain (RBD) epitopes. Antibodies to one group of
these RBD epitopes mediate ADE of entry in Raji cells via an Fcg receptor-dependent mechanism. In
contrast, antibodies targeting two other distinct epitope groups neutralize SARS-CoV-2 without ADE, while
antibodies against the fourth epitope group are poorly neutralizing. One antibody, XG014, potently cross-
neutralizes SARS-CoV-2 variants, as well as SARS-CoV-1, with respective IC50 (50% inhibitory concentration)
values as low as 5.1 and 23.7 ng/mL, while not exhibiting ADE. Therefore, neutralization and ADE of human
SARS-CoV-2 antibodies correlate with non-overlapping RBD epitopes.
INTRODUCTION

The ongoing coronavirus disease 2019 (COVID-19) global

pandemic is caused by the severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2; also known as 2019-nCoV or

HCoV-19) (Coronaviridae Study Group of the International Com-

mittee on Taxonomy of Viruses, 2020; Jiang et al., 2020a, 2020c).

The four main genera of coronaviruses are known as a, b, g, and

d. SARS-CoV-2, together with SARS-CoV-1, identified in 2003,

and Middle East respiratory syndrome coronavirus (MERS-

CoV), identified in 2012, belong to the b-CoV genus (Coronavir-

idae Study Group of the International Committee on Taxonomy

of Viruses, 2020; Zhou et al., 2020; Zhu et al., 2020).
This is an open access article under the CC BY-N
For each coronavirus particle, the viral genome is packed with

nucleocapsid (N) proteins and surrounded by an envelope con-

taining structural proteins. One of these structural proteins (spike

[S] protein) trimerizes and mediates viral entry into host cells (Li,

2016), and it is themajor target for human neutralizing antibodies

(Jiang et al., 2020b; Premkumar et al., 2020; Wu et al., 2020a). It

contains 1,273 amino acids with a large ectodomain (S-ECD),

one transmembrane helix, and a small intracellular C terminus

(Figure S1A). Two major domains within S-ECD have been iden-

tified as S1 head and S2 stalk regions, and the crucial receptor-

binding domain (RBD) localizes to the S1 portion (Figure S1A).

Because binding of SARS-CoV-2 RBD to its human receptor,

angiotensin-converting enzyme 2 (ACE2), is a critical initial step
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for virus entry into target cells, blocking this interaction with an-

tibodies is likely a promising approach for both treatment and

protection. This would be especially true for broadly neutralizing

antibodies targeting conserved epitopes present in different co-

ronaviruses, such as SARS-CoV-1 and the newly emerging

SARS-CoV-2, both of which are from the same coronavirus sub-

family and share the same human receptor ACE2.

Efforts to obtain human neutralizing antibodies against the S

protein have involved a variety of methods as phage display

(Liu et al., 2020b; Sun et al., 2020; Wu et al., 2020b), humanized

mice (Hansen et al., 2020), antibody screening from SARS-CoV-

1-recovered individuals (Pinto et al., 2020; Wec et al., 2020), and

single B cell antibody cloning from SARS-CoV-2 convalescent

donors (Andreano et al., 2020; Brouwer et al., 2020; Cao et al.,

2020; Chen et al., 2020; Chi et al., 2020; Ju et al., 2020; Kreer

et al., 2020; Liu et al., 2020a; Robbiani et al., 2020; Rogers

et al., 2020; Seydoux et al., 2020; Wan et al., 2020; Wu et al.,

2020c; Zost et al., 2020a, 2020b). The neutralizing activities of

these cloned antibodies are radically different, with 50% inhibi-

tory concentration (IC50) values ranging from single-digit nano-

grams per milliliter (ng/mL) to non-neutralizing. The antibodies

that bind to RBD showed generally higher neutralization potency

compared with antibodies with non-RBD epitopes (Rogers et al.,

2020). Although some of the reported antibodies showed cross-

neutralizing activity (Lv et al., 2020; Pinto et al., 2020; Wec et al.,

2020), their potency against SARS-CoV-1 and SARS-CoV-2 was

not equally high. Moreover, to the best of our knowledge, the

antibody-dependent enhancement (ADE) effect of these anti-

bodies has never been evaluated, and accordingly, the relation-

ship between ADE and different SARS-CoV-2 S protein epitopes

has not been determined.

Antibody-bound virus particles could be attached on the

surface of immune cells through Fcg-receptor-mediated internal-

ization for subsequent degradation. However, instead of protec-

tion, antibody binding might facilitate viral particles to enter and

invade host cells. This ‘‘ADE of viral entry’’ phenomenon has

been documented for many viruses, including dengue, Zika,

and SARS-CoV-1 viruses (Eroshenko et al., 2020; Iwasaki and

Yang, 2020; Katzelnick et al., 2017; Miner and Diamond, 2017;

Salje et al., 2018). In SARS-CoV-1 infection, antibodies binding

the S protein facilitate ACE2-independent virus internalization

into macrophages, monocytes, and B cells in vitro (Jaume

et al., 2011;Wang et al., 2014; Yip et al., 2014). Nevertheless, viral

uptake does not necessarily result in a productive viral infection,

meaning that ADE of viral entry in vitro does not predict ADE of

infection andADE of disease (Arvin et al., 2020; Halstead andKat-

zelnick, 2020). For example, viral replication was abortive in vitro

despite enhancement of SARS-CoV-1 virus entry into a B cell line,

Raji cells (Jaume et al., 2011). Whether antibodies against SARS-

CoV-2 could induce ADE of viral entry and whether the invaded

viruses undergo active replication are both still unknown.

Here, we selected a convalescent individual with a high level of

serum IgG neutralizing activity against SARS-CoV-2 and isolated

many expanded clones of memory B cells expressing closely

related antibodies with the same Ig variable gene segments

and highly similar CDR3 sequences. Most of these isolated anti-

bodies targeted four groups of five distinct epitopes on the RBD

of S protein. Characterization of both neutralizing and enhancing
2 Cell Reports 34, 108699, February 2, 2021
activities of these antibodies identified an RBD-binding antibody

that potently neutralized both SARS-CoV-1 and SARS-CoV-2

and did sowithout promoting ADE of viral entry. Interestingly, an-

tibodies to one group of RBD epitopes were significantly associ-

ated with ADE of entry, while also exhibiting various degrees of

neutralization.

RESULTS

Serological responses against SARS-CoV-2
Serum samples were collected from 16 donors who had recov-

ered from SARS-CoV-2 infection and from eight donors before

the COVID-19 outbreak (Figure S1B). Compared with the unex-

posed donors, the sera from recovered individuals displayed

significantly higher binding to the SARS-CoV-2 S protein do-

mains (RBD, S1, S2, and S-ECD) by ELISA (Figures 1A–1D; Fig-

ure S1A). The N protein within the virion also elicited a robust

antibody response after infection (Figure 1E). To determine the

neutralizing activity in convalescent sera, we tested their ability

to block infection by luciferase-expressing SARS-CoV-2 or

SARS-CoV-1 pseudovirus in Huh-7 cells (Xia et al., 2020a,

2020b). The luciferase signal, a surrogate of infection, in the

presence of sera or purified IgG antibodies was then compared

across a wide range of dilutions (Figures 1F–1H). Although five

individuals (donors 5–8 and 16) reached half-maximal neutral-

izing titers (NT50) above 2,000 for serum samples (Figure 1F),

only one individual (donor 16) showed potent neutralization for

the purified IgG fraction (NT50: 1.1 mg/mL; Figure 1H). This

discrepancy was possibly due to the neutralizing activities of

IgM or IgA antibodies in those convalescent individuals. The

serum neutralizing activities of convalescent individuals were

much lower against SARS-CoV-1 pseudovirus, yet slightly

higher than those in the naive donors (Figure 1G). Thus, all 16

convalescent donors mounted robust antibody responses

against SARS-CoV-2 S protein by ELISA, while 5 donors showed

high levels of serum neutralizing activities, out of which we

selected one for further studies owing to its exceptional serum

IgG neutralizing activity.

To determine which domain on the S protein is the dominant

target of the neutralizing IgG response in this selected top

neutralizer (donor 16), we used RBD, S1, S2, and S-ECD pro-

teins, respectively, to block neutralization in vitro. As shown,

the IgG neutralizing activity could be partially blocked by RBD,

S1, and S-ECD domains, respectively, but not by the S2 domain

(Figure 1I). These results suggest that the neutralizing antibody

response in donor 16 is directed primarily against the S1 domain

and, more specifically, against the RBD within that protein.

