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Understanding the molecular basis for immune recognition of 
SARS-CoV-2 spike glycoprotein antigenic sites will inform the 
development of improved therapeutics. We determined the 
structures of two human monoclonal antibodies–AZD8895 
and AZD1061–which form the basis of the investigational anti-
body cocktail AZD7442, in complex with the receptor-binding 
domain (RBD) of SARS-CoV-2 to define the genetic and 
structural basis of neutralization. AZD8895 forms an ‘aro-
matic cage’ at the heavy/light chain interface using germ 
line-encoded residues in complementarity-determining 
regions (CDRs) 2 and 3 of the heavy chain and CDRs 1 and 
3 of the light chain. These structural features explain why 
highly similar antibodies (public clonotypes) have been iso-
lated from multiple individuals. AZD1061 has an unusually 
long LCDR1; the HCDR3 makes interactions with the opposite 
face of the RBD from that of AZD8895. Using deep mutational 
scanning and neutralization escape selection experiments, we 
comprehensively mapped the crucial binding residues of both 
antibodies and identified positions of concern with regards 
to virus escape from antibody-mediated neutralization. Both 
AZD8895 and AZD1061 have strong neutralizing activity 
against SARS-CoV-2 and variants of concern with antigenic 
substitutions in the RBD. We conclude that germ line-encoded 
antibody features enable recognition of the SARS-CoV-2 spike 
RBD and demonstrate the utility of the cocktail AZD7442 in 
neutralizing emerging variant viruses.

The current coronavirus disease 2019 (COVID-19) pandemic 
is caused by SARS-CoV-2, a clade B betacoronavirus (Sarbecovirus 
subgenus). The spike (S) glycoprotein mediates viral attachment 
via binding to the host receptor angiotensin-converting enzyme 2 
(ACE2) and possibly other host factors, enabling subsequent entry 
into cells after priming by the host transmembrane protease serine 

2 (TMPRSS2)1–3. The trimeric S glycoprotein consists of two sub-
units, designated S1 and S2. The S1 subunit binds to ACE2 with 
its receptor-binding domain (RBD), while the central trimeric S2 
subunit functions as a fusion apparatus after the S glycoprotein 
sheds the S1 subunit4. The human humoral immune response to 
SARS-CoV-2 has been well documented5–7 and many groups have 
isolated monoclonal antibodies (mAbs) from B cells of previously 
infected patients who react to the SARS-CoV-2 S protein. A subset 
of the human mAbs neutralizes virus in vitro and protects against 
disease in animal models7–17. Studies of the human B cell response to 
SARS-CoV-2 have focused mostly on the S glycoprotein so far due 
to its critical functions in attachment and entry into host cells7–17. 
For these S glycoprotein-targeting antibodies, the RBD of the S gly-
coprotein is the dominant target of human neutralizing antibody 
responses7–17. This high frequency of molecular recognition may 
be related to the accessibility of the RBD to B cell receptors, stem-
ming from a low number of obscuring glycans (only two glycosyl-
ation sites on the RBD versus eight or nine sites on the N-terminal 
domain or S2 subunit, respectively)7. The RBD also occupies an api-
cal position and exhibits exposure due to the ‘open–closed’ dynam-
ics of the S trimer observed in the S glycoprotein cryogenic electron 
microscopy (cryo-EM) structures18–20. Potently neutralizing mAbs 
predominantly target the RBD since this region is directly involved 
in receptor binding.

In previous studies, we isolated a large panel of human mAbs 
that bind to the SARS-CoV-2 S glycoprotein from the B cells of 
patients previously infected with the virus21. A subset of these mAbs 
was shown to bind to recombinant RBD and the S glycoprotein 
ectodomain and exhibit neutralization activity against SARS-CoV-2 
by blocking S glycoprotein-mediated binding to the receptor17. Two 
non-competing antibodies, designated COV2-2196 and COV2-
2130 (later engineered to be long-acting IgG molecules designated 
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as AZD8895 and AZD1061, respectively), synergistically neutralized 
SARS-CoV-2 in vitro and protected against SARS-CoV-2 infection 
in mouse models and a rhesus macaque model when used separately 
or in combination17,21. Several phase 3 clinical trials are ongoing to 
study the antibody cocktail AZD7442, which incorporates AZD8895 
and AZD1061, for postexposure prophylaxis (ClinicalTrials.gov 
ID: NCT04625972), prevention (NCT04625725), outpatient treat-
ment (NCT04723394 and NCT04518410) and inpatient treatment 
(NCT04501978) of COVID-19. Thus, it is important to define the 
binding sites of these two antibodies to understand how they inter-
act with the RBD and their ability to neutralize new virus variants.

To understand the atomic details of the recognition of RBD by 
AZD8895 and AZD1061, we determined the crystal structures of 
the S glycoprotein RBD in complex with AZD8895 at 2.50 Å (Fig. 
1 and Supplementary Table 1) and in complex with both AZD8895 
and AZD1061 at 3.00 Å (Fig. 2 and Supplementary Table 1). The 
substructure of RBD–AZD8895 in the RBD–AZD8895–AZD1061 
complex is superimposable with that in the structure of the RBD–
AZD8895 complex (Extended Data Fig. 1). AZD8895 binds to the 
receptor-binding ridge of RBD and AZD1061 binds to one side of 
the RBD edge around residue K444 and the saddle region of the 
receptor-binding motif (RBM), both partially overlapping the ACE2 
binding site (Figs. 1a–c and 2a,b). These features explain the compe-
tition between the antibodies and ACE2 for RBD binding from our 
previous study; for example, both AZD8895 and AZD1061 neutral-
ize the virus by blocking RBD access to the human receptor ACE2 
(ref. 17). Aromatic residues from the AZD8895 heavy and light chains 
form a hydrophobic pocket that surrounds the RBD residue F486 
and adjacent residues (G485, N487) (Fig. 1a,d and Extended Data 
Fig. 2a–c). This mode of antibody–antigen interaction is unusual in 
that the formation of the antibody pocket is caused by wide spatial 
separation of the HCDR3 and LCDR3. Overlays of the substruc-
ture of RBD in complex with AZD1061 (Fig. 2c) and the structure 
of RBD in complex with both AZD8895 and AZD1061 (Fig. 2d) 
suggest that AZD1061 can bind RBD in both ‘up’ and ‘down’ con-
formations of the S trimer. We compared the RBD–AZD1061 crys-
tal structure with the published cryo-EM structures of the human 
mAbs C119 and C135. AZD1061, C119 and C135 have overlapping 
but different epitopes since R346 and K444 of the RBD are key resi-
dues for AZD1061 and C135 (ref. 22) binding but were not impor-
tant for C119 binding (Extended Data Fig. 5e).

The AZD8895 interaction with the RBD F486 residue is dis-
tinctive. The RBD aromatic residue interacts extensively via a 
hydrophobic effect and van der Waals interactions with a hydro-
phobic pocket formed between the AZD8895 heavy and light chains 
(residue P99 of the heavy chain and an ‘aromatic cage’ formed by 
five aromatic side chains) (Fig. 1d and Extended Data Fig. 2a,b). 
A hydrogen bond (H-bond) network, constructed with 4 direct 
antibody–RBD H-bonds and 16 water-mediated H-bonds, sur-
round residue F486 and strengthen the antibody–RBD interac-
tion (Extended Data Fig. 2c). Importantly, all residues that interact 
extensively with the epitope except one (residue P99 of the heavy 
chain) are encoded by germ line sequences (IGHV1–58*01 and 
IGHJ3*02 for the heavy chain and IGKV3–20*01 and IGKJ1*01 for 
the light chain) (Fig. 3a) or only their backbone atoms are involved 
in the antibody–RBD interactions, such as heavy chain N107 and 
G99 and light chain S94. We noted another antibody in the litera-
ture, S2E12, which is encoded by the same IGHV/IGHJ and IGKV/
IGKJ recombinations, with similar but most likely different IGHD 
genes to those of AZD8895 (IGHD2–15 versus IGHD2–2) (ref. 23). 
A comparison of the cryo-EM structure of S2E12 in complex with 
the S glycoprotein (PDB ID: 7K4N) suggests that the mAb S2E12 
likely uses nearly identical antibody–RBD interactions as those of 
AZD8895, although variations in conformations of interface residue 
side chains can be seen (Extended Data Fig. 2a,b). For example, the 
phenyl rings of light chain residue Y92 are perpendicular to each 

other in the two structures. These analyses suggest that AZD8895 
and S2E12 have similar modes of recognition of the RBD.

We searched genetic databases to determine if these structural 
features are present in additional SARS-CoV-2 mAbs isolated by 
others and found additional members of the clonotype (Fig. 3a). 
Two other studies reported the same or a similar clonotype of anti-
bodies isolated from multiple patients with COVID-19 who were 
convalescing13,23 and one study found three antibodies with the 
same IGHV1–58 and IGKV3–20 pairing, without providing infor-
mation on D or J gene usage24. All these antibodies are reported to 
bind SARS-CoV-2 RBD avidly and neutralize virus with high pote
ncy13,17,23,24. So far, there are only two atomic resolution structures of 
antibodies encoded by these VH-DH-JH and VK-JK recombinations 
available, the structure for AZD8895 presented in this study and 
that for S2E12 (ref. 23). We performed homology modelling with 
the Structuropedia web server25 for two additional antibodies of 
this clonotype from our own panel of anti-SARS-CoV-2 antibodies, 
designated COV2-2072 and COV2-2381, using the RBD–AZD8895 
crystal structure as the template to construct the homology models. 
As expected, given that these antibodies are members of a shared 
genetic clonotype, the modelled structures of the RBD–COV2-2072 
and RBD–COV2-2381 complexes are virtually superimposable with 
those of RBD–AZD8895 and RBD–S2E12 at the RBD–antibody 
interfaces (Extended Data Fig. 3a–e). Additionally, COV2-2072 
encodes an N-linked glycosylation sequon in the HCDR3, which we 
modelled using the GlyProt web server26 (Extended Data Fig. 3d). 
This HCDR3 glycosylation is like that of the recently reported anti-
body 253H55L27 and represents an unusual feature for antibodies, 
given that glycosylation of complementarity-determining regions 
(CDRs) might adversely affect antigen recognition. However, the 
AZD8895 structure shows that the disulphide-stapled HCDR3 
in this clonotype is angled away from the binding site, explain-
ing how this unusual HCDR3 glycosylation in COV2-2072 can be 
tolerated without compromising binding (Extended Data Fig. 3d). 
Inspecting the sequences carefully, we speculate that it is likely that 
the AZD8895 sequence derives from an independent rearrange-
ment and that COV2-2072 and COV2-2381 derive from a common 
rearrangement, based on complementary DNA (cDNA) sequences. 
Differences in the HCDR3 are consistent with this interpretation 
since differing nucleotide substitutions encoding the same amino 
acid are present in the two inferred lineages. However, it is impos-
sible to be certain about this for technical reasons. In our original 
antibody discovery effort, two peripheral blood mononuclear cell 
samples were pooled to expedite the efficiency of the large-scale 
screening effort21. Thus, these antibodies theoretically could have 
arisen from two different donors or from two clones that occurred 
independently in one donor with similar genetic features or from 
one clone in a single donor that diverged in a complex manner into 
diverse somatic variants.

We next determined whether we could identify potential pre-
cursors of this public clonotype in the antibody variable gene rep-
ertoires of circulating B cells from SARS-CoV-2-naïve individuals. 
We searched for the V-D-J and V-J genes in previously described 
comprehensive repertoire datasets originating from three healthy 
human donors without a history of SARS-CoV-2 infection and 
in datasets from cord blood collected before the COVID-19 pan-
demic28. A total of 386, 193, 47 or 7 heavy chain sequences for this 
SARS-CoV-2-reactive public clonotype was found in each donor 
or cord blood repertoire, respectively (Extended Data Fig. 4a). 
Additionally, we found 516,738 human antibody sequences with 
the same light chain V-J recombination (IGKV3–20–IGKJ1*01). 
A total of 103,534, 191,039 or 222,165 light chain sequences were 
found for this public clonotype in each donor respectively. Due to 
the large number of sequences, the top five abundant sequences 
were aligned from each donor. Multiple sequence alignments were 
generated for each donor’s sequences and logo plots were generated.  

NATuRE MiCRoBioLoGY | VOL 6 | OCTOBeR 2021 | 1233–1244 | www.nature.com/naturemicrobiology1234

https://clinicaltrials.gov/ct2/show/NCT04625972
https://clinicaltrials.gov/ct2/show/NCT04625725
https://clinicaltrials.gov/ct2/show/NCT04723394
https://clinicaltrials.gov/ct2/show/NCT04518410
https://clinicaltrials.gov/ct2/show/NCT04501978
https://www.rcsb.org/structure/7K4N
http://www.nature.com/naturemicrobiology


LETTERSNATURE MICROBIOLOGY

The top five sequences with the same recombination event in each 
donor were identical, resulting in the same logo plots (Extended 
Data Fig. 4a,b).

We noted that eight of the nine common residues impor-
tant for RBