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ABSTRACT
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV−2) causes coronavirus disease 2019 (COVID−19). 
Antibodies induced by SARS-CoV−2 infection or vaccination play pivotal roles in the body’s defense against the 
virus; many monoclonal antibodies (mAbs) against SARS-CoV−2 have been cloned, and some neutralizing 
mAbs have been used as therapeutic drugs. In this study, we prepared an antibody panel consisting of 31 
clones of anti-SARS-CoV−2 mAbs and analyzed and compared their biological activities. The mAbs used in this 
study were classified into different binding classes based on their binding epitopes and showed binding to the 
SARS-CoV−2 spike protein in different binding kinetics. A multiplex assay using the spike proteins of Alpha, 
Beta, Gamma, Delta, and Omicron variants clearly showed the different effects of variant mutations on the 
binding and neutralization activities of different binding classes of mAbs. In addition, we evaluated Fcγ 
receptor (FcγR) activation by immune complexes consisting of anti-SARS-CoV−2 mAb and SARS-CoV−2 
pseudo-typed virus, and revealed differences in the FcγR activation properties among the binding classes of 
anti-SARS-CoV−2 mAbs. It has been reported that FcγR-mediated immune-cell activation by immune com
plexes is involved in the promotion of immunopathology of COVID−19; therefore, differences in the 
FcγR-activation properties of anti-SARS-CoV−2 mAbs are among the most important characteristics when 
considering the clinical impacts of anti-SARS-CoV−2 mAbs.
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Introduction

Antibodies play a pivotal role in humoral immunity for fight
ing viral infections, and monoclonal antibodies (mAbs) are 
promising therapeutics for the prevention and treatment of 
infectious diseases.1 The coronavirus disease 2019 (COVID 
−19) pandemic has accelerated efforts to develop neutralizing 
mAbs that target severe acute respiratory syndrome corona
virus 2 (SARS-CoV−2). Recent advances in antibody discovery 
technologies such as single-cell analysis and next-generation 
sequencing (NGS) have enabled researchers to isolate the 
mAbs quite rapidly and have allowed the cloning of more 
mAbs targeting SARS-CoV−2 than ever before.2 As of 
December 2022, 12004 antibodies had been registered in the 
Coronavirus Antibody Database (CoV-AbDab; opig.stats.ox. 
ac.uk/webapps/covabdab), and some of these anti-SARS- 
CoV−2 therapeutic mAb products received Emergency Use 
Authorization from the US Food and Drug Administration.3,4

Most of the anti-SARS-CoV−2 neutralizing mAbs bind to 
the receptor-binding domain (RBD) of the SARS-CoV−2 spike 
protein, thereby blocking viral binding to angiotensin- 
converting enzyme 2 (ACE2) on host cells. The SARS- 
CoV−2 spike protein forms a trimer, and RBDs exist in two 
conformational states, described as “up” (open) and “down” 
(closed).5,6 In the up conformation, the receptor binding motif 
(RBM) on the RBD is exposed for ACE2 binding. Several 
classifications for RBD-binding mAbs based on binding 

epitopes have been suggested.4,7,8 In general, anti-RBD mAbs 
are classified into four groups: Class 1 mAbs recognize the 
RBM on the up conformation RBD, mimicking the binding to 
ACE2. Class 2 mAbs can bind the RBM in both up- and down- 
state RBDs. Class 3 mAbs bind outside the ACE2-binding site 
of RBD (RBD core cluster I), while class 4 mAbs bind to the 
opposite surface of the RBD (RBD core cluster II). The binding 
structures of representative mAbs (class 1, REGN10933; class 
2, P2B−2F6; class 3, REGN10987; class 4, CR3022) to the 
SARS-CoV−2 spike RBD are shown in Figure 1a.

Since the beginning of the COVID−19 pandemic, SARS- 
CoV−2 variants with genetic mutations that affect viral 
characteristics have appeared, with new variants continu
ally emerging.11,12 Several mutations in the spike protein of 
SARS-CoV−2 variants have been found to reduce the neu
tralization activity of mAbs, resulting in viral evasion of 
mAb-mediated protection.7,11,13,14 The mutations located at 
RBD in variants of concern (VOCs) are shown in 
Figure 1b. Effects of the mutations in VOCs on the neu
tralization activity of anti-SARS-CoV−2 mAbs have been 
well studied. For example, E484K (a glutamate (E)-to- 
lysine (K) substitution at position 484 in the RBM) of the 
Beta variant (B.1.351) is identified as an escape mutation 
reducing the binding affinity of anti-SARS-CoV−2 antibo
dies in convalescent sera.15,16 E484A (a glutamate (E) -to- 
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alanine (A) substitution at the same position) is found in 
Omicron (B.1.1.529) and its subvariants, and is known to 
contribute to resistance to neutralization by anti-SARS- 
CoV−2 mAbs in combination with other mutations.17,18 

There are numerous studies11–14,17,19,20 examining the 
impacts of variant mutations on the activity of anti-SARS- 
CoV−2 mAbs, and these have contributed to the ongoing 
effort to understand and defend against new variants using 
mAb-based therapeutics.

In this study, we prepared an antibody panel consisting of 
31 clones of recombinant anti-SARS-CoV−2 mAbs to compare 
their biological activities against SARS-CoV−2. This panel 
includes previously reported clones of anti-SARS-CoV−2 
mAbs, as well as therapeutic mAbs with various characteristics 
in binding affinity, binding classes with different epitopes, and 
neutralization activity. An analysis of the binding and neutra
lization activities against various SARS-CoV−2 variants 
revealed the impacts of these mutations on the biological 
activities of mAbs in different binding classes. We also ana
lyzed Fcγ receptor (FcγR) activation by immune complexes 
consisting of anti-SARS-CoV−2 mAbs and a SARS-CoV−2 
pseudo-typed virus, and revealed differences in 
FcγR-mediated immune-cell activation by anti-SAR-CoV−2 
mAbs bound to SARS-CoV−2.

Results

Preparation of recombinant anti-SARS-CoV−2 mAbs

To prepare our panel of anti-SARS-CoV−2 mAbs, 31 
clones of previously described mAbs were selected, and 
their sequences were obtained from the Protein Data 
Bank (PDB) or the World Health Organization’s desig
nated International Nonproprietary Names (INN) 
(Table 1). Most of these mAbs had been cloned before 
the emergence of SARS-CoV−2 variants and are known 
to bind to the spike protein of the original Wuhan strain. 
This panel includes the clones of therapeutic mAbs: 
mAb01 (bamlanivimab), mAb02 (casirivimab), mAb03 
(imdevimab), mAb09 (etesevimab), mAb28 (cilgavimab), 
mAb29 (regdanivimab), mAb30 (sotrovimab) and mAb31 
(tixagevimab). To exclude the influences of differences 
other than antigen-binding properties, cDNA sequences 
of antibody-variable regions were subcloned into human 
IgG1-expressing plasmids, and recombinant mAbs with 
human IgG1 subclass were prepared using CHO cells. 
The binding affinity to the SARS-CoV−2 (Wuhan) spike 
protein was evaluated by surface plasmon resonance (SPR) 
analysis. The recombinant anti-SARS-CoV−2 mAbs bound 
to the spike protein with various binding kinetics, as 
shown in Figure 2.

Figure 1. (a) Structure of anti-SARS-CoV −2 Fabs bound to a spike RBD. The image was generated using UCSF ChimeraX9,10 by superimposing the structures of 
REGN10933/REGN10987 (PDB ID: 6×DG), P2B − 2F6 (PDB ID: 7BWJ) and CR3022 (PDB ID: 6W41). The RBD is shown by the green surface, and Fabs in different binding 
classes are shown as cartoons of different colors. (b) the mutations located at spike protein RBD in Alpha, Beta, Gamma, Delta, and Omicron BA.1 variants are shown. 
The sequence corresponding to RBM is highlighted in green.
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Table 1. mAbs used in this study.