Human monoclonal antibodies against SARS-CoV-2 S
protein
To characterize the IgG antibodies responsible for the potent

neutralizing activity in this selected individual, we identified

SARS-CoV-2 RBD- or S-ECD-binding B cells using a dual-dye

labeling strategy (Figure S2A) (Wang et al., 2020b). The

unexposed naive control showed background levels of bait pro-

tein-specific B cells, while donor 16 with high serum neutralizing

activity displayed a distinct population of bait protein-binding B

cells (Figures 2A–2C). Avi-tagged biotinylated RBD, chemically



Figure 1. Antibody responses in individuals recovered from SARS-CoV-2 infection

(A–E) ELISA of serum samples. Various sera dilutions from 24 volunteers, including 16 SARS-CoV-2 convalescent individuals (donors 1–16, red lines) and 8 SARS-

CoV-2-unexposed naive donors (donors 17–24, black lines), were evaluated by ELISA against SARS-CoV-2 RBD (A), S1 (B), S2 (C), S-ECD (D), and N (E) proteins

(upper panel). The area under the ELISA curve (ELISA AUC) values were calculated by PRISM software and presented as columns (bottom panel). The statistical

differences (p values) between convalescent and naive donors were determined by Student’s t test for RBD ELISA (A) or byWilcoxon rank-sum test for others (B–

E). A representative of at least two experiments is shown.

(F–H) Luciferase reporter pseudovirus-dependent neutralization assays against SARS-CoV-1 (G) or SARS-CoV-2 pseudovirus (F and H) in the presence of

different dilutions of sera (upper panel, F and G) or different concentrations of purified IgG antibodies (upper panel, H). Convalescent individuals are presented in

red lines or columns, whereas the unexposed naive donors are in black. The reciprocal of the serum dilution, which resulted in half-maximal inhibition, is reported

as the 50% neutralization titer (NT50) and shown as columns (lower panel, F and G). Representative values of the half-maximal inhibitory concentration (IC50) by

purified IgG antibodies from at least two independent experiments are shown (lower panel, H). Colored shading indicates the most potent samples from donor

16.b.d., below detection.

(I) Blocking of neutralization by different S protein domains. Different amounts of the indicated proteins (RBD, S1, S2, and S-ECD of SARS-CoV-2 S protein) were

incubated with purified polyclonal IgG (5 mg/mL from donor 16, red lines) before incubationwith SARS-CoV-2 pseudovirus for in vitro infection. Infection efficiency

by SARS-CoV-2 pseudovirus alone is shown as a black line. y axis shows normalized luciferase reading values as an indicator of infection efficiency.

See also Figure S1.
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biotinylated S-ECD, and Avi-tagged biotinylated S-ECD bait pro-

teins stained B cells at a frequency of 0.025%, 0.12%, and

0.21%, respectively, which were about 6- to 20-fold over that

of background staining (Figures 2A–2C).
The gated double-positive cells (bait protein-phycoerythrin posi-

tive [PE+] and bait protein-allophycocyanin positive [APC+]) were

single cell sorted, and immunoglobulin heavy (IGH; IgG isotype)

and light (IGL or IGK) chain genes were amplified by nested PCR
Cell Reports 34, 108699, February 2, 2021 3



Figure 2. Cloning of S protein-specific anti-

bodies

(A–C) Frequency of B lymphocytes recognizing

SARS-CoV-2 proteins in naive control donor (up-

per panel) and selected donor 16 (lower panel).

Representative flow cytometry plots displaying

the percentage of CD19+ CD20+ B cells that bind

to biotinylated Avi-tagged RBD (A), chemically

biotinylated S-ECD (B), and biotinylated Avi-tag-

ged S-ECD (C). All bait proteins were labeled with

either allophycocyanin (APC) or phycoerythrin (PE)

for a two-fluorescent-dye sorting strategy (Fig-

ure S2A). Experiments were repeated at least two

times.

(D) Antibody pie chart for donor 16. There are in

total 292 sequenced antibodies with naturally

paired Ig heavy and light chains. Antibodies with

the same combination of IGH and IGL variable

gene sequences and closely related CDR3s were

grouped together and represented as a slice. In

total, 25 slices were identified, and IGHV and

IGKV/IGLV genes are shown for each slice (see

more details in Table S1). Antibody singlets are in

one big silver slice. In total, 48 monoclonal anti-

bodies (XG001–XG048) were selected for further

characterization.

See also Figure S2 and Table S1.
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(Robbiani et al., 2017;Scheidet al., 2009;Wanget al., 2020b).Over-

all, we obtained 292 paired heavy and light chain variable regions

from RBD-binding and S-ECD-binding IgG+ memory B cells (Fig-

ure 2D; Table S1). Sequence analysis showed a broad spectrum

of immunoglobulinheavychainVgene (IGHV)usage,CDRH3amino

acid lengthdistribution,andmutation frequency (FiguresS2B–S2D).

Moreover, 25 expanded clones producing antibodies encoded by

the same Ig variable gene segments with closely related CDR3 se-

quences were identified (Figure 2D; Table S1). The antibodies from

thesameclonesshowed80%orhighersimilaritiesat theaminoacid

level (Figure S2E). We conclude that this SARS-CoV-2 neutralizer,

similar to other reported donors (Cao et al., 2020; Kreer et al.,

2020; Robbiani et al., 2020), produced clones of antigen-binding

memory B cells that express related Ig heavy and light chains.
4 Cell Reports 34, 108699, February 2, 2021
Antibody epitopes
In total, 48 antibodies, designated as

XG001 to XG048, were selected for

expression and further characterization:

28 from 25 expanded clones and 20 from

singlets (Figure 2D; Table S1). 45 of 48 an-

tibodies (94%) showed reactivity to the

SARS-CoV-2 S-ECD protein (non-binders:

gray name, Figure 3A), and 23 of 48 (48%)

antibodies showed RBD binding capacity

(red name, Figure 3B). All of these RBD-

binding antibodies showed ELISA binding

against the S1 domain, as expected (Fig-

ures 3B and 3C). An additional 11 anti-

bodies with no RBD binding (23%) also

bound to the S1 domain (blue name, Fig-

ure 3C), suggesting reactivity to the N-ter-

minaldomain (NTD),aspreviously reported
(Chi et al., 2020). We also found 5 of 48 antibodies (10%) that

bound to the S2 domain (green name, Figure 3D). Moreover, 6 of

48 antibodies (12%) with no or only weak binding to S1/S2/RBD

proteins showed S-ECD binding affinity (purple name, Figures

3A–3D), implying that theseantibodies recognizeepitopesnotpre-

sent or altered in separate domains. In summary, the selected 48

antibodies from this volunteer recognize various epitopes on the

SARS-CoV-2 S protein, and almost half of them bind to the RBD

(Figure 3E).

To further determinewhether the RBD-binding antibodies bind

to overlapping or non-overlapping epitopes, we performed

competition ELISAs. Antibodies with weak levels of ELISA

binding (XG010, XG015, XG042, XG045, XG047) were excluded.

The coated RBD protein was first pre-incubated with a



Figure 3. Antibody epitopes within the SARS-CoV-2 S protein

(A–D) Binding of human monoclonal antibodies to different domains of the SARS-CoV-2 S protein. The representative area under the curve (AUC) values for

ELISAs using S-ECD (A), RBD (B), S1 (C), and S2 (D) from at least two independent experiments are shown. Phosphate-buffered saline (PBS) was used as a

negative control.

(E) Based on antigen-binding assays, 48 antibodies were categorized into five types: red, RBD-binding antibodies; blue, S1- but not RBD-binding antibodies;

green, S2-binding antibodies; purple, S-ECD- but not RBD/S1/S2-binding antibodies; and gray, no binding on the tested antigens. The names of monoclonals in

(A)–(D) are color coded correspondingly.

(F) A competition ELISA defines four non-overlapping epitope groups (four symbols with the corresponding red rectangles) and a fifth overlapping epitope group

(XG009 and XG043, overlapping with group II–IV antibodies) of RBD-binding antibodies. The first antibodies/proteins (x axis) were non-biotinylated and used to

block the epitopes, whereas the second antibodies/proteins (y axis) were biotinylated for detection by streptavidin-horseradish peroxidase (HRP). Results of

competition ELISA are shown as percent of binding by the second biotinylated antibodies compared with PBS-blocked references and are illustrated by colors:

black, 0%–25%; dark gray, 25%–50%; light gray, 50%–75%; and white, >75%. All of the tested antibodies blocked the binding of their own biotinylated versions

(legend continued on next page)
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non-biotinylated first antibody followed by incubation with a sec-

ond biotinylated antibody. As expected, all of the tested anti-

bodies competedwith themselves (yellow rectangles, Figure 3F),

while control antibody anti-HBs H004 (Wang et al., 2020b) failed

to block any of the RBD antibodies (Figure 3F). In the RBD (amino

acid 330–530), four mutually exclusive groups of antibodies

(groups I–IV) were identified by the competition ELISAs (red rect-

angles, Figure 3F). Further competition ELISA assays showed

that the epitope of monoclonal antibody CR3022 (ter Meulen

et al., 2006) overlapped with group I and II, but not group III

and IV, antibodies (Figure 3F). Moreover, the binding of ACE2

was efficiently blocked by all of the tested antibodies (Figure 3F),

except three monoclonals: CR3022, consistent with a previous

report (Tian et al., 2020); a non-neutralizing antibody, XG026;

and a potently neutralizing antibody, XG014.

