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Cryptic-site-specific antibodies to the SARS-CoV-2 receptor 
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ABSTRACT The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has accumulated 
more than 700 million infection cases and 6.9 million deaths. New variants have affected 
antibody interaction with the surface spike protein. We defined the domain specifici
ties and measured hexa-proline stabilized spike protein (HexaPro) binding kinetics of a 
large panel of antibodies sourced by the Coronavirus Immunotherapeutics Consortium. 
Epitope binning analysis of antibodies competing for HexaPro binding separated the 
fine specificities of the majority of antibodies to four regions: top, outer, mesa/valley, or 
cryptic site of receptor binding domain (RBD). Most of the topRBDspecific antibodies 
showed >3-fold loss of binding and authentic-virus neutralization activity for the B.1.351 
variant. Remarkably, among RBD mesa/valleyspecific or crypticsitespecific antibodies, 
55% showed >3-fold stronger affinities, and at least 60% maintained neutralization 
activity for the B.1.351 variant. These data also highlighted the diversity of SARSCoV2
specific antibodies that retain high spike affinities and antiviral functions across variants.

IMPORTANCE Multiple SARS-CoV-2 variants of concern have emerged and caused a 
significant number of infections and deaths worldwide. These variants of concern 
contain mutations that might significantly affect antigen-targeting by antibodies. It is 
therefore important to further understand how antibody binding and neutralization 
are affected by the mutations in SARS-CoV-2 variants. We highlighted how antibody 
epitope specificity can influence antibody binding to SARS-CoV-2 spike protein variants 
and neutralization of SARS-CoV-2 variants. We showed that weakened spike binding 
and neutralization of Beta (B.1.351) and Omicron (BA.1) variants compared to wildtype 
are not universal among the panel of antibodies and identified antibodies of a specific 
binding footprint exhibiting consistent enhancement of spike binding and retained 
neutralization to Beta variant. These data and analysis can inform how antigen-target
ing by antibodies might evolve during a pandemic and prepare for potential future 
sarbecovirus outbreaks.

KEYWORDS SARS-CoV-2, COVID-19, RBD, binding kinetics, epitope binning, monoclo
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try, ACE-2 blocking

T he first cases of COVID-19 were reported in December 2019. COVID-19 was declared 
a global pandemic by the World Health Organization (WHO) in March 2020. Vaccines 

were developed and administered to populations worldwide, including three vaccines 
that were approved or authorized for emergency use in the United States (1). How
ever, as the virus continues to circulate in the human population, several variants of 
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concern (VOCs) emerged and continue to cause new and breakthrough infections (2–
6). Therefore, it is important to understand how these VOCs have influenced the 
effectiveness of immune response and previously employed prevention strategies.

COVID-19 infection is caused by the virus SARS-CoV-2, which is included in the 
sarbecovirus subgenus (7). SARS-CoV-2 contains a single-stranded RNA inside its 
membrane. The predominant surface protein is the spike (S) protein (8, 9). The S protein 
is trimeric, with each protomer consisting of an S1 and an S2 subunit. The S1 subunit 
can be further divided into four separate domains, including the N-terminal domain 
(NTD) and receptor binding domain (RBD) (10). The receptor binding motif (RBM) of RBD 
can bind to the angiotensin-converting enzyme-2 (ACE-2) receptor on human airway 
epithelial cells, triggering separation of S1 and S2 subunits, membrane fusion, and 
subsequent infection steps (11).

S protein can undergo drastic domain conformational changes. Most notably, RBD 
can be in either the open or the closed conformation (12). Only the open conformation is 
compatible with ACE-2 binding, with the ACE-2 binding site overlapping with the top of 
RBD (13). The three RBDs in a trimer can co-exist in open or closed conformation for each 
RBD.

Both RBD and NTD can be targeted by neutralizing monoclonal antibodies (mAbs). 
While neutralizing NTD-targeting antibodies were shown to primarily target a specific 
NTD supersite (14–16), existing literature prevalently separate RBD-targeting mAbs into 
Class I to Class IV (17, 18): Class I refers to mAbs that target binding sites that largely 
overlap with RBM and are only accessible when RBD is in the open conformation, with 
IGHV3-55 heavy chain antibodies typically targeting this site (19, 20); Class 2 refers to 
mAbs that target the top of RBD and can typically bind to RBD in either the open or 
closed conformation; Class 3 refers to mAbs that bind more outwards onto RBD than 
Class 2, with S309 being one of the extreme cases (21); Class 4 refers to mAbs that 
bind to the inner/cryptic site of RBD (22), which is only accessible when RBD is in open 
conformation, with CR3022 mAb being a representative member of this class (23).

There are other variations of binding site classification. Class 3 encompasses a large 
variety of epitopes arranged along the outer side of RBD. Yuan et al. separated Class 
3 into three smaller groups, depending on the distance of the epitope from RBM (20, 
24). Deshpande et al. defined a new group called “Class I distinct,” which is essentially 
a sub-group of Class 2 that binds between the ACE-2 binding site and the center-top 
area of RBD (25). Dejnirattisai et al. used a separate nomenclature and compared RBD to 
a human torso (26), essentially separating the top of RBD into smaller areas as well as 
further separating Class 3 binders.

Several variants of concern (VOCs) emerged, including B.1.1.7 (Alpha), B.1.351 (Beta), 
P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron), and each was at a certain stage 
of the pandemic rapidly transmitted among the human population. Among the key 
mutations, mutation N501Y is shared by B.1.1.7, B.1.351, P.1, and B.1.1.529 and was 
shown to be the crucial mutation to enhance the affinity to ACE-2 (27, 28). Mutations 
of K417 and E484 are shared by B.1.351 (K417N/E484K), P.1 (K417T/E484K), and B.1.1.529 
(K417N/E484A). The mutation of K417N/T alone abolishes the stabilizing salt bridge 
formed by the Lysine and is unfavorable for ACE-2 binding (27, 28). The mutation on 
position E484 does not significantly impact ACE-2 binding affinity (29, 30), although the 
structure of the unbound spike containing E484K mutation suggests the mutation has 
a role in the local destabilization of RBD structure (31). The combination of the three 
mutations in B.1.351 and P.1 has a net effect of increasing RBD affinity to ACE-2 (28, 30).

Administering antibody cocktails is a great option to target multiple antigen epitopes 
simultaneously. Several commercially available antibody cocktails were developed to 
treat individuals with COVID-19 (21, 32–39). Additional cocktail formulations have also 
been proposed by other research groups (40–42). All major clinical mAbs under clinical 
trials and previously under FDA emergency use authorization (EUA) (43) (Bamlanivimab, 
Etesivimab, Casirivimab, Imdevimab, Cilgavimab, Tixagevimab, Amubarvimab, Romluse

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01070-23 2

https://doi.org/10.1128/jvi.01070-23


vimab, Bebtelovimab, Regdanvimab, Sotrovimab, and Adintrevimab) can be classified as 
Classes 1–3, but none are Class 4 (cryptic site) mAbs that bind similar to CR3022 (44, 45).

Class I and class II antibodies predominantly form stabilizing contacts with K417 and 
E484, respectively (20, 46, 47). Therefore, a significant number of clinically available mAbs 
showed weaker binding or neutralization to VOCs due to loss of stabilizing interactions 
(48–53). It is thus important to further characterize the impact of the binding affinity 
of mAbs due to variant mutations. This will help elucidate how antigen-targeting by 
antibodies might evolve during a pandemic and prepare for potential future sarbecovi
rus outbreaks.

The Coronavirus Immunotherapeutics Consortium (CoVIC) collected more than 
400 candidate therapeutic antibody constructs (IgG and other forms) to study their 
biophysical and functional properties and their resistance to VOCs. The first 300 antibody 
constructs were collected prior to the emergence of the Delta variant while the 
remaining antibody constructs were collected by the fall of 2022 and at least include 
antibodies isolated from individuals infected with the Delta variant. The majority of the 
RBDspecific CoVIC constructs were separated into seven major communities based on 
competition profiles against isolated RBD domain molecules (54). These communities 
encompass the four epitope classes (17, 18), with further separation into sub-communi
ties for each class. In particular, a specific area on the top of RBD termed the “mesa” area, 
similar to the “right shoulder” in the human torso analogy (26), is shared by multiple 
communities as part of the binding interface. Representative CoVIC constructs were then 
selected from each community for further structural and functional studies, including 
characterizing the RBD target site(s) for each community as well as assessing the impact 
of variant mutations on neutralization.

When RBD is presented as an integral part of the trimeric S protein, the competition 
profile may change due to factors such as steric hindrance and the open/closed state of 
RBD (12). Here, we report the competition profile for CoVIC constructs against HexaPro, 
a trimeric prefusion-stabilized S protein containing six stabilizing proline residues (55), 
using an epitope binning method by high-throughput surface plasmon resonance (SPR), 
and how this competition profile relates to binding affinities and ACE-2 blocking ability 
of CoVIC antibodies. We also report the impact of B.1.351 and BA.1 mutations on 
antibody affinities for the spike protein and neutralization function.

RESULTS

Majority of constructs in the CoVIC panel are RBD specific

To examine the domains within HexaPro targeted by the CoVIC antibody constructs 
and to determine the binding affinities, we carried out high-throughput SPR binding 
kinetics assays of RBD, NTD, and D614 HexaPro proteins interacting with immobilized 
CoVIC antibody constructs. A majority (76%) of the CoVIC antibody constructs exhibi
ted specificity for RBD, while a smaller fraction (11%) showed specificity for NTD. 
A small subset targeted neither the RBD nor the NTD (Fig. S1 and S2). This panel 
includes IgG molecules as the majority of its members but also includes bispecific 
antibodies, non-IgG types including IgY molecules, antigen-binding fragments (Fabs), 
VHH fragments, tandem VHH, and VHH-Fc fusion molecules. Due to this complexity and 
for inclusivity, “antibody constructs” or “constructs” are used here instead of “antibodies” 
when describing members of the CoVIC panel.

Epitope binning using HexaPro binding competition profiles separates 
non-RBD binders from the communities of RBD binding antibodies

To define fine specificities of the CoVIC panel for S protein, each of CoVIC antibody 
constructs 1–395 was tested pairwise in a high-throughput SPR competition binding 
assay. The assay used the premix epitope binning format where an immune complex 
was pre-formed by incubating D614 HexaPro with an excess of each antibody construct 
and then tested for binding to antibody constructs immobilized on the SPR chip surface. 
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Depending on whether the two antibody constructs compete for binding to the same 
epitope on the S protein, further binding or lack thereof by the chip surface-immobilized 
antibody construct to the mixture can be observed. The excess amount of antibody 
construct in the solution ensures saturation of the binding site. The competition 
heatmap (Fig. 1a) and competition dendrogram (Fig. 1b) were then generated from 
the responses normalized to the responses of antigen alone binding to the chip surface 
antibody constructs (Fig. 1; Fig. S3; Table S1). Regeneration of the chip surface was 
carried out before the binding of each subsequent antibody construct-HexaPro mixture. 
The data for some antibody constructs as (immobilized) ligands were unusable due to 
either inefficient regeneration or the regeneration denatured the ligand leading to a 
rectangle competition matrix (Fig. 1a).

Using combined competition map from two separate binning assays that included 
different subsets of the CoVIC panel and the deduced dendrogram (see the section 
Materials and Methods for details), the CoVIC panel was separated into nine communities 
named HexaPro-A to –I (Fig. 1b). Some of the communities were separated into sub-
clusters (e.g., HexaPro-C1 to -C3, HexaPro-E1 to -E4, and HexaPro-H1 to -H4) that showed 
distinct competition profiles but shared common features with other sub-clusters. The 
non-RBD binders clustered in one community (HexaPro-E), while the RBD binders were 
separated into several communities. For communities containing more than two 
antibody constructs (HexaPro-D only contains one member, CR3022), we detail below 
the competition profiles, binding affinities to D614 HexaPro (Fig. 1c), and the ability to 
block ACE-2 from interacting with RBD (Fig. 1d).

The HexaPro-E community contains all the nonRBDspecific binders and a small 
group of RBD binders. The weak or absence of competition against constructs in all other 
communities is this community’s most notable feature. The majority of HexaPro-E 
antibody constructs (61/68, 89.7%) also cannot effectively block ACE-2 (0%–46%, Fig. 1d). 
The lack of competition and ACE-2 blocking indicates that HexaPro-E antibody con
structs, including RBD-binders in HexaPro-E1 and -E4, target epitopes distal from the 
RBM. However, HexaPro-E constructs target a wide variety of epitopes, as indicated by 
the lack of competition within the community. Intra-community competition was 
observed only for two isolated sub-groups (NTD binders in Hexapro-E2 and RBD binders 
in HexaPro-E4).

HexaPro-H represents the biggest community with close to complete intra-commun
ity competition (Fig. 1a and b). Almost all the constructs in this community (128/129, 
99.2%) effectively block ACE-2 (72%–100%) (Fig. 1d), indicating that the binding epitopes 
significantly overlap with the RBM. The majority of these constructs have sub-nanomolar 
binding affinities to D614 HexaPro and on average the strongest spike affinities among 
RBD binders (8 pM to 3 nM, average 171 pM) (Fig. 1c).