　 Variable Region Binding Class PDB Reference

mAb01 bamlanivimab 2 - INN
mAb02 casirivimab 1 6×DG Hansen et al. Science 369, 1010–1014 (2020)21

mAb03 imdevimab 3
mAb04 CR3022 4 6W41 Yuan et al. Science 368, 630–633 (2020)22

mAb05 P2B−2F6 2 7BWJ Ju et al. Nature 584, 115–119 (2020)23

mAb06 S309 3 6WPS Pinto et al. Nature 583, 290–295 (2020)24

mAb07 BD−23 2 7BYR Cao et al. Cell 182, 73–84 (2020)25

mAb08 B38 1 7BZ5 Wu et al. Science 368, 1274–1278 (2020)26

mAb09 etesevimab 1 7C01 Shi et al. Nature 584, 120–124 (2020)27

mAb10 52 2 7K9Z Rujas et al. Nat Commun 12, 3661–3661 (2021)28

mAb11 298 1
mAb12 C102 1 7K8M Barnes et al. Nature 588, 682–687 (2020)29

mAb13 C135 3 7K8R
mAb14 C002 2 7K8S
mAb15 C119 2 7K8W
mAb16 C121 2 7K8X
mAb17 C144 2 7K90
mAb18 CV07–250 1 6×KQ Kreye et al. Cell 183, 1058–1069 (2020)30

mAb19 CV07–270 2 6×KP
mAb20 S2H13 2 7JV4 Piccoli et al. Cell 183, 1024–1042 (2020)31

mAb21 S2A4 4 7JVC
mAb22 S304 4 7JW0
mAb23 COVA1–16 4 7JMW
mAb24 S2E12 1 7K3Q Tortorici et al. Science 370, 950–957 (2020)32

mAb25 S2M11 2 7K43
mAb26 4A8 NTD 7C2L Chi et al. Science 369, 650–655 (2020)33

mAb27 H014 4 7CAK Lv et al. Science 369, 1505–1509 (2020)34

mAb28 cilgavimab 3 - INN
mAb29 regdanvimab 1 - INN
mAb30 sotrovimab 3 - INN
mAb31 tixagevimab 1 - INN

Figure 2. An on-off rate map indicating the binding kinetics parameters of anti-SARS-CoV −2 mAbs against Wuhan spike protein analyzed by SPR analysis. The 
association rate constant (kon) is plotted against the dissociation rate constant (koff). The diagonal lines indicate the equilibrium dissociation constant (KD).
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Binding and neutralization activity to SARS-CoV−2 
variants

For a comprehensive evaluation of the biological activities of 
anti-SARS-CoV−2 mAbs, antigen-binding and neutralization 
activities were analyzed by an electrochemiluminescence 
(ECL) multiplex assay using the spike proteins of SARS- 
CoV−2 variants: Wuhan, Alpha (B.1.1.7), Beta (B.1.351), 
Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529). 
Binding activities were assessed by measuring the degree of 
mAbs binding to immobilized spike proteins, and neutralization 

activities were assessed by measuring the inhibition of human 
ACE2 binding to the immobilized spike proteins. Rituximab, an 
anti-CD20 mAb, was used as the negative control. Dose – 
response curves of binding and neutralization are shown in 
Supplemental Figures 1 and 2, respectively. Area under the 
curve (AUC) values were calculated and are shown in 
Figure 3. All 31 clones of anti-SARS-CoV−2 mAbs used in 
this study showed binding to the Wuhan spike protein, whereas 
their binding activities against the variants’ spike proteins varied 
widely among the clones. Although the neutralization activity 

Figure 3. Binding and neutralization activities against spike proteins of SARS-CoV −2 variants. AUCs calculated from the dose–response curves of spike protein binding 
assay (Supplement Figure 1) and neutralization assay (Supplement Figure 2) are shown. Spike proteins from the following lineages were used in the assay: Wuhan, Alpha 
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta *1 (B.1.617.2; AY.4), Delta *2 (B.1.617.2; AY.4.2), Delta *3 (B.1.617.2; AY.3; AY.5; AY.6; AY.7; AY.14) and Omicron (B.1.1.529; BA.1).
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against Wuhan differed among the clones, the results suggested 
that decreased binding activities strongly contributed to the 
reduction of neutralization activities.