In group III, although antibodies XG017 and XG022 blocked

the binding of XG008 and XG038, the latter two antibodies bound

non-competitively to RBD (two orange boxes, Figure 3F). Thus,

among group III antibodies, we had found twomutually exclusive

sub-epitopes. This was further confirmed by showing that a

combination of four antibodies recognizing distinct epitopes

could not block the binding of the fifth antibody to either RBD

or S-ECD proteins (Figures S3A–S3C). Moreover, antibodies in

each RBD group have different IGHV and IGKV/IGLV usage (Fig-

ure S3D). Besides the four groups of non-overlapping antibodies

against SARS-CoV-2 RBD, two antibodies, XG009 and XG043,

competed across groups (Figure 3F), which could be interpreted

by their binding mode bridging all these epitopes or by altered

antigen conformation induced by antibody binding. Together,

these results indicate that there are at least four groups

comprising five non-overlapping antibody-binding epitopes on

the RBD of SARS-CoV-2.

SARS-CoV-2 neutralizing activity in vitro

To determine whether our selected antibodies block SARS-CoV-

2 infection in vitro, we performed neutralization assays using

luciferase-expressing SARS-CoV-2 pseudoviruses to infect

Huh-7 cells (Xia et al., 2020a, 2020b) and calculated their IC50

values (Figures 4A and 4B). The neutralizing activity of these an-

tibodies varied dramatically, ranging from potent neutralizers to

non-neutralizing. Among the 48 tested antibodies, almost half

of them (23 antibodies) showed neutralizing activities with IC50

values lower than 10 mg/mL, while 7 of them were the most

potent with IC50 values lower than 0.1 mg/mL (Figure 4C). These

neutralizing antibodies recognized distinct epitopes, including

RBD, S2, or other non-RBD domains. Similar to other studies

(Premkumar et al., 2020; Rogers et al., 2020), most of our cloned

monoclonals with neutralizing activity bound S protein RBD (Fig-

ure 4C). The most potent antibodies displayed IC50 values of

6–15 ng/mL, with four of them being RBD binding, including

XG005 (IC50: 6.1 ng/mL), XG014 (IC50: 14.4 ng/mL), XG016

(IC50: 9.1 ng/mL), and XG038 (IC50: 12.7 ng/mL), and one of
(yellow rectangles). XG008 and XG038 bind two mutually exclusive sub-epitope

2020b) was used as negative control. Monoclonal antibody CR3022 (ter Meulen

mapping the epitopes of our cloned antibodies. Weak RBD binders (XG015, XG

experiments.

See also Figure S3.
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them being S1 binding, but not RBD binding, namely, XG027

(IC50: 15.7 ng/mL) (Figures 4A and 4B).

We then chose several monoclonals (XG005, XG008, XG013,

XG014, XG016, XG017) to confirm their neutralizing activities us-

ing authentic SARS-CoV-2 virus (Figures 4D–4F; Figure S4).

Infectivity was quantified using immunofluorescence by anti-N

protein polyclonal antibodies (Figure 4D; Figure S4), as well as

quantitative reverse transcription PCR of the culture medium

(Figure 4E). Results were consistent across these two readouts

and showed that these antibodies were potent neutralizers

against authentic SARS-CoV-2 viruses, with IC50 values as low

as single-digit ng/mL, such as XG014 (IC50: 5.1 ng/mL) (Figures

4E and 4F). Compared with SARS-CoV-2 pseudovirus, some

monoclonals, such as XG017, showed significantly more

neutralizing activities against authentic SARS-CoV-2 viruses,

whereas others, including XG005 and XG016, had reduced ef-

fects (Figures 4B and 4F). We conclude that several isolated

monoclonal antibodies, such as RBD-binding antibodies

XG014 and XG017, could potently neutralize authentic SARS-

CoV-2 virus in vitro.

To determine the relationship between the neutralizing activity

of monoclonals and their binding epitopes, we performed unsu-

pervised hierarchical clustering using the nine normalized lucif-

erase values from neutralization assays with their corresponding

epitope labeled (Figure 4G). Antibody clusters A–D with different

levels of neutralizing activity were identified. Compared with

non-neutralizing antibodies in cluster D, antibodies in clusters

A and B, most of which are against RBD group II–IV epitopes,

were potent neutralizers, whereas antibodies in cluster C were

weakly neutralizing antibodies (Figure 4G). Antibodies targeting

the RBD group I epitope were barely neutralizing in our assays

(Figure 4G). Therefore, potent neutralizing antibodies target

some, but not all, RBD epitopes.
Cross-neutralizing activity against SARS-CoV-2 RBD
mutants and SARS-CoV-1
Point mutations in MERS-CoV and SARS-CoV-1 have been

demonstrated to confer resistance to naturally occurring neutral-

izing antibodies (Sui et al., 2008; Tang et al., 2014; ter Meulen

et al., 2006). The pandemic SARS-CoV-2 virus is also slowly

mutating (Korber et al., 2020; Li et al., 2020). Thus, monitoring

the single amino acid changes and understanding their underly-

ing phenotypical relevance are crucial. To extract more struc-

tural information about the location of antibody epitopes and to

assess antibody responses against escape mutations, we per-

formed ELISA assays using 32 RBD mutants, including 25 natu-

rally occurring mutants and 7 alanine mutants (F377A, S383A,

P384A, T385A, K386A, L390A, and D428A) (Figure 5A).

Comparing with the binding to wild-type RBD, group I and IV,

but not group II and III, antibodies showed reduced binding ac-

tivity to RBD mutant L390A (Figures 5A and 5B). Neutralizing
s (orange rectangles) in RBD group III. Anti-HBs antibody H004 (Wang et al.,

et al., 2006) and recombinant ACE2 protein (Wu et al., 2020b) were used for

042, XG045, and XG047) were excluded in this assay. Representative of two



Figure 4. In vitro neutralization activity

(A) Neutralization potency of representative humanmonoclonal antibodies using luciferase-based SARS-CoV-2 pseudovirus. The luciferase signal (a surrogate of

infection) was determined in the presence of various concentrations of monoclonals as indicated and normalized to the no antibody control (dashed line). Tested

antibodies with no neutralizing capacities in our assays are shown in gray lines, while antibodies against distinct epitopes, RBD (red), S1, but not RBD (blue), or S2

(green), are shown in different colors. Duplicates of neutralization are presented as mean ± range.

(B) The IC50 values for each antibody determined by in vitro neutralization assays against SARS-CoV-2 pseudovirus are shown. All experiments were repeated a

minimum of two times. n.n., not neutralizing in our assays. Different colors for the names of monoclonal antibodies represent different antigen-epitopes (seemore

details in Figure 3E).

(C) The antigen epitopes of neutralizing antibodies with IC50 lower than 10 or 0.1 mg/mL are summarized in columns.

(legend continued on next page)

Cell Reports 34, 108699, February 2, 2021 7

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
antibodies XG022, XG017, XG008, XG014, XG005, and XG025

exhibited resistance to most mutations (Figure 5A).

To test the possibility that some of these mutations might be

acquired in order to confer antibody resistance, we picked two

monoclonals, XG014 and XG038, for neutralization assays

against several SARS-CoV-2 pseudoviruses carrying some of

these reported RBD mutations, such as V341I, F342L, V367F,

R408I, A435S, G476S, and V483A (Figure 5B). All SARS-CoV-2

variants tested remained sensitive to XG014 (Figure 5C), while

two of the seven viruses showed resistance to XG038 antibody

neutralization (G476S and V483A; Figure 5D). This result is

consistent with the ELISA result that XG038 exhibited reduced

binding activity to these two RBD mutants (G476S and V483A;

Figure 5A). Therefore, some RBD point mutations can confer

SARS-CoV-2 resistance to some human neutralizing antibodies.

To further determine the breadth of our cloned monoclonal an-

tibodies, we measured their neutralizing activity against SARS-

CoV-1 pseudoviruses in vitro. XG014 and XG041 could neutralize

SARS-CoV-1 pseudovirus in vitro, with IC50 values of 23.7 and

1,140 ng/mL, respectively (Figures 5E and 5F; Figure S5). None

of the other antibodies showed neutralizing activity against

SARS-CoV-1 pseudovirus in our assays (Figure 5E). Thus,

SARS-CoV-2 infection can generate rare cross-neutralizing anti-

bodies, such as XG014, which potently neutralize SARS-CoV-1

and SARS-CoV-2, as well as SARS-CoV-2 RBD mutants.

ADE
Although antibodies can clear viruses or infected cells through its

binding to Fcg receptors on host immune cells, these interac-

tions could also lead to disease enhancement during coronavi-

rus infection (Eroshenko et al., 2020; Iwasaki and Yang, 2020).

