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As the COVID-19 pandemic continues, several antiviral ther-
apies have been developed1,2. Monoclonal antibodies (mAbs) 
are a promising class of therapeutics against SARS-CoV-2 

infection. To date, multiple studies have reported the discovery and 
characterization of potent neutralizing mAbs, most of which target 
the receptor-binding domain (RBD) of the spike (S) glycoprotein 
of SARS-CoV-2 and block the binding between the S protein and 
the host receptor, ACE2 (refs. 3,4). There are also some neutralizing 
mAbs that target nonblocking epitopes of the RBD or N-terminal 
domain (NTD) of the S protein5,6. However, when selective pressure 
is applied in immunotherapies, the emergence of escape mutants is 
a major concern7.

Thus far, several SARS-CoV-2 variants have become dominant. 
SARS-CoV-2 B.1, with the D614G mutation in the S protein, has 
emerged as a dominant variant with increased infectivity but does 
not appear to be antigenically distinct8,9. B.1.1.7 (also known as 
501Y.V1 or the Alpha variant) contains eight S mutations in addi-
tion to D614G, including N501Y in the RBD, two deletions in the 
NTD (69–70del and 144del) and the P681H mutation near the furin 
cleavage site, which lead to enhanced transmissibility10–13. The South 
African B.1.351 variant (also known as 501Y.V2 or the Beta vari-
ant) includes nine mutations (L18F, D80A, D215G, R246I, K417N, 
E484K, N501Y, D614G and A701V) in the S protein, of which three 
mutations (K417N, E484K and N501Y) are located in the RBD 
and increase binding affinity to ACE2 (refs. 14–16). This variant is 
refractory to neutralization by many mAbs targeting the NTD and 

RBD. It is also remarkably more resistant to neutralization by con-
valescent plasma and vaccinee sera17. B.1.525 has key S mutations 
(A67V, 69–70del, 144del, E484K, D614G, Q677H and F888L)18,19. 
The B.1.617.2 variant (Delta variant) rapidly spreading throughout 
India carries L452R and E484Q in the RBD. It is reported that the 
Delta variant is 6.8-fold more resistant to neutralization by sera 
from individuals who are COVID-19 convalescent or vaccinated20.

To protect against the mutational virus escape, a cocktail strat-
egy (i.e., the administration of two human antibodies that bind to 
different epitopes of the S protein) has been reported21–24. However, 
the formulation of such cocktails is complicated, and it increases 
manufacturing costs and volumes, indicating that it is not an ideal 
strategy to meet the high demand for COVID-19 therapeutics. 
Bispecific mAbs (bsAbs) take advantage of the binding of two dis-
tinct mAbs and can target two different antigen-binding sites with 
one molecule. This dual-targeting concept has been successfully 
evolved alongside the landmark advances in the fields of antibody 
engineering and antibody biology, leading to the extensive collec-
tion of over 100 bsAb formats known today25. The bsAb strategy 
is widely used in the treatment of cancer and inflammatory disor-
ders26,27, and a limited number of cases have been reported for viral 
infection diseases28–30. Several studies have been proved that bsAbs 
exhibit enhanced breadth and potency than parental mAbs31–33. 
Therefore, bsAb is an effective strategy in drug development. 
There are numerous architectures to develop bsAbs, and different 
design strategies result in different outcomes25,34. Considering the 
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pharmacokinetic properties or effector functions, the Fc region is 
normally retained in the bsAb design.

A pair of noncompeting human neutralizing antibodies has been 
discovered, B38 and H4, which protect mice from SARS-CoV-2 
challenge and have the potential ability to avoid immune escape3. 
In this study, four bsAbs were designed based on these two parental 
mAbs. Two immunoglobulin G (IgG) single-chain variable frag-
ment (ScFv)-format bsAbs (bsAb15 and bsAb16) exhibited more 
potent neutralizing efficacy against both pseudo and authentic 
SARS-CoV-2 viruses compared to the parental mAbs or any of 
other designed bsAbs. Furthermore, in vivo experiments indicated 
that bsAb15 effectively protects both mice and rhesus macaques 
from SARS-CoV-2 infection. In addition, viral escape mutants were 
screened in the presence of antibodies. BsAb15 led to less escape 
mutations compared to single-antibody treatment or antibody 
cocktail therapy. Using bsAb15, we also identified its binding affin-
ity and neutralizing ability toward escape mutants. BsAb15 could 
bind to the RBD with escape mutations apart from the Beta variant 
(K417N and E484K mutations in the RBD). In line with the binding 
assays, bsAb15 displayed higher efficacy (IC50 numbers are lower) 
toward mutant pseudoviruses than parental mAbs, except for the 
Beta variant.

Results
Design and characterization of bsAbs. To obtain functional bsAb, 
we engineered two symmetric formats based on two previously iden-
tified human mAbs, B38 and H4 (ref. 3). One format is dual-variable 
domain immunoglobulin (DVD-Ig), whereas the other is IgG-ScFv. 