To clarify the different effects of the variant mutations, the 
relative binding activities to variant spike proteins of each 
mAb (as a percentage of those of Wuhan) were calculated. 
As shown in Figure 4, decreases in binding activity to the 
variant spike proteins were relatively dependent on the bind
ing class of the mAbs. In class 1, remarkable diminishments 

were observed in the binding to Beta, Gamma, and Omicron 
variants: 5 of the 9 clones showed less than 20% binding to the 
Beta and Gamma variants while all 9 clones showed less than 
20% binding to the Omicron variant. In class 2, less than 20% 
binding was observed in 9 of the 11 clones to the Beta and 
Gamma variants, 3 of the 11 clones to Delta subvariants and 10 
of the 11 clones to the Omicron variant. On the other hand, all 
clones in classes 3 and 4 showed more than 80% binding to 
Beta, Gamma, and Delta variants. Although 2 of the 5 clones in 

Figure 4. Comparison of the binding activities to spike proteins of SARS-CoV −2 variants among mAbs of different binding classes. The relative binding activities (%) 
were calculated by normalizing the AUCs of binding to variant spike proteins by those to the Wuhan spike protein. Relative binding (% against Wuhan) to Alpha 
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta *1 (B.1.617.2; AY.4), Delta *2 (B.1.617.2; AY.4.2), Delta *3 (B.1.617.2; AY.3; AY.5; AY.6; AY.7; AY.14) and Omicron (B.1.1.529; 
BA.1) are shown for each binding class.
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class 3 and 3 of the 5 clones in class 4 showed less than 20% 
binding to the Omicron variant, mAbs in classes 3 and 4 were 
relatively resistant in their binding to SARS-CoV−2 variants 
compared to those in class 1 and 2. mAb26, which bound to 
the N-terminal domain (NTD) in the spike protein, showed 
less than 20% binding to all variants except for Gamma.

We next prepared SARS-CoV−2 (Wuhan) spike pseudo- 
typed virus and measured the neutralization activities of repre
sentative mAbs against the pseudo-typed virus. The mAbs 
used in this study showed different neutralization activities 
(Supplemental Figure 3a), and a positive correlation (R square  
= 0.867) was observed between the AUC calculated from the 
pseudo-typed virus neutralization assay and the ACE−2 bind
ing-inhibition assay (Supplemental Figure 3b).

FcγRIIa activation by the immune complexes 
consisting of anti-SARS-CoV−2 mAbs and  
SARS-CoV−2 spike pseudo-typed virus

Immune complexes formed by antigen-bound antibodies can 
activate immune cells via FcγRs, inducing inflammatory 
responses or elimination of the antigen.35,36 We have previously 
reported that reporter cell lines expressing human FcγRs (hFcγR) 
and a luciferase reporter driven by NFAT (NFAT-Luc) were 
useful for evaluating immune-cell activation via FcγRs.37–39 

Using a reporter cell line (Jurkat/hFcγRIIa/NFAT-Luc), we next 
assessed FcγRIIa activation by immune complexes consisting of 
anti-SARS-CoV−2 mAbs and SARS-CoV−2 (Wuhan) spike 
pseudo-typed virus (Figure 5). We first confirmed that neither 
the mAbs alone nor the pseudo-typed virus alone was able to 
activate hFcγRIIa. Interestingly, FcγRIIa-activation properties dif
fered among the various binding classes of mAbs. Immune com
plexes formed by mAbs in classes 1 and 4 did not activate 
hFcγRIIa in our assay condition, whereas 7 of the 11 clones in 
class 2 and all 5 clones in class 3 showed activation of hFcγRIIa.

Discussion

During the global spread of COVID−19, the efficacy of anti
bodies induced by vaccinations or administered as therapeutic 

drugs has been dramatically affected by the mutations in 
SARS-CoV−2 variants. There have been numerous studies of 
the influences of variant mutations, and several mutations 
have been identified as so-called “escape” mutations.3,7,14 