Determination of ADE effect would be a crucial step for the clin-

ical use of potent neutralizing antibodies. Raji cells, originally

derived from a Burkitt’s lymphoma patient, have been shown

to facilitate SARS-CoV-1 infection in the presence of anti-S pro-

tein immune serum (Jaume et al., 2011). Thus, we used this

FcgRII-bearing human B lymphoblast cell line to study the anti-

body-dependent viral entry (ADE of viral entry) of SARS-CoV-2

in vitro as an indicator of ADE.

No infection of Raji cells was detected by luciferase-express-

ing SARS-CoV-2 pseudovirus alone or in the presence of

different concentrations of human serum samples collected

from healthy donors or convalescent individuals (Figure S6A).

We then measured the antibody-dependent entry of SARS-

CoV-2 pseudoviruses in the presence of monoclonals. Eleven

of 48 antibodies (23%) significantly enhanced viral infection of

Raji cells, while no viral infection was induced by the remaining

antibodies, including the two most potent neutralizers, XG014
(D) Immunofluorescent staining of SARS-CoV-2 N protein for in vitro neutralization

protein polyclonal antibodies (Gu et al., 2020) was used to evaluate the neutralizing

a negative control. Scale bar, 400 mm. Immunofluorescent and DAPI staining figu

(E and F) Quantitative reverse transcription PCR results (E) and the corresponding

virus. SARS-CoV-2 N protein RNA copy numbers were calculated using a standard

dilutions. At least two independent experiments were performed.

(G) Clustering analysis identified antibody epitopes associated with neutralizing

CoV-2 pseudovirus neutralization data in the presence of nine dilutions of 45mono

our tested antigens (XG021, XG034, XG039) were excluded. Antibodies with diffe

See also Figure S4.
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and XG038 (Figure 6A; Figure S6B). Among the 11 enhancing an-

tibodies, 9 were RBD-binding antibodies, and 2 antibodies

bound to S1, but not RBD (Figure 6B). No S2-binding antibodies

induced Raji cell infection. Monoclonal antibodies induced

different patterns of infection. For example, XG006 enhanced

only infection of Raji cells when present at high concentrations,

but lost the enhancement effect when diluted, whereas XG005

induced viral infection at all dilutions tested (Figure 6A; Fig-

ure S6B). ADE area under the curve (AUC) and the enhancing

power (see the definitions in Figure S6C) were calculated as

previously reported (Bardina et al., 2017; Robbiani et al., 2019)

(Figure 6C; Figure S6D), and a positive correlation was observed

between these two values (Figure S6E). However, no significant

correlation was observed between the calculated IC50 values of

neutralization and the corresponding ADE AUC or enhancing po-

wer values (Figures S6F and S6G).

Antibody-dependent viral entry was fully abrogated by GRLR

mutations G236R and L328R (Horton et al., 2008) in the antibody

Fc receptor binding site (Figures 6D and 6E). A similar effect was

also achieved by incubating the cells with anti-FcgRII antibodies

(Figure 6F), further demonstrating the requirement of Fcg recep-

tor binding for antibody-dependent SARS-CoV-2 viral entry.

Therefore, some SARS-CoV-2 anti-RBD and anti-S1 antibodies

induce ADE of viral entry in Raji cells through the Fcg receptor-

dependent mechanism.

To examine whether such an ADE effect could also be seen

with authentic SARS-CoV-2 virus, we infected Raji cells with

authentic SARS-CoV-2 virus in the presence of different mono-

clonals. Similar to phosphate-buffered saline (PBS), only the

background level of viral RNA was detected in the presence of

non-ADE antibody XG038 (Figure 6G). ADE antibodies, XG005

and XG016, induced higher levels of cellular viral load, especially

after 24 h of incubation (Figure 6G), suggesting that the ADE of

viral entry by authentic SARS-CoV-2 virus in immune cells is

similar to that observed with pseudovirus. Moreover, the low

level of viral RNA detected in the cells after 6-h incubation sug-

gested that a longer period of incubation is required for anti-

body-mediated viral entry in vitro (Figure 6G). However,

compared with those after 24-h incubation, a decreased level

of viral RNA after 48-h incubation (Figure 6G) is similar to the

abortive SARS-CoV-1 infection previously reported (Jaume

et al., 2011). Taken together, despite the ability of SARS-CoV-2

virus for ADE of viral entry, no significant viral replication was de-

tected in Raji cells.

Association of antibody properties and epitopes
Clinically, it would be imperative to segregate antibodies based

on a combination of functional features. Accordingly, we
assays against authentic SARS-CoV-2 virus. Immunofluorescence using anti-N

effect of selectedmonoclonals. Non-neutralizing antibody XG020was used as

res of other monoclonals are shown in Figure S4.

IC50 values (F) for in vitro neutralization assays against authentic SARS-CoV-2

curve composed of seven preparedN protein DNA samples with 10-fold serial

activity. Unsupervised hierarchical clustering was performed using the SARS-

clonals. Clusters A–Dwere identified. Antibodies with no ELISA binding against

rent epitopes on the S protein or RBD are color or shape coded, respectively.



Figure 5. Cross-neutralizing activity by monoclonal antibodies

(A) ELISA assays using various RBDmutants. Group I–IV antibodies were tested for their binding activities to 32 different recombinant RBDmutants, including 25

naturally occurring mutants and 7 artificially generated alanine mutants (F377A, S383A, P384A, T385A, K386A, L390A, and D428A). The binding capacities are

shown as percent of binding to wild-type RBD and are illustrated by colors: black, 0%–25%; dark gray, 25%–50%; light gray, 50%–75%; white, >75%.

(B) Structure diagram of SARS-CoV-2 RBD (PDB: 6W41, crystal structure of SARS-CoV-2 RBD) (Yuan et al., 2020) with several positions of the tested mutations

marked.

(C and D) In vitro neutralization assays of XG014 (C) and XG038 (D) against SARS-CoV-2 pseudoviruses with distinct RBD mutations. Luciferase activity was

determined, normalized, and considered as a surrogate of infection. The reference used for normalization had no antibody added (dashed line), and duplicates of

neutralization are presented as mean ± range.

(E and F) In vitro neutralization experiments against SARS-CoV-1 pseudovirus (E) and the corresponding IC50 values for each antibody (F). n.n., not neutralizing in

our assays. Tested antibodies with no neutralizing capacities in our assays are shown in gray lines in (E). At least two experiments were performed, and duplicates

of neutralization are presented as mean ± range.

See also Figure S5.
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performed unsupervised hierarchical clustering using the nine

normalized luciferase values from both neutralization assays

and the ADE assays. Three major antibody clusters (clusters X,
Y, and Z) were identified (Figure 7A). Cluster X antibodies were

characterized by having both neutralizing and enhancing activ-

ities. Cluster Y antibodies displayed potent neutralizing activity,
Cell Reports 34, 108699, February 2, 2021 9



Figure 6. In vitro antibody-dependent viral entry by monoclonals

(A and B) In vitroRaji cell-dependent assays using luciferase-expressing SARS-CoV-2 pseudovirus in the presence of different dilutions of antibodies. Antibodies,

which induced high levels of luciferase signal, are shown (A), including nine RBD-binding antibodies and two antibodies with S1 but no RBD binding (B). The

luciferase signal induced by 2 mg/mL of antibody XG043 (the black line) was used as a reference for normalization (100% relative luciferase activity; see the dotted

lines), and others were expressed as the fold change (mean ± range for duplicates) in luciferase activity.

(C) The corresponding AUC value for each monoclonal antibody was calculated. At least two independent experiments were performed. The signals above the

dashed line were considered to represent ADE.

(legend continued on next page)
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but low levels of antibody-induced viral infection, whereas anti-

bodies from cluster Z were non-neutralizing and did not induce

viral entry (Figure 7A). Further comparison using ADE AUC and

neutralizing IC50 verified that cluster X antibodies induced

more robust antibody-dependent viral entry in Raji cells (Fig-

ure 7B), and that the antibodies from clusters X and Y (Figure 7C)

and from expanded clones (Figure S7A) were more potent

neutralizers.

To determine any association between antibody properties

and their antigen epitopes recognized, we labeled their epitopes

on the constructed tree. In cluster X, eight of nine (89%) anti-

bodies interacted with RBD, and all of these eight antibodies,

including XG009 and XG043, recognized the RBD group IV

epitope (Figure 7A). This percentage was significantly higher

than that in other clusters (p = 0.001 versus cluster Y; p <

0.001 versus cluster Z) (Figures 7A and 7D). Except for one group

IV antibody in cluster Y, XG014, all other group IV antibodies

were branched in cluster X (Figures 7A and 7D) and induced a

statistically significant level of antibody-dependent viral entry in

Raji cells (Figure 7E). Unsupervised hierarchical clustering was

further performed using only ADE values, which alone were suf-

ficient to produce an antibody cluster significantly associated

with the RBD group IV epitopes (Figure S7B). Thus, we revealed

a significant association between one of the five RBD epitopes,

group IV, and ADE effects detected in vitro.

