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ABSTRACT Members of the Sarbecovirus subgenus of Coronaviridae have twice caused
deadly threats to humans. There is increasing concern about the rapid mutation of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has evolved into multiple
generations of epidemic variants in 3 years. Broad neutralizing antibodies are of great
importance for pandemic preparedness against SARS-CoV-2 variants and divergent zoonotic
sarbecoviruses. Here, we analyzed the structural conservation of the receptor-binding
domain (RBD) from representative sarbecoviruses and chose S2H97, a previously reported
RBD antibody with ideal breadth and resistance to escape, as a template for computational
design to enhance the neutralization activity and spectrum. A total of 35 designs were
purified for evaluation. The neutralizing activity of a large proportion of these designs
against multiple variants was increased from several to hundreds of times. Molecular
dynamics simulation suggested that extra interface contacts and enhanced intermolecular
interactions between the RBD and the designed antibodies are established. After light
and heavy chain reconstitution, AI-1028, with five complementarity determining regions
optimized, showed the best neutralizing activity across all tested sarbecoviruses, including
SARS-CoV, multiple SARS-CoV-2 variants, and bat-derived viruses. AI-1028 recognized the
same cryptic RBD epitope as the parental prototype antibody. In addition to computational
design, chemically synthesized nanobody libraries are also a precious resource for rapid
antibody development. By applying distinct RBDs as baits for reciprocal screening, we
identified two novel nanobodies with broad activities. These findings provide potential
pan-sarbecovirus neutralizing drugs and highlight new pathways to rapidly optimize ther-
apeutic candidates when novel SARS-CoV-2 escape variants or new zoonotic coronaviruses
emerge.

IMPORTANCE The subgenus Sarbecovirus includes human SARS-CoV, SARS-CoV-2, and
hundreds of genetically related bat viruses. The continuous evolution of SARS-CoV-2 has
led to the striking evasion of neutralizing antibody (NAb) drugs and convalescent plasma.
Antibodies with broad activity across sarbecoviruses would be helpful to combat current
SARS-CoV-2 mutations and longer term animal virus spillovers. The study of pan-sarbecovi-
rus NAbs described here is significant for the following reasons. First, we established a
structure-based computational pipeline to design and optimize NAbs to obtain more
potent and broader neutralizing activity across multiple sarbecoviruses. Second, we
screened and identified nanobodies from a highly diversified synthetic library with
a broad neutralizing spectrum using an elaborate screening strategy. These methodologies
provide guidance for the rapid development of antibody therapeutics against emerging
pathogens with highly variable characteristics.
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Human coronavirus infections cause common cold, fever, sore throat, pneumonia, and
even death (1, 2). The genus Betacoronavirus is divided into five subgenera, Embecovirus,

Sarbecovirus,Merbecovirus, Nobecovirus, and Hibecovirus (3, 4). SARS-CoV-2, the pathogen that
causes coronavirus disease 2019 (COVID-19), has caused hundreds of millions of infections
and killed millions more, becoming one of the worst pandemics in human history. Both
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and severe acute respira-
tory syndrome coronavirus (SARS-CoV) belong to the Sarbecovirus subgenus and may have
originated from zoonotic spillover and evolved to adapt to human infection (5, 6), which
calls for drug stockpiling in case new viruses emerge in the future or to combat ongoing
SARS-CoV-2 mutations.

Neutralizing antibodies (NAbs) are an important host defense mechanism that blocks
virus entry, and they show clinical benefits in COVID-19 therapeutically and prophylactically
(7). Most SARS-CoV-2 NAbs were isolated from convalescent COVID-19 patients, either by
antigen-specific single B-cell cloning or by B-cell transcriptome bioinformatics analysis
(8 to 10). These methods produce full-human therapeutic NAbs, target diversified bind-
ing epitopes, and easily achieve high affinity, but few have broad neutralizing activity.
Alternatively, immunized animals, such as mice and llama, can also provide excellent affinity,
but the process is slow and involves uncontrolled epitope recognition (11, 12). Therefore,
innovative antibody discovery technologies are urgently needed in response to rapid virus
evolution.

In addition to SARS-CoV and SARS-CoV-2, bats are known reservoirs of sarbecovirus
and high-risk SARS-like strains, such as WIV1, RsSHC014, and RaTG13, which can efficiently
use human or bat angiotensin-converting enzyme 2 (ACE2) receptors to enter cells (13, 14).
The virus spike protein comprises an S1 subunit that recognizes host cell receptors and an
S2 subunit that drives membrane fusion (15). The receptor binding domain (RBD) within the
S1 subunit interacts with ACE2 and is the most efficient target for NAbs. A large fraction of
immunized polyclonal antibodies and most therapeutic monoclonal antibodies target a sub-
set of epitopes within the receptor binding motif (RBM) that overlap the ACE2-contact sur-
face (16, 17). However, the high amino acid divergences of the RBM among sarbecoviruses
have limited the breadth of NAbs and enable ready escape by mutations. To date, several
pan-sarbecovirus NAbs have been reported, including sotrovimab (18) (formerly named S309),
which recognizes a conserved RBD epitope containing a glycan and is noncompetitive with
receptor attachment, S2H97 (19), which binds to a conserved cryptic core RBD epitope with
high affinity across all sarbecoviruses, and CR3022 (20), which binds to a distal RBD epitope
without clashing with ACE2. Furthermore, S2K146 targets conserved ACE2-binding residues,
allowing the antibody to potently inhibit receptor attachment (21). S2E12 and S2M11 com-
petitively block ACE2 attachment, and S2M11 also locks the spike in a closed conformation
by the recognition of a quaternary epitope spanning two adjacent RBDs (22). S2X259
(23) and GW01 (24) recognize a highly conserved cryptic epitope of the RBD and cross-
react with spikes from multiple clades of sarbecovirus. Antibody 2 - 36 recognizes a region
on the “inner side” of the RBD that is buried in the RBD-down conformation of the spike,
and blockage of receptor binding likely accounts for neutralization by 2 - 36 (25). Although
these conserved epitopes targeting NAbs show a wide neutralization spectrum, their neutrali-
zation efficacy varies dramatically.

Computational approaches to antibody design have been promoted by rapid progress in
antigen-antibody complex structure analysis, antibody modeling, data-based structure predic-
tion, and deep learning (26 to 29). A structure-based antibody design method has been imple-
mented in the protein modeling program Rosetta and experimentally tested to improve the
binding affinity of antibodies against bee hyaluronidase and human immunodeficiency virus
gp120 (30). However, high-performance computation-based antibody design still faces a num-
ber of technical and theoretical challenges, including inaccurate complementarity determining
region (CDR) loop prediction, limited computing power, and massive experimental verification,
although it is widely regarded as the future direction of macromolecular drug development.

In addition, synthetic biology has accelerated the application of synthetic antibody libra-
ries, which have played a unique role against infectious diseases (31 to 33). Nanobodies, as
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also called single-domain antibodies, are natural monomeric antigen-binding domains from
camelid heavy-chain-only antibodies (34). Nanobodies are compact (only;15 kDa) and can
be rapidly produced frommicrobes such as Escherichia coli or yeast cells. SARS-CoV-2 neutraliz-
ing nanobodies have been reported by several laboratories, including ours (11, 32, 35 to 37).
Since the antigen-binding surface area of nanobodies is smaller than that of conventional anti-
bodies, they are often engineered into multivalent constructs to improve functionality. The
classic approach to nanobody discovery is camel- or llama-based animal immunization, which
typically takes months and requires a large amount of antigen. We have developed a high-
capacity synthetic library-based nanobody screening framework, requiring only 100mg of anti-
gen and as little as 8 days of screening to obtain binders, making nanobodies a powerful
weapon against emerging pathogens (32, 35).

The ongoing mutations of SARS-CoV-2 and the outbreak risk from novel sarbecoviruses
highlight the need for broad NAbs. Moreover, rapid iteration methodologies for antibody
optimization are undoubtedly desired. In this study, we focused on the design and screening
of RBD-targeted pan-sarbecovirus NAbs by using integrated computational approaches and
rapid biopanning with a synthetic nanobody library. These designed full-human antibodies
and screened nanobodies showed optimal neutralizing activity and breadth. These new para-
digms for antibody discovery will enhance our control capability against infectious diseases.

RESULTS
Sarbecovirus sequence similarity mapped onto the RBD surface. Sarbecovirus RBD

mediates contact with entry receptors. For SARS-CoV-2, highly potent NAbs usually recognize
epitopes within the RBD but exhibit limited cross-reactivity for emerging variants. To identify
possible epitopes for pan-sarbecovirus NAbs, we used the ConSurf program to map con-
served residues on the structure of the RBD (30). The sequences used for alignment and
evolutionary conservation visualization are based on the evolution and receptor usage by
sarbecoviruses (38) and were obtained from 20 representative SARS-CoV-2 isolates (Fig. 1A),
as well as more than 30 sarbecoviruses (Fig. 1B). The RBD was structurally categorized by a
global consortium study into seven “core” antibody-binding communities (39). As shown in
Fig. 1A and B, communities RBD-1 through RBD-4 overlap the RBM and are highly variable,
suggesting that they are susceptible to neutralization escape, although the NAbs recognizing
these communities are mostly potent against sensitive isolates. Therefore, antibodies targeting
communities RBD-1 through RBD-4 have little chance to elicit pan-sarbecovirus activities.
NAbs binding to RBD-5 through RBD-7 are more resistant to escape for SARS-CoV-2 variants
(Fig. 1A). In contrast, only RBD-6 and part of RBD-7, previously described as a cryptic epitope
on the inner face of the RBD, are conserved among all analyzed sarbecoviruses (Fig. 1B),
providing an optimal binding target for broad-spectrum NAbs.

The multisequence alignment of representative RBD sequences is shown in Fig. 1C with
the Wuhan-Hu-1 isolate as the parental sequence and the mutated sites labeled in each
variant. In general, SARS-CoV-2 variants accumulate increasing mutations as the pandemic
continues. The Omicron BA.5 variant has 17 mutation sites in the RBD alone. Notably, the
RBD homology between SARS-CoV and SARS-CoV-2 (Wuhan-Hu-1) is only 73.5%, with a highly
variable region located on the RBM. These analyses suggest that it is quite difficult to obtain
pan-sarbecovirus NAbs through infection or vaccination, and the RBD-6 community may be
an ideal epitope due to its natural conservative characteristics.

Computational design and optimization of RBD-6 antibodies. Rapid antibody
design methods are urgently needed as powerful tools to combat SARS-CoV-2 evolution. To
optimize RBD-6 binding antibodies against emerging variants, we first sought to choose an
experimentally identified pan-sarbecovirus NAb as the prototype for computational design.
Starr and colleagues (19) described a human monoclonal antibody (S2H97) that neutralizes
a broad range of sarbecoviruses, including both 2003 SARS-CoV and SARS-CoV-2. However,
its activity fluctuated near the level of 1 mg/mL, which still has great potential for optimiza-
tion. As shown in Fig. 2A, the S2H97 antibody targets a cryptic antigenic site located near
RBD-6 (PDB 7M7W), making it a good example for optimization to be more potent against
multiple sarbecoviruses. To test this scenario, we established an integrated structure-based
antibody design framework with the aid of RosettaAntibodyDesign (RAbD) (40). The S2H97
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affinity is dominated by interactions of the heavy chain CDR3 (HCDR3) with an RBD crevice
at the center of a consensus epitope, together with polar contacts with HCDR1, HCDR2,
and LCDR2 (19). For computational design, with this knowledge, we designed a light chain
or heavy chain. All LCDR1, LCDR2, and LCDR3 or HCDR1 and HCDR2 in S2H97 were designed
for graft and sequence sampling, allowing new lengths and clusters in the final designed anti-
bodies. The residues in HCDR3 and the framework held their starting amino acid identities for
maximal retention of affinity. The final antibody form consisted of either the wild-type heavy
chain combined with the designed light chains or the designed heavy chains combined with
the wild-type light chain. As shown in Fig. 2B and C, based on a ranking of the physical charac-
teristics of each design generated by the computation reports, we chose 15 designed light
chains and 20 designed heavy chains for full antibody expression and purification. The
change in Rosetta energy, the solvent-accessible area buried at the interface, and the total