Especially, mutations in the RBD were shown to directly 
reduce the binding of anti-SARS-CoV−2 antibodies that target 
the RBD. In this study, we prepared a panel consisting of 31 
clones of anti-SARS-CoV−2 mAbs, and evaluated their bind
ing and neutralization activities to the major SARS-CoV−2 
variants. Our results clearly indicated differences in the effects 
of variant mutations among the binding classes of mAbs. 
Distinct decreases in the binding to Beta and Gamma variants 
were observed in class 1 and 2 mAbs, but not in class 3 and 4 
mAbs. Beta and Gamma variants contain an escape mutation, 
E484K in the RBM, which is the target of class 1 and 2 mAbs; 
this explains the reduction of binding activities of class 1 and 2 
mAbs. The L452R (a leucine (L) -to-arginine (R) substitution 
at position 452) mutation present in the Delta variant is also 
located in the RBM and has been shown to reduce the binding 
activities of some RBM-targeting mAbs.7,19,20 In our experi
ment, moderate (>20%) to strong (>80%) decreases in the 
binding to the Delta variant were observed in some mAbs in 
classes 1 and 2. The decreases were more evident in class 2 
mAbs than class 1 mAbs, a result consistent with those of 
a previous report by Deshpande et al.7 In the Omicron variant, 
further mutations are present in both the RBM and the core 
region of RBD. Significant decreases in binding were observed 
not only in class 1 and 2 mAbs but also in classes 3 and 4 
mAbs, which target core regions of the RBD. The effects of 
variant mutations on the neutralization activities measured by 
the inhibition of ACE2-spike protein binding showed similar 
trends to those on the binding activities. As a note of caution, 
the results obtained from an assay using recombinant proteins 
do not necessarily reflect the neutralization activities against 
authentic viral infections. However, we have revealed the char
acteristics of each binding class in terms of biological activities 
against SARS-CoV−2 variants. It is true that the effects of 
variant mutations on the biological activities of anti-RBD 
mAbs are not fully explained only by their binding class, the 
binding epitopes (linear epitopes) are important for 

Figure 5. FcγRIIa activation by immune complexes consisting of anti-SARS-CoV −2 mAbs and SARS-CoV −2 pseudo-typed virus. FcγRIIa activation was measured using 
Jurkat/FcγRIIa/NFAT-Luc reporter cells. Data represent means + SEMs (n = 3).
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considering the effects of variants’ mutations. Nevertheless, 
our results, which were consistent with those of previous 
reports, should be helpful for understanding the impacts of 
variant mutations on the efficacy of anti-SARS-CoV−2 mAbs.

Fc-mediated effector functions are among the most impor
tant roles of antibodies in the immune system.36 Antibodies 
bound to antigens form immune complexes and can activate 
immune cells via FcγRs, inducing the engulfment and elimina
tion of antigens or the inflammatory responses. In this study, 
we revealed the differences in the FcγRIIa-activation proper
ties of immune complexes consisting of anti-SARS-CoV−2 
mAbs and SARS-CoV−2 pseudo-type virus, and the results 
indicated the possibility that the FcγR-activation properties 
differed depending on the binding class of mAbs. To examine 
these differences from a structural perspective, we generated 
binding models of antibody antigen-binding fragments (Fabs) 
bound to SARS-CoV−2 spike proteins. SARS-CoV−2 spike 
proteins form a trimeric structure, and spike trimers exist in 
open or closed conformations at the pre-fusion state. In the 
open conformation, the RBD of one or two spike monomer(s) 
is exposed (i.e., the “up” conformation) and available for 
binding to ACE−2.5,6 Structural models of anti-SARS-CoV−2 
mAb Fabs bound to the spike trimer in a two up conformation 
are shown in Figure 6. Class 1 mAbs can only bind to the RBD 
in the up conformation; thus, only two or fewer Fab molecules 
can bind to a spike trimer. In addition, the binding model of 
REGN10933 indicated the possibility that simultaneous bind
ing of two Fab molecules might be blocked by steric hindrance. 
On the other hand, Class 2 mAbs bind both up- and down- 
state RBDs, and up to three Fab molecules could bind a spike 
trimer in either the open or closed conformation. Class 3 
mAbs bind to the outer face of the RBD core region, and 
three Fab molecules could bind to a spike trimer as shown in 
the case of REGN10987. Class 4 mAbs bind to the inner face of 
the RBD and require large conformational changes of spike 
proteins for their binding;40 hence, it seems unlikely that 

multiple Fab molecules could bind a spike trimer simulta
neously. These binding models suggested that more Fab mole
cules of mAbs in classes 2 and 3 than in classes 1 and 4 could 
simultaneously bind a SARS-CoV−2 spike trimer in either the 
open or closed form. Considering the bivalent binding of IgG, 
an antibody can bind a spike trimer at two binding sites or 
bridge two neighboring spike proteins. The multiple-binding 
ability of mAbs in classes 2 and 3 to a spike trimer may 
contribute to the clustering of spike trimers on the viral mem
brane, resulting in the multimerization of the antibody Fc 
region. Because the activation of FcγRs is triggered by multi
meric Fc binding, it is possible that the immune complexes of 
mAbs in classes 2 and 3 could activate FcγRs more efficiently 
than those of mAbs in class 1 and 4.