We also noticed that some RBD epitopes were associated

with only neutralizing activity, but no ADE effect. Antibodies

in cluster Y possessed neutralizing activity, but induced no or

low levels of viral entry in Raji cells (Figures 7A–7C). These an-

tibodies were directed against many distinct epitopes,

including RBD group II and RBD group III epitopes. These

antibodies, which recognize only group II or only group III epi-

topes, were not found in other clusters but just cluster Y (Fig-

ures 7A and 7D), suggesting that antibodies against these epi-

topes are tightly associated with neutralizing activity and

induce no enhancing effects.

Therefore, we conclude that antibodies targeting twoRBDepi-

topes (groups II and III) neutralize SARS-CoV-2 virus without

enhancing activities, whereas RBD group IV antibodies are

tightly associated with enhancement of SARS-CoV-2 infection

in vitro.

DISCUSSION

Convalescent plasma shows potential benefits for treating

SARS-CoV-2 infection (Duan et al., 2020; Shen et al., 2020),

and many research teams used a single-cell-based antibody

cloning strategy to identify monoclonal antibodies against

SARS-CoV-2 for potential passive antibody administration as a
(D and E) In vitro Raji cell-dependent assays using the GRLR version of XG005 (

variants GRLR were performed in parallel on the same plate, and experiments w

(F) In vitro Raji cell-dependent assays with Fcg receptor blocking. Negative contr

cells. Experiments were repeated two times.

(G) Quantitative reverse transcription PCR results for in vitro Raji cell-dependent

authentic SARS-CoV-2 virus and 4 mg/mL non-ADE antibody XG038 or ADE antibo

indicated hours of incubation, cells were collected for RNA extraction and quant

See also Figure S6.
prevention and treatment. The same strategy was previously

successfully used to identify potent broadly neutralizing anti-

bodies against HIV, ZIKV, HBV, and other pathogens (Robbiani

et al., 2017; Walker and Burton, 2018; Wang et al., 2020b). In

the present study, we focused exclusively on one convalescent

donor with potent IgG neutralization capacity, cloned and char-

acterized his monoclonal antibodies, and investigated antibody

enhancing versus neutralizing effects and their relationship

with antigen epitopes.

Serological neutralizing activity against SARS-CoV-2 varied

greatly among recovered individuals (Robbiani et al., 2020; Wu

et al., 2020a). Unexpectedly, our result showed that the individ-

uals with a robust serum neutralizing effect did not necessarily

have potent neutralizing activity of their purified IgG antibodies

(Figures 1F and 1H). This discrepancy is probably due to the

neutralizing effect by non-IgG antibodies, especially by secre-

tory IgA antibody, which plays a significant role in safeguarding

mucosal surfaces against respiratory viruses. In COVID-19 pa-

tients, an early and robust serum IgA responses was observed

(Cervia et al., 2020; Padoan et al., 2020; Yu et al., 2020), and

monoclonal IgA antibodies have been tested as effective as

IgG by in vitro binding and neutralizing assays (Ejemel et al.,

2020; Wang et al., 2020c).

Although the ADE effect for coronaviruses has been reported

in vitro, a potential pathological relevance during SARS-CoV-2

infection seems unlikely (Arvin et al., 2020). Clinical severity of

SARS-CoV-2 infection is tightly associated with elders with pre-

existing conditions, but not individuals with previous coronavirus

infection (Halstead and Katzelnick, 2020). Although several

monoclonals isolated from convalescent donors exhibited an

enhancement of viral entry (Figure 6A), our ADE assays using

sera from the exact same convalescent donors showed no

ADE of SARS-CoV-2 viral entry (Figure S6A), suggesting that

the concentration of ADE monoclonals is not sufficiently high

among the polyclonal serum. Furthermore, our ADE assay using

authentic SARS-CoV-2 virus showed an abortive replication, a

phenomenon reminiscent of SARS-CoV-1 (Jaume et al., 2011).

All these data imply the unlikeliness of ADE of infection/disease

during SARS-CoV-2 infection. However, there is one exception,

feline infectious peritonitis virus (FIPV), which causes ADE of dis-

ease in cat (Weiss and Scott, 1981). This discrepancy with

SARS-CoV-1, SARS-CoV-2, andMERS-CoV could be explained

by the fact that the dominant target of FIPV in vivo is peritoneal

macrophages, but not pulmonary epithelium.

Our study revealed that 11 of 48 (23%)monoclonal anti-SARS-

CoV-2 IgG antibodies displayed ADE of viral entry in vitro.

Although this effect was FcgRII dependent in Raji cells, ADE of

viral entry was not observed in a human erythroleukemic cell

line, K562, which is also FcgRII positive (Zang et al., 2020),
D) and XG006 (E) antibodies. Wild-type human antibody and its Fcg receptor

ere repeated at least two times.

ol was performed without incubation of anti-human FcgRII antibodies with Raji

assays using authentic SARS-CoV-2 virus. The Raji cells were incubated with

dies XG016 or XG005, respectively. PBSwas used as a negative control. At the

itative reverse transcription PCR analysis.
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Figure 7. Clustering analysis identifies RBD epitopes associated with antibody neutralizing or enhancing effects

(A) Unsupervised hierarchical clustering was performed using the SARS-CoV-2 pseudovirus neutralization (NEU) and Raji cell-dependent (ADE) data. Clusters X,

Y, and Z were identified. Antibodies with different epitopes on the S protein or RBD are color and/or shape coded, whereas antibodies with no ELISA binding

against our tested antigens (XG021, XG034, XG039) were excluded. This clustering analysis was repeated using the other sets of neutralization and ADE values.

(B and C) Violin plots of the ADE AUC (B) or IC50 values (C) of antibodies in the three clusters. In order to determine whether there is a statistically significant

difference of the ADE AUC and IC50 values of cluster X, Y, and Z antibodies, we performed the nonparametric Dunn’s Kruskal-Wallis multiple comparison test.

(D) Bar graph with the number of antibodies with different binding epitopes in the three clusters. Refer to the labeling guidance of antibody epitopes in (A).

Statistical analysis was performed using Fisher’s exact test.

(E) Violin plots of the ADE AUC values of RBD-binding antibodies with different epitope groups. Five groups of antibodies (groups I–IV and antibody group of

XG009 and XG043; see Figure 3F) were classified as two major types. One type (with D) contains RBD group IV antibodies or antibodies sharing group IV epitope

(XG009 and XG043), while the other type (without D) contains group I–III antibodies, which bind non-competitively with group IV antibodies. Statistical analysis

was performed using the Wilcoxon rank-sum test.

See also Figure S7.
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suggesting that FcgRII expression is required, but not sufficient,

for the antibody-dependent viral entry. Besides Raji cells, an

ADE of viral entry was also demonstrated in another human Bur-

kitt’s lymphomaB cell line, Daudi, for SARS-CoV-1 (Jaume et al.,

2011). Thus, it seems that B cells are more likely to be suscepti-

ble for invasion by SARS-CoV.
12 Cell Reports 34, 108699, February 2, 2021
Uptake of viral particles through the ADE pathway might lead

to the elevated production of proinflammatory cytokines (Liu

et al., 2019). During SARS-CoV-2 infection, substantially

elevated IgG antibody responses (Cao, 2020; Zhang et al.,

2020; Zhao et al., 2020) and dramatically increased serum levels

of proinflammatory cytokines (Huang et al., 2020; Wang et al.,
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2020a) have been consistently observed in critically ill patients.

Patients with severe COVID-19 exhibit elevated levels of proin-

flammatory cytokines, such as interleukin (IL)-6, IL-1b, and IL-

2. Thus, whether ADE of viral entry would lead to high levels of

cytokines in B lymphocytes is another question that needs to

be addressed using authentic SARS-CoV-2 virus in vitro and

in vivo.

Antibodies from our donor bound to five non-overlapping RBD

epitopes, similar to other studies reporting three or four distinct

antigenic sites within RBD (Liu et al., 2020a; Robbiani et al.,

2020; Rogers et al., 2020; Wec et al., 2020; Wu et al., 2020c;

Zost et al., 2020a). Importantly, we found a significant associa-

tion of ADE with one of five non-overlapping antibody binding

RBD epitopes. This was a surprising result given that no such

epitope-ADE relationship has ever been reported for coronavi-

ruses to the best of our knowledge. The underlying mechanism

warrants further investigation.