HexaPro-A and -C are closely related (Fig. 1b), with close to complete competition 
between the two communities (Fig. 1a). These two communities likely target significantly 
overlapping epitopes. Among communities of RBD binders (HexaPro A-D, F-H), HexaPro-
A and -C have on average the weakest affinities (20 pM to 6 nM, average 811 pM; Fig. 1c). 
HexaPro-A only compete with HexaPro-H1 and -H4 but not the other HexaPro-H sub-
clusters; HexaPro-C2 and -C3 shows close to no competition with HexaPro-H. With a lack 
of community-wide competition against HexaPro-H, and with the majority of the 
constructs strongly blocking ACE-2 (>80% blocking) (Fig. 1d), HexaPro-A and HexaPro-C 
constructs are expected to target epitopes that overlap with RBM from a different side of 
RBD than the footprint occupied by HexaPro-H. HexaPro-C1 shows community-wide 
competition asymmetry: HexaPro-H constructs as analytes (i.e., complexed with HexaPro) 
block HexaPro binding to constructs of HexaPro-C1 immobilized on the chip (ligands). 
However, no blocking was observed in the reverse orientation (Fig. 1a). This might 
indicate that HexaPro-C1 represents footprints that are more easily buried by steric 
hindrance. Therefore, HexaPro-A and -C footprints are likely closer to the inner side of 
RBD than those of HexaPro-H constructs.
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HexaPro-B shows community-wide strong competition against HexaPro-H (Fig. 1a). 
On average, HexaPro-B constructs show intermediate binding affinities to D614 HexaPro 
among RBD binders (15 pM to 2 nM, average 464 pM; Fig. 1c). All HexaPro-B constructs 
effectively block ACE-2 (74-100%; Fig. 1d), indicating these constructs target epitopes 
that overlap with RBM. In contrast to HexaPro-H, HexaPro-B showed close to complete 
competition against HexaPro-A and -C. Therefore, HexaPro-B resembles HexaPro-H in 
terms of binding affinity and ACE-2 blocking but exhibits a different competition profile. 
Overall, HexaPro-B shows strong to complete competition with all communities of RBD 
binders (HexaPro A-C, F-H) except for HexaPro-D which contains only CR3022, indicating 
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FIG 1 Epitope binning on HexaPro separates the CoVIC panel into nine communities, with distinct completion profile, affinity range, and ACE-2 blocking ability. 

(a) Competition map of HexaPro binning communities from combining the results of two binning assays. Each colored square represents the categorization of 

normalized response for the specific pair of CoVIC constructs: red indicates competition (<0.5); green indicates sandwiching (>0.7); yellow indicates intermediate 

response (≥0.5 and ≤0.7); white indicates competition pairs where the data were not measured. The CoVIC IDs on the columns and rows correspond to the 

CoVIC IDs of the ligands (on chip surface) and the analytes (immune complexed with HexaPro), respectively. (b) Dendrogram derived from the competition map. 

The naming for each community and the corresponding color are shown in the legend (e.g., HexaPro-A, HexaPro-B). Sub-clusters of HexaPro-C, -E, and -H are 

indicated in panels a and b. (c) Binding KD value for D614 HexaPro separated by HexaPro binning community. (d) Percent blocking of ACE-2 to RBD binding 

separated by HexaPro binning community, with error bars shown as gray vertical lines.
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that the epitope footprint of HexaPro-B constructs may overlap with those of all other 
main RBD communities. The extent of overlap could be different depending on the 
specific community.

HexaPro-F and -G are closely related (Fig. 1b), with close to complete competition 
between the two communities (Fig. 1a). HexaPro- F and -G constructs show a wide range 
of ACE-2 blocking ability, with most of them (26/32, 81.3%) showing intermediate to 
strong ACE-2 blocking (45-100%; Fig. 1d). HexaPro-F and -G both compete strongly with 
HexaPro-H3. HexaPro-F shows competition asymmetry: some HexaPro-F constructs as 
analytes (i.e., complexed with HexaPro) block HexaPro binding to constructs of HexaPro-
H1 immobilized on the chip (ligands). However, no blocking was observed in the reverse 
orientation (Fig. 1a). This might indicate that HexaPro-F and -G footprints lie outwards 
than those of HexaPro-H.

HexaPro-I constructs are majority bispecific, indicated by their competition to several 
RBD communities as well as to NTD binders in HexaPro-E2 (Fig. 1a). Constructs in this 
community might also bind to RBD footprints that overlap with those for most of the 
other RBD communities, for HexaPro-I constructs show strong competition to all RBD 
communities except HexaPro-A.

Overall, the RBD binder communities with more than two members (HexaPro A-C, 
F-H) can be separated into four categories (Fig. 2): HexaPro-F and -G likely represent 
a group that has the most outward binding footprint on RBD. HexaPro-H epitopes 
overlap significantly with RBM and the constructs bind to D614 HexaPro strongly. Most 
constructs in HexaPro-A and –C also overlap with RBM but have different and likely more 
inward binding footprints than HexaPro-H. HexaPro-B epitopes overlap with RBM and 
epitopes for most RBD binders, indicating the binding footprint is a type of nexus for the 
other footprints.

The CoVIC constructs that target the top and cryptic site of RBD are clustered 
similarly when binned against HexaPro and isolated RBD protomer

The majority of the CoVIC antibody constructs are RBD specific (Fig. S2). To understand 
the similarities and differences in the clustering pattern of CoVIC antibody constructs 
when binned against the D614 HexaPro versus against the isolated RBD protomer, we 
compared the community separation of HexaPro binning against that of RBD binning 
previously done for the CoVIC panel (54, 56) (Fig. 3; Fig. S4).

The majority of constructs (112/130, 86%) in the HexaPro-H were grouped in the 
same RBD bin, RBD-2 (Fig. S4). Structural data for representative RBD-2 constructs (54) 

FIG 2 RBD-binder communities with more than two members can be separated into four categories. (a) A cartoon summary of the competition relationship 

among the four RBD-binding community categories is shown. Black texts indicate the competition relationship between each pair of community categories. 

(b-c) Distribution of KD values for binding to D614 HexaPro (b) and percentage ACE-2 blocking (c) of CoVIC constructs in each of the four categories. The color 

code corresponds to the color scheme in (a).
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indicate that these constructs bind to the top of RBD (Fig. 3c), similar to Class 2 (17, 
18, 20, 25), accounting for strong ACE-2 blocking by HexaPro-H. The majority of binders 
in HexaPro-H1, -H2, and -H4 were clustered in RBD-2a and −2b, whereas all binders 
in HexaPro-H3 were clustered in RBD-2c and -2d except one (Fig. S4). All four RBD-2 
subclusters were shown to occupy the peak of RBD but overlap differently with RBM (54), 
with RBD-2c and -2d footprint closer to the outer side of RBD. Here, the peak of RBD is 
very similar to the “left shoulder” defined by Dejnirattisai et al. (26).

All constructs in HexaPro-C were grouped in the same RBD bin (RBD-7) while the 
majority of constructs in HexaPro-A (19/22, 86.4%) were grouped in RBD-6/7 (15/22, 
68.2%) and RBD-3 (4/22, 18.2%) (Fig. S4). Structural data on representative constructs for 
RBD-6 and −7(54) indicate that these constructs bind to the cryptic site of RBD (Fig. 3a), 
similar to Class 4 (17, 18, 22, 23). The HexaPro binning competition shows that HexaPro-H 
and HexaPro-A/C use different binding footprints to block ACE-2, which is supported 
by the structural data (54). HexaPro-A strongly competes with HexaPro-H1/H4 (Fig. 1a), 
indicating that these two subsets bind to footprints that are closest in terms of RBD-top 
versus RBD cryptic site.

The majority of constructs (30/32, 93.8%) in HexaPro-F and -G were grouped in RBD-4 
and -5 (Fig. S4), which are indicated by representative structural data (54) to target the 
outer face of RBD (Fig. 3d), similar to Class 3. Therefore, it is reasonable that HexaPro-F/G 
constructs can prevent RBD-top binders from accessing their binding interface. For 
example, some outer face binders can bind to both open and closed RBD but might 
prevent other constructs from binding by locking RBD in the closed state, similar to 
previously reported mAbs (58, 59). HexaPro-F/G strongly competes with HexaPro-H3 (Fig. 
1A), with HexaPro-H3 targeting top binding footprints that are closer to the outer side 
than other HexaPro-H subclusters, also validating the binding preference of HexaPro-
F/G. Interestingly, the sub-group of RBD-binders in HexaPro-E4 showing self-blocking 
was grouped in a specific RBD-5 sub-cluster (RBD-5b) (Fig. S4), suggesting that these 
constructs may target outer face footprints far removed from RBM and cannot lock RBD 
in the closed state, resulting in no competition against other RBD binders.

Members in HexaPro-B belonged to a number of RBD communities in Hastie et al. 
and Callaway et al. (54, 56) (Fig. 3; Fig. S4). The majority (13/16, 81.3%) were grouped in 

FIG 3 Antibody constructs that target the top, cryptic side, and outer area of RBD can be grouped similarly among HexaPro binning communities, RBD binning 

communities, and the conventional classification system. (a-d) Illustration of the four main epitope footprints on RBD surface based on HexaPro epitope binning 

results. In the top row, RBM is colored in dark pink, RBD mutated residues in B.1.351 variant are colored in gold, and RBD mutated residues in BA.1 but not 

in B.1.351 are colored in cyan. In the bottom row, footprint illustrations of the main corresponding RBD communities and the corresponding conventional 

classifications are indicated for each footprint. RBD surface and footprint illustrations were generated from CoVIC-DB (https://CoVICdb.lji.org/) using PDB 7DDD 

(57).
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RBD-1, -2, and -3. These constructs target different RBD footprints but share the mesa 
area on the opposite side of the RBD peak, similar to the “right shoulder” defined by 
Dejnirattisai et al. (26), as well as the valley between the mesa and peak, as part of the 
binding footprints. Therefore, Hexapro-B constructs do not directly correspond to any 
of the four classes. It is possible that the surrounding domains in HexaPro trimer can 
restrict how RBDspecific antibodies access binding sites, especially the cryptic site and 
outer face. This restricted access in addition to the RBD mesa’s close proximity to the RBD 
peak may allow constructs sharing mesa/valley area for binding footprints to effectively 
compete against the majority of RBD binders that bind to the top, inner, and outer sides.

HexaPro-C1, -C2, and -C3 showed further differences  when simultaneously 
considering ACE-2 blocking and competition against HexaPro-H (Fig. 1a and d). 
HexaPro-C1 constructs effectively  block ACE-2 (94%–100% for all  except one) and 
show asymmetric competition with top side binders (HexaPro-H). HexaPro-C2 and 
-C3 show close to no competition against top side binders in HexaPro-H. However, 
HexaPro-C2 constructs effectively  block ACE-2 (98%–100% for all  except one) while 
HexaPro-C3 constructs show a wide range of ACE-2 blocking abilities (15%–100%). 
This suggests that HexPro-C1 binders target footprints that are easily sterically 
blocked by the binding of RBD-top, while HexPro-C3 represents a group targeting 
footprints further away from the ACE-2 binding site. These differences  indicate that 
the footprints targeted by this cryptic-site binding community can be separated 
further into at least three smaller regions.

Overall, CoVIC antibodies and antibody constructs were separated into communities 
that target the top (H), outer area (F, G, and RBD-binders in E), cryptic site (A and C), and 
mesa/valley area of RBD (B) (Fig. 3) as well as one community that encompasses almost 
all non-RBD binders (E) and one community that encompasses bispecific binders (I). 
Separation of the RBD binders into these four groups can adequately capture the main 
epitope specificity separation. HexaPro-B encompasses a number of RBD binders sharing 
the RBD mesa/valley for binding footprints, with these constructs binned in different 
communities when using isolated RBD molecules.

B.1.351 mutations weaken affinities of top-targeting CoVIC antibodies and 
constructs while strengthening those targeting the cryptic site

To assess how the binding affinities of CoVIC antibodies and constructs are affected by 
the D614G mutation, mutations on B.1.351 variant and mutations on B.1.1.529 (BA.1) 
variant, with the latter two including mutation D614G, we measured the affinities of 
CoVIC constructs (CoVIC 1–405) for D614G HexaPro, B.1.351 HexaPro, and BA.1 HexaPro 
(HexaPro that contains B.1.351 or BA.1 mutations). Overall, with residue 614 very distant 
from RBD and NTD, D614G mutation alone expectedly does not significantly alter the 
binding affinities (Fig. S5), with R2 = 0.846 of linear regression and Rho = 0.920 (P < 1 × 
10−5) of Spearman correlation. By contrast, the additional mutations on B.1.351 HexaPro 
did significantly change the binding affinities (Fig. 4a), with R2 = 0.151 of linear regression 
and Rho = 0.439 (P < 1 × 10−5) of Spearman correlation. Compared to D614 HexaPro, 48% 
of the panel showed weakened to abolished binding to B.1.351 HexaPro. BA.1 mutation 
further weakened the binding affinities, with only 29 constructs retaining similar binding 
compared to D614 and 38% of the panel abolishing binding (Fig. 4b).

When separated by Hexapro binning communities, three groups showed drastic 
changes in the binding to B.1.351 compared to HexaPro, as shown by the ratio of KD 
values (Fig. 4c).

As a group, top-RBD targeting antibody constructs, while associated with the 
strongest affinity range to D614 HexaPro (Fig. 1c), showed generally weakened to 
abolished binding to B.1.351. In HexaPro-H, the majority of constructs (105/130, 80.7%) 
show KD ratios below 2, meaning no significant change or a weakened to abolished 
B.1.351 binding. Among the 130 constructs, 67 showed a ratio below 1, and 19 showed 
no detectable B.1.351 binding.
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Most NTD binders, while epitope specificities not yet determined, also have their 
binding to B.1.351 weakened or abolished. For NTDspecific constructs in HexaPro-E, 
18 out of 35 showed abolished B.1.351 binding, and another eight showed more than 
10-fold weaker B.1.351 binding.

By contrast, antibody constructs targeting the RBD cryptic site showed the weakest 
affinity range for D614 HexaPro (Fig. 1c) but showed consistently enhanced binding to 
B.1.351. 61 out of 66 constructs in HexaPro-A and -C show KD ratios above 1, with more 
than half (38/66, 57.6%) showing KD ratios above 3. The remaining 5 out of 66 show 
KD ratios above 0.33. When comparing BA.1 to D614 HexaPro (Fig. 4d), cryptic-site-tar
geting antibodies continue to show less extent of affinity weakening compared to top 
targeting antibodies. 50% of HexaPro-A and -C constructs showed less than 100-fold 
affinity weakening, compared to 23% of constructs in HexaPro-H.