For each type of bsAb, we designed two constructs with the posi-
tion of the variable region of the mAbs exchanged with one another 
(Fig. 1a–d). All of these bsAbs folded correctly, and soluble proteins 
could be obtained (Extended Data Fig. 1). To test whether the two 
variable regions on these bsAb interfered with each other and were 
still available to access RBD antigens, we performed a competition 
assay by biolayer interferometry. The RBD protein was immobi-
lized on SA sensors and saturated with B38 or H4. Then, bsAb was 
added to the sensor. We found that bsAb15 and bsAb16 could still 
bind to the RBD after saturation with the first mAb, suggesting that 
both RBD binding sites on these bsAbs were exposed (Fig. 1g,h). 
In contrast, the H4 binding epitope was embedded in bsAb13 and 
bsAb14, and no binding could be detected after saturation with the 
H4 mAb. The B38 epitope in these two bsAbs was still exposed, 
and additional binding to the RBD could be observed. Further, the 
H4 epitope was also blocked in bsAb13 and bsAb14 when the RBD 
proteins were saturated with B38 (Fig. 1e,f). Additionally, an avid-
ity assay using surface plasmon resonance (SPR) confirmed that  
these bsAbs display similar affinity to the RBD compared to B38  
or H4 (Fig. 1i–l).

bsAbs neutralize virus. To identify the neutralization properties of 
the four bsAbs, we performed neutralization assays with both pseu-
dovirus and authentic virus. Among the bsAbs, bsAb15 and bsAb16 
exhibited comparable neutralization potencies against SARS-CoV-2 
pseudovirus, with half-maximum inhibitory concentration (IC50) 
values of 0.18 and 0.24 nM, respectively, which displayed substan-
tially lower values than that of cocktail or parental mAbs. bsAb13 
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Fig. 1 | Design and characterization of bsAbs. a–d, Formats of the bsAbs designed. The formats of bsAb13 (a) and bsAb14 (b) are DVD-Ig, whereas bsAb15 
(c) and bsAb16 (d) are IgG-ScFv. Antibody domains are colored according to their architecture (green, constant domain of the heavy chain; light green, 
constant domain of the light chain; deep pink, variable heavy chain of B38; light pink, variable light chain of B38; yellow, variable heavy chain of H4; and 
light yellow, variable light chain of H4). e–h, Competitive binding of parental mAbs and bsAbs. Biotinylated antigen (SArS-CoV-2 rBD) was immobilized 
on streptavidin sensors and then saturated with B38 or H4, followed by bsAbs. i–l, Binding affinity analysis of bsAbs to SArS-CoV-2 rBD. bsAbs were 
immobilized on protein A chips and tested for real-time association and dissociation of the rBD. The equilibrium dissociation constant (KD) was calculated 
using the association constant (Ka) and dissociation constant (Kd) with a two-state reaction model. The solid blue line is the actual operation curve, and 
the dashed red line is the fitted curve. Each experiment was repeated twice, and the results shown are means ± s.d. See also Extended Data Fig. 1.
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and bsAb14 displayed similar neutralizing ability to B38 or H4 
against pseudovirus, with IC50 values of 14.05 and 19.38 nM, respec-
tively (Fig. 2a). In the authentic SARS-CoV-2 infection system, the 
bsAbs exhibited similar neutralization trends (Fig. 2b). Specifically, 
bsAb15 and bsAb16 neutralized the authentic SARS-CoV-2 with 
IC50 values of 3.34 and 5.83 nM, respectively. In contrast, bsAb13 
showed relatively weak neutralization to authentic SARS-CoV-2 
compared to B38 or H4 alone, with an IC50 of 39.74 nM. BsAb14 
displayed similar neutralizing ability to B38 or H4, with an IC50  
of 25.52 nM.

Antibody-dependent enhancement (ADE) is one of the 
concerns in antibody treatment. Therefore, we evaluated the 
antibody-dependent viral entry (ADE of viral entry) of bsAb15 
using the CD32A H131-CHOK1 cell system in vitro as an indicator 
of ADE. However, no ADE of viral entry was observed compared 
to the positive control antibody (Extended Data Fig. 2). Because 
bsAb15 exhibited the most potency in both pseudo- and authentic 
SARS-CoV-2 infections and did not trigger ADE of viral entry, we 
next evaluated in vivo protection efficacy in animal models.

bsAb15 protects against SARS-CoV-2 infection in vivo. To assess 
the protection efficacy of bsAb15, we performed both prophylactic 
and protective experiments in a replication-deficient adenovirus 
(Ad5-hACE2) mouse model (Fig. 3a). In the pre-exposure group, 
mice were intraperitoneally injected with 50 mg kg−1 bsAb15 and 
then challenged 24 h later with 2 × 106 median tissue culture infec-
tious dose (TCID50) of SARS-CoV-2. In the post-exposure group, 
mice were treated 12 h after infection with SARS-CoV-2 with  
50 mg kg−1 bsAb15. All of the mice were sacrificed at 3 dpi (days 
postinfection), and the viral loads in the lungs of each group were 
quantified using RT-qPCR. Both the prophylactic group and pro-
tective group displayed significantly reduced viral titers in the 
lung compared to the PBS control group (Fig. 3b). To compare the  

efficiency of bsAb15, cocktail and parental mAbs, 25 mg kg−1  
antibodies (B38, H4, combination of B38 and H4 or bsAb15) were 
administrated to each group of mice 12 h after challenge with 
authentic SARS-CoV-2. We clearly observed that the viral RNA  
levels in the bsAb15 treatment group were significantly lower than 
the cocktail and parental mAb treatment groups (Fig. 3c).