Because SARS-CoV-1 and SARS-CoV-2 share the same hu-

man receptor, ACE2, it is possible that antibodies that are

cross-reactive to these two different viruses are occasionally

generated. A recent study showed that H014, a phage antibody

isolated from RBD-immunized mice, showed IC50 of 150 and

450 ng/m: for SARS-CoV-1 and -2, respectively (Lv et al.,

2020). Also, antibodies isolated from individuals with SARS-

CoV-1 infection have been shown to be cross-neutralizing for

SARS-CoV-2: antibodies ADI-55688 (IC50 of 4 and >100 ng/ml

for SARS-CoV-1 and -2, respectively), ADI-56046 (IC50 of 20

and 50 ng/mL for SARS-CoV-1 and -2, respectively) (Wec

et al., 2020), and S309 (IC50 of 120 and 79 ng/mL for SARS-

CoV-1 and -2, respectively) (Pinto et al., 2020). However,

whether such cross-neutralizing antibodies also develop after

SARS-CoV-2 infection is less established. We here identified a

potent neutralizing antibody, XG014, that inhibited infection by

both SARS-CoV-2 and SARS-CoV-1 with IC50 values of 5.1

and 23.7 ng/mL, respectively. Therefore, XG014 is among the

most potent cross-neutralizing antibodies described so far.

Importantly, XG014 did not display ADE. This was a surprising

finding given that it targets the group IV RBD epitope strongly

associated with ADE (Figure 7A). One possible explanation is

that, after viral uptake in the form of immune complexes, the

XG014 antibody binding is stable enough at acidic pH within en-

dosomes to prevent endosomal fusion, whereas other group IV

antibodies could not withstand the low pH environment. A similar

hypothesis has been made for antibodies against flaviviruses

(Rey et al., 2018). Another possible explanation is that the epitope

recognized by XG014 is slightly different from other group IV an-

tibodies. Further structural analysis of XG014, compared with

those of other group IV ADE antibodies, would help us to decipher

the correlation between ADE and epitopes in depth.
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KEY RESOURCES TABLE
Reagent or resource Source Identifier

Antibodies

Goat anti-Human IgG (H+L) secondary

antibody, HRP

Thermo Fisher Scientific Cat#31410; RRID: AB_228269

Mouse anti-human IgG Fab antibody (HRP) GenScript Cat#A01855-200

Mouse anti-human CD20-PECy7 BD PharMingen Cat#560735; RRID: AB_399985

APC Mouse anti-human CD19 BD PharMingen Cat#555415

Anti-CD27-PE BD Biosciences Cat#555441; RRID: AB_395834

Anti-hCD32 BD PharMingen Cat#557333

Anti-HBs H004 Wang et al., 2020b N/A

CR3022 ter Meulen et al., 2006 N/A

Anti-N polyclonal antibody Gu et al., 2020 N/A

Bacterial and virus strains

E. Coli Trans5a chemically Competent Cells TransGen Biotech Cat#CD201-01

Authentic SARS-CoV-2 virus, nCoV-SH01

(GenBank: MT121215.1)

Wu et al., 2020b N/A

Chemicals, peptides, and recombinant proteins

Streptavidin HRP BD Biosciences Cat#554066

Streptavidin APC BD Biosciences Cat#554067; RRID: AB_10050396

Streptavidin PE eBioscience Cat#12-4317-87

Human BD Fc Block BD PharMingen Cat#564220

SARS-CoV-2 S protein (RBD) GenScript Cat#Z03479

SARS-CoV-2 S1 protein GenScript Cat#Z03501

Recombinant 2019-nCoV S2 protein (C-Fc) Novoprotein Cat#DRA48

SARS-CoV-2 Spike protein (ECD, His & Flag

tag)

GenScript Cat#Z03481

Insect-C-His NP GenScript Cat#Z03480

Recombinant 2019 nCoV Spike S (amino acid

14-1212)

Kactus Biosystems Cat#COV-VM5SS

Recombinant 2019 nCoV Spike RBD Kactus Biosystems Cat#COV-VM4BD

RNAsin Plus RNase inhibitor Promega Cat#N2615

4 3 dNTPS (100 mM) Solarbio Life Sciences Cat#PC2300

DNase/RNase-Free water Solarbio Life Sciences Cat#R1600

PBS (10 3 ), pH 7.2-7.4 Solarbio Life Sciences Cat#P1022

1 M Tris-HCl, pH 9.0 Solarbio Life Sciences Cat#T1160

IGEPAL CA-630 Sigma Cat#I8896

Dimethyl Sulfoxide Sigma Cat#2650

Bovine Serum Albumin WeiAo Biotech, Shanghai Cat#WH3044

Fetal Bovine Serum GEMINI Cat#900-108

UltraPure Sucrose Macklin Biochemical Cat#S824459

Cresol Red sodium salt Macklin Biochemical Cat#C806031

ABTS Chromogen / substrate solution for

ELISA

Thermo Fisher Scientific Cat#00-2024

UltraPure 0.5M EDTA, pH 8.0 Invitrogen Cat#15575-038

Hank’s Balanced Salt Mixture (D-Hanks) Solarbio Life Sciences Cat#H1045-500

EZ Trans Life iLAB Bio Technology, Shanghai Cat#AC04L082
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Continued

Reagent or resource Source Identifier

TRIzol LS Reagent Thermo Fisher Scientific Cat# 10296010

Critical commercial assays

LS magnetic columns Miltenyi Biotech Cat#130-042-401

CD19 MicroBeads, human Miltenyi Biotech Cat#130-097-055

EZ-Link Sulfo-NHS-LCBiotin, Noweight format Thermo Fisher Scientific Cat#39257

BirA Biotin-Protein Ligase Kit Avidity Cat#BIRA500

Zeba Spin Desalting Columns, 7K MWCO Thermo Fisher Scientific Cat#89889

Superscript III Reverse Transcriptase Thermo Fisher Scientific Cat#18080044

HotStarTaq DNA Polymerase QIAGEN Cat#203209

Protein G Sepharose 4 Fast Flow GE Healthcare Cat#17061805

PierceTM IgG Elution buffer Thermo Fisher Scientific Cat#21004

Histopaque-10771 Sigma Cat#10771

AgeI-HF New England BioLabs Cat#R3552L

BsiwI-HF New England BioLabs Cat#R3553L

XhoI New England BioLabs Cat#R0146L

SalI-HF New England BioLabs Cat#R3138S

T4 DNA polymerase New England BioLabs Cat#M0203L

One Step PrimeScript RT-PCR Kit Takara Cat#RR064B

Luciferase Assay System Promega Cat#E1501

Experimental models: cell lines

HEK293F cell line (Wu et al., 2020b N/A

HEK293T cell line (Xia et al., 2020a N/A

Expi293 Expression System Thermo Fisher Scientific Cat#A14635

Huh-7 cell line (Xia et al., 2020a N/A

Vero-E6 cell line (Xia et al., 2020a N/A

Raji cell line (Jaume et al., 2011 N/A

Oligonucleotides

Random Primers Thermo Fisher Scientific Cat#48190011

Recombinant DNA

IGg1 expression vector von Boehmer et al., 2016 N/A

IGk expression vector von Boehmer et al., 2016 N/A

IGl expression vector von Boehmer et al., 2016 N/A

pNL4-3.luc.RE Xia et al., 2020a N/A

pcDNA3.1-SARS-CoV-1-S Xia et al., 2020a N/A

pcDNA3.1-SARS-COV-2-S Xia et al., 2020a N/A

IGg1-GRLR expression vector Robbiani et al., 2019 N/A

Software and algorithms

PRISM GraphPad https://www.graphpad.com

IgBlast Ye et al., 2013 https://www.ncbi.nlm.nih.gov/igblast/

IMGT/V-QUEST Brochet et al., 2008 http://www.imgt.org/IMGT_vquest/vquest

Others

Sterile 50 ml Disposable Vacuum Filtration

System

Millipore Sigma Cat#SCGP00525

Amicon Ultra-4 Centrifugal Filters Ultracel-30K Merck Millipore Ltd. Cat#UFC803096

Ultrafree-MCCentrifugal filter units, 0.22uMGV

DURAPORE

Merck Millipore Ltd. Cat#UFC30GV0S

Pipet-Lite Multi Pipette L12-20XLS+ RAININ Cat#17013808

General Long-Term Storage Cryogenic Tubes Nalgene Cat#5000-1020
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Continued

Reagent or resource Source Identifier

SimpliAmp Thermal Cycler Thermo Fisher Scientific Cat#A24812

500 mL Bottle Top Vacuum Filter, 0.20 mmPore Thermo Fisher Scientific Cat#566-0020

ACCUSPIN Tubes Sterile, 50ml Capacity Sigma Cat#A2055-10EA
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Qiao

Wang (wangqiao@fudan.edu.cn).

Materials availability
All unique reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Sharing of antibodies with academic researchers may require a payment to cover the cost of generation and a completed Material

Transfer Agreement.

Data and code availability
The published article includes all datasets generated or analyzed during this study. Original data have been deposited Mendeley

data: https://data.mendeley.com/datasets/bjpky4bzsd/1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Volunteer recruitment and blood draws were performed at the Zhoushan Hospital under a protocol approved by the Zhoushan Hos-

pital Research Ethics Committee (2020-003). Experiments related to all human samples were performed at the School of Basic Med-

ical Sciences, Fudan University under a protocol approved by the institutional Ethics Committee (2020-C007). Study participants, 16

convalescent donors, whose infections have been confirmed by PCR, and 8 unexposed naive donors. All donors ranged in age from

7-67 with a mean of 37, and the female:male ratio was 14:10 (Figure S1B).