Other groups exhibited minor changes in B.1.351 affinity (Fig. 4b). In HexaPro-F and 
-G, 28 out of 32 constructs showed 0.31- to 6.56-fold changes in B.1.351 affinities, 
indicating their lack of overlap with RBM despite competition with top and mesa 
targeting constructs. All 14 RBDspecific constructs in HexaPro-E should be far removed 
from RBM based on binning and showed 0.56- to 3.9-fold changes in B.1.351 affinities. 
Therefore, the binding of outer-RBD targeting constructs is not greatly affected by 
B.1.351 mutations. In addition, most HexaPro-E constructs (1619, 84%) targeting outside 
of RBD and NTD (Fig. S4) showed no significant change to slightly stronger affinities 
(0.34- to 4.5- fold). Except for one, bispecific antibodies in HexaPro-I also showed no 
significant change (1.0- to 3.8-fold). In all these groups, 57 out of 73 constructs showed 
less than 120-fold weakened BA.1 affinity, with 75% of the 57 constructs less than 10-fold 
weakened (Fig. 4d).
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FIG 4 RBD-inner face binders (HexaPro-A and -C) consistently show enhanced affinity for B.1.351 HexaPro relative to D614 HexaPro and have less significant loss 

of affinity for BA.1 HexaPro relative to D614 HexaPro when compared to RBD-top specific binders (HexaPro-H). (a, b) KD value correlation between D614 HexaPro 

and B.1.351 HexaPro (a) or between D614 HexaPro and BA.1 HexaPro (b). The diagonal line is a theoretical line where the correlating affinities are identical. The 

areas above and below the diagonal line contain CoVIC IDs that have enhanced and weakened affinity, respectively, compared to D614 HexaPro. If binding by a 

specific CoVIC ID to B.1.351 or BA.1 is abolished, no data point for that construct is shown. The points are colored according to HexaPro community designations. 

CoVIC IDs without a community designation are in black. (c, d) Affinity ratios (D614 HexaPro KD / B.1.351 HexaPro KD (c) or D614 HexaPro KD / BA.1 HexaPro KD 

(d) organized by HexaPro epitope community. A KD ratio >1 indicates an enhanced affinity for variant HexaPro relative to D614 HexaPro; a KD ratio <1 indicates a 

weaker affinity for variant HexaPro relative to D614 HexaPro. In (c), each vertical line connects a ratio of 1 to the KD ratio for a given CoVIC ID. In (d), each vertical 

line connects a ratio of 0.01 to the KD ratio for a given CoVIC ID. A gray band in (d) with green borders indicates a range of ratio from 3 to 1/3. Lines without a 

capping point correspond to CoVIC constructs that had no B.1.351 or BA.1 binding.
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CoVIC constructs showing enhanced affinity to B.1.351 HexaPro are more 
likely to retain authentic virus neutralization activity against B.1.351 VOC

Next, we assessed the relationship between the changes in affinity for the B.1.351 variant 
in comparison to the D614G HexaPro and the corresponding changes in neutralization 
efficiency for the CoVIC panel. Figure 5 shows the ratios of KD values (D614G HexaPro 
KD / B.1.351 HexaPro KD) and ratios of IC50 values (D614G HexaProG IC50/B.1.351 HexaPro 
IC50) from authentic virus neutralization (60). There is a relatively strong correlation 
between the two ratios, with R2 = 0.436 of linear regression and Rho = 0.546 (P < 1 × 10−5) 
of Spearman correlation (Fig. 5c).

This correlation indicates that changes in affinity can reflect changes in neutralization 
to a large degree. In particular, at least 74% of crypticsitespecific constructs maintained 
neutralization activity for B.1.351 (less than 10-fold weakened or enhanced) (Fig. 5b). In 
addition, the RBD-binding constructs showing enhanced affinity toward B.1.351 HexaPro 
and retained neutralization ability belong to different HexaPro binning communities. 
Therefore, select RBD-binding constructs in all four categories have the potential to resist 
B.1.351 mutations.

Fab fragments of CoVIC constructs can better distinguish binding affinities 
for D614 and VOC HexaPro

When monoclonal antibodies (mAbs) bind to the trimeric spike protein, their bivalent 
nature can contribute to the avidity effect of binding. To better characterize the 
correlation between binding affinities and neutralization, we produced antigen-binding 
fragments (Fab) of several CoVIC IgG antibodies and measured the Fab binding affinities 
for D614 HexaPro, D614G HexaPro, and B.1.351 HexaPro. Comparing the association and 
dissociation rate constants and affinities for the mAb and Fab forms of select CoVIC 
antibodies revealed that all Fab fragments tested bound to D614 HexaPro and D614G 
HexaPro, whereas only some Fab fragments bound to B.1.351 HexaPro (Fig. 6a; Fig. 
S6; Table S2). The constructs that lacked binding to B.1.351 HexaPro as Fabs did show 
binding in mAb form, but with a markedly slower association rate (>3-fold) than that of 
D614 HexaPro and D614G HexaPro. Generally, for each CoVIC construct, the dissociation 
rate increase for Fab relative to mAb for D614 HexaPro and D614G HexaPro was similar 
(6- to 655-fold), while B.1.351 HexaPro exhibited a much bigger dissociation rate increase 
(47- to 2614-fold) or a complete lack of observable binding. As a result, each CoVIC Fab 
generally shows a similar affinity for D614 HexaPro and D614G HexaPro (11- to 1,490-fold 

C
O

C
O

VI
C

−2
35

VI
C

−3
68

C
O

VI
C

−2
13

C
O

VI
C

−8
5

C
O

VI
C

−2
7

C
O

VI
C

−8
6

C
O

VI
C

−3
18

C
O

VI
C

−1
62

C
O

VI
C

−2
50

C
O

VI
C

−3
03

C
O

VI
C

−3
72

C
O

VI
C

−3
73

C
O

VI
C

−3
8

C
O

VI
C

−8
4

C
O

VI
C

−2
14

C
O

VI
C

−2
73

C
O

VI
C

−2
74

C
O

VI
C

−6
C

O
VI

C
−8

VI
C

−2
84

C
O C
O

VI
C

−2
8

C
O

VI
C

−2
83

`
C

O
C

O
VI

C
−8

3
VI

C
−8

1
C

O
VI

C
−1

80
C

O
VI

C
−9

8
C

O
VI

C
−1

48
C

O
VI

C
−2

60
C

O
VI

C
−1

43
C

O
VI

C
−9

3
C

O
VI

C
−1

83
C

O
VI

C
−3

09
C

O
VI

C
−3

19
C

O
VI

C
−1

55
C

O
VI

C
−3

69
C

O
VI

C
−3

25
C

O
VI

C
−6

9
C

O
VI

C
−3

06 ``
C

O
C

O
VI

C
−3

14
VI

C
−3

17
C

O
VI

C
−2

41
C

O
VI

C
−3

20
C

O
VI

C
−3

21
C

O
VI

C
−2

63
C

O
VI

C
−3

22
C

O
VI

C
−3

15
C

O
VI

C
−3

16
C

O
VI

C
−3

47
C

O
VI

C
−5

6
C

O
VI

C
−6

3
C

O
VI

C
−6

2
C

O
VI

C
−1

23
C

O
VI

C
−1

22
C

O
VI

C
−1

24
C

O
VI

C
−5

9
C

O
VI

C
−5

4
C

O
VI

C
−6

1
C

O
VI

C
−1

19
C

O
VI

C
−5

5
C

O
VI

C
−5

8
C

O
VI

C
−1

21
C

O
VI

C
−1

29
C

O
VI

C
−1

26
C

O
VI

C
−1

25
C

O
VI

C
−1

27
C

O
VI

C
−2

43
C

O
VI

C
−2

86
C

O
VI

C
−2

42
C

O
VI

C
−2

44
C

O
VI

C
−3

66
C

O
VI

C
−1

31
C

O
VI

C
−1

15
C

O
VI

C
−1

13
C

O
VI

C
−1

14
C

O
VI

C
−3

30
C

O
VI

C
−1

39
C

O
VI

C
−2

87
C

O
VI

C
−1

45
C

O
VI

C
−6

5
C

O
VI

C
−6

4
C

O
VI

C
−6

6
C

O
VI

C
−1

28 ```
C

O
C

O
VI

C
−1

44
VI

C
−2

91
C

O
VI

C
−1

73
C

O
VI

C
−1

87
C

O
VI

C
−2

57
C

O
VI

C
−2

55
C

O
VI

C
−3

45
C

O
VI

C
−2

54
C

O
VI

C
−2

64
C

O
VI

C
−2

06
C

O
VI

C
−2

56
C

O
VI

C
−2

9
C

O
VI

C
−2

23
C

O
VI

C
−3

49
C

O
VI

C
−3

65
C

O
VI

C
−3

58
C

O
VI

C
−2

58
C

O
VI

C
−2

45
C

O
VI

C
−2

46
C

O
VI

C
−1

89
C

O
VI

C
−2

22
C

O
VI

C
−2

26
C

O
VI

C
−3

64
C

O
VI

C
−2

07
C

O
VI

C
−2

21
C

O
VI

C
−2

10
C

O
VI

C
−2

53
C

O
VI

C
−3

50
C

O
VI

C
−2

47
C

O
VI

C
−3

46
C

O
VI

C
−1

91
C

O
VI

C
−2

29
C

O
VI

C
−1

33
C

O
VI

C
−3

63
C

O
VI

C
−1

37
C

O
VI

C
−1

71
C

O
VI

C
−1

46
C

O
VI

C
−3

90
C

O
VI

C
−3

89
C

O
VI

C
−3

88
C

O
VI

C
−3

87
C

O
VI

C
−3

84
C

O
VI

C
−2

28
C

O
VI

C
−2

27
C

O
VI

C
−2

25
C

O
VI

C
−2

18
C

O
VI

C
−2

17
C

O
VI

C
−2

16
C

O
VI

C
−1

88
C

O
VI

C
−1

78
C

O
VI

C
−1

65
C

O
VI

C
−1

32
C

O
VI

C
−1

54
C

O
VI

C
−1

38
C

O
VI

C
−3

29
C

O
VI

C
−1

61
C

O
VI

C
−1

90
C

O
VI

C
−3

27
C

O
VI

C
−3

05
C

O
VI

C
−2

3
C

O
VI

C
−3

28
C

O
VI

C
−1

52
C

O
VI

C
−1

66
C

O
VI

C
−1

72
C

O
VI

C
−1

70
C

O
VI

C
−2

98
C

O
VI

C
−1

51
C

O
VI

C
−2

61 ```
`

C
O

C
O

VI
C

−7
8

VI
C

−9
6

C
O

VI
C

−1
16 ```
``

C
O

C
O

VI
C

−9
5

VI
C

−1
7

C
O

VI
C

−3
24

C
O

VI
C

−1
34

C
O

VI
C

−1
84

C
O

VI
C

−2
78

C
O

VI
C

−2
51

C
O

VI
C

−9
1

C
O

VI
C

−3
67

C
O

VI
C

−3
23

C
O

VI
C

−3
38

C
O

VI
C

−3
91

C
O

VI
C

−2
32

C
O

VI
C

−2
38

C
O

VI
C

−3
1

C
O

VI
C

−2
81

C
O

VI
C

−1
01

C
O

VI
C

−2
95

C
O

VI
C

−1
17

C
O

VI
C

−2
68

C
O

VI
C

−3
37

C
O

VI
C

−3
86

C
O

VI
C

−3
93

C
O

VI
C

−2
79

C
O

VI
C

−3
08

C
O

VI
C

−3
36

C
O

VI
C

−1
49

C
O

VI
C

−3
35

C
O

VI
C

−3
55

```
```

C
O

C
O

VI
C

−2
15

VI
C

−2
62

C
O

VI
C

−1
81

C
O

VI
C

−9
4

C
O

VI
C

−1
53

C
O

VI
C

−1
95

C
O

VI
C

−2
36

C
O

VI
C

−2
34

C
O

VI
C

−1
86

C
O

VI
C

−1
99

C
O

VI
C

−2
59

C
O

VI
C

−4
2

C
O

VI
C

−7
C

O
VI

C
−7

9
C

O
VI

C
−1

64
C

O
VI

C
−1

56
C

O
VI

C
−1

57
C

O
VI

C
−1

50
C

O
VI

C
−1

68
C

O
VI

C
−1

60
C

O
VI

C
−2

00
C

O
VI

C
−1

63
C

O
VI

C
−1

59
C

O
VI

C
−1

69
C

O
VI

C
−2

02
C

O
VI

C
−2

08
C

O
VI

C
−3

92
C

O
VI

C
−3

10
C

O
VI

C
−3

85
C

O
VI

C
−1

42
C

O
VI

C
−3

54
C

O
VI

C
−2

99
C

O
VI

C
−3

62
C

O
VI

C
−1

6
C

O
VI

C
−2

37
C

O
VI

C
−3

59
C

O
VI

C
−3

60
C

O
VI

C
−3

61
C

O
VI

C
−1

36
C

O
VI

C
−2

39
C

O
VI

C
−5

2
C

O
VI

C
−1

58
C

O
VI

C
−1

02
C

O
VI

C
−1

03
C

O
VI

C
−2

VI
C

−1
47

C
O

C
O

VI
C

−2
31

C
O

VI
C

−3
33

C
O

VI
C

−9
7

C
O

VI
C

−1
00

C
O

VI
C

−3
12

C
O

VI
C

−3
13

C
O

VI
C

−3
70

C
O

VI
C

−2
75

C
O

VI
C

−2
76

C
O

VI
C

−2
90

C
O

VI
C

−3
56

C
O

VI
C

−2
85

C
O

VI
C

−2
69

C
O

VI
C

−2
88

C
O

VI
C

−2
92

C
O

VI
C

−3
07

C
O

VI
C

−2
89

C
O

VI
C

−3
34

C
O

VI
C

−2
93

C
O

VI
C

−3
32

C
O

VI
C

−4
VI

C
−3

11
C

O C
O

VI
C

−3
VI

C
−3

26
C

O C
O

VI
C

−1
5

C
O

VI
C

−6
8

C
O

VI
C

−5
VI

C
−2

71
C

O C
O

VI
C

−1
0

C
O

VI
C

−1
3

C
O

VI
C

−1
2

C
O

VI
C

−9
9

C
O

VI
C

−2
05

C
O

VI
C

−2
04

C
O

VI
C

−9
VI

C
−2

11
C

O
C

O
VI

C
−1

41
C

O
VI

C
−1

1
C

O
VI

C
−9

0
C

O
VI

C
−3

0
C

O
VI

C
−4

0
C

O
VI

C
−2

82
C

O
VI

C
−1

12
C

O
VI

C
−1

08
C

O
VI

C
−1

07
C

O
VI

C
−3

53
C

O
VI

C
−1

11
C

O
VI

C
−1

05
C

O
VI

C
−1

10
C

O
VI

C
−1

09
C

O
VI

C
−1

40
C

O
VI

C
−1

06
C

O
VI

C
−1

4
C

O
VI

C
−3

9
C

O
VI

C
−1

85
C

O
VI

C
−2

01
C

O
VI

C
−3

2
C

O
VI

C
−3

00
C

O
VI

C
−2

03
C

O
VI

C
−2

72
C

O
VI

C
−1

79
C

O
VI

C
−2

77
C

O
VI

C
−1

82
C

O
VI

C
−2

70
C

O
VI

C
−3

71
C

O
VI

C
−3

51
C

O
VI

C
−3

52
C

O
VI

C
−2

80
C

O
VI

C
−3

31
C

O
VI

C
−2

97
C

O
VI

C
−2

49
C

O
VI

C
−2

96
C

O
VI

C
−3

02
C

O
VI

C
−2

66
C

O
VI

C
−2

67
C

O
VI

C
−2

94
C

O
VI

C
−2

52
C

O
VI

C
−3

01
C

O
VI

C
−1

67
C

O
VI

C
−3

57
C

O
VI

C
−3

95
C

O
VI

C
−2

65
C

O
VI

C
−3

94
```

```
`

C
O

C
O

VI
C

−1
04

VI
C

−1
92

C
O

VI
C

−1
93

C
O

VI
C

−1
97

C
O

VI
C

−1
98

C
O

VI
C

−1
94

C
O

VI
C

−1
96

C
O

VI
C

−3
04

K
D
  R

at
io

C
O

C
O

VI
C

−2
35

VI
C

−3
68

C
O

VI
C

−2
13

C
O

VI
C

−8
5

C
O

VI
C

−2
7

C
O

VI
C

−8
6

C
O

VI
C

−3
18

C
O

VI
C

−1
62

C
O

VI
C

−2
50

C
O

VI
C

−3
03

C
O

VI
C

−3
72

C
O

VI
C

−3
73

C
O

VI
C

−3
8

C
O

VI
C

−8
4

C
O

VI
C

−2
14

C
O

VI
C

−2
73

C
O

VI
C

−2
74

C
O

VI
C

−6
C

O
VI

C
−8

VI
C

−2
84

C
O C
O

VI
C

−2
8

C
O

VI
C

−2
83

`
C

O
C

O
VI

C
−8

3
VI

C
−8

1
C

O
VI

C
−1

80
C

O
VI

C
−9

8
C

O
VI

C
−1

48
C

O
VI

C
−2

60
C

O
VI

C
−1

43
C

O
VI

C
−9

3
C

O
VI

C
−1

83
C

O
VI

C
−3

09
C

O
VI

C
−3

19
C

O
VI

C
−1

55
C

O
VI

C
−3

69
C

O
VI

C
−3

25
C

O
VI

C
−6

9
C

O
VI

C
−3

06 ``
C

O
C

O
VI

C
−3

14
VI

C
−3

17
C

O
VI

C
−2

41
C

O
VI

C
−3

20
C

O
VI

C
−3

21
C

O
VI

C
−2

63
C

O
VI

C
−3

22
C

O
VI

C
−3

15
C

O
VI

C
−3

16
C

O
VI

C
−3

47
C

O
VI

C
−5

6
C

O
VI

C
−6

3
C

O
VI

C
−6

2
C

O
VI

C
−1

23
C

O
VI

C
−1

22
C

O
VI

C
−1

24
C

O
VI

C
−5

9
C

O
VI

C
−5

4
C

O
VI

C
−6

1
C

O
VI

C
−1

19
C

O
VI

C
−5

5
C

O
VI

C
−5

8
C

O
VI

C
−1

21
C

O
VI

C
−1

29
C

O
VI

C
−1

26
C

O
VI

C
−1

25
C

O
VI

C
−1

27
C

O
VI

C
−2

43
C

O
VI

C
−2

86
C

O
VI

C
−2

42
C

O
VI

C
−2

44
C

O
VI

C
−3

66
C

O
VI

C
−1

31
C

O
VI

C
−1

15
C

O
VI

C
−1

13
C

O
VI

C
−1

14
C

O
VI

C
−3

30
C

O
VI

C
−1

39
C

O
VI

C
−2

87
C

O
VI

C
−1

45
C

O
VI

C
−6

5
C

O
VI

C
−6

4
C

O
VI

C
−6

6
C

O
VI

C
−1

28 ```
C

O
C

O
VI

C
−1

44
VI

C
−2

91
C

O
VI

C
−1

73
C

O
VI

C
−1

87
C

O
VI

C
−2

57
C

O
VI

C
−2

55
C

O
VI

C
−3

45
C

O
VI

C
−2

54
C

O
VI

C
−2

64
C

O
VI

C
−2

06
C

O
VI

C
−2

56
C

O
VI

C
−2

9
C

O
VI

C
−2

23
C

O
VI

C
−3

49
C

O
VI

C
−3

65
C

O
VI

C
−3

58
C

O
VI

C
−2

58
C

O
VI

C
−2

45
C

O
VI

C
−2

46
C

O
VI

C
−1

89
C

O
VI

C
−2

22
C

O
VI

C
−2

26
C

O
VI

C
−3

64
C

O
VI

C
−2

07
C

O
VI

C
−2

21
C

O
VI

C
−2

10
C

O
VI

C
−2

53
C

O
VI

C
−3

50
C

O
VI

C
−2

47
C

O
VI

C
−3

46
C

O
VI

C
−1

91
C

O
VI

C
−2

29
C

O
VI

C
−1

33
C

O
VI

C
−3

63
C

O
VI

C
−1

37
C

O
VI

C
−1

71
C

O
VI

C
−1

46
C

O
VI

C
−3

90
C

O
VI

C
−3

89
C

O
VI

C
−3

88
C

O
VI

C
−3

87
C

O
VI

C
−3

84
C

O
VI

C
−2

28
C

O
VI

C
−2

27
C

O
VI

C
−2

25
C

O
VI

C
−2

18
C

O
VI

C
−2

17
C

O
VI

C
−2

16
C

O
VI

C
−1

88
C

O
VI

C
−1

78
C

O
VI

C
−1

65
C

O
VI

C
−1

32
C

O
VI

C
−1

54
C

O
VI

C
−1

38
C

O
VI

C
−3

29
C

O
VI

C
−1

61
C

O
VI

C
−1

90
C

O
VI

C
−3

27
C

O
VI

C
−3

05
C

O
VI

C
−2

3
C

O
VI

C
−3

28
C

O
VI

C
−1

52
C

O
VI

C
−1

66
C

O
VI

C
−1

72
C

O
VI

C
−1

70
C

O
VI

C
−2

98
C

O
VI

C
−1

51
C

O
VI

C
−2

61 ```
`

C
O

C
O

VI
C

−7
8

VI
C

−9
6

C
O

VI
C

−1
16 ```
``

C
O

C
O

VI
C

−9
5

VI
C

−1
7

C
O

VI
C

−3
24

C
O

VI
C

−1
34

C
O

VI
C

−1
84

C
O

VI
C

−2
78

C
O

VI
C

−2
51

C
O

VI
C

−9
1

C
O

VI
C

−3
67

C
O

VI
C

−3
23

C
O

VI
C

−3
38

C
O

VI
C

−3
91

C
O

VI
C

−2
32

C
O

VI
C

−2
38

C
O

VI
C

−3
1

C
O

VI
C

−2
81

C
O

VI
C

−1
01

C
O

VI
C

−2
95

C
O

VI
C

−1
17

C
O

VI
C

−2
68

C
O

VI
C

−3
37

C
O

VI
C

−3
86

C
O

VI
C

−3
93

C
O

VI
C

−2
79

C
O

VI
C

−3
08

C
O

VI
C

−3
36

C
O

VI
C

−1
49

C
O

VI
C

−3
35

C
O

VI
C

−3
55

```
```

C
O

C
O

VI
C

−2
15

VI
C

−2
62

C
O

VI
C

−1
81

C
O

VI
C

−9
4

C
O

VI
C

−1
53

C
O

VI
C

−1
95

C
O

VI
C

−2
36

C
O

VI
C

−2
34

C
O

VI
C

−1
86

C
O

VI
C

−1
99

C
O

VI
C

−2
59

C
O

VI
C

−4
2

C
O

VI
C

−7
C

O
VI

C
−7

9
C

O
VI

C
−1

64
C

O
VI

C
−1

56
C

O
VI

C
−1

57
C

O
VI

C
−1

50
C

O
VI

C
−1

68
C

O
VI

C
−1

60
C

O
VI

C
−2

00
C

O
VI

C
−1

63
C

O
VI

C
−1

59
C

O
VI

C
−1

69
C

O
VI

C
−2

02
C

O
VI

C
−2

08
C

O
VI

C
−3

92
C

O
VI

C
−3

10
C

O
VI

C
−3

85
C

O
VI

C
−1

42
C

O
VI

C
−3

54
C

O
VI

C
−2

99
C

O
VI

C
−3

62
C

O
VI

C
−1

6
C

O
VI

C
−2

37
C

O
VI

C
−3

59
C

O
VI

C
−3

60
C

O
VI

C
−3

61
C

O
VI

C
−1

36
C

O
VI

C
−2

39
C

O
VI

C
−5

2
C

O
VI

C
−1

58
C

O
VI

C
−1

02
C

O
VI

C
−1

03
C

O
VI

C
−2

VI
C

−1
47

C
O

C
O

VI
C

−2
31

C
O

VI
C

−3
33

C
O

VI
C

−9
7

C
O

VI
C

−1
00

C
O

VI
C

−3
12

C
O

VI
C

−3
13

C
O

VI
C

−3
70

C
O

VI
C

−2
75

C
O

VI
C

−2
76

C
O

VI
C

−2
90

C
O

VI
C

−3
56

C
O

VI
C

−2
85

C
O

VI
C

−2
69

C
O

VI
C

−2
88

C
O

VI
C

−2
92

C
O

VI
C

−3
07

C
O

VI
C

−2
89

C
O

VI
C

−3
34

C
O

VI
C

−2
93

C
O

VI
C

−3
32

C
O

VI
C

−4
VI

C
−3

11
C

O C
O

VI
C

−3
VI

C
−3

26
C

O C
O

VI
C

−1
5

C
O

VI
C

−6
8

C
O

VI
C

−5
VI

C
−2

71
C

O C
O

VI
C

−1
0

C
O

VI
C

−1
3

C
O

VI
C

−1
2

C
O

VI
C

−9
9

C
O

VI
C

−2
05

C
O

VI
C

−2
04

C
O

VI
C

−9
VI

C
−2

11
C

O
C

O
VI

C
−1

41
C

O
VI

C
−1

1
C

O
VI

C
−9

0
C

O
VI

C
−3

0
C

O
VI

C
−4

0
C

O
VI

C
−2

82
C

O
VI

C
−1

12
C

O
VI

C
−1

08
C

O
VI

C
−1

07
C

O
VI

C
−3

53
C

O
VI

C
−1

11
C

O
VI

C
−1

05
C

O
VI

C
−1

10
C

O
VI

C
−1

09
C

O
VI

C
−1

40
C

O
VI

C
−1

06
C

O
VI

C
−1

4
C

O
VI

C
−3

9
C

O
VI

C
−1

85
C

O
VI

C
−2

01
C

O
VI

C
−3

2
C

O
VI

C
−3

00
C

O
VI

C
−2

03
C

O
VI

C
−2

72
C

O
VI

C
−1

79
C

O
VI

C
−2

77
C

O
VI

C
−1

82
C

O
VI

C
−2

70
C

O
VI

C
−3

71
C

O
VI

C
−3

51
C

O
VI

C
−3

52
C

O
VI

C
−2

80
C

O
VI

C
−3

31
C

O
VI

C
−2

97
C

O
VI

C
−2

49
C

O
VI

C
−2

96
C

O
VI

C
−3

02
C

O
VI

C
−2

66
C

O
VI

C
−2

67
C

O
VI

C
−2

94
C

O
VI

C
−2

52
C

O
VI

C
−3

01
C

O
VI

C
−1

67
C

O
VI

C
−3

57
C

O
VI

C
−3

95
C

O
VI

C
−2

65
C

O
VI

C
−3

94
```

```
`

C
O

C
O

VI
C

−1
04

VI
C

−1
92

C
O

VI
C

−1
93

C
O

VI
C

−1
97

C
O

VI
C

−1
98

C
O

VI
C

−1
94

C
O

VI
C

−1
96

C
O

VI
C

−3
04

IC
50

 R
at

io

1 × 10-4

1 × 10-1

1 × 102

1 × 10-3 1 × 10-2 1 × 10-1 1 × 100 1 × 101

KD Ratio

10

0.001

0.1

0.01

0.0001

1

100

Linear regression: R2 = 0.436 
Spearman correlation: ρ = 0.546

b

c
a

Community HexaPro−A HexaPro−B HexaPro−C HexaPro−E HexaPro−F HexaPro−G HexaPro−H HexaPro−I 

IC
50

 R
at

io

FIG 5 CoVIC constructs that show enhanced affinities for B.1.351 HexaPro are more likely to retain neutralization activity against the B.1.351 variant. (a) Ratios of 

KD values (D614G HexaPro KD / B.1.351 HexaPro KD) are shown. (b) Ratios of IC50 values (D614G HexaPro IC50 / B.1.351 HexaPro IC50) for authentic neutralization 

assays are shown. IC50 ratios were calculated based on values deposited in the CoVIC database contributed by the University of North Carolina (CoVIC-DB (60); 

see https://CoVICdb.lji.org/ for detailed values and descriptions of the method). (c) The correlation is shown between the ratio of KD values and the ratio of IC50 

values for the constructs in panels a and b. In all panels, each CoVIC construct is colored based on its HexaPro community designation.
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weaker compared to mAb), while showing much weaker binding (113- to 3,795-fold 
weaker compared to mAb) or no binding to B.1.351 HexaPro.