Pathology analyses of the lungs of the infected animals were 
also performed (Fig. 3d). Histopathological observations indi-
cated that the lung tissues from the placebo group mice at 3 dpi 
displayed moderate interstitial pneumonia. Lung lesions showed 
alveolar septa thickening, inflammatory cell accumulation (includ-
ing lymphocytes, macrophages, and neutrophils) and homoge-
neously pink infiltration in partial alveolar cavities. Meanwhile, 
multifocal hemorrhage was obvious in the partial alveolar cavi-
ties or bronchiolar cavities. In contrast, no substantial pathologi-
cal changes were observed in the prophylaxis group. Mice in the 
treatment group exhibited mild interstitial pneumonia compared 
to the control group. The area percentages of pulmonary inflam-
mation in the lungs of the PBS control group, prophylaxis group 
and treatment group were estimated by pathological quantitative 
analysis software as 40.67%, 12.61% and 26.54%, respectively, 
displaying the same trends as the histopathological observations 
(Extended Data Fig. 3).

We further evaluated protection efficacy in a rhesus macaque 
SARS-CoV-2 infection model in both prophylaxis and treatment 
settings (Fig. 4a). In the prophylaxis group, 50 mg kg−1 bsAb15 was 
administered to four animals 12 h before challenge with 100 μl 5.0 
lgCCID50 SARS-CoV-2 virus. In the treatment group, bsAb15 was 
administered twice at 12 h and 84 h dpi, respectively. High doses 
(50 mg kg−1) and low doses (25 mg kg−1) of bsAb15 were tested. 
Throat swabs and nasal swabs were collected daily. The peak of viral 
loads of both throat swabs and nasal swabs in the placebo group 
appeared at 4 dpi, including both genomic and subgenomic RNA 
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Fig. 2 | Neutralization of antibodies against pseudovirus and authentic virus. a,b, Two parental mAbs and four bsAbs were analyzed using the vesicular 
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Fig. 3 | Therapeutic and prophylactic efficacy of bsAb15 in a mouse model of SARS-CoV-2 infection. a, Immunization strategies of bsAb15 in Ad5-hACE2 
virus-infected BALB/c mice. Prophylaxis and treatment of bsAb15 in the mouse model were performed in study A (n = 5) and study B (n = 5). b, Impact of 
prophylaxis and treatment with 50 mg kg−1 bsAb15 on rNA levels in mouse lungs detected by primers of the OrF1ab gene and N gene, respectively. Data are 
shown as means with s.d. and were analyzed by one-way analysis of variance (****P < 0.0001). c, Comparison of the impact of treatment with 25 mg kg−1 
B38, H4, cocktail or bsAb15 on the rNA levels in mice lungs (n = 6) detected by primers for the N gene and OrF1ab gene, respectively. Data are shown as 
the means with s.d. and were analyzed by one-way analysis of variance (NS, P > 0.05; ***P = 0.0001; ****P < 0.0001). d, representative histopathology of 
the lung tissues from pre-exposure, postexposure and placebo mice, which were killed and necropsied on 3 dpi. Samples were stored in formalin for 7 days 
and then embedded in paraffin. Sectioned samples were stained with hematoxylin and eosin (H&E). In the placebo group, lung lesions showed alveolar septa 
thickening (black arrows), inflammatory cell accumulation (including lymphocytes, macrophages and neutrophils (blue arrows)) and homogeneously pink 
infiltration in partial alveolar cavities (green arrows). Meanwhile, multifocal hemorrhage was seen in the partial alveolar cavities (yellow arrow) or bronchiolar 
cavities (red arrow). The pathological sections in the treatment group displayed infiltrating macrophages, lymphocytes and neutrophils (blue arrows) 
accompanied by alveolar septa and thick alveolar walls (black arrows). Scale bars are labeled on each panel. See also Extended Data Fig. 3.
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(sgRNA) samples (Fig. 4b). In contrast, bsAb15-treated animals 
displayed lower viral loads in both throat and nasal swabs. For all 
animals receiving bsAb15 prophylaxis and treatment, sgRNA in 
throat swabs and nasal swabs was barely detected from 1 dpi and  
3 dpi, respectively. Both treatment groups displayed similar kinetics 
of virus clearance except for one monkey (20457) in the high-dose 

group, indicating that 25 mg kg−1 and 50 mg kg−1 mAbs presented 
similar efficacy in this study.

To further evaluate the pharmacokinetics of bsAb15, one dose 
of the antibody (7.5–75 mg kg−1) was intravenously administered 
to Macaca fascicularis. No abnormal clinical manifestations were 
observed in any group. The pattern of bsAb15 concentrations in 
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the serum among male and female animals was similar, with linear 
pharmacokinetic characteristics (Extended Data Fig. 4).

Escape mutant screening. The rational design of bsAb is to avoid 
escape mutants. Thus, we next selected escape mutants under pres-
sure of single antibodies, antibody combinations and bsAb using 
SARS-CoV-2 virus (Fig. 5a). Because these mAbs target the RBD, 
we focused on mutations that occur in the RBD region. In the pres-
ence of H4, the escape mutant E484A became readily fixed in the 
population by the third passage, representing 91.87% of sequenc-
ing reads, and was resistant to H4 doses of up to 500 μg ml−1. For 
B38, the escape mutants N460S and V407A were dominant after 
the third passage, representing 88.89% and 18.18% of sequencing 
reads, respectively. Under the pressure of a B38 and H4 cocktail, 
the highest antibody concentration of cytopathic effect (CPE) was 
the same after three passages, and 97.37% of N460S and 8.7% of 
Q474H mutant viruses were observed by passage 3. The pseudo-
virus neutralization assay suggested that Q474H did not decrease 
the neutralizing ability of mAbs (Extended Data Fig. 5). In contrast, 
the bsAb15 group displayed similar qualitative percentages of CPE 
within both passage 1 and passage 3 (Fig. 5b), and no dominant 
escape mutants were observed in the RBD region (Fig. 5c), indicat-
ing that the bsAb may lead to less selective pressure compared to 
single-antibody treatment or antibody cocktail therapy. There were 
also several nonsynonymous changes in the S protein outside the 
RBD region (Supplementary Table 1).