Cell lines
Human embryonic kidney 293T (HEK293T) cells, human hepatoma Huh-7 cells and African green monkey kidney Vero-E6 cells (Xia

et al., 2020a) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine

serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. Raji cells (human Burkitt’s lymphoma B lymphoblast) (Jaume et al.,

2011), were maintained in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin. All cell lines

were cultured at 37�C in 5% CO2. Human embryonic kidney 293F (HEK293F) suspension cells were cultured using HEK293 serum-

free OPM-293-CD05 medium (OPM Biosciences) at 37�C in 5% CO2 with shaking at 100 rpm.

Viruses
The authentic SARS-CoV-2 virus, nCoV-SH01 (GenBank: MT121215.1) used in this study was isolated from infected patients at the

Biosafety Level 3 (BSL-3) laboratory at the Shanghai Medical College, Fudan University (Wu et al., 2020b). The SARS-CoV-2 virus

was propagated in Vero-E6 cells. Concentrated virus stock was aliquoted and stored at liquid nitrogen. One aliquot of cell line-

passaged authentic SARS-CoV-2 virus, originally launched frompatient serum and stored at�80�C,was thawed for in vitro cell infec-

tion experiments.

Bacteria
E. coli Trans5a (TransGen Biotech) were cultured at 37�C with shaking at 230 rpm.

METHOD DETAILS

Collection of human samples
Samples of peripheral blood were collected from SARS-CoV-2 patients at the Zhoushan Hospital in Zhejiang province. Serum sam-

ples were heat inactivated for 60 minutes at 56�C, separated by centrifugation of coagulated whole blood, and aliquoted for storage

at�80�C. After a 400 mL blood draw from donor #16, human peripheral blood mononuclear cells (PBMCs) were isolated using a cell

separation tube with frit barrier. The isolated PBMCs were resuspended in 90% heat-inactivated FBS supplemented with 10% di-

methylsulfoxide (DMSO) and cryopreserved in liquid nitrogen.
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Antibodies
All the cloned humanmonoclonal antibodies, their GRLR version, and the previously reportedmonoclonal antibody CR3022 (terMeu-

len et al., 2006) were prepared by transient transfection of mammalian HEK293F cells as previously reported (Wu et al., 2020b).

ELISA
The ELISA binding of serum samples or purified IgG antibody fractions from serum samples or recombinant IgG antibodies against

SARS-CoV-2 proteins, including S-ECD-, RBD-, S1-, S2-, and N-proteins (see details in Key resources table) was measured as pre-

viously reported (Wang et al., 2020b). Briefly, ELISA plates were first coated with 10 mg/ml of antigen in phosphate buffered saline

(PBS) overnight at 4�C, and then blocked with 2% bovine serum albumin (BSA) in PBS. The serum or 1st antibody was serially diluted

1:3 in PBS (maximumconcentration, 1:10 for serum, 10 mg/ml for monoclonals) for eight dilutions in total, and added for incubation for

one hour at room temperature. Visualization was with HRP-conjugated goat anti-human IgG (Thermo Fisher Scientific) or HRP-con-

jugated mouse anti-human IgG Fab (GenScript). The area under the curve (AUC) was calculated for each antibody by analysis using

PRISM software to evaluate the antigen-binding capacity. ELISA assays using RBD mutants was performed as described above

except coating RBD-Fc at a concentration of 2 mg/ml, and using wild-type RBD as a reference for normalization.

Competition ELISA
Competition ELISAs were performed as described previously (Wang et al., 2020b). Briefly, plates were coated with 2 mg/ml SARS-

CoV-2 RBD or 2 mg/ml SARS-CoV-2 S-ECD and incubated with 15 mg/ml 1st blocking antibody/proteins (60 mg/ml for antibody

CR3022) for two hours. Biotinylated 2nd antibodies/proteins (0.25 mg/ml) (15 mg/ml for antibody CR3022) were directly added for

30 minutes at room temperature. Detection was performed with streptavidin-HRP (BD Biosciences). PBS buffer substituted for

the 1st blocking antibody was used as a reference for normalization, while the anti-HBs antibody H004 (Wang et al., 2020b), which

could not block the binding of the 2nd antibodies, served as a negative control.

Preparation of SARS-CoV-2 and SARS-CoV-1 pseudotyped virus
The pseudotyped viruses were produced as previously reported (Xia et al., 2020a). Briefly, plasmids pNL4-3.luc.RE (the luciferase

reporter-expressing HIV-1 backbone) and pcDNA3.1-SARS-CoV-1-S/pcDNA3.1-SARS-CoV-2-S (encoding for the S-protein of

SARS-CoV-1 or SARS-CoV-2) were co-transfected into HEK293T cells using the transfection reagent VigoFect (Vigorous Biotech-

nology, Beijing). The supernatant containing the released pseudotyped particles was harvested at 72 hours post-transfection. After

centrifugation, the supernatant was collected, aliquoted, and frozen at �80�C. The production of the SARS-CoV-2 pseudovirus mu-

tants was performed as described above except using the plasmids of pcDNA3.1-SARS-CoV-2 with the corresponding mutations

(V341I, F342L, V367F, R408I, A435S, G476S, and V483A) in the S-protein (Ou et al., 2020). These plasmids were constructed using

the plasmid of pcDNA3.1-SARS-CoV-2-S as a template by a site-directed mutation kit (Yeasen Biotech, Shanghai).

In vitro neutralization assay by pseudotyped SARS-CoV-1 and �2 viruses
In vitro SARS-CoV-1 and SARS-CoV-2 pseudovirus infection was performed as previously described (Xia et al., 2020a). Briefly, 13

104/well Huh-7 cells were seeded in 96-well plates in DMEM supplemented with 10% FBS. The seeded cells were cultured for an

additional eight hours before infection. To quantitate the neutralization capacity, the human serum (maximum concentration,

1:20), polyclonal antibodies purified from human serum (maximum concentration, 50 mg/ml), or monoclonal antibodies (maximum

concentration, 10 or 1 or 0.625 mg/ml) was serially diluted 1:2 in DMEM medium for nine dilutions in total. Subsequently, the diluted

antibodies or serum samples were incubated with SARS-CoV-1 or�2 pseudoviruses for 30minutes at 37�C before added onto Huh-

7 cells for infection. For the neutralization blocking experiments, different antigens (RBD, S1, S2 or S-ECDproteins) were incubated at

different concentrations, respectively, with 5 mg/ml purified IgG from donor #16 for one hour at 37�C before incubation with SARS-

CoV-2 pseudovirus. After incubation for half an hour, themixture was finally added to the Huh-7 cells for infection. After incubation for

12 hours, the supernatant was replaced with fresh DMEM medium supplemented with 2% FBS. The cell supernatant was removed

after culture for further 48 hours, and the cells were lysed for luciferase activity measurement using a Firefly Luciferase Assay Kit

(Promega) and luminometer according to the manufacturer’s instructions.

The absolute luciferase values were measured and the relative values were calculated by normalizing to the virus-only control well

in the same lane. For example, the absolute luciferase value in a pseudovirus-only control well (considered as reference) was 53 104,

while adding one neutralizing serum samplemight reduce this to 13 104. Therefore, the normalized luciferase values were calculated

as 100% in the pseudovirus-only control and 20% for this neutralizing serum. Since many aspects, such as pseudovirus concentra-

tion, cultured cell concentration, status of the cells, immunofluorescence reading, and etc., varied dramatically between different

plates and different tests, normalization is necessary for combining data for comparison. For the serum neutralization assays (Figures

1F and 1G), the reciprocal of the serum dilution that resulted in 50% inhibition compared with pseudovirus alone was reported as the

50% neutralization titer (NT50).

In vitro neutralization assay by authentic SARS-CoV-2 virus
In vitro authentic SARS-CoV-2 neutralization assay was performed using Vero-E6 as previously reported (Chi et al., 2020). Briefly, 13

104/well Vero-E6 cells were seeded in 96-well plates. After culture for 24 hours, the 1:4 serially diluted antibodies (maximum
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concentration, 5 mg/ml) were mixed with 0.1 MOI (multiplicity of infection) authentic SARS-CoV-2 virus and incubated at 37�C for

30 minutes. This mixture was subsequently added into the cultured Vero-E6 cells. The supernatants were collected after further cul-

ture for two days for quantitative reverse transcription PCR and the cells were analyzed by immunofluorescence.

For immunofluorescence, the cells were fixed in 4%paraformaldehyde in PBS for 20minutes, washedwith PBS and permeabilized

with 0.1% Triton X-100 in PBS at room temperature. After blocking with 3% BSA, the cells were incubated with anti-N polyclonal

antibody (Gu et al., 2020) at a dilution of 1:1000 overnight at 4�C and visualized with donkey anti-mouse IgG Alexa Fluor 488 (Thermo

Fisher Scientific). Nuclei were stained with DAPI. Cells were imaged using an Eclipse Ti-S inverted fluorescence microscopy (Nikon).