Although FcγR-mediated immune-cell activation by anti
bodies is related to potent defense mechanisms against foreign 
pathogens, it has been reported that FcγR-driven inflamma
tory responses might be associated with the immunopathology 
of COVID−19. Ankerhold et al. have reported that excessive 
FcγR activation by circulating immune complexes is involved 
in the promotion of immunopathology in severe or critical 
COVID−19 patients,41 and Junqueria et al. have reported that 
FcγR-mediated SARS-CoV−2 uptake by monocytic cells trig
gers inflammatory cell death and causes systemic 
inflammation.42 Therefore, although serious adverse events 
due to FcγR-mediated inflammatory responses have not been 
reported in patients administered anti-SARS-CoV−2 thera
peutic mAbs, FcγR-mediated immune cell activation proper
ties seem to be an important characteristic for considering the 
safety of anti-SARS-CoV−2 therapeutic mAbs. Using the IgG4 
subclass or engineered IgG1 showing reduced effector func
tions is a promising strategy for reducing the risk of undesir
able FcγR-mediated immune cell activation, and indeed, some 
anti-SARS-CoV−2 mAbs used in clinical studies (etesevimab, 
cilgavimab, and tixagevimab) have an engineered Fc region 
reducing antibody effector functions. In this study, we focused 

Figure 6. Structural models of anti-SARS-CoV −2 mAb Fab bound to a spike trimer. A spike trimer in two-up conformation (PDB ID: 6 × 2B) is shown as a gray surface 
(“up” RBDs, dark gray; “down” RBDs, light gray). Binding models of REGN10933 (class 1), P2B − 2F6 (class 2) and REGN10987 (class 3) were generated using UCSF 
ChimeraX by superimposing structures (REGN10933/REGN10987: 6×DG, P2B − 2F6: 7BWJ). Fab molecules are shown as colored surfaces.

MABS 7



on the differences in the binding epitopes (binding classes) of 
anti-SARS-CoV−2 mAbs, and tried to reduce the influence of 
the differences in antibody Fc regions. Thus, we used FcγRIIa- 
expressing reporter cells for measuring FcγR-activation by 
immune complexes because it is known that mAbs’ binding 
affinities to FcγRIIa are less affected by the differences in Fc 
structures, including glycan compositions. On the other hand, 
FcγRIIIa-binding affinities are affected by afucosylated glycans 
at Fc region, and Fc glycan compositions of IgGs are varied 
depending on expression systems used for the preparation of 
recombinant IgG. Fc glycan compositions of human IgGs in 
plasma are known to be varied dependent on immunological 
conditions, and the involvement of FcγRIIIa activation in 
immunopathology of COVID−19 has been reported.41,42 

Therefore, when analyzing clinical samples, the differences in 
the FcγR-binding properties affected by the Fc structures and 
their impacts on FcγR-mediated immune cell activations 
should be considered.

There are some limitations of this study. We evaluated 
FcγR-activation properties using SARS-CoV−2 pseudo-typed 
lentivirus, not the authentic virus. It is unknown whether the 
characteristics of spike proteins (e.g., the membrane surface 
density or the conformation of trimeric spike proteins) in 
pseudo-typed virus accurately reflect those in the authentic 
virus. The characteristics of immune complexes (e.g., the size 
or FcγR-activation property) formed by mAbs bound to the 
pseudo-typed virus could differ from those bound to the 
authentic virus. Further experiments using both the pseudo- 
typed virus and the authentic virus are required for character
izing the size and FcγR-activation properties of immune com
plexes and revealing the differences among the binding classes 
of anti-SARS-CoV−2 mAbs. As reviewed by Corti et al.,3 the 
roles of Fc-dependent effector functions of anti-SARS-CoV−2 
mAbs in humans are not fully understood. Further studies are 
required to understand the impacts of FcγR-mediated immune 
cell activation, as well as other Fc-dependent effector func
tions, on the efficacy and safety of anti-SARS-CoV−2 mAbs.