Among the Fabs tested, four constructs (CoVIC-80/81/91/94) showed comparable 
binding to all three HexaPro proteins (within 12.5-fold among all three Fab affinities). 
Based on community separations from HexaPro and RBD binning, CoVIC-81 targets 
the mesa/valley area, while CoVIC-94 and CoVIC-91 bind the RBD top and outer 
face, respectively. While CoVIC-91 showed weak neutralization to the B.1.351 variant, 
CoVIC-80, -81, and -94 retained both strong binding affinities and neutralization activity 
for B.1.351 VOC.

We next assessed whether the binding affinities of CoVIC construct Fab fragments 
for D614/D614G HexaPro directly correlate with neutralization activity indicated by IC80 
values, which presented a more stringent measurement for infection inhibition level 
than IC50. Figure 6b shows the correlation between affinities for Fab binding to D614G 
HexaPro and the IC80 values from authentic virus neutralization data. Figure 6c shows 
a similar correlation between D614 HexaPro affinity and IC80 values from pseudo-virus 
neutralization. Linear regression showed that Fab binding affinities had an especially 
strong correlation with authentic virus neutralization, suggesting that Fab affinity can be 
a predictive measure of virus neutralization.

DISCUSSION

Several groups have attempted to separate a panel of mAbs, Fabs, or nanobodies 
into groups or down-select mAbs based on competition profiles: some panels were 
competed against a small number of known-epitope mAbs (34, 61), some used RBD to 
probe competition profile (26, 62, 63), while the majority used spike trimer to probe 
competition profile (15, 32, 64–68). Although the epitope classification of classes 1–4 is 

FIG 6 Fab fragments of CoVIC constructs targeting various binding sites can retain strong affinity to B.1.351. (a) The association rate constant (ka), dissociation 

rate constant (kd) and affinity values (KD) for each CoVIC construct as a mAb or Fab binding to D614, B.1.351, and D614G HexaPro. Filled and open circles 

correspond to values for intact IgG and Fab fragments, respectively. No value is displayed for Fab fragments that showed no detectable binding to B.1.351. 

Constructs showing comparable binding to all three HexaPro proteins as Fabs are indicated within the rectangle. (b) The correlation between Fab binding affinity 

to D614G HexaPro and the IC80 value for neutralization of authentic D614G virus is shown. (c) The correlation between Fab binding affinity to D614 HexaPro and 

the IC80 value for pseudovirus neutralization bearing D614 is shown. (b, c) Neutralization data were obtained from CoVIC-DB (https://CoVICdb.lji.org/). R2 values 

are from linear regression.
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the most prevalently adopted nomenclature and provides a broad-stroke separation of 
antibody binding specificities, the competition assays done here and by others show 
the complexity of the epitope targets. When interpreting binning results, it is important 
to understand how the antigen molecule used impacts the competition profile and 
to combine other types of data to determine the most appropriate categorization. 
Here, we have attempted to provide a more comprehensive landscape of binding 
epitopes using a large antibody panel and linking the binning communities to previously 
reported structural data, binding affinity changes, and neutralization ability changes. The 
biophysical and functional data enabled us to better define the binding footprint and 
characteristics each binning community represents. We also compared the competition 
profile probed using a spike trimer to previously reported competition using RBD (54) 
and showed that varying antigen probes may lead to differences in the competition 
profiles. In the context of the trimeric spike, epitope accessibility on RBD will vary 
due to steric hindrance from surrounding domains or the opening and closing of RBD, 
influencing competition outcome. Expectedly, the CoVIC antibody constructs separated 
into nine communities when binned against HexaPro trimer compared to seven main 
communities identified by RBD binning, although the non-RBD binders segregated away 
from the exclusively RBD-binding communities.

While we separated the binding footprints into multiple regions based on distinct 
competition patterns, the different RBD binding footprints are very close spatially as 
indicated by the competition among RBD-binding communities. Especially, the CoVIC 
constructs that share the mesa/valley area in binding footprints show competition with 
communities targeting other RBD binding sites. It is therefore likely not optimal to pair 
mesa/valley targeting antibodies with other RBD-targeting antibodies for cooperative 
binding. Interestingly, Adintrevimab (ADG-20), a clinical mAb currently under evaluation, 
uses the inner-mesa interface (69). By contrast, cryptic site and top targeting antibodies 
are the two groups that showed the least amount of competition with each other while 
both generally strongly blocked ACE-2 interaction.

In addition to footprint proximity, RBD is both linked to and surrounded by other 
domains. Unlike an isolated RBD molecule, cooperative binding on RBD in the context 
of trimeric spike protein may require more than non-overlapping epitopes. Not only can 
the closed state of RBD preclude binding access to the cryptic site, but the open state 
of RBD could restrict the access to the outer face. This may explain the competition 
between some mesa/valley targeting constructs and outer face targeting constructs. 
Some antibodies targeting the outer face of RBD were shown to lock RBD in the closed 
conformation (36, 42). Therefore, some outer face RBD binders can potentially prevent 
RBD binders targeting other footprints from accessing preferred binding sites, including 
the cryptic-site.

Antibody constructs that bind to the cryptic site of RBD make up a unique group. The 
majority of cryptic-site binders effectively block ACE-2 and consistently show enhanced 
binding and retained neutralization to the B.1.351 variant, with some maintaining a 
reasonable level of binding to the BA.1 variant (Fig. 4d). Notably, some cryptic-site 
binders showed neutralization activity without blocking ACE-2 (70). Based on the 
competition profile, these antibody constructs very likely bind cooperatively with 
top-RBD-targeting antibodies. Currently, no clinical mAb that received EUA previously 
from the FDA is known to target the cryptic site (44, 45), likely in part due to the 
weaker binding affinities compared to other RBD binding footprints, which, in turn, may 
associate with weak neutralization activity. However, the binding of cryptic-site-target
ing antibodies could be enhanced through molecular engineering, for example, into a 
multivalent antibody construct. Strategies of this type such as creating multimers from 
VHH were used by others and were shown to retain neutralization to multiple VOCs 
including Omicron (71).

Interestingly, most of the NTDspecific antibody constructs in this panel lost the 
ability to bind to B.1.351 HexaPro, with only 11 out of the 43 NTDspecific constructs 
within CoVIC 1–405 showing enhanced affinity or less than threefold decreased affinity 

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01070-23 12

https://doi.org/10.1128/jvi.01070-23


(Fig. S7). It was shown that the majority of the neutralizing activity in convalescent 
patients is contributed by RBD targeting antibodies (18, 68, 72). However, the B.1.351 
variant seems to have also evolved to escape binding and neutralization by NTD-target
ing antibodies. This highlights the need to expand research on the importance of virus 
neutralization by NTD targeting antibodies.

While each type of binding footprint presented an overall trend in affinity for the 
B.1.351 VOC, it is worth noting that select constructs from each binding footprint type 
retained binding affinity and neutralization activity against VOCs. For example, while 
antibody constructs targeting the top of RBD show prevalently weakened binding to 
the B.1.351 variant, a few constructs are escape profile “outliers” and retained or even 
had enhanced binding, possibly due to distinct residue contacts on the epitope. Escape 
profile “outliers” can be observed in other communities in the CoVIC panel as well. It was 
shown by others that antibodies with similar epitope footprints can have very different 
escape profiles due to differences in key residue contacts (73, 74). Structural investigation 
of these resistant antibody constructs in the future can reveal binding interactions that 
are less affected by VOC mutations.

Conclusion

In this work, we provide a new way to examine epitope footprints on RBD and NTD based 
on the HexaPro binning profile and have shown that cooperative antibody binding on 
RBD requires more than non-overlapping binding surfaces. Among the different binding 
footprints, antibodies sharing the mesa/valley area as binding sites are not very likely 
to bind cooperatively with other RBD binders. The antibodies binding to the cryptic site 
of RBD consistently resist mutations in the B.1.351 variant and show a certain level of 
affinity retention toward the BA.1 variant which can be particularly explored further. We 
also showed that antibodies that retain neutralization of the B.1.351 variant are those 
with retained affinities for B.1.351 HexaPro compared to D614 HexaPro and that Fab 
binding affinities for D614 HexaPro directly correlate with neutralization of the WT virus. 
In each type of binding footprint, select constructs retain binding and neutralization 
toward the B.1.351 VOC. These insights are useful in providing guidance for prevention 
and treatment options for potential future sarbecovirus outbreaks.

MATERIALS AND METHODS

High-throughput SPR binding kinetics

The procedure for measuring CoVIC antibody construct binding kinetics was described 
previously (54). Briefly, the measurements were done on the Carterra LSA platform using 
HC30M sensor chips (Carterra) at 25°C, with a single analyte titrated against multiple 
CoVIC antibody constructs in each assay. Antibody constructs were either captured 
by amine-coupled goat anti-Human IgG Fc secondary antibody (Millipore) or directly 
amine-coupled to sensor chips depending on whether the constructs were monoclonal 
IgG antibodies or not. Antigens were injected in a twofold dilution series onto the chip 
surface from the lowest to the highest concentration without regeneration, preceded 
by several injections of buffer for signal stabilization. The highest concentration used 
for each antigen construct was as follows: RBD 40 µg/mL (1.11 µM), NTD 320 µg/mL 
(5.71 µM), D614-HexaPro 100 µg/mL (0.181 µM), D614G-HexaPro 100 µg/mL (0.170 µM), 
B.1.351-HexaPro 100 µg/mL (0.170 µM) ,and BA.1-HexaPro 200 µg/mL (0.351 µM). For 
each concentration, the cycle times included 120 seconds of baseline, 300 seconds of 
association, and 900 seconds of dissociation.

The titration data were pre-processed using the Kinetics (Carterra) software before 
exporting, and then analyzed using the TitrationAnalysis tool developed in-house (75). 
For each CoVIC antibody construct–antigen pair, the averaged ka, kd, and KD values 
from 1:1 Langmuir model fitting were calculated for the best triplicate measurements 
satisfying the preset data acceptance criteria: (i) standard error of the estimated ka, kd, 
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and KD in each replicate was ≤20% and 2) the fold change for all three parameters within 
the triplicate was ≤3.

ACE-2 blocking assay

ACE-2 blocking assay procedure was described previously (54). Briefly, measurements 
were done using Biolayer Interferometry (BLI) on an Octet HTX instrument (Sartorius). 
The data were analyzed using Data Analysis HT 12.0 (CFR11) software (Sartorius). 
SARS-CoV-2 RBD was covalently immobilized onto Amine Reactive 2nd Generation 
(AR2G) biosensors (Sartorius), with Human Serum Albumin (HSA) as a parallel refer
ence. Antibody and ACE-2 binding were then performed sequentially. ACE-2 binding to 
immobilized RBD was monitored in real time in the absence and presence of antibodies 
pre-bound to RBD. ACE-2 blocking assays for CoVIC 240–269 were performed using a 
recombinant double-strep tagged ACE-2 construct after performing a bridging assay 
to ensure consistency between the two ACE-2 constructs. The ACE-2 blocking percen
tages shown are the mean of triplicate measurements. The percent ACE-2 blocking was 
calculated as the percentage decrease in ACE-2 binding due to antibodies pre-bound to 
RBD compared with the ACE-2 binding to RBD in the absence of antibodies. The average 
response of ACE-2 binding to RBD in the absence of antibody was set as 0% blocking. 
In each assay, The SARS-CoV-2 Spike Neutralizing mAb (Sino Biological) was used as 
a positive control. The preset data acceptance criterion was that, if the percent ACE-2 
blocking was above the empirically determined lower limit of detection (LLOD) of 13%, 
the percent CV of triplicate measurements should be under 20%.

High-throughput SPR epitope binning

Epitope binning was performed with a premix assay format on a Carterra LSA SPR 
instrument equipped with CMDP sensor chips (Carterra) at 25°C and in a HBSTE 
running buffer [10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 
7.4, 150 mM NaCl, 3 mM ethylenediaminetetraacetic acid (EDTA), 0.01% Tween-20]. Two 
microfluidic modules, a 96-channel printhead (96 PH) and a single flow cell (SFC), were 
used to deliver samples onto the sensor chip. Surface preparation was performed with 
10 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.5 with 0.01% Tween-20 as a 
running buffer. The chip was activated with a freshly prepared solution of 130 mM 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) +33 mM N-hydroxysulfosuccini
mide (Sulfo-NHS) in 0.1 M MES pH 5.5 using the SFC. Antibodies were immobilized using 
the 96 PH for 10 minutes at 10 µg/mL diluted into 10 mM sodium acetate (pH 4.5). 
Unreactive esters were quenched with a 10-minute injection of 1 M ethanolamine-HCl 
(pH 8.5) using the SFC. The binning analysis was performed over this array with the 
HBSTE buffer as the running buffer and sample diluent. The mixture of antibody and 
D614 HexaPro with a molar ratio of 13.3 (250 nM [37.5 µg/mL] vs 18.8 nM [10.35 µg/mL]) 
was incubated for at least 30 minutes and then injected in each cycle for 5 minutes, 
followed immediately by a 2-minute dissociation. The sample injection for every 16th 
cycle was D614 HexaPro only instead of the antibody-HexaPro mixture. The surface was 
regenerated each cycle with double pulses (30 seconds per pulse) of 10 mM Glycine pH 
2.0.

Data were first processed with Epitope Tool software (Carterra). Briefly, data were 
referenced using unprinted locations (nearest reference spots) on the array, and the 
response of each injection cycle was normalized to the response level in D614 HexaPro 
only cycles. The binding level of the premix mixture just after the end of the injection 
was compared to and normalized by the binding level of HexaPro alone injections. 
Signals that show a ratio >0.7 relative to the HexaPro controls are described as sand
wiches (76) and represent non-blocking behavior. Competition results were visualized 
as a heatmap in which red, yellow, and green cells represent blocked, intermediate, and 
not blocked analyte/ligand pairs, respectively. CoVIC clones that suffered from severe 
loss of activity or lack of complete dissociation from HexaPro when used as ligands are 
excluded from the heatmap and further analysis, resulting in a rectangle heatmap. Two 
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separate binning assays were carried out for different subsets of the CoVIC panel, with 
overlap between the two subsets to ensure continuity. The data for each assay were 
separated and processed. The two rectangle-normalized heatmaps were then merged 
into a single heatmap. If a ligand-analyte pair was included in both individual heatmaps, 
the normalized response from the first binning was used in the merged heatmap.