Biochemical and in vitro neutralizing properties of bsAb15. To 
verify which mutants may result in the loss of activity of the anti-
bodies, we expressed the RBD proteins with substitution mutations 
and measured the affinity between the RBD mutants and antibodies 
by SPR (Fig. 6a). The analysis revealed that K417N resulted in loss 
of B38 binding, N460S decreased the B38 binding and E484K and 

E484A abolished H4 binding. In contrast, bsAb15 maintained avid-
ity to these RBD mutants. The N501Y mutation did not affect the 
interaction between the RBD and antibodies. Notably, this mutation 
substantially improved the binding of B38 and bsAb15 compared to 
the wild-type (WT) RBD. However, bsAb15 lost binding to the RBD 
from the Beta variant, which contains K417N, E484K and N501Y 
mutations. Among these substitutions, K417N and E484K are likely 
the key residues resulting in loss of avidity (Fig. 6a).

We further evaluated the neutralizing ability of bsAb15 in vitro 
by using SARS-CoV-2 pseudoviruses. In line with the binding 
assays, apart from the Beta variant, bsAb15 retained efficacy against 
pseudoviruses bearing escape mutations that made them resistant 
to the individual mAbs (Fig. 6b and Table 1). Specifically, bsAb15 
inhibited the pseudovirus carrying the K417N mutation at nano-
molar concentrations (IC50 = 9.875 nM), whereas B38 lost its neu-
tralizing ability. For the N460S mutation selected under pressure, 
bsAb15 exhibited a 490-fold better IC50 than B38. Moreover, bsAb15 
maintained potent neutralizing efficacy to pseudovirus with a 
mutation at residue 484 (E484K, E484A, the Kappa and Eta vari-
ants, respectively). In contrast, these pseudoviruses abolished the 
neutralizing ability of H4. Notably, bsAb15 exhibited potent neu-
tralizing efficacy to Delta pseudovirus, with an IC50 value lower than 
0.015 nM. Structural analysis supported the neutralizing and bind-
ing results (Fig. 6c). Specifically, K417 and N460 are located on the 
epitope of B38, whereas E484 is at the edge of the B38 epitope, and 
N501 is beyond the B38 epitope.

Discussion
Several monoclonal antibodies targeting the SARS-CoV-2 S protein 
have been developed and used in clinics or clinical trials against 
COVID-19. New strategies against viral evasion and that reduce 
the risk of escape mutations should be developed, because escape 
mutations threatening the efficacy of single mAbs have already 
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been detected in viruses circulating in humans and minks35,36. 
Construction of distinct mAbs into one molecule is a promising 
therapeutic strategy. On one hand, bsAbs present potent neutral-
izing efficacy and protection against SARS-CoV-2 infection. On the 
other hand, viruses can escape much more frequently under pres-
sure by a single antibody rather than by a bsAb in vitro. Moreover, 
bsAbs are a more cost-effective tactic than using single or cocktail 
mAbs in drug development, which can fulfil the augmented require-
ments of production capacity due to COVID-19-related vaccines 
and therapeutics.

The bsAbs usually consist of two antibodies targeting two anti-
gens or two different epitopes. The rationale for a bsAb is that it 
is unlikely that one mutation in the S protein will simultaneously 
render ineffectiveness of both antibodies. However, mutations that 
simultaneously emerge within both epitopes may abolish the neu-
tralizing ability of bsAbs. In this study, it is clear that the K417N 
mutation resulted in the loss of binding by B38, and variants of E484 
abolished H4 binding. The combination of mutations at these two 
sites (B.1.351 or Beta variant) resulted in bsAb15 resistance. We 
speculate that bsAb15 may display little neutralization to P.1 (501Y.
V3, or Gamma variant), because it also carries mutations at these 
two residues (K417T and E484K)37.

One of the advantages of bsAb is preventing the escape mutants. 
In this study, escape mutations occur under the selective pressures 
of parental mAbs or the antibody cocktail. In contrast, no muta-
tions appear in the RBD region in the presence of bsAb15 (at least 
after three passages). A similar phenomenon has been reported for 
in vitro escape mutation selection assays in the presence of Food 