FIG 1 Amino acid conservation mapped onto the structure of the RBD. (A) The conservation pattern of SARS-CoV-2 RBDs. Using the ConSurf server and 20
representative SARS-CoV-2 RBD sequences (Wuhan-Hu-1, Alpha, Beta, Gamma, Delta, Lambda, Kappa, Epsilon, Eta, Iota, Zeta, Omicron-BA.1, BA.2, BA.4, BA.5, BF.7,
BQ.1.1, CA.3.1, CH.1.1, and XBB), each residue was colored from 1 (most variable, green) to 9 (most conserved, purple) and mapped onto the surface. Yellow
areas represent missing amino acids. (B) The conservation pattern of sarbecovirus RBDs. The same ConSurf analysis was performed using more than 30
sarbecovirus RBDs (SARS-COV Tor2, WIV1, HKU3-1, RsSHC014, Rc-0319, GX-P4L, RaTG13, bat SARS-like coronavirus RsSHC014, YNLF_34C, Rs9401, SL_CoVZXC21,
and SARS-COV-2 isolates as described in Fig. 1A). (C) Maps of RBD mutations for representative SARS-CoV-2 variants, bat RaTG13 and SARS-CoV by alignment
with the Wuhan-Hu-1 isolate as the wild type.
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cross-interface hydrogen bonds were the main considerations in candidate selection (Table S1
in the supplemental material). The parental S2H97 and designed antibodies showed satisfactory
yields without detectable aggregation (Fig. S1 and 2).

To fully interrogate the breadth of the designed antibodies, we assessed the neutralizing
potency of the prototype and designed antibodies (named AI-antibody) against a panel of
envelope pseudotyped viruses, including SARS-CoV-2 variants Alpha, Beta, Gamma, Delta,
Omicron subvariant BA.5, and SARS-CoV, as well as bat coronavirus RaTG13 and WIV1
(Fig. 2D). The antibody concentration at 50% neutralization (NT50) is summarized in Table 1.
We set the NT50 of S2H97 as the reference and then compared whether the neutralizing ac-
tivity of these designed antibodies was improved against specific viruses. Notably, for each
tested virus, there were always several candidates with improved neutralizing activity com-
pared with S2H97. The increase ranged from several to hundreds of times. For example, the
NT50 value was 0.01 mg/mL for AI-23 versus 1.76 mg/mL for S2H97 against Omicron BA.5
and 0.10mg/mL for AI-10 versus 4.45 mg/mL for S2H97 against SARS-CoV. AI-8, AI-10, AI-23,
and AI-25 showed satisfactory overall performance, with significant improvement in neutrali-
zation potency.

FIG 2 Computational design and neutralizing activity of the RBD-6 antibodies. (A) Schematic representation of the binding orientation of the S2H97 Fab fragment
on the RBD, with the light chain colored orange and heavy chain colored green. (B) Amino acid sequences of designed light chain CDRs. Background color with
yellow for identical residues, cyan for conservative, and green for block of similar. (C) Amino acid sequences of the designed heavy chains CDR1 and CDR2. (D)
Pseudoviruses were packaged with particular Spike proteins derived from SARS-CoV-2 variants Alpha, Beta, Gamma, Delta, Omicron BA.5, bat CoV RaTG13, 2003
SARS-CoV, and bat CoV WIV1. Fitted neutralization curves were determined by the parental S2H97 and 35 designed antibodies. The antibodies with improved
potency are emphasized with colors. The experiments were performed independently at least twice and similar results were obtained. The results of one
representative experiment are shown, and the data are the average values of three replicates (n = 3).
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We further determined the equilibrium binding affinity (KD) of the selected antibodies
by surface plasmon resonance (SPR) using representative recombinant RBD proteins from
Alpha, Omicron BA.5, and SARS-CoV (Fig. 3). Both S2H97 and the designed antibodies showed
cross-reactive binding to all tested RBDs with KD values ranging from 1.34 to ,0.001 nM.
Notably, all these antibodies exhibited extremely high affinity with a very low dissociation
constant (Kd), suggesting a longer binding half-life and higher binding stability in serum.
We also noted that although the neutralizing activity of these designed antibodies was sig-
nificantly improved, their binding affinity was comparable, indicating that S2H97 and its
derived antibodies belong to a class of antibodies with an inherent strong affinity to their
target (19).

When the affinity constant reaches or approaches the limit of SPR detection, the imper-
ceptible binding affinity difference may not contribute to the change in neutralizing activity.
These data signify that biological computing systems can be efficiently used for SARS-CoV-2
NAb optimization and maturation.

Structural analysis of the designed antibodies. To further investigate why these
designs showed improved neutralizing activity from a structural perspective, we analyzed
antigen-antibody complex structures deduced from RAbD calculations. As shown in Fig. 4A,
the interface between the parental S2H97 and RBD could be characterized by several fea-
tures. First, the interaction area is relatively extensive with the involvement of all three
heavy-chain CDRs and LCDR2. Second, the HCDR3 loop plays a key role by partially inserting
into an RBD crevice at the center of the epitope. Third, the RBD amino acids participating in

TABLE 1 Neutralizing activity of the prototype and designed antibodies against representative pseudovirusesa