In conclusion, we analyzed the biological activities of anti- 
SARS-CoV−2 mAbs using a panel consisting of 31 mAbs. Our 
approach was useful for revealing the characteristics of mAbs 
in each binding class in relation to the major SARS-CoV−2 
variant mutations. In particular, our structural investigations 
of the differences in the FcγR-activation property of immune- 
complexes should be a key finding for considering the clinical 
impacts of anti-SARS-CoV−2 mAbs.

Materials and methods

Preparation of recombinant anti-SARS-CoV−2 mAbs

Amino acid sequences of anti-SARS-CoV−2 mAbs were 
obtained from public sources (PDB (www.rcsb.org/) or INN 
(www.who.int/teams/health-product-and-policy-standards 
/inn/inn-lists)). cDNAs corresponding to the variable regions 
of antibody heavy chains (VH) and light chains (VL) were 
synthesized (Genscript), then subcloned into pFUSE-CHIg- 
hG1, pFUSE2-CLIg-hK and pFUSE2-CLIg-hL2 vectors 
(Invivogen) for expressing the heavy chain, kappa light 
chain, and lambda light chain of human IgG1, respectively. 

Recombinant mAbs were produced using the ExpiCHO 
Expression System (Thermo, #A29133) according to the man
ufacturer’s protocol. Briefly, ExpiCHO cells were transiently 
transfected with antibody heavy-chain and light-chain expres
sion vectors and cultured for 7–10 days. The culture super
natants were collected by centrifugation, and recombinant 
mAbs were purified using a HiTrap Protein A column 
(Cytiva, #29048576). Protein concentration was estimated by 
the absorbance at 280 nm measured by a NanoDrop spectro
photometer (Thermo). The purities of mAbs were > 95% esti
mated by size-exclusion chromatography (data not shown). 
Rituximab (Rituxan, Chugai Pharmaceutical) was obtained 
via a reagent supplier and used as a negative control.

SPR analysis

A Biacore 8K instrument (Cytiva) and Biotin CAPture Kit 
(Cytiva, #28920234) were used to evaluate the binding of anti- 
SARS-CoV−2 mAbs to SARS-CoV−2 spike proteins. All mea
surements were performed at 25°C, and HBS-EP+ (Cytiva, 
#BR100669) was used as a running buffer. Biotinylated SARS- 
CoV−2 spike S1 protein (Sino Biologicals, #40591-V27H-B) 
was captured on the Sensor Chip CAP, and then serially 
diluted anti-SARS-CoV−2 mAbs were sequentially injected 
into the flow cells. Association (kon) and dissociation (koff) 
rate constants were calculated by single-cycle analysis using 
the 1:1 binding model.

ECL multiplex assay

Binding and neutralization activities of mAbs against SARS- 
CoV−2 variant spike proteins were measured by ECL multi
plex assay using a V-PLEX SARS-CoV−2 Panel 23 Kit (Meso 
Scale Discovery). In this assay plate, the wells were coated with 
SARS-CoV−2 spike proteins from the following lineages: WT 
(Wuhan), Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta 
(B.1.617.2; AY.4, B.1.617.2; AY.4.2 and B.1.617.2; AY.3; AY.5; 
AY.6; AY.7; AY.14) and Omicron (B.1.1.529; BA.1). 
Measurements were performed according to the manufac
turer’s instructions. To evaluate the binding activities, each 
well of a SARS-CoV−2 Plate 23 was blocked with 5% Blocker 
A in MSD phosphate buffer for 30 min. After washing with 
MSD Wash Buffer, serially diluted mAbs were added to each 
well and incubated for 1 h with shaking. After washing the 
plate, SULFO-TAG anti-human IgG Fc solution was added to 
each well and incubated for 1 h with shaking. The plates were 
washed and MSD GOLD Read Buffer B was added to each well, 
followed by the detection of ECL signals using MESO 
QuickPlex SQ120 (Meso Scale Discovery). For evaluating neu
tralization activities, sample-treated plates were incubated with 
SULFO-TAG human ACE2 protein detection solution for 1 
h with shaking, and the ECL signals were measured as 
described above. The percentages of neutralization were calcu
lated by normalizing ECL signals of each sample to that of the 
control sample. The binding ECL signals or the percentages of 
neutralization were plotted against the concentration of anti- 
SARS-CoV−2 mAbs, and AUCs of each dose – response curve 
were calculated using GraphPad Prism 6 software (GraphPad 
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Software). The curves above the baseline were used for calcu
lating AUCs.

Preparation of SARS-CoV−2 spike pseudo-typed virus 
and neutralization assay

Pseudo-typed virus bearing the SARS-CoV−2 spike protein 
was produced based on the third-generation lentivirus system. 
Lenti-X 293T cells were obtained from Takara Bio and cul
tured in high-glucose DMEM (Thermo, #10569–044) supple
mented with 10% fetal bovine serum (FBS) at 37°C in 
a humidified atmosphere containing 5% CO2. pRSV-Rev 
(Addgene #12253) and pMDLg/pRRE (Addgene # 12251) 
were gifts from Didier Trono.43 pcDNA3.1- spike_del19 
(Addgene #155297) was a gift from Raffaele De Francesco. 
pLV-neo-CMV-EGFP was obtained from VectorBuilder. 
Lenti-X 293T cells were seeded in a 100-mm collagen-coated 
dish (7.5 × 106 cells/dish), cultured for 20 h, and transfected 
with 6.6 µg of pMDLg/pRRE, 3.3 µg of pRSV-Rev, 3.3 µg of 
pcDNA3.1- spike_del19 and 4.3 µg of pLV-neo-CMV-EGFP 
using Lipofectamine 3000 reagent (Thermo, #L3000008). After 
6 h of culture, the medium was removed, and 10 mL of Opti- 
MEM Reduced Serum Medium (Thermo, #51985–034) sup
plemented with 5% FBS was added to the dish, and the cells 
were further incubated for 46 h. The culture supernatant was 
collected and filtered through a 0.45 µm filter, and then con
centrated using Lenti-X Concentrator (Takara Bio, #631232). 
The viral titer (the amount of p24) was estimated using Lenti- 
X GoStix Plus (Takara Bio, #631280) following the manufac
turer’s instruction.

Neutralization assays against the pseudo-typed viruses were 
performed using Human ACE2 293T cells (Takara Bio) as the 
target cells. These cells were seeded into a collagen-coated 96- 
well plate (5 × 103 cells/well) and incubated for 24 h. After 
removing the medium, the cells were treated with the pseudo- 
typed virus (20 ng of p24/well) in the presence of serially 
diluted anti-SARS-CoV−2 mAbs for 6 h. After the medium 
was removed, fresh medium was added to wells, and the cells 
were further cultured for 96 h. Percentages of infection were 
estimated from EGFP-positive populations analyzed by 
a FACSCanto II Flow Cytometer (BD Biosciences), and the 
neutralization activities (%) were calculated by normalizing the 
data of each mAb-treated sample to that of an mAb-untreated 
sample.

Measurement of FcγRIIa activation by immune 
complexes

Jurkat-expressing human FcγRIIa cells with Nuclear Factor of 
Activated T cells (NFAT)-driven luciferase reporter (Jurkat/ 
FcγRIIa/NFAT-Luc) were established previously,39 and were 
used as a reporter cell line for measuring FcγRIIa activation. 
Immune complexes were prepared by incubating 10 µL of anti- 
SARS-CoV−2 mAbs (10 µg/mL) with 40 µL of SARS-CoV−2 
pseudo-typed virus (375 ng of p24/mL) in Opti-MEM Reduced 
Serum Medium for 30 min at 37°C. Jurkat/FcγRIIa/NFAT-Luc 
cells were seeded into the wells of a 96-well round-bottom 
plate (1 × 105 cells/50 µL/well), then treated with 50 µL of the 
immune complexes and incubated for 5 h at 37°C. The 

luciferase activities were measured using a ONE-Glo 
Luciferase Assay Reagent (Promega, #E6110) and an Ensight 
multimode plate reader (PerkinElmer).
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