and Drug Administration-approved mAbs. For the cocktail anti-
bodies REGN-COV2, serial passages of pseudovirus encoding the 
SARS-CoV-2 S protein in the presence of drugs identified several 
escape variants to casirivimab (K417E, Y453F, L455F, F486V and 
Q493K) or imdevimab (K444Q and V445A)22. Each viral variant 
exhibiting reduced susceptibility to one mAb retains susceptibil-
ity to the other mAb. In a separate neutralization assay, pseudo-
viruses with 37 SARS-CoV-2 RBD variants identified as the most 
common variants in circulation (as of late March 2021) were used 
to evaluate the neutralizing ability of casirivimab and imdevimab. 
Casirivimab reduced susceptibility to G476S and S494P variants38, 
and imdevimab reduced susceptibility to the N439K variant. 
However, the combination of mutants at the 417 and 439 residues 
abrogated the effectiveness of the REGN-COV2 cocktail36. For 
bamlanivimab (developed by Lily), serial passages of SARS-CoV-2 
under selective pressure result in four viral variants (E484K, F490S, 
Q493R and S494P in the RBD), which increase resistance to this 
drug39. Three variants (E484K, F490S and S494P) were observed 
in a clinical trial. Etesevimab, which contains a similar epitope to 
B38, may be resistant to mutations at residue K417. Therefore, it is 
possible that combination therapies may be challenged by simul-
taneous mutations of the two epitopes. Moreover, it is notable 
that K417 and E484 are two important mutation sites that poses a 
threat to the efficacy of most neutralizing antibodies developed so 
far. Therefore, it is essential to identify broad neutralizing parental 
mAbs for effective bsAbs development. However, the good news 
is that our bsAb15 is highly effective to the currently emerging 
Delta variant.
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ADE is one of the potential hurdles for antibody-based vac-
cines and therapeutics, which increases the risk of exacerbating 
viral infection diseases. ADE has been observed in other viruses, 
including dengue virus40,41, feline infectious peritonitis virus42, 
SARS-CoV43 and Middle East respiratory syndrome coronavirus44. 
The results from this report show that there is no ADE of viral entry 
in our bsAb15. We hypothesize that the ScFv linked to the C ter-
minus of bsAb15 Fc may interfere with binding between Fc and 
FcγR, thereby decreasing the possibility of ADE, but the underlying 
mechanism needs to be further investigated.
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Table 1 | IC50 values of neutralization against pseudovirus

IC50 (nm) B38 H4 bsAb15

WT 25.67 ± 8.76 51.19 ± 12.03 0.61 ± 0.07

K417N NE 38.18 ± 9.34 9.88 ± 3.36

N460S 1932 ± 361.90 51.42 ± 1.67 3.94 ± 1.23

E484K 21.70 ± 6.67 NE 7.88 ± 1.34

E484A 28.61 ± 4.46 NE 8.17 ± 1.88

Alpha variant 12.43 ± 2.74 55.23 ± 19.04 5.20 ± 1.08

Beta variant NE NE NE

Kappa variant 18.11 ± 1.27 NE 6.90 ± 2.25

Eta variant 27.22 ± 8.66 NE 16.58 ± 3.52

Delta variant 0.99 ± 0.16 0.83 ± 0.36 <0.015 ± 0.005

NE, no effect.
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methods
Construction, expression and purification of bsAbs. bsAb13 and bsAb14 were 
engineered in the DVD-Ig format. The B38 variable domain of the heavy chain 
(VH38) and H4 variable domain of the heavy chain (VH4) were fused with a 
GGGGSGGGGS linker, followed by a constant region (CH1–CH2–CH3). For the 
light chain of bsAb13, the B38 variable domain (VL38) and H4 variable domain 
(VL4) were connected via the GGGGSGGGGS linker, followed by a constant 
region (CL). The positions of the variable regions of B38 and H4 are reversed 
in bsAb14 compared to bsAb13. BsAb15 and bsAb16 represent the IgG-ScFv 
format. Specifically, the H4 ScFv was connected to the C terminus of the B38 
heavy chain by a GGS linker in the bsAb15 heavy chain. For bsAb16, the B38 
ScFv was connected to the C terminus of the H4 heavy chain by a GGS linker. 
The light chains of B38 and H4 were paired with the heavy chains of bsAb15  
and bsAb16, respectively.

The plasmids encoding the heavy chain and light chain were cotransfected 
into HEK293F cells. The molar ratio of heavy chain and light chain was 1:1.5, with 
a total of 2 μg plasmid and 4 μg Polyetherimide (PEI) (1 mg ml−1) per milliliter 
HEK293F cells. Cells were cultured with SMM 293-TII medium (Sinobiological) 
at 310 K and 5% CO2, and they were supplemented with 35 ml l−1 SMS M293-SUPI 
(Sinobiological) at 24 h after transfection. Supernatants were collected on the fifth 
day, filtered through a 0.22-μm membrane, purified over a Protein A HP column 
(GE Healthcare) and then further purified by size-exclusion chromatography using 
a Superdex 200 10/300 increase column (GE Healthcare) in PBS buffer (pH 7.4). 
The antibodies used in rhesus macaque protection assays, pharmacokinetics and 
ADE assays were produced in CHO cells (Wuxi Biopharmaceuticals).

Expression and purification of RBDs. The optimized coding sequence of the 
WT SARS-CoV-2 RBD (residues 319-541, GenBank: YP_009724390.1) with a 
C-terminal 6×His tag was cloned into the pCAGGS mammalian expression vector. 
Mutated RBDs (K417N, N460S, E484K, E484A and N501Y) were subcloned into 
pCAGGS. Plasmid (2 μg) and PEI were transiently cotransfected at the ratio of 
1:3 per milliliter HEK293F cells. Cells were cultured in SMM 293-TII medium 
(Sinobiological) at 310 K and 5% CO2 and then supplemented with 35 ml l−1 
SMS M293-SUPI (Sinobiological) at 24 h after transfection. Supernatants were 
collected on the fifth day, filtered through a 0.22-μm membrane, purified over a 
His-trap HP column (GE Healthcare) and then further purified by size-exclusion 
chromatography using a Superdex 200 increase column (GE Healthcare) in PBS 
buffer (pH 7.4).