Alpha Beta Gamma Delta BA.5 RaTG13 SARS WIV1

mg/mL nM mg/mL nM mg/mL nM mg/mL nM mg/mL nM mg/mL nM mg/mL nM mg/mL nM
S2H97 1.08 7.19 0.37 2.45 0.18 1.18 0.39 2.61 1.76 11.76 3.18 21.20 4.45 29.69 94.76 .300
2 ND ND 0.41 2.73 48.15 .300 ND ND 0.28 1.87 1.16 7.73 30.78 205.20 .50 .300
3 .50 .300 0.43 2.84 0.80 5.36 .50 .300 0.14 0.92 4.52 30.14 5.47 36.49 .50 .300
4 .50 .300 0.48 3.20 2.49 16.59 .50 .300 0.03 0.18 5.11 34.05 .50 .300 .50 .300
5 8.41 56.05 0.54 3.59 8.44 56.25 .50 .300 0.14 0.94 .50 .300 .50 .300 11.05 73.67
7 .50 .300 .50 .300 .50 .300 .50 .300 0.08 0.56 .50 .300 .50 .300 .50 .300
8 0.15 0.97 0.08 0.51 0.98 6.54 0.12 0.81 2.41 16.06 .50 .300 1.54 10.26 0.01 0.09
9 5.42 36.13 0.29 1.92 7.65 51.01 .50 .300 1.87 12.44 10.50 70.00 .50 .300 0.27 1.79
10 0.03 0.21 0.06 0.43 0.05 0.36 0.23 1.53 10.05 67.00 0.18 1.23 0.10 0.69 0.05 0.30
11 0.19 1.26 0.60 3.99 3.47 23.13 .50 .300 2.04 13.59 .50 .300 .50 .300 0.10 0.67
12 0.41 2.76 0.09 0.59 0.36 2.39 2.07 13.81 3.13 20.86 21.29 141.93 20.57 137.13 7.66 51.09
13 0.35 2.36 2.93 19.55 39.12 260.80 .50 .300 0.20 1.30 0.93 6.20 1.74 11.57 .50 .300
14 .50 .300 .50 .300 .50 .300 .50 .300 0.27 1.80 .50 .300 .50 .300 .50 .300
15 1.28 8.54 0.07 0.49 0.25 1.64 0.48 3.23 0.16 1.08 0.26 1.73 .50 .300 .50 .300
16 43.37 289.13 0.39 2.57 0.08 0.57 0.95 6.30 0.01 0.10 0.45 3.03 .50 .300 .50 .300
18 1.62 10.78 1.99 13.25 0.24 1.61 6.25 41.68 46.11 .300 27.59 183.93 10.16 67.73 .50 .300
19 .50 .300 ND ND 0.09 0.59 ND .300 0.52 3.45 .50 .300 0.37 2.48 0.11 0.76
20 27.74 184.93 3.51 23.37 0.09 0.61 .50 .300 0.16 1.09 2.01 13.42 .50 .300 2.27 15.11
21 1.38 9.23 1.89 12.58 0.21 1.42 .50 .300 19.28 128.53 4.86 32.38 .50 .300 29.43 196.20
22 1.97 13.14 2.38 15.84 0.59 3.95 26.71 178.07 0.01 0.09 .50 .300 4.18 27.88 .50 .300
23 .50 .300 2.24 14.95 0.09 0.62 .50 .300 0.01 0.08 .50 .300 0.29 1.94 1.70 11.30
24 5.27 35.15 0.03 0.22 0.74 4.93 .50 .300 0.03 0.17 0.15 1.01 .50 .300 .50 .300
25 .50 .300 0.16 1.05 0.45 3.01 2.52 16.80 0.02 0.13 0.19 1.24 0.59 3.96 1.75 11.67
26 .50 .300 0.51 3.42 0.82 5.50 .50 .300 0.03 0.18 13.52 90.13 2.60 17.36 .50 .300
27 1.48 9.89 0.27 1.79 0.06 0.40 0.73 4.85 1.98 13.20 0.05 0.34 0.27 1.78 0.18 1.21
28 .50 .300 0.18 1.18 0.03 0.20 0.41 2.73 11.76 78.40 7.05 47.02 2.67 17.81 4.20 27.99
29 1.66 11.09 0.89 5.91 0.18 1.20 .50 .300 1.84 12.26 .50 .300 .50 .300 0.25 1.70
30 9.11 60.72 0.12 0.78 0.54 3.61 .50 .300 23.16 154.40 0.28 1.89 .50 .300 0.27 1.78
31 .50 .300 0.46 3.07 0.13 0.89 .50 .300 2.30 15.36 0.46 3.04 .50 .300 0.02 0.12
32 .50 .300 0.74 4.90 0.12 0.82 .50 .300 1.93 12.83 12.38 82.53 .50 .300 0.25 1.67
33 6.37 42.45 0.16 1.07 0.13 0.84 .50 .300 0.40 2.69 1.36 9.07 13.91 92.73 0.25 1.66
34 .50 .300 0.36 2.39 0.02 0.15 .50 .300 1.92 12.81 1.61 10.76 .50 .300 9.54 63.61
35 .50 .300 0.79 5.24 1.24 8.28 .50 .300 40.97 273.13 3.26 21.70 .50 .300 0.05 0.32
36 23.82 158.80 1.23 8.17 0.09 0.59 .50 .300 4.33 28.86 .50 .300 .50 .300 11.09 73.93
37 8.72 58.13 0.40 2.67 0.77 5.16 .50 .300 0.40 2.67 25.51 170.07 .50 .300 3.29 21.95
aNT50 values are indicated in bothmg/mL and nM. ND, not detected.
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polar interactions are basically conserved, including sarbecovirus-conserved R357, D428,
S514, and E516, as well as SARS-CoV-2-conserved K462 (Fig. 4A and F). Overall, the designed
antibodies exhibited more polar interactions after CDR sequence and length optimization,
probably helping to stabilize the antigen-antibody complex. In detail, some new interactions
were observed in AI-8 for LCDR2 Y69/N360 and LCDR2 E72/H519 (Fig. 4B); in AI-23 for
HCDR1 K37/D427, HCDR1 E38/D427, HCDR2 Q65/N460, and LCDR2 S72/H519 (Fig. 4D); and
in AI-25 for HCDR2 Q65/N460 and LCDR2 S72/H519 (Fig. 4E). Interestingly, although the neu-
tralization activity of AI-10 was significantly improved, the structural analysis did not find an
increasing trend of polar interactions represented by hydrogen bonds (Fig. 4C), suggesting
other enhancement mechanisms. RBD conservation analysis revealed that some newly gen-
erated interaction key sites (N360 and D427) are extremely highly conserved among sarbe-
coviruses, while other amino acids (N460 and H519) are completely identical in variants of
SARS-CoV-2 (Fig. 4F).

Generation and validation of pan-sarbecovirus AI-1028. To preserve the neutralizing
activity from the parental S2H97 as much as possible, we conservatively designed only ei-
ther the light chain or heavy chain in the first-round calculation. However, we always found
variant-specific escape, such as Omicron BA.5 escaping from AI-10, Alpha from AI-25, and
even WIV1 from the parental S2H97 (Table 1), making these designs less than ideal. Therefore,
we reconstituted new antibodies by combining selected light chains with heavy chains and
evaluated their activity (Table S2). AI-1028 was derived from the AI-10 light chain combined
with the AI-28 heavy chain and exhibited the best performance. As shown in Fig. 5A, eight
representative pseudotyped sarbecoviruses were prepared for the neutralization assay. We
found that AI-1028 broadly neutralized all pseudoviral variants with improved NT50, ranging
from 0.01 to 1.96mg/mL (equivalent to 0.08 to 13 nM). Notably, the activity for both Omicron
BA.5 and SARS-CoV reached very low NT50 values, suggesting potential application prospects.
We further measured the binding kinetics of AI-1028 against representative RBDs by SPR. AI-
1028 demonstrated strong affinity to all tested RBDs with KD values of approximately 10211 M

FIG 3 Binding affinity of S2H97 and designed antibodies to the representative RBDs. Fitted line plot showing the binding kinetics of NAbs with the
immobilized RBD proteins, measured using surface plasmon resonance (SPR). Recombinant RBD proteins were derived from SARS-CoV-2 variants Alpha (A),
Omicron BA.5 (B), and SARS-CoV (C). The antibody concentrations are shown in different colors. (D) Summary of SPR kinetic and affinity measurements. The
equilibrium dissociation constant (KD), the association rate (Ka), and the dissociation rate (Kd) are presented. RU, relative units.
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(Fig. 5B). To test whether AI-1028 and the parental S2H97 share the same binding epitope, we
performed an in-tandem SPR-based binding assay. S2H97 bound to the RBD and blocked the
subsequent binding of AI-1028. In contrast, prebinding of the RBD by an isotype IgG control
did not abolish the subsequent binding of AI-1028 (Fig. 5C). To further evaluate the neutraliz-
ing spectrum of AI-1028, we prepared pseudoviruses from the latest Omicron variants XBB,
BQ.1.1 and BA.2.3.20, which are becoming the dominant variants in some countries and show
resistance to existing NAbs. Encouragingly, AI-1028 demonstrated better neutralizing activity
than its design template S2H97, with an increased activity of 3.7-fold against XBB, 9.5-fold
against BQ.1.1, and 7.3-fold against BA.2.3.20 (Fig. 5D). These results indicate that AI-1028 is a
successfully designed example with optimal performance.

Pan-sarbecovirus nanobody screen from a synthetic library. Nanobodies are
attractive drug candidates for the prevention and treatment of COVID-19 because of their
low cost and high stability (11, 32, 36, 41). We previously described an ultrapotent pan-
SARS-CoV-2 neutralizing nanobody identified by screening a synthetic nanobody library
(35). However, it failed to bind to other sarbecoviruses, such as SARS-CoV. In this study, we
designed a strategy with four-round alternate biopanning by using RBD antigens from
Alpha or Omicron BA.5 variants as the baits for the first and third rounds of binding and SARS-
CoV RBD as the bait for the second and fourth rounds of binding, as illustrated in Fig. 6A. This
strategy maximized the possibility of hits recognizing conserved epitopes. After four rounds of

FIG 4 Predicted structure of important interface interactions on optimized antibodies. Zoomed in view of
the predicted structure of interactions between the parental antibody S2H97 (A) or optimized antibodies
AI-8 (B), AI-10 (C), AI-23 (D), and AI-25 (E) with related residues on RBD (gray). The heavy chain is labeled
in green, and the light chain is labeled in tan. Hydrogen bonds are indicated by the yellow dotted line.
(F) Conservation analysis of key interacting amino acid sites.
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biopanning, five independent nanobodies were obtained. To determine the potential neutrali-
zation breadth of these nanobodies, we generated a panel of SARS-CoV-2 pseudoviruses bear-
ing point mutations in the spike gene (Table 2). Nb-10 showed the most extensive mutation
resistance with potential interacting residues around K378 and F377. In contrast, other nano-
bodies more easily escaped (Table 2). To obtain more nanobody hits, we added a fifth round
of panning with BA.5 RBD as bait, but only one clone was enriched and designated Nb-09.
However, the monovalent Nb-09 showed weak neutralizing potency (Fig. S3). Finally, two
nanobodies were chosen and expressed in either bivalent (Bi-09) or monovalent (Nb-10) forms
(Fig. 6B) for further evaluation. The amino acid sequences of both nanobodies are shown in
Table S5.

A total of 10 representative pseudoviruses were used to assess the neutralization
breadth of both nanobodies. Bi-09 could neutralize all tested pseudoviruses with NT50 values
ranging from 0.06 to 42.72 mg/mL, although relatively weak activity against XBB, Delta, and
WIV1 was observed (Fig. 6C). Compared to the Bi-09 nanobody, Nb-10 retained good neu-
tralizing activity toward the majority of tested pseudoviruses, including Omicron variants,
with the exception of BA.5. (Fig. 6D). The equilibrium-binding affinities are summarized in
Fig. 6E, showing a consistent trend in their neutralizing activities. The neutralizing activity
of nanobodies against different isolates varies greatly. This may be because the antigen-
nanobody interface is more limited than that of conventional antibodies, making them
more susceptible to RBD mutations. Taken together, our results indicate that pan-sarbecovirus
NAbs can be rapidly prepared through high-performance biological computation and guided
synthetic library screening.

DISCUSSION

In this article, we report the exploration of pan-sarbecovirus NAbs by computational
design to obtain more potent and broader neutralizing activity against multiple sarbe-
coviruses. For a particular virus isolate, computational designs could efficiently increase
neutralization activity by several to hundreds of times compared to that of the original
prototype antibody. Structural prediction suggested that this increase was associated

FIG 5 Generation and validation of pan-sarbecovirus NAb AI-1028. (A) AI-1028 neutralizing curves and NT50 values from eight pseudotyped
viruses displaying the spike proteins as indicated. The experiments were performed independently at least twice and similar results were obtained.
The results of one representative experiment are shown, and the data are the average values of three replicates (n = 3). (B) Summary of AI-1028
binding kinetic and affinity measurements to the indicated RBDs. (C) The epitope preblocking effects using S2H97 (red) or an isotype IgG (green) as
the first antibody and AI-1028 as the second antibody. The segments of each sensorgram are color coded to show individual binding events. (D)
Neutralization comparison between S2H97 and AI-1028 against Omicron subvariants BQ.1.1, BA.2.3.20, and XBB.
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with increased numbers of interface interactions. By recombining the designed light and
heavy chains, we identified a novel antibody, AI-1028, with the best neutralizing activity
against all SARS-CoV-2 variants we tested, including recent Omicron subvariants XBB, BQ.1.1,
and BA.2.3.20. Remarkably, AI-1028 also effectively neutralized SARS-CoV, bat coronavirus
RaTG13, and WIV1. For an alternative approach, we also identified nanobodies from a syn-
thetic antibody library with a broad neutralizing spectrum using a screening strategy against
multiple RBD variants designed to select for nanobodies targeting conserved epitopes with

FIG 6 Pan-sarbecovirus nanobody screen from a synthetic library. (A) Schematics for broad nanobody
screening from a synthetic phage display library. Recombinant RBD proteins from the indicated viruses
are used as antigens. (B) The purified recombinant nanobodies were separated by SDS-PAGE and stained
with Coomassie blue. (C and D) Neutralizing curves and NT50 values of Bi-09 (C) and Nb-10 (D) against
10 pseudotyped viruses. (E) Summary of nanobody binding kinetic and affinity measurements to the
indicated RBDs.
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broad neutralization of variants. These attempts provide guidance for the rapid development
of antibody therapeutics against emerging pathogens with highly variable characteristics.

The wide transmission and host adaptation of SARS-CoV-2 have led to the rapid accu-
mulation of mutations, generating multiple circulating variants and subvariants. It has
been reported that the recent Omicron subvariants BA.2.12.1, BA.4, and BA.5 have evolved
mutations to escape from the humoral immunity elicited by the original Omicron BA.1 (42).
Moreover, the recurrent spillovers of animal coronaviruses into the human population are
becoming more frequent than previously thought (43). Broadly neutralizing antibodies that
are not affected by ongoing antigenic drift and that can prevent or treat future zoonotic
infections are urgently needed. The coronavirus RBD is one of the most effective NAb tar-
gets. However, our surface conservation mapping analysis indicates that the pan-sarbecovi-
rus conserved epitopes are very limited, mainly focused on the RBD-6 community and part
of RBD-7 (Fig. 1). It has been documented recently that the Spike fusion peptide is also a
highly conserved candidate for next generation broad antibodies and vaccines (44). Therefore,
it is extremely difficult to obtain pan-sarbecovirus NAbs through small sample size screening
from convalescent patients.

In recent years, advances in computational structure-based antibody design have been
made to improve antibody affinity and activity. Intensive research on SARS-CoV-2 has
provided a wealth of useful structural biological information, including high-resolution
antigen-antibody pairs. Paratope and epitope prediction (28), flexible or rigid protein
docking (45), molecular dynamic simulation, deep learning (46), and neural networks
were adopted for structure-guided antibody optimization for either COVID-19 or other
diseases. However, computational design has been challenged and limited due to the
lack of accuracy and iterative validation between wet and dry experiments. In this article,
we tested the optimization potential of the RAbD framework in pan-sarbecovirus NAbs by
sampling the diverse sequence, structure, and binding space of S2H97-RBD complexes,
grafting structures from a set of canonical CDR clusters, and then redesigning multiple CDRs

TABLE 2 NT50 values of the indicated nanobodies against SARS-CoV-2 mutation pseudovirusa

Mutations Nb-01 Nb-02 Nb-06 Nb-07 Nb-10 Mutations Nb-01 Nb-02 Nb-06 Nb-07 Nb-10
WT 4.60 0.65 0.07 0.70 0.12 L452R N N N N 0.63
144Y del 52.56 9.17 0.15 3.00 1.86 Y453F N N 13.40 35.93 2.04
F338L 11.24 1.24 0.89 1.14 0.44 K458R 39.75 7.30 9.95 5.66 0.17
V341I 4.56 0.74 6.05 10.24 0.28 E471Q 77.40 38.15 9.89 3.17 6.08
F342L 23.04 3.79 6.43 5.71 1.21 I472V 0.69 0.24 17.24 0.42 0.80
A344S 4.75 55.23 0.78 0.54 6.67 G476S N 4.47 10.72 13.57 0.38
A348S 5.58 1.25 0.11 5.37 0.18 S477N 1.38 0.19 1.25 0.68 1.08
A352S 61.14 16.26 37.31 13.38 1.35 S477R 163.70 45.37 3.76 3.66 6.39
N354D 154.60 1.50 0.70 1.46 0.21 T478I 7.09 66.40 12.94 4.23 3.70
S359N 1.93 2.81 0.33 1.40 0.13 P479S 273.00 3.12 9.24 40.93 10.30
V367F 25.31 2.26 26.57 6.87 0.93 G482S 3.42 0.64 0.26 1.05 14.26
N370S 2.55 14.14 4.87 1.51 2.95 V483I 7.36 0.76 0.40 1.63 3.39
F377L 4.65 1.91 23.93 0.37 18.12 V483A 71.67 4.83 13.11 17.46 1.91
K378R 2.45 0.91 0.39 1.64 7.70 E484Q 1.63 58.13 N 0.68 0.05
K378N 5.26 0.79 20.94 1.22 N E484K 9.66 0.14 15.42 0.57 5.75
P384L 8.81 4.78 0.96 5.03 0.35 F490S 1.03 0.45 28.65 1.47 2.47
T385A 0.37 0.27 19.23 0.24 2.97 S494P 2.81 N 15.52 0.67 0.31
T393P 6.89 1.98 817.70 3.05 9.15 N501Y N 14.67 19.73 N 2.72
V395I 0.26 0.29 2.09 1.16 0.58 V503F 64.82 35.13 2.63 0.73 1.60
E406Q 1.10 N 151.50 9.31 3.02 Y508H 99.92 17.02 5.18 3.90 6.96
R408I 271.20 13.69 2.04 2.18 0.10 A520S 137.60 10.04 9.26 1.25 2.15
Q409E 0.37 1.20 41.64 0.73 2.46 P521R 62.86 40.66 4.43 6.69 0.55
Q414E 1.09 1.45 1.59 2.27 0.90 P521S 245.30 17.75 1.96 1.81 3.53
K417T 7.96 0.37 1.98 0.78 2.11 A522S 38.24 6.31 3.83 1.22 1.20
K417N 5.19 5.80 0.14 2.60 2.10 A522V 57.89 36.13 25.34 8.91 0.09
A435S 415.70 5.93 2.74 20.34 4.99 D614G 267.80 7.78 14.66 0.76 0.89
N439K 17.74 5.07 94.07 12.61 0.50 P681H 4.51 72.64 4.50 0.63 0.27
N440K 155.00 1.04 18.80 61.88 12.78 T716I 27.99 3.44 0.05 0.63 0.46
K444R 173.70 0.45 49.44 4.90 1.98 S982A 92.86 10.36 1.51 2.54 0.14
aNanobodies with NT50 values (mg/mL) greater than 15mg/mL (1mM) are highlighted in gray. N, neutralizing activity lost.
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with loops of different lengths, conformations, and sequences. Experimental data demonstrate
that targeted optimization can indeed preserve and improve neutralizing activity, although
design toward one particular variant may also result in a decrease in activity against some
other variants. This may be because although the interacting amino acids within the RBD are
highly conserved among sarbecoviruses, mutations at noninteracting sites may alter the over-
all flexibility of the RBD and lead to subtle conformational changes. These subtle dynamic
alterations will affect the interacting amino acid side chain distance, force field, and free
energy and consequently lead to the changes in affinity and activity. Interestingly, through
recombination of the designed light chain and heavy chain, we were able to identify a
new antibody, AI-1028, which showed improved and broadened neutralizing activity against
multiple current SARS-CoV-2 variants (Omicron subvariants BA.5, XBB, BQ.1.1, and BA.2.3.20),
clade 1a (SARS-CoV and WIV1), and clade 1b (bat RaTG13) sarbecoviruses. Regarding the
mechanism, in the absence of direct evidence from the structural biology of the antigen-anti-
body complex, we can only speculate that the superior activity and broad spectrum demon-
strated by the chimeric antibody AI-1028 might be due to the dynamic conformational
change and complementary effects from the reconstitution of the two designed chains.

Here, we also identified two nanobodies with a relatively broad neutralizing spectrum.
Bi-09 has a broader spectrum but relatively low activity; thus, it was engineered into a biva-
lent form. Monovalent Nb-10 showed high neutralizing activity against multiple tested
sarbecoviruses except for Omicron variants. Although we have not had the chance to
elucidate the structure and mechanism of these two nanobodies, their broad-spectrum
characteristics suggest that they may recognize relatively conserved RBD epitopes. These
two nanobodies can be designed for cocktail administration to limit resistance escape.

Given the high pandemic potential of zoonotic and epidemic sarbecoviruses, the de-
velopment of countermeasures, such as pan-sarbecovirus antibodies, vaccines, and small
molecule inhibitors, is a global health priority. One possible solution is to find NAbs by
targeting evolutionarily conserved epitopes located outside the rapidly evolving RBM.
This antibody would be anticipated to have a high barrier to resistance, and because of
its nonoverlapping resistance profile, it could be combined with receptor-binding motif-
targeted antibodies when necessary to further heighten the barrier to resistance. In addition,
the pace of antibody drug development must be accelerated to address the rapid evolution
of the virus. Our work offers the possibility of solving this problem through computational
and synthetic biology.

MATERIALS ANDMETHODS
Cells and reagents. HEK293T (human kidney epithelial) cells were obtained from the China Infrastructure

of Cell Line Resource (Beijing, China). The human hepatoma cell line Huh7 was obtained from Apath, Inc.
(Brooklyn, NY, USA) with permission from Charles Rice (Rockefeller University). Expi293F cells, Gibco Expo293
Expression Medium, and the ExpiFectamine 293 Transfection kit were purchased from ThermoFisher (Waltham,
MA, USA). The cells were maintained in Dulbecco’s modified Eagle’s medium (Thermo Fisher) supplemented with
2 to 10% fetal bovine serum (FBS; Thermo Fisher), nonessential amino acids, penicillin, and streptomycin.
Recombinant RBD proteins were purchased from Sino Biological (Beijing, China). Horseradish peroxidase (HRP)/
anti-CM13 monoclonal conjugate was purchased from GE Healthcare (Boston, MA, USA). AmMag Protein A
Magnetic Beads were from GenScript (Nanjing, China).

Analysis of RBD sequence conservation. RBD amino acid sequence similarity was mapped onto
the structure surface using the ConSurf web server (https://consurf.tau.ac.il/) (30). A clean RBD structure
was prepared from the PDB file 7M7W and uploaded to the server. Furthermore, multiple sequence
alignment (MSA) files containing multiple SARS-CoV-2 variants (Wuhan-Hu-1, Alpha, Beta, Gamma, Delta,
Lambda, Kappa, Epsilon, Eta, Iota, Zeta, Omicron-BA.1, BA.2, BA.4, BA.5, BF.7, BQ.1.1, CA.3.1, CH.1.1, and XBB)
or multiple sarbecoviruses (SARS-COV Tor2, WIV1, HKU3-1, RsSHC014, Rc-0319, GX-P4L, RaTG13, bat SARS-
like coronavirus RsSHC014, YNLF_34C, Rs9401, SL_CoVZXC21, and SARS-COV-2 isolates as described above)
were prepared in FASTA format and submitted online. PyMOL was used to generate, visualize, and create
images of RBD evolutionary conservation patterns.

Computational design. RosettaAntibodyDesign (RAbD), a generalized framework for the design of
antibodies, was used in this study to sample the diverse sequence, structure, and binding space of the S2H97/
RBD complex (40). The starting antigen-antibody complex was obtained from the PDB file 7M7W and renum-
bered using PyIgClassify (19, 47). Before design calculations, the structure of 7M7W was minimized using the
Rosetta energy function with Monte Carlo 1 minimization algorithms. A total of two antibody design strat-
egies were used, where either LCDR11LCDR21LCDR3 or HCDR11HCDR2 were designed and the docking pro-
gram was included. Both sequence_design and graft_design were applied. A total of 1,000 top decoys were
output as separate Monte Carlo trajectories in parallel for each design strategy. Decoys were analyzed by the
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Rosetta Feature reporter framework and ranked according to comprehensive scoring with the interface H-
bonds number and dG_separated. Finally, 15 designed light chains and 20 designed heavy chains were
adopted for full antibody expression, purification, and functional validation.

Nanobody selection by phage display. A synthetic nanobody phage display with high diversity
was prepared by our laboratory as previously described (32, 35). To screen for broadly neutralizing nanobodies,
three recombinant RBD proteins were used, and four rounds of panning were performed in both immunotubes
and with magnetic bead-conjugated antigens. Briefly, for the second and fourth panning rounds, SARS-CoV
RBD proteins were coated on Nunc MaxiSorp immunotubes (Thermo Fisher) at 5 mg/mL in PBS overnight. For
the first and third panning rounds, SARS-CoV-2 variants Alpha or Omicron BA.5 RBD was first biotinylated with
EZ-Link Sulfo-NHS-LCBiotin (Thermo Fisher) and then selected with streptavidin-coated magnetic Dynabeads
M-280 (Thermo Fisher). Panning was performed following the standard procedure as previously described (32,
35). After biopanning, phage ELISA was performed with 480 individual colonies using anti-CM13 antibody (HRP)
in plates coated with recombinant RBDs. The absorbance was measured using a SpectraMax M5 plate reader
from Molecular Devices (San Jose, CA, USA). Positive clones were sent for sequencing, and after sequence align-
ments, distinct sequences were chosen for protein expression.

Expression and purification of nanobodies. The coding sequences of selected nanobodies were
cloned into the pET22b plasmid by NcoI/XhoI for overexpression under the T7 promoter in E. coli BL21
(DE3). To improve the neutralization activity of nanobodies, we constructed bivalent Bi-09 with a (GGGGS)5
linker introduced between the two monomers. Bacterial cultures were grown in LB media supplemented with
100 mg/mL ampicillin to an opitcal density at 600 nm of 0.6 to 0.8 in shaking incubators. Protein expression
was induced by the addition of 0.5 mM IPTG followed by overnight incubation at 25°C. Proteins with a His tag
fused to the C terminus were purified over Ni Sepharose 6 Fast Flow (GE Healthcare, Boston, MA, USA) and
eluted with 300 mM imidazole. The expression and purification were verified using SDS-PAGE and subsequent
Coomassie blue staining. Next, purified proteins were concentrated on filter tubes (Millipore, USA), and the elu-
tion buffer containing imidazole was exchanged with PBS (pH 7.4).

Expression and purification of human monoclonal antibodies. The heavy and light chain sequen-
ces of MAbs were synthesized by Tsingke Biotechnology Co., Ltd. (Beijing, China), cloned into mammalian
expression plasmids under the control of the EF-a core promoter, and fused with the N-terminal interleukin-2
signal peptide. Maxiprepped plasmids were used for transfection, which was performed using ExpiFectamine
293 reagent (Thermo Fisher) according to the manufacturer’s instructions. A final density of 2.5 to 3 � 106 via-
ble cells/mL Exip293F (Thermo Fisher) was seeded 1 day before transfection. The next day, a transfection cock-
tail, formed at a ratio of 1.0 mg/mL:3.2 mL/mL (DNA:ExpiFectamine 293 Reagent), was diluted in Opti-MEM.
After 20 min of incubation at room temperature, the mixture was transferred to the cells. At 18 to 22 h post-
transfection, ExpiFectamine 293 Transfection Enhancer 1 and ExpiFectamine 293 Transfection Enhancer 2 were
added to the transfection flask. Five days posttransfection, the proteins were harvested, purified by binding to
AmMag Protein A Magnetic Beads (GenScript) and then eluted with 0.05 M citrate (pH 3.5). The expression and
purification were verified using SDS-PAGE and subsequent Coomassie blue staining. Purified proteins were
concentrated on filter tubes (Millipore, USA), and the elution buffer was exchanged with PBS (pH 7.4).

Plasmids, pseudovirus preparation, and neutralization assay. The pNL4.3-Luc-E-R- lentiviral vec-
tor has been reported in our previous publications (32). Briefly, the vector is in the HIV-1 pNL4-3 backbone
with a deletion of Env and an addition of a Gaussia luciferase-reported gene that is expressed in target cells
without premature expression in producer cells. The SARS-CoV spike gene was purchased from Sinobological
(VG40150-G-N, Beijing, China). Codon-optimized spike genes of SARS-CoV-2 variants were synthesized by Rui
Biotech (Beijing, China); alternatively, some of them were produced by PCR mutagenesis and then cloned into
the pCAGGS vector through EcoRI and XhoI. The RaTG13 and WIV1 Spike genes were chemically synthesized
by Rui Biotech. The profile of amino acid changes compared to the wild-type virus (GenBank QHD43416.1) for
each variant is summarized in Table S2.

Pseudoviruses were produced in 293T cells by the cotransfection of Spike expression plasmids and
pNL4.3-Luc-E-R- at a ratio of 1:1 with polyethyleneimine (transporter 5 transfection reagent; Polysciences). A
nonenveloped lentivirus particle (bald virus) was also generated as a negative control. Six hours posttransfec-
tion, the medium was replaced with fresh medium and incubated for 48 h or 72 h. The culture supernatants
containing pseudotyped viruses were harvested, and relative infectivity was determined by infection of
Huh7 cells. The luciferase activity was measured 48 h postinfection.

Neutralization assays were performed as described previously (32, 35). The 10 times serially diluted
antibodies were incubated with pseudotyped viruses at 37°C for 1 h. The mixture was subsequently
incubated with Huh7 cells for 48 h. The cells were washed twice with PBS and lysed with lysis buffer
before measuring luciferase activity. The neutralization titer was calculated as the antibody dilution at
which the luciferase activity was reduced to 50% of that from the virus-only wells.

Affinity measurement and competition-binding study. Surface plasmon resonance experiments
were performed as described previously (32). Recombinant RBD proteins were immobilized on CM5 sen-
sor chips (GE Healthcare) at approximately 500 response units. For the affinity assays, nanobodies and
monoantibodies were used as ligands and a series of dilutions flowed over the chip surface. After each
cycle of association and dissociation, the chips were regenerated with glycine-HCl pH 2.5. Acquired data
were analyzed with BIAevaluation software using a 1:1 binding model.

For competitive binding assays, the RBD protein was immobilized on the chip at approximately 300 response
units. S2H97 and AI-1028 were diluted to a concentration of 25.6 nM in two separate cycles. S2H97 or IgG isotype
antibody first flowed over the sensor surface for 500 s, and then AI-1028 flowed over without dissociation for
another 500 s. The binding curves were analyzed with BIAevaluation software.

Statistics and reproducibility. Data were analyzed using GraphPad Prism 6.01 (GraphPad Software,
San Diego, CA, USA). Antibody neutralization experiments usually use three to four duplicated wells for
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each treatment. The infectivity data were first inversed to neutralization activity. Each neutralization
data set was normalized by the background control (no virus) to define the real value for 100% neutrali-
zation. A four-parameter neutralization nonlinear regression model was fitted to report NT50 values. All
experiments were performed independently at least twice, and similar results were obtained. Representative
data from one experiment are shown.
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