For quantitative reverse transcription PCR, the viral RNA was extracted from the collected supernatant using Trizol LS (Thermo

Fisher Scientific) and used as templates for quantitative PCR analysis by One-Step PrimeScrip RT-PCR Kit (Takara) following the

manufacturer’s instructions. The primers and probe used were listed in Table S2. The PCR amplicon by SARS-CoV-2-N-F and

SARS-CoV-2-N-R primers was inserted into pUC57 plasmid for standard curve generation. The program of the quantitative reverse

transcription PCRwas performed using theMastercycler ep realplex Real-time PCRSystem (Eppendorf) as followed: 95�C5minutes;

40 cycles of 95�C 10 s, 50�C 30 s, 72�C 30 s.

In vitro assay to detect antibody-dependent viral entry
In vitro SARS-CoV-2 pseudovirus ADE assays was performed using Raji cells as previously reported (Jaume et al., 2011). Briefly, 33

104 Raji cells were seeded in each well of 96-well plates coated with 0.01% poly-L-lysine in PBS and cultured for 24 hours. The an-

tibodies were serially diluted 1:2 (maximumconcentration, 100 mg/ml) in RPMI 1640 for nine dilutions in total, andwere incubatedwith

the SARS-CoV-2 pseudovirus for 30minutes. Themixturewas applied onto the Raji cells and cultured for 60 hours. Themeasurement

of luciferase activity was performed as described above using a Firefly Luciferase Assay Kit (Promega). The absolute luciferase ac-

tivity values from all the wells were normalized to the luciferase activity value obtained with 2 mg/ml of antibody XG043 and expressed

as the fold change in luciferase activity. Two replicates of XG043 (2 mg/ml) were performed on each plate and the average luciferase

activity value of these two replicates was considered as reference (100% relative luciferase activity, the dotted lines in Figures 6A, 6D,

and 6E; Figure S6B). Since many factors (virus concentration, cell concentration, immunofluorescence reading, etc.) vary between

different plates or different rounds of experiments, normalization is necessary for comparing the luciferase activity values from

different plates. The reason for choosing XG043 as the reference is simply because that XG043 was the first identified to induce

ADE in our studies.

For the experiment to block the antibody-dependent viral entry, different concentrations of anti-hCD32 (BD PharMingen) were

incubated with the Raji cells for 30 minutes at 37�C. Then, the mixture of 2 mg/ml antibody XG005 and SARS-CoV-2 pseudovirus

was added to the treated Raji cells. The plates were incubated at 37�C for 60 hours before the measurement of luciferase activities

as described above.

For in vitro Raji cell-dependent ADE assays using authentic SARS-CoV-2 virus, cultured Raji cells were incubated with the mixture

of authentic SARS-CoV-2 virus and monoclonal antibodies (final concentration 4 mg/ml), XG038, XG016 and XG005, respectively.

After 6, 24 or 48 hours incubation, the Raji cells were collected for RNA extraction and quantitative reverse transcription PCR analysis.

SARS-CoV-2 N-protein RNA copy numbers were calculated using a standard curve composed of seven prepared N-protein DNA

samples with 10-fold serial dilutions.

Protein production
The codon optimized wild-type cDNA of SARS-CoV-2 receptor-binding domain (RBD) (amino acid 330–530) together with an Avi tag

(GLNDIFEAQKIEWHE) was synthesized (GENEWIZ), and cloned into pACgp67 vector with a C-terminal 8 3 His tag for purification.

The SARS-CoV-2 RBD was expressed using the Bac-to-Bac baculovirus system. Extracted bacmid DNA was then transfected into

Sf9 cells using Cellfectin II Reagent (Invitrogen). The low-titer viruses were harvested and then amplified to generate high-titer virus

stock. The supernatant containing the secreted RBD without glycosylation was harvested 72 hours after infection and the RBD pro-

tein was captured by Ni-NTA resin (GE Healthcare) and purified. SDS-PAGE analysis revealed over 95% purity of the purified recom-

binant protein.

For the site-directed mutagenesis and expression of RBDmutants, SARS-CoV-2 RBD fragment (residue 319-541) and its mutants

were synthesized (GenScript), fused with the human IgG1 Fc fragment, and cloned into mammal expression vector pSecTag. The

plasmid was transfected into HEK Expi293 cells and incubated at 37�C for four days. Supernatant was harvest for further purification

by Protein G resin according to the manufacturer’s protocol.

Single cell sorting of RBD- or S-ECD-binding memory B cells
S-ECD protein (GenScript) expressed and purified from recombinant baculovirus-infected insect Sf9 cells was chemically bio-

tinylated using EZ-Link Sulfo-NHS-LC-Biotin kit (Thermo Fisher Scientific) as manufacturer’s instructions. Avi-tagged RBD ex-

pressed in baculovirus-infected insect Sf9 cells and Avi-tagged S-ECD expressed inmammalian HEK293T cells (Kactus Biosystems)

were biotinylated using BirA Biotin-Protein Ligase kit (Avidity). The excess of unbound biotin was removed by using Zeba Spin De-

salting column (Thermo Fisher Scientific). For each sample, the bait protein-PE and bait protein-APC were prepared by incubating

3 mg of biotinylated RBD or 25 mg of biotinylated S-ECD proteins with streptavidin-PE (eBioscience) or streptavidin-APC (BD Biosci-

ences), respectively.
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Purification of B cells, two-fluorescent-dye labeling of bait protein-binding B cells and single cell sorting experiments were per-

formed as previously described (Escolano et al., 2019; Robbiani et al., 2017;Wang et al., 2020b). Briefly, PBMCs thawed andwashed

with RPMI medium were incubated with CD19 MicroBeads (Miltenyi Biotec) for positive selection of B lymphocytes. Sequential in-

cubation at 4�Cwith human Fc block (BD Biosciences), bait protein-PE/APC (10 mg/ml for RBD, 60 mg/ml for S-ECD), and anti-CD20-

PECy7 (BD Biosciences) was performed, followed by the single-cell sorting of CD20-PECy7+ bait protein-PE+ bait protein-APC+

memory B cells into 96-well plates using a FACSAria II (BD Biosciences). The single-cell sorted B cells were stored at �80�C.

Antibody cloning, sequencing and production
Antibody cloning from the sorted single cells and the production of monoclonal antibodies were done as previously reported (Rob-

biani et al., 2017;Wang et al., 2020b). The sequences of primers for the 1st/ 2nd round of nested PCRwere listed in Table S2. Amplified

PCR products from each single cell were loaded onto 2% agarose gel for electrophoresis and purified for Sanger sequencing. All the

sequencing result of heavy and kappa/lambda light chains were analyzed by IMGT/V-QUEST (Brochet et al., 2008) and IgBlast (Ye

et al., 2013), and the V(D)J gene segment and CDR3 sequences of each antibody were determined. The selected antibodies were

subjected to vector construction and antibody expression as previously described (von Boehmer et al., 2016).

Clustering analysis
Relative luciferase activities measured in neutralization or ADE assays or both were used for unsupervised hierarchical clustering

analysis with the statistical scripting languageR, using log-transformed data, Euclidean correlation coefficients for a distancemetric,

and ward.D2 clustering. A heatmap and cluster dendrogram tree were created using the Pretty Heatmaps (pheatmap and hclust) R

packages.

QUANTIFICATION AND STATISTICAL ANALYSIS

The detailed results of statistical analysis are shown in the Result and Figure Legends. The Shapiro-Wilk test and Fisher’s F test were

employed to check for normality and homogeneity of variances, respectively, prior to performing the comparison. Student’s t test

was performed for RBD ELISA (Figure 1A), while Wilcoxon Rank Sum test was used for other ELISAs (Figures 1B–1E) and compar-

isons of ADE AUC (Figure 7E) due to their non-normal distribution. In order to determine whether there is a statistically significant

difference of the ADE AUC and IC50 values of Cluster-X, -Y, and -Z antibodies, the nonparametric test (Dunn’s Kruskal-Wallis multiple

comparison) was performed (Figures 7B and 7C). Fisher’s exact test was performed to assess the statistical significance based on

the exact distribution of the frequencies of RBDGroup-IV antibodies in three antibody clusters (Figure 7D). Correlation was evaluated

by Spearman’s rank correlation method (Figures S6E–S6G). The area under the ELISA curves (ELISA AUC) (Figures 1A–1E and 3A–

3D), the half-maximal neutralizing titer (NT50) for serum neutralization assays (Figures 1F–1H), the 50% inhibitory concentration (IC50)

values calculated for antibody neutralization capacities (Figures 4A, 4F, and 5C), the area under the ADE curve (ADE AUC) (Figure 6C),

and enhancing power values (Figure S6D) were calculated in PRISM software as previously reported (Bardina et al., 2017; Robbiani

et al., 2019; Wang et al., 2020b).
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