Competition assay. Biotinylated SARS-CoV-2 RBD (10 μg ml−1) was immobilized 
on streptavidin sensors and saturated with 500 nM B38 or H4, followed by 500 nM 
bsAb. The data were analyzed using biolayer interferometry data analysis software. 
The buffer for all proteins was 20 mM HEPES, pH 7.4, 150 mM NaCl and 0.05% 
(v/v) Tween 20.

SPR. The affinity between bsAbs and SARS-CoV-2 RBD was measured using 
a Biacore 8 K system. BsAbs were immobilized on protein A chips, and serially 
diluted SARS-CoV-2 RBD was added. All of the proteins were in a buffer composed 
of 20 mM HEPES, pH 7.4, 150 mM NaCl and 0.05% (v/v) Tween 20. A two-state 
reaction model was used to analyze data with the Biacore evaluation software.

Pseudovirus neutralization. The replication-deficient vesicular stomatitis virus 
vector backbone (VSV-∆G-GFP) plasmid and the corresponding S plasmid 
with an 18-residue deletion were cotransfected into HEK293T cells to generate 
pseudoviruses as described previously45. The initial concentrations of the  
B38 to WT, N460S mutant and Delta variant pseudoviruses were 100 μg ml−1,  
1,600 μg ml−1 and 5 μg ml−1. The initial concentrations of the bsAb15 to WT, Alpha 
and Delta variant pseudoviruses were 6.25 μg ml−1, 12.5 μg ml−1 and 1 μg ml−1. The 
initial concentrations of the B38 to mutant pseudoviruses (K417N, E484K, E484A, 
Alpha, Beta, Kappa and Eta variants) were 200 μg ml−1. The initial concentrations 
of the bsAb15 to mutant pseudoviruses (K417N, N460S, E484K, E484A, Beta, 
Kappa and Eta) were 200 μg ml−1. The initial concentration of the H4 to Delta 
variant pseudovirus was 5 μg ml−1. The initial concentrations of the H4 to other 
mutant pseudoviruses mentioned above were 200 μg ml−1. The initial concentration 
of the B38, H4, B38 + H4 cocktail and bsAb15 to Q474H pseudoviruses was  
400 μg ml−1. The initial concentrations of bsAb13, bsAb14 and bsAb16 were  
100 μg ml−1, 100 μg ml−1 and 6.25 μg ml−1. For each antibody, triplicates were set up, 
and an equal volume of antibody dilutions was mixed with pseudoviruses at 310 K 
for 30 min. The mixture was then added into Vero E6 cells for 15 h at 310 K in 5% 
CO2. Wells with pseudovirus only were used as controls. Data were measured using 
a CQ1 quantitative confocal image cytometer (Yokogawa), and IC50 values were 
analyzed with GraphPad Prism 8.0 software.

Authentic virus neutralization. Vero E6 cells were seeded in 96-well  
plates pre-prepared 1 day before use and grown to approximately 85%  
confluence in these assays. Antibodies were serially diluted in DMEM media  
with starting concentrations of 50 μg ml−1 (B38, H4, B38 + H4, bsAb13,  
bsAb15 and bsAb16) and 100 μg ml−1 (bsAb14), respectively. Ten gradients with 
eight replicates analyzed using the assay. Virus (50 μl of 2 × 103 TCID50 ml−1 

SARS-CoV-2; hCoV-19/China/CAS-B001/2020, National Microbiology Data 
Center NMDCN0000102-3, GISAID databases EPI_ISL_514256-7) was mixed 
with 50 μl antibody dilutions and incubated at 310 K for 1 h. Then, 100 μl of the 
mixture was added per well, and the virus control and negative control were  
2 × 103 TCID50 ml−1 authentic virus and diluted DMEM, respectively.  
After culturing at 310 K and 5% CO2 for 3 days, CPE was observed. IC50 values  
were calculated with GraphPad Prism 8.0 software. For the Delta virus 
neutralization assay, the initial concentrations of B38, cocktail, H4 and bsAb15 
were 400 nM, 400 nM, 1,600 nM and 50 nM, respectively.

Escape mutant screening and sequencing. Escape mutants were selected 
under pressure of individual mAbs or a mAb cocktail, as well as bsAb, using the 
SARS-CoV-2 virus. The experiments were performed as described by Alina et al. 22,  
with some modifications. Briefly, a total of 1 × 103 plaque-forming units of the 
parental SARS-CoV-2 was incubated with a series of twofold dilutions (ranging 
from 500 μg ml−1 to 1.95 μg ml−1) of each antibody for 1 h and then added to a 
monolayer of Vero E6 cells. The supernatant was discarded after 1-h incubation 
and cells were washed with PBS three times, and then the media containing the 
diluted Abs were added to the wells. The development of CPE was monitored over 
4 days, and supernatants were collected from wells with the highest concentration 
of antibody with detectable CPE (≥20% CPE). For a second-round passage,  
200 μl of the passage 1 supernatant was expanded in a T25 flask containing Vero 
E6 cells under the same antibody pressure. For the third-round passage, which was 
the same as the first round, 200 μl of the passage 2 supernatant was expanded for 
4 days under increasing antibody selection in fresh Vero E6 cells. Viral RNA from 
wells with the highest mAb concentration and detectable CPE on passage 1 or 3 
(collected 4 days after infection) was isolated with the QIAamp Viral RNA mini 
kit (QIAGEN). cDNA synthesis and library preparation were performed using the 
KAPA RNA HyperPrep Kit Illumina Platforms. Random primers were used for 
amplifying the genome sequence of SARS-CoV-2. The RNA-sequencing data were 
acquired by next-generation sequencing technology using Illumina NovaSeq 6000. 
Raw next-generation sequencing reads were processed by filtering sequence length 
<50 and N base number >6 with fastp software (version 0.20.0) (ref. 46). Then, the 
filtered reads were mapped to SARS-CoV-2 virus by Burrows–Wheeler aligner 
(BWA version 0.7.17-r1188) (ref. 47). SAMtools (version 1.9) was used for SNP 
calling with default settings48. Single-nucleotide polymorphisms with a minimum 
frequency of 5% were identified and annotated.

Prophylaxis and treatment in mice. Prophylaxis (study A) and treatment  
(study B) studies were performed in a Ad5-hACE2 infection BALB/c mice model 
(6-week-old females). Briefly, 1.6 × 1011 vp ml−1 replication-deficient Ad5-hACE2 
was intranasally injected at day 5. In the prophylaxis group, 50 mg kg−1 bsAb15 
was intraperitoneally injected at 24 h, and the mice were challenged with a dose 
of 2 × 106 TCID50 per milliliter SARS-CoV-2. In the treatment group, two doses 
of Ab15 (25 mg kg−1 and 50 mg kg−1) and one dose of parental mAb (B38, H4 or 
cocktail) were intraperitoneally injected at 12 h after challenge in each group. 
Mice were executed and necropsied 3 days after challenge with virus. Mice were 
treated with PBS in the control group. The amount of RNA copies per gram of 
tissue was determined using a RT-qPCR assay. Viral RNA was extracted from lungs 
using a QIAamp Viral RNA mini kit (Qiagen), and qPCR assays were performed 
using a COVID-19 virus Dual-Detection Kit (MABSKY) on a QuantStudio 7 
Real-Time PCR System (Applied Biosystems) and amplified using the following 
program: 50°C for 30 min, 95°C for 3 min and 45 cycles of 95°C for 5 s and 55°C 
for 30 s. The number of copies of RNA per gram was calculated by extrapolation 
from the standard curve. Lung sections were collected, fixed in 4% formaldehyde 
solution and embedded in paraffin to prepare for H&E staining. Slides were 
blindly evaluated by board-certified veterinary pathologists. Whole digital slide 
images were screened and analyzed using HALO Version3.2. The animals used 
in the experiments were allocated at random. Data collection and analysis were 
not performed blind to the conditions of the experiments. No statistical methods 
were used to predetermine sample sizes, but our sample sizes are similar to those 
reported in previous publications49,50. No animals or data points were excluded 
from the analyses. The mouse room has a 12-h light/dark cycle. The room 
temperature is 20–24 °C, and the humidity is around 50%.

Protection in rhesus macaques. Rhesus macaques (1.5–2.5 kg) were divided 
into four groups for placebo, prophylaxis (50 mg kg−1), low-dose treatment 
(25 mg kg−1) and high-dose treatment (50 mg kg−1), respectively. For the 
prophylaxis group, each rhesus macaque was intravenously administered 
with one dose of 50 mg kg−1 bsAb15 and challenged intranasally 12 h later 
with 100 μl 5.0 lgCCID50 SARS-CoV-2. For the treatment group, each rhesus 
macaque was challenged intranasally 12 h before the first treatment with 100 μl 
5.0 lgCCID50 SARS-CoV-2. The second treatment was administered 84 h after 
infection. Throat and nasal swab samples were collected daily from day 1 to 
day 7. RNA was extracted using a Takara RNA extraction kit for qPCR with 
primers for E, ORF1ab and sgRNA. The following primer sequences were used: 
ORF1ab forward, 5′-CCCTGTGGGTTTTACACTTAA-3′; ORF1ab reverse, 
5′-ACGATTGTGCATCAGCTGA-3′; probe (FAM-TAMRA), 5′-CCGTCTGCGG 
TATGTGGAAAGGTTATGG-3′; sgRNA forward, 5′-CGATCTCTTGTAGATCT 
GTTCTC-3′; sgRNA reverse, 5′-ATATTGCAGCAGTACGCACACA-3′; and 
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probe (FAM-TAMRA), 5′-ACACTAGCCATCCTTACTGCGCTTCG-3′. All 
rhesus macaques were killed and necropsied at 7 dpi. Lungs were fixed in 4% 
formaldehyde solution. The fixed lung tissues were embedded in paraffin, 
sectioned and stained with H&E for histopathological analysis.