The clustering analysis of the merged heatmap was carried out in the R environment 
(Version 4.3.1). First, a square heatmap was created to have all the CoVIC constructs in 
the merged heatmap appearing both in the ligand direction and the analyte direction: 
if a ligand-analyte pair has a normalized response in the merged heatmap, then the 
corresponding value was used in the square heatmap for the ligand-analyte pair; if a 
pair of antibody constructs had no data as a ligand-analyte pair in the merged heatmap 
but had data in the reverse orientation (as an analyte-ligand pair), then the normalized 
data in the reverse orientation were used in the square heatmap as the value for 
the ligand-analyte direction. The resulting square heatmap was used to calculate the 
Euclidean distance between each pair of antibody constructs using the “dist” function. 
Then a dendrogram was generated through hierarchical clustering using the Mcquitty 
clustering method (77) in the “hclust” function. As a result, clones having similar patterns 
of competition are clustered together in a dendrogram and can be assigned to shared 
communities. The original merged rectangle heatmap was then rearranged to visualize 
the competition patterns of each community.

Fab production and binding kinetics

A Fab version of CoVIC constructs was either provided directly from the CoVIC headquar
ters at La Jolla Institute for Immunology following a procedure described previously (54) 
or produced from IgG in-house. Papain or Lys-C fragmentation was used for cleavage of 
IgG followed by Protein A Sepharose purification. Reducing and non-reducing protein 
gel electrophoresis and size exclusion chromatography using Superdex 200 increase 
column were used to verify the quality and purification of the Fab produced.

SPR titrations were done using the single-cycle kinetics format on a Biacore S200 
instrument (Cytiva). During immobilization and titrations, 1× HBS-EP + pH 7.4 was used 
for the running buffer. Strep-tagged HexaPro constructs were captured onto Streptavidin 
(SA) chips (Cytiva). Within each kinetics assay, one flow cell channel without immobilized 
ligand served as a reference channel to monitor and subtract binding responses due to 
nonspecific interactions. Each association step was performed by injecting CoVIC Fab 
for 120 seconds. Each of the first four association steps was followed by an 80-second 
dissociation step by injecting a running buffer. The 5th and final association step was 
followed by at least a 600-s dissociation step by injecting a running buffer. A twofold 
dilution series of CoVIC Fab was injected from low to high for association steps 1–5. 
Following the dissociation step, regeneration of the HexaPro surface was performed 
using of one injection of glycine•HCl pH 1.5 (Cytiva) at 50 µL/min for 30 seconds. The flow 
rate for association and dissociation was 50 µL/min

The kinetics traces were referenced and subtracted using the reference channel 
signals and buffer control to obtain antigenspecific binding signals. Then the values 
for kinetics constants ka, kd, and KD were uniquely determined using Biacore S200 
evaluation software.

ACKNOWLEDGMENTS

This study was supported by grants for the Antibody Dynamics platform of the Global 
Health Discovery Collaboratory [GHDC; previously Global Health—Vaccine Accelera
tor Platforms (GH-VAP)] from the Bill and Melinda Gates Foundation (INV-008612 to 
G.D.T). CoVIC was supported by a grant from the CoVIC-19 Therapeutics Accelerator 
(INV-006133; E.O.S.), the Bill and Melinda Gates Foundation (Grant OPP1210938; E.O.S.) 
and the NIH (U19 AI142790-03S1; E.O.S.). Support for instrumentation was provided by 
the GHR Foundation and Fast Grants.

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01070-23 15

https://doi.org/10.1128/jvi.01070-23


We thank Drs. Karen Makar and Jacqueline Kirchner (Bill and Melinda Gates Founda
tion) as well as Dr. Sarah Mudrak and Valerie Bekker for program support. We thank 
Sheetal Sawant and Lu Zhang for their help in correlation analysis.

AUTHOR AFFILIATIONS

1Center for Human Systems Immunology, Duke University, Durham, North Carolina, USA
2Department of Surgery, Duke University, Durham, North Carolina, USA
3Center for Infectious Disease and Vaccine Research, La Jolla Institute for Immunology, La 
Jolla, California, USA
4Duke Human Vaccine Institute, Duke University, Durham, North Carolina, USA
5Department of Genetics, University of North Carolina, Chapel Hill, North Carolina, USA
6Carterra Inc., Salt Lake City, Utah, USA
7Department of Microbiology and Immunology, University of North Carolina, Chapel Hill, 
North Carolina, USA
8Department of Epidemiology, University of North Carolina, Chapel Hill, North Carolina, 
USA
9Department of Pathology, Duke University, Durham, North Carolina, USA
10Department of Integrative Immunobiology, Duke University, Durham, North Carolina, 
USA
11Department of Molecular Genetics and Microbiology, Duke University, Durham, North 
Carolina, USA

PRESENT ADDRESS

Richard H. C. Huntwork, Deparment of Chemistry, University of Wisconsin–Madison, 
Madison, Wisconsin, USA
Vamseedhar Rayaprolu, Pacific Northwest Center for CryoEM, Portland, Oregon, USA

AUTHOR ORCIDs

Kan Li  http://orcid.org/0009-0004-0582-3863
Ralph S. Baric  http://orcid.org/0000-0001-6827-8701
Georgia D. Tomaras  http://orcid.org/0000-0001-8076-1931
S. Moses Dennison  http://orcid.org/0000-0003-1198-9179

FUNDING

Funder Grant(s) Author(s)

Bill and Melinda Gates Foundation (GF) INV-008612 Georgia D. Tomaras

Bill and Melinda Gates Foundation (GF) INV-006133 Erica Ollmann Saphire

Bill and Melinda Gates Foundation (GF) OPP1210938 Erica Ollmann Saphire

HHS | National Institutes of Health (NIH) U19 AI142790-03S1 Erica Ollmann Saphire

AUTHOR CONTRIBUTIONS

Kan Li, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualiza
tion, Writing – original draft, Writing – review and editing | Richard H. C. Huntwork, 
Data curation, Formal analysis, Writing – review and editing | Gillian Q. Horn, Data 
curation, Formal analysis, Writing – review and editing | Milite Abraha, Data curation, 
Formal analysis | Kathryn M. Hastie, Resources | Haoyang Li, Resources | Vamseedhar 
Rayaprolu, Resources | Eduardo Olmedillas, Resources | Elizabeth Feeney, Data cura
tion, Formal analysis | Kenneth Cronin, Data curation, Formal analysis, Methodology | 
Sharon L. Schendel, Project administration, Resources, Supervision, Validation, Writing 
– review and editing | Mark Heise, Resources | Daniel Bedinger, Data curation, Formal 
analysis, Writing – review and editing | Melissa D. Mattocks, Methodology | Ralph S. 

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01070-23 16

https://doi.org/10.1128/jvi.01070-23


Baric, Data curation, Formal analysis, Methodology, Writing – review and editing | S. 
Munir Alam, Data curation, Formal analysis, Methodology, Writing – review and editing 
| Erica Ollmann Saphire, Funding acquisition, Resources, Supervision, Writing – review 
and editing | Georgia D. Tomaras, Conceptualization, Funding acquisition, Methodology, 
Supervision, Validation, Writing – review and editing | S. Moses Dennison, Conceptualiza
tion, Investigation, Methodology, Supervision, Validation, Writing – review and editing

DATA AVAILABILITY

All data are included in this article and accompanying supplemental material or can be 
found at covicdb.lji.org.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Figures S1 to S7 (JVI01070-23-S0001.pdf). Binding kinetics measurements, specificity, 
epitope binning, communities, affinity correlation, Fab binding kinetics, and KD ratio.
Tables S1 and S2 (JVI01070-23-S0002.xlsx). Competition map for HexaPro binning 
communities of the CoVIC panel, and rate constants and affinity values for select CoVIC 
constructs as a mAb or Fab binding to D614, B.1.351, and D614G HexaPro.

REFERENCES

1. Costanzo M, De Giglio MAR, Roviello GN. 2022. Anti-coronavirus 
vaccines: past investigations on SARS-CoV-1 and MERS-CoV, the 
approved vaccines from biontech/Pfizer, Moderna, Oxford/Astrazeneca 
and others under development against SARSCoV- 2 infection. Curr Med 
Chem 29:4–18. https://doi.org/10.2174/0929867328666210521164809

2. Choi JY, Smith DM. 2021. SARS-CoV-2 variants of concern. Yonsei Med J 
62:961–968. https://doi.org/10.3349/ymj.2021.62.11.961

3. Thakur V, Ratho RK. 2022. OMICRON (B.1.1.529): a new SARS-CoV-2 
variant of concern mounting worldwide fear. J Med Virol 94:1821–1824. 
https://doi.org/10.1002/jmv.27541

4. Raman R, Patel KJ, Ranjan K. 2021. COVID-19: unmasking emerging 
SARS-CoV-2 variants, vaccines and therapeutic strategies. Biomolecules 
11:993. https://doi.org/10.3390/biom11070993

5. Tegally H, Moir M, Everatt J, Giovanetti M, Scheepers C, Wilkinson E, 
Subramoney K, Makatini Z, Moyo S, Amoako DG, et al. 2022. Emergence 
of SARS-CoV-2 omicron lineages BA.4 and BA.5 in South Africa. Nat Med 
28:1785–1790. https://doi.org/10.1038/s41591-022-01911-2

6. Shrestha LB, Foster C, Rawlinson W, Tedla N, Bull RA. 2022. Evolution of 
the SARS-CoV-2 omicron variants BA.1 to BA.5: implications for immune 
escape and transmission. Rev Med Virol 32:e2381. https://doi.org/10.
1002/rmv.2381

7. Boni MF, Lemey P, Jiang X, Lam TT, Perry BW, Castoe TA, Rambaut A, 
Robertson DL. 2020. Evolutionary origins of the SARS-CoV-2 sarbecovi
rus lineage responsible for the COVID-19 pandemic. Nat Microbiol 
5:1408–1417. https://doi.org/10.1038/s41564-020-0771-4

8. Astuti I, Ysrafil. 2020. Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2): an overview of viral structure and host response. Diabetes 
Metab Syndr 14:407–412. https://doi.org/10.1016/j.dsx.2020.04.020

9. Wang MY, Zhao R, Gao LJ, Gao XF, Wang DP, Cao JM. 2020. SARS-CoV-2: 
structure, biology, and structure-based therapeutics development. Front 
Cell Infect Microbiol 10:587269. https://doi.org/10.3389/fcimb.2020.
587269

10. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, 
Graham BS, McLellan JS. 2020. Cryo-EM structure of the 2019-nCoV spike 
in the prefusion conformation. Science 367:1260–1263. https://doi.org/
10.1126/science.abb2507

11. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen 
S, Schiergens TS, Herrler G, Wu NH, Nitsche A, Müller MA, Drosten C, 
Pöhlmann S. 2020. SARS-CoV-2 cell entry depends on ACE2 and 

TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell 
181:271–280. https://doi.org/10.1016/j.cell.2020.02.052

12. Benton DJ, Wrobel AG, Xu P, Roustan C, Martin SR, Rosenthal PB, Skehel 
JJ, Gamblin SJ. 2020. Receptor binding and priming of the spike protein 
of SARS-CoV-2 for membrane fusion. Nature 588:327–330. https://doi.
org/10.1038/s41586-020-2772-0

13. Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q, Zhang L, 
Wang X. 2020. Structure of the SARS-CoV-2 spike receptor-binding 
domain bound to the ACE2 receptor. Nature 581:215–220. https://doi.
org/10.1038/s41586-020-2180-5

14. Cerutti G, Guo Y, Zhou T, Gorman J, Lee M, Rapp M, Reddem ER, Yu J, 
Bahna F, Bimela J, Huang Y, Katsamba PS, Liu L, Nair MS, Rawi R, Olia AS, 
Wang P, Zhang B, Chuang GY, Ho DD, Sheng Z, Kwong PD, Shapiro L. 
2021. Potent SARS-CoV-2 neutralizing antibodies directed against spike 
N-terminal domain target a single supersite. Cell Host Microbe 29:819–
833.e7. https://doi.org/10.1016/j.chom.2021.03.005

15. Chi X, Yan R, Zhang J, Zhang G, Zhang Y, Hao M, Zhang Z, Fan P, Dong Y, 
Yang Y, Chen Z, Guo Y, Zhang J, Li Y, Song X, Chen Y, Xia L, Fu L, Hou L, 
Xu J, Yu C, Li J, Zhou Q, Chen W. 2020. A neutralizing human antibody 
binds to the N-terminal domain of the spike protein of SARS-CoV-2. 
Science 369:650–655. https://doi.org/10.1126/science.abc6952

16. McCallum M, De Marco A, Lempp FA, Tortorici MA, Pinto D, Walls AC, 
Beltramello M, Chen A, Liu Z, Zatta F, et al. 2021. N-terminal domain 
antigenic mapping reveals a site of vulnerability for SARS-CoV-2. Cell 
184:2332–2347. https://doi.org/10.1016/j.cell.2021.03.028

17. Barnes CO, Jette CA, Abernathy ME, Dam KA, Esswein SR, Gristick HB, 
Malyutin AG, Sharaf NG, Huey-Tubman KE, Lee YE, Robbiani DF, 
Nussenzweig MC, West AP Jr, Bjorkman PJ. 2020. SARS-CoV-2 neutraliz
ing antibody structures inform therapeutic strategies. Nature 588:682–
687. https://doi.org/10.1038/s41586-020-2852-1

18. Piccoli L, Park YJ, Tortorici MA, Czudnochowski N, Walls AC, Beltramello 
M, Silacci-Fregni C, Pinto D, Rosen LE, Bowen JE, et al. 2020. Mapping 
neutralizing and immunodominant sites on the SARS-CoV-2 spike 
receptor-binding domain by structure-guided high-resolution serology. 
Cell 183:1024–1042. https://doi.org/10.1016/j.cell.2020.09.037

19. Wu NC, Yuan M, Liu H, Lee CD, Zhu X, Bangaru S, Torres JL, Caniels TG, 
Brouwer PJM, van Gils MJ, Sanders RW, Ward AB, Wilson IA. 2020. An 
alternative binding mode of IGHV3-53 antibodies to the SARS-CoV-2 
receptor binding domain. Cell Rep 33:108274. https://doi.org/10.1016/j.
celrep.2020.108274

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01070-23 17

https://covicdb.lji.org/
https://doi.org/10.1128/jvi.01070-23
https://doi.org/10.2174/0929867328666210521164809
https://doi.org/10.3349/ymj.2021.62.11.961
https://doi.org/10.1002/jmv.27541
https://doi.org/10.3390/biom11070993
https://doi.org/10.1038/s41591-022-01911-2
https://doi.org/10.1002/rmv.2381
https://doi.org/10.1038/s41564-020-0771-4
https://doi.org/10.1016/j.dsx.2020.04.020
https://doi.org/10.3389/fcimb.2020.587269
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41586-020-2772-0
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1016/j.chom.2021.03.005
https://doi.org/10.1126/science.abc6952
https://doi.org/10.1016/j.cell.2021.03.028
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.celrep.2020.108274
https://doi.org/10.1128/jvi.01070-23


20. Yuan M, Huang D, Lee CD, Wu NC, Jackson AM, Zhu X, Liu H, Peng L, van 
Gils MJ, Sanders RW, Burton DR, Reincke SM, Prüss H, Kreye J, Nemazee 
D, Ward AB, Wilson IA. 2021. Structural and functional ramifications of 
antigenic drift in recent SARS-CoV-2 variants. Science 373:818–823. 
https://doi.org/10.1126/science.abh1139

21. Pinto D, Park YJ, Beltramello M, Walls AC, Tortorici MA, Bianchi S, Jaconi S, 
Culap K, Zatta F, De Marco A, Peter A, Guarino B, Spreafico R, Cameroni E, 
Case JB, Chen RE, Havenar-Daughton C, Snell G, Telenti A, Virgin HW, 
Lanzavecchia A, Diamond MS, Fink K, Veesler D, Corti D. 2020. Cross-
neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV 
antibody. Nature 583:290–295. https://doi.org/10.1038/s41586-020-
2349-y

22. Liu H, Wu NC, Yuan M, Bangaru S, Torres JL, Caniels TG, van Schooten J, 
Zhu X, Lee CD, Brouwer PJM, van Gils MJ, Sanders RW, Ward AB, Wilson 
IA. 2020. Cross-neutralization of a SARS-CoV-2 antibody to a functionally 
conserved site is mediated by avidity. Immunity 53:1272–1280.e5. https:
//doi.org/10.1016/j.immuni.2020.10.023

23. Yuan M, Wu NC, Zhu X, Lee CD, So RTY, Lv H, Mok CKP, Wilson IA. 2020. A 
highly conserved cryptic epitope in the receptor binding domains of 
SARS-CoV-2 and SARS-CoV. Science 368:630–633. https://doi.org/10.
1126/science.abb7269

24. Yuan M, Liu H, Wu NC, Wilson IA. 2021. Recognition of the SARS-CoV-2 
receptor binding domain by neutralizing antibodies. Biochem Biophys 
Res Commun 538:192–203. https://doi.org/10.1016/j.bbrc.2020.10.012

25. Deshpande A, Harris BD, Martinez-Sobrido L, Kobie JJ, Walter MR. 2021. 
Epitope classification and RBD binding properties of neutralizing 
antibodies against SARS-CoV-2 variants of concern. Front Immunol 
12:691715. https://doi.org/10.3389/fimmu.2021.691715

26. Dejnirattisai W, Zhou D, Ginn HM, Duyvesteyn HME, Supasa P, Case JB, 
Zhao Y, Walter TS, Mentzer AJ, Liu C, et al. 2021. The antigenic anatomy 
of SARS-CoV-2 receptor binding domain. Cell 184:2183–2200. https://
doi.org/10.1016/j.cell.2021.02.032

27. Socher E, Conrad M, Heger L, Paulsen F, Sticht H, Zunke F, Arnold P. 
2021. Computational decomposition reveals reshaping of the SARS-
CoV-2-ACE2 interface among viral variants expressing the N501Y 
Mutation. J Cell Biochem 122:1863–1872. https://doi.org/10.1002/jcb.
30142

28. Villoutreix BO, Calvez V, Marcelin AG, Khatib AM. 2021. In silico 
investigation of the new UK (B.1.1.7) and South African (501Y.V2) SARS-
CoV-2 variants with a focus at the ACE2-spike RBD interface. Int J Mol Sci 
22:1695. https://doi.org/10.3390/ijms22041695

29. Barton MI, MacGowan SA, Kutuzov MA, Dushek O, Barton GJ, van der 
Merwe PA. 2021. Effects of common mutations in the SARS-CoV-2 spike 
RBD and its ligand, the human ACE2 receptor on binding affinity and 
kinetics. Elife 10:e70658. https://doi.org/10.7554/eLife.70658

30. Upadhyay V, Lucas A, Panja S, Miyauchi R, Mallela KMG. 2021. Receptor 
binding, immune escape, and protein stability direct the natural 
selection of SARS-CoV-2 variants. J Biol Chem 297:101208. https://doi.
org/10.1016/j.jbc.2021.101208

31. Gobeil SM, Janowska K, McDowell S, Mansouri K, Parks R, Stalls V, Kopp 
MF, Manne K, Li D, Wiehe K, Saunders KO, Edwards RJ, Korber B, Haynes 
BF, Henderson R, Acharya P. 2021. Effect of natural mutations of SARS-
CoV-2 on spike structure, conformation, and antigenicity. Science 
373:eabi6226. https://doi.org/10.1126/science.abi6226

32. Jones BE, Brown-Augsburger PL, Westendorf KS, Davies J, Cujec TP, 
Wiethoff CM, Blackbourne JL, Heinz BA, Foster D, Higgs RE, et al. 2021. 
The neutralizing antibody, LY-CoV555, protects against SARS-CoV-2 
infection in nonhuman primates. Sci Transl Med 13. https://doi.org/10.
1126/scitranslmed.abf1906

33. Hansen J, Baum A, Pascal KE, Russo V, Giordano S, Wloga E, Fulton BO, 
Yan Y, Koon K, Patel K, et al. 2020. Studies in humanized mice and 
convalescent humans yield a SARS-CoV-2 antibody cocktail. Science 
369:1010–1014. https://doi.org/10.1126/science.abd0827

34. Zost SJ, Gilchuk P, Case JB, Binshtein E, Chen RE, Nkolola JP, Schäfer A, 
Reidy JX, Trivette A, Nargi RS, et al. 2020. Potently neutralizing and 
protective human antibodies against SARS-CoV-2. Nature 584:443–449. 
https://doi.org/10.1038/s41586-020-2548-6

35. Ge J, Wang R, Ju B, Zhang Q, Sun J, Chen P, Zhang S, Tian Y, Shan S, 
Cheng L, Zhou B, Song S, Zhao J, Wang H, Shi X, Ding Q, Liu L, Zhao J, 
Zhang Z, Wang X, Zhang L. 2021. Antibody neutralization of SARS-CoV-2 

through ACE2 receptor mimicry. Nat Commun 12:250. https://doi.org/
10.1038/s41467-020-20501-9

36. Fedry J, Hurdiss DL, Wang C, Li W, Obal G, Drulyte I, Du W, Howes SC, van 
Kuppeveld FJM, Förster F, Bosch B-J. 2021. Structural insights into the 
cross-neutralization of SARS-CoV and SARS-CoV-2 by the human 
monoclonal antibody 47D11. Sci Adv 7:eabf5632. https://doi.org/10.
1126/sciadv.abf5632

37. Rappazzo CG, Tse LV, Kaku CI, Wrapp D, Sakharkar M, Huang D, Deveau 
LM, Yockachonis TJ, Herbert AS, Battles MB, O’Brien CM, Brown ME, 
Geoghegan JC, Belk J, Peng L, Yang L, Hou Y, Scobey TD, Burton DR, 
Nemazee D, Dye JM, Voss JE, Gunn BM, McLellan JS, Baric RS, Gralinski 
LE, Walker LM. 2021. Broad and potent activity against SARS-like viruses 
by an engineered human monoclonal antibody. Science 371:823–829. 
https://doi.org/10.1126/science.abf4830

38. Kim C, Ryu DK, Lee J, Kim YI, Seo JM, Kim YG, Jeong JH, Kim M, Kim JI, 
Kim P, et al. 2021. A therapeutic neutralizing antibody targeting receptor 
binding domain of SARS-CoV-2 spike protein. Nat Commun 12:288. 
https://doi.org/10.1038/s41467-020-20602-5

39. Errico JM, Zhao H, Chen RE, Liu Z, Case JB, Ma M, Schmitz AJ, Rau MJ, 
Fitzpatrick JAJ, Shi PY, Diamond MS, Whelan SPJ, Ellebedy AH, Fremont 
DH. 2021. Structural mechanism of SARS-CoV-2 neutralization by two 
murine antibodies targeting the RBD. Cell Rep 37:109881. https://doi.
org/10.1016/j.celrep.2021.109881

40. Du S, Cao Y, Zhu Q, Yu P, Qi F, Wang G, Du X, Bao L, Deng W, Zhu H, et al. 
2020. Structurally resolved SARS-CoV-2 antibody shows high efficacy in 
severely infected hamsters and provides a potent cocktail pairing 
strategy. Cell 183:1013–1023. https://doi.org/10.1016/j.cell.2020.09.035

41. Wec AZ, Wrapp D, Herbert AS, Maurer DP, Haslwanter D, Sakharkar M, 
Jangra RK, Dieterle ME, Lilov A, Huang D, et al. 2020. Broad neutralization 
of SARS-related viruses by human monoclonal antibodies. Science 
369:731–736. https://doi.org/10.1126/science.abc7424

42. Tortorici MA, Beltramello M, Lempp FA, Pinto D, Dang HV, Rosen LE, 
McCallum M, Bowen J, Minola A, Jaconi S, et al. 2020. Ultrapotent human 
antibodies protect against SARS-CoV-2 challenge via multiple 
mechanisms. Science 370:950–957. https://doi.org/10.1126/science.
abe3354

43. Aleem A, Akbar Samad AB, Vaqar S. 2023. Emerging variants of SARS-
CoV-2 and novel therapeutics against coronavirus (COVID-19), 
Statpearls. StatPearls Publishing. Copyright © 2023, StatPearls Publishing 
LLC., Treasure Island (FL)

44. Focosi D, McConnell S, Casadevall A, Cappello E, Valdiserra G, Tuccori M. 
2022. Monoclonal antibody therapies against SARS-CoV-2. Lancet Infect 
Dis 22:e311–e326. https://doi.org/10.1016/S1473-3099(22)00311-5

45. Tao K, Tzou PL, Kosakovsky Pond SL, Ioannidis JPA, Shafer RW. 2022. 
Susceptibility of SARS-CoV-2 omicron variants to therapeutic monoclo
nal antibodies: systematic review and meta-analysis. Microbiol Spectr 
10:e0092622. https://doi.org/10.1128/spectrum.00926-22

46. Greaney AJ, Starr TN, Barnes CO, Weisblum Y, Schmidt F, Caskey M, 
Gaebler C, Cho A, Agudelo M, Finkin S, Wang Z, Poston D, Muecksch F, 
Hatziioannou T, Bieniasz PD, Robbiani DF, Nussenzweig MC, Bjorkman 
PJ, Bloom JD. 2021. Mapping mutations to the SARS-CoV-2 RBD that 
escape binding by different classes of antibodies. Nat Commun 12:4196. 
https://doi.org/10.1038/s41467-021-24435-8

47. Changrob S, Fu Y, Guthmiller JJ, Halfmann PJ, Li L, Stamper CT, Dugan 
HL, Accola M, Rehrauer W, Zheng NY, Huang M, Wang J, Erickson SA, 
Utset HA, Graves HM, Amanat F, Sather DN, Krammer F, Kawaoka Y, 
Wilson PC. 2021. Cross-neutralization of emerging SARS-CoV-2 variants 
of concern by antibodies targeting distinct epitopes on spike. mBio 
12:e0297521. https://doi.org/10.1128/mBio.02975-21

48. Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, Wang M, Yu J, Zhang B, 
Kwong PD, Graham BS, Mascola JR, Chang JY, Yin MT, Sobieszczyk M, 
Kyratsous CA, Shapiro L, Sheng Z, Huang Y, Ho DD. 2021. Antibody 
resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 593:130–
135. https://doi.org/10.1038/s41586-021-03398-2

49. Wang Z, Schmidt F, Weisblum Y, Muecksch F, Barnes CO, Finkin S, 
Schaefer-Babajew D, Cipolla M, Gaebler C, Lieberman JA, et al. 2021. 
mRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating 
variants. Nature 592:616–622. https://doi.org/10.1038/s41586-021-
03324-6

50. Chen RE, Zhang X, Case JB, Winkler ES, Liu Y, VanBlargan LA, Liu J, Errico 
JM, Xie X, Suryadevara N, et al. 2021. Resistance of SARS-CoV-2 variants 

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01070-23 18

https://doi.org/10.1126/science.abh1139
https://doi.org/10.1038/s41586-020-2349-y
https://doi.org/10.1016/j.immuni.2020.10.023
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1016/j.bbrc.2020.10.012
https://doi.org/10.3389/fimmu.2021.691715
https://doi.org/10.1016/j.cell.2021.02.032
https://doi.org/10.1002/jcb.30142
https://doi.org/10.3390/ijms22041695
https://doi.org/10.7554/eLife.70658
https://doi.org/10.1016/j.jbc.2021.101208
https://doi.org/10.1126/science.abi6226
https://doi.org/10.1126/scitranslmed.abf1906
https://doi.org/10.1126/science.abd0827
https://doi.org/10.1038/s41586-020-2548-6
https://doi.org/10.1038/s41467-020-20501-9
https://doi.org/10.1126/sciadv.abf5632
https://doi.org/10.1126/science.abf4830
https://doi.org/10.1038/s41467-020-20602-5
https://doi.org/10.1016/j.celrep.2021.109881
https://doi.org/10.1016/j.cell.2020.09.035
https://doi.org/10.1126/science.abc7424
https://doi.org/10.1126/science.abe3354
https://doi.org/10.1016/S1473-3099(22)00311-5
https://doi.org/10.1128/spectrum.00926-22
https://doi.org/10.1038/s41467-021-24435-8
https://doi.org/10.1128/mBio.02975-21
https://doi.org/10.1038/s41586-021-03398-2
https://doi.org/10.1038/s41586-021-03324-6
https://doi.org/10.1128/jvi.01070-23


to neutralization by monoclonal and serum-derived polyclonal 
antibodies. Nat Med 27:717–726. https://doi.org/10.1038/s41591-021-
01294-w

51. Corti D, Purcell LA, Snell G, Veesler D. 2021. Tackling COVID-19 with 
neutralizing Monoclonal antibodies. Cell 184:3086–3108. https://doi.org/
10.1016/j.cell.2021.05.005

52. VanBlargan LA, Errico JM, Halfmann PJ, Zost SJ, Crowe JE, Purcell LA, 
Kawaoka Y, Corti D, Fremont DH, Diamond MS. 2022. An infectious 
SARS-CoV-2 B.1.1.529 omicron virus escapes neutralization by 
therapeutic monoclonal antibodies. Nat Med 28:490–495. https://doi.
org/10.1038/s41591-021-01678-y

53. Dejnirattisai W, Zhou D, Supasa P, Liu C, Mentzer AJ, Ginn HM, Zhao Y, 
Duyvesteyn HME, Tuekprakhon A, Nutalai R, et al. 2021. Antibody 
evasion by the P.1 strain of SARS-CoV-2. Cell 184:2939–2954.e9. https://
doi.org/10.1016/j.cell.2021.03.055

54. Hastie KM, Li H, Bedinger D, Schendel SL, Dennison SM, Li K, Rayaprolu V, 
Yu X, Mann C, Zandonatti M, et al. 2021. Defining variant-resistant 
epitopes targeted by SARS-CoV-2 antibodies: a global consortium study. 
Science 374:472–478. https://doi.org/10.1126/science.abh2315

55. Hsieh CL, Goldsmith JA, Schaub JM, DiVenere AM, Kuo HC, Javanmardi K, 
Le KC, Wrapp D, Lee AG, Liu Y, Chou CW, Byrne PO, Hjorth CK, Johnson 
NV, Ludes-Meyers J, Nguyen AW, Park J, Wang N, Amengor D, Lavinder 
JJ, Ippolito GC, Maynard JA, Finkelstein IJ, McLellan JS. 2020. Structure-
based design of prefusion-stabilized SARS-CoV-2 spikes. Science 
369:1501–1505. https://doi.org/10.1126/science.abd0826

56. Callaway HM, Hastie KM, Schendel SL, Li H, Yu X, Shek J, Buck T, Hui S, 
Bedinger D, Troup C, et al. 2023. Bivalent intra-spike binding provides 
durability against emergent omicron lineages: results from a global 
consortium. Cell Rep 42:112014. https://doi.org/10.1016/j.celrep.2023.
112014

57. Zhang C, Wang Y, Zhu Y, Liu C, Gu C, Xu S, Wang Y, Zhou Y, Wang Y, Han 
W, et al. 2021. Development and structural basis of a two-MAb cocktail 
for treating SARS-CoV-2 infections. Nat Commun 12:264. https://doi.org/
10.1038/s41467-020-20465-w

58. Liu Z, Xu W, Chen Z, Fu W, Zhan W, Gao Y, Zhou J, Zhou Y, Wu J, Wang Q, 
et al. 2022. An ultrapotent pan-β-coronavirus lineage B (β-CoV-B) 
neutralizing antibody locks the receptor-binding domain in closed 
conformation by targeting its conserved epitope. Protein Cell 13:655–
675. https://doi.org/10.1007/s13238-021-00871-6

59. Scheid JF, Barnes CO, Eraslan B, Hudak A, Keeffe JR, Cosimi LA, Brown 
EM, Muecksch F, Weisblum Y, Zhang S, et al. 2021. B cell genomics 
behind cross-neutralization of SARS-CoV-2 variants and SARS-CoV. Cell 
184:3205–3221.e24. https://doi.org/10.1016/j.cell.2021.04.032

60. Mahita J, Ha B, Gambiez A, Schendel SL, Li H, Hastie KM, Dennison SM, Li 
K, Kuzmina N, Periasamy S, et al. 2023. Coronavirus immunotherapeutic 
consortium database. Database (Oxford). https://doi/10.1093/database/
baac112

61. VanBlargan LA, Adams LJ, Liu Z, Chen RE, Gilchuk P, Raju S, Smith BK, 
Zhao H, Case JB, Winkler ES, Whitener BM, Droit L, Aziati ID, Bricker TL, 
Joshi A, Shi PY, Creanga A, Pegu A, Handley SA, Wang D, Boon ACM, 
Crowe JE, Jr, Whelan SPJ, Fremont DH, Diamond MS. 2021. A potently 
neutralizing SARS-CoV-2 antibody inhibits variants of concern by 
utilizing unique binding residues in a highly conserved epitope. 
Immunity 54:2399–2416.e6. https://doi.org/10.1016/j.immuni.2021.08.
016

62. Ju B, Zhang Q, Ge J, Wang R, Sun J, Ge X, Yu J, Shan S, Zhou B, Song S, 
Tang X, Yu J, Lan J, Yuan J, Wang H, Zhao J, Zhang S, Wang Y, Shi X, Liu L, 
Zhao J, Wang X, Zhang Z, Zhang L. 2020. Human neutralizing antibodies 
elicited by SARS-CoV-2 infection. Nature 584:115–119. https://doi.org/
10.1038/s41586-020-2380-z

63. Mast FD, Fridy PC, Ketaren NE, Wang J, Jacobs EY, Olivier JP, Sanyal T, 
Molloy KR, Schmidt F, Rutkowska M, et al. 2021. Highly synergistic 
combinations of nanobodies that target SARS-CoV-2 and are resistant to 
escape. Elife 10:e73027. https://doi.org/10.7554/eLife.73027

64. Liu L, Wang P, Nair MS, Yu J, Rapp M, Wang Q, Luo Y, Chan JF, Sahi V, 
Figueroa A, Guo XV, Cerutti G, Bimela J, Gorman J, Zhou T, Chen Z, Yuen 

KY, Kwong PD, Sodroski JG, Yin MT, Sheng Z, Huang Y, Shapiro L, Ho DD. 
2020. Potent neutralizing antibodies against multiple epitopes on SARS-
CoV-2 spike. Nature 584:450–456. https://doi.org/10.1038/s41586-020-
2571-7

65. Westendorf K, Žentelis S, Wang L, Foster D, Vaillancourt P, Wiggin M, 
Lovett E, van der Lee R, Hendle J, Pustilnik A, et al. 2022. LY-CoV1404 
(bebtelovimab) potently neutralizes SARS-CoV-2 variants. Cell Rep 
39:110812. https://doi.org/10.1016/j.celrep.2022.110812

66. Rogers TF, Zhao F, Huang D, Beutler N, Burns A, He W, Limbo O, Smith C, 
Song G, Woehl J, et al. 2020. Isolation of potent SARS-CoV-2 neutralizing 
antibodies and protection from disease in a small animal model. Science 
369:956–963. https://doi.org/10.1126/science.abc7520

67. Brouwer PJM, Caniels TG, van der Straten K, Snitselaar JL, Aldon Y, 
Bangaru S, Torres JL, Okba NMA, Claireaux M, Kerster G, et al. 2020. 
Potent neutralizing antibodies from COVID-19 patients define multiple 
targets of vulnerability. Science 369:643–650. https://doi.org/10.1126/
science.abc5902

68. Graham C, Seow J, Huettner I, Khan H, Kouphou N, Acors S, Winstone H, 
Pickering S, Galao RP, Dupont L, et al. 2021. Neutralization potency of 
monoclonal antibodies recognizing dominant and subdominant 
epitopes on SARS-CoV-2 spike is impacted by the B.1.1.7 variant. 
Immunity 54:1276–1289.e6. https://doi.org/10.1016/j.immuni.2021.03.
023

69. Yuan M, Zhu X, He W, Zhou P, Kaku CI, Capozzola T, Zhu CY, Yu X, Liu H, 
Yu W, Hua Y, Tien H, Peng L, Song G, Cottrell CA, Schief WR, Nemazee D, 
Walker LM, Andrabi R, Burton DR, Wilson IA. 2022. A broad and potent 
neutralization epitope in SARS-related Coronaviruses. Proc Natl Acad Sci 
USA 119:e2205784119. https://doi.org/10.1073/pnas.2205784119

70. Niu L, Wittrock KN, Clabaugh GC, Srivastava V, Cho MW. 2021. A 
structural landscape of neutralizing antibodies against SARS-CoV-2 
receptor binding domain. Front Immunol 12:647934. https://doi.org/10.
3389/fimmu.2021.647934

71. Xu J, Xu K, Jung S, Conte A, Lieberman J, Muecksch F, Lorenzi JCC, Park S, 
Schmidt F, Wang Z, et al. 2021. Nanobodies from camelid mice and 
llamas neutralize SARS-CoV-2 variants. Nature 595:278–282. https://doi.
org/10.1038/s41586-021-03676-z

72. Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD, Chu HY, 
Bloom JD. 2021. Comprehensive mapping of mutations in the SARS-
CoV-2 receptor-binding domain that affect recognition by polyclonal 
human plasma antibodies. Cell Host & Microbe 29:463–476.e6. https://
doi.org/10.1016/j.chom.2021.02.003

73. Greaney AJ, Starr TN, Gilchuk P, Zost SJ, Binshtein E, Loes AN, Hilton SK, 
Huddleston J, Eguia R, Crawford KHD, Dingens AS, Nargi RS, Sutton RE, 
Suryadevara N, Rothlauf PW, Liu Z, Whelan SPJ, Carnahan RH, Crowe JE, 
Jr, Bloom JD. 2021. Complete mapping of mutations to the SARS-CoV-2 
spike receptor-binding domain that escape antibody recognition. Cell 
Host & Microbe 29:44–57. https://doi.org/10.1016/j.chom.2020.11.007

74. Du W, Hurdiss DL, Drabek D, Mykytyn AZ, Kaiser FK, González-
Hernández M, Muñoz-Santos D, Lamers MM, van Haperen R, Li W, et al. 
2022. An ACE2-blocking antibody confers broad neutralization and 
protection against omicron and other SARS-CoV-2 variants of concern. 
Sci Immunol 7:eabp9312. https://doi.org/10.1126/sciimmunol.abp9312

75. Li K, Huntwork RHC, Horn GQ, Alam SM, Tomaras GD, Dennison SM. 
2023. Titrationanalysis: a tool for high throughput binding kinetics data 
analysis for multiple label-free platforms [Preprint]. Gates Open Res 
7:107. https://doi.org/10.12688/gatesopenres.14743.1

76. Yuan TZ, Lujan Hernandez AG, Keane E, Liu Q, Axelrod F, Kailasan S, 
Noonan-Shueh M, Aman MJ, Sato AK, Abdiche YN. 2020. Rapid 
exploration of the epitope coverage produced by an Ebola survivor to 
guide the discovery of therapeutic antibody cocktails. Antib Ther 3:167–
178. https://doi.org/10.1093/abt/tbaa016

77. McQuitty LL. 1966. Similarity analysis by reciprocal pairs for discrete and 
continuous data. Educ Psychol Meas 26:825–831. https://doi.org/10.
1177/001316446602600402

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01070-23 19

https://doi.org/10.1038/s41591-021-01294-w
https://doi.org/10.1016/j.cell.2021.05.005
https://doi.org/10.1038/s41591-021-01678-y
https://doi.org/10.1016/j.cell.2021.03.055
https://doi.org/10.1126/science.abh2315
https://doi.org/10.1126/science.abd0826
https://doi.org/10.1016/j.celrep.2023.112014
https://doi.org/10.1038/s41467-020-20465-w
https://doi.org/10.1007/s13238-021-00871-6
https://doi.org/10.1016/j.cell.2021.04.032
https://doi/10.1093/database/baac112
https://doi.org/10.1016/j.immuni.2021.08.016
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.7554/eLife.73027
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1016/j.celrep.2022.110812
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1016/j.immuni.2021.03.023
https://doi.org/10.1073/pnas.2205784119
https://doi.org/10.3389/fimmu.2021.647934
https://doi.org/10.1038/s41586-021-03676-z
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1016/j.chom.2020.11.007
https://doi.org/10.1126/sciimmunol.abp9312
https://doi.org/10.12688/gatesopenres.14743.1
https://doi.org/10.1093/abt/tbaa016
https://doi.org/10.1177/001316446602600402
https://doi.org/10.1128/jvi.01070-23

	Cryptic-site-specific antibodies to the SARS-CoV-2 receptor binding domain can retain functional binding affinity to spike variants
	RESULTS
	Majority of constructs in the CoVIC panel are RBD specific
	Epitope binning using HexaPro binding competition profiles separates non-RBD binders from the communities of RBD binding antibodies
	The CoVIC constructs that target the top and cryptic site of RBD are clustered similarly when binned against HexaPro and isolated RBD protomer
	B.1.351 mutations weaken affinities of top-targeting CoVIC antibodies and constructs while strengthening those targeting the cryptic site
	CoVIC constructs showing enhanced affinity to B.1.351 HexaPro are more likely to retain authentic virus neutralization activity against B.1.351 VOC
	Fab fragments of CoVIC constructs can better distinguish binding affinities for D614 and VOC HexaPro

	DISCUSSION
	Conclusion

	MATERIALS AND METHODS
	High-throughput SPR binding kinetics
	ACE-2 blocking assay
	High-throughput SPR epitope binning
	Fab production and binding kinetics