Pharmacokinetics in Macaca fascicularis. The pharmacokinetics assays were 
performed by JOINN Laboratories. Specifically, 18 Macaca fascicularis (nine males 
and nine females, 2.8–3.7 years old) were divided into three groups, which were 
administered with three different dosages of bsAb15 (7.5 mg kg−1, 25 mg kg−1 and 
75 mg kg−1) intravenously. Blood samples were collected from all monkeys before 
dosing and 10 min, 23 min (3 min after the completion of dosing), 2 h, 4 h, 8 h, 24 h 
(day 2), 48 h (day 3), 72 h (day 4), 96 h (day 5), 168 h (day 8), 336 h (day 15), 504 h 
(day 22) and 672 h (day 29) after the start of dosing. Blood (approximately 0.8 ml) 
was collected from a hindlimb subcutaneous vein of monkeys. The centrifuge 
tubes coated with separation gel and coagulation were stored in room temperature 
before use. The collected blood samples were transferred into these labeled 
centrifuge tubes and be stored and transferred at room temperature and then were 
centrifuged at 1,500 g for 10 min at room temperature within 2 h after collection

Sera samples were collected at 10 min, 23 min, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, 96 h, 
168 h, 336 h, 504 h and 672 h after bsAb15 administration, and the concentration of 
bsAb15 in each sample was detected by enzyme-linked immunosorbent assay. The 
concentration of bsAb15 in serum was detected by enzyme-linked immunosorbent 
assay with SARS-CoV-2 (COVID-19) S protein RBD proteins with mouse IgG2a 
Fc tag (2 μg ml−1) precoated on the microplate wells. The bound bsAb15 proteins 
were then detected with goat anti-human IgG, monkey ads-horseradish peroxidase. 
The shade of color associates with the concentration of bsAb15 in given range. 
Serially diluted bsAb15 proteins with blank monkey serum with the concentration 
of 800 ng ml−1, 400 ng ml−1, 300 ng ml−1, 200 ng ml−1, 100 ng ml−1, 50.0 ng ml−1, 
25.0 ng ml−1 and 12.5 ng ml−1 were enrolled as calibration curve samples, with 
blank monkey serum as a blank control. Data were analyzed using a Watson LIMS 
7.5 system and WinNonlin software 8.0.0.3176.

ADE of viral entry. CD32A H131-CHOK1 cells (5 × 105 cells per milliliter) 
(GenScript, M00598) were seeded into 96-well plates. An equal volume of 
SARS-CoV-2 pseudovirus (1.3 × 104 TCID50 per milliliter; NIFDC, catalog number 
20200603) and diluted bsAb15 (final concentration ranging from 10,000 to  
0.013 ng ml−1) were incubated at 310 K in 5% CO2 for 1 h and then added to the 
cells. Wells containing cells and pseudovirus were used as negative controls.  
A mixture of two antibodies (AS35 and AS36) was used as a positive control 
(WuXi Biologics, catalog numbers SAD-S35 and SA2-S36). After incubation for 
20–24 h, the supernatants were discarded and filled with britelite-plus chemical 
reagent (PerkinElmer). The plates were shaken in the dark for 3–6 min. Cells were 
then blended and transferred into white 96-well plates. Luminescence values were 
measured with a microplate reader (Envision). Data were analyzed with SoftMax 
Pro software.

Ethics statement. This study was performed in strict accordance with the 
recommendations in the Guide for the Care and Use of Laboratory Animals of 
the Institute of Microbiology, Chinese Academy of Sciences Ethics Committee, 
Institute of Medical Biology, Chinese Academy of Medical Sciences and JOINN 
(Suzhou) Institutional Animal Care and Use Committee. All experiments conform 
to the relevant regulatory standards. All animal experiments were conducted under 
isoflurane anesthesia to minimize animal suffering. Mice and monkey studies with 
authentic SARS-CoV-2 were conducted under animal BSL3 (A-BSL3) containment.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data are present in the article and Supplementary Information files or from the 
corresponding author upon reasonable request. Source data are provided as Source 
Data files. Source data are provided with this paper.
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Extended Data Fig. 1 | Size-exclusion analysis of bsAbs. (a to d) The bsAbs were loaded on a Superdex® 200 increase column individually. The SDS-PAGE 
profiles of the pooled samples under reducing and non-reducing conditions. The heavy and light chains of bsAb13 and bsAb14 are about 65 KDa and 40 KDa, 
respectively, while the heavy and light chains of bsAb15 and bsAb16 are 80 KDa and 25 KDa, respectively.
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Extended Data Fig. 2 | The result of ADe viral entry of bsAb15 evaluated by CD32A H131-CHoK1 cell system. The luminescence values of wells 
containing different concentrations of bsAb15 (blue), and positive control (red) indicated the ADE viral entry level.
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Extended Data Fig. 3 | The quantitative analysis of pulmonary inflammation of lung samples from PBS control group, prophylaxis group and treatment 
group. (a) The area percentage of pulmonary inflammation were estimated by pathological quantitative analysis using Halo v3.2 Classifier DenseNet AI 
(Plugin) in three groups (n ≥ 3). Data are shown as the means with SD and were analyzed by one-way ANOVA, *p < 0.05 and ***p < 0.001. (b) The models 
of pathological quantitative analysis in three groups. In the process of establishing the quantitative analysis algorithm, different types of tissue were 
represented by different colors. Normal lung, normal structural collagen and inflammation were labeled in blue, green and red, respectively.
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Extended Data Fig. 4 | Pharmacokinetics in Macaca fascicularis. Three dosages of bsAb15 were administered to male and female macaca fascicularis, 
respectively. The average level of bsAb15 in the sera of male groups and female groups were indicated as solid line and dotted line, respectively. Data are 
shown as the means with SD.
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Extended Data Fig. 5 | Neutralization of antibodies against pseudovirus carrying Q474H mutation. B38, H4, cocktail and bsAb15 were analyzed using 
the VSV-based pseudovirus system. All of the experiments were performed three times (n = 3), and the IC50 was determined by log (inhibitor)-response 
of nonlinear regression and displayed as the means ± SD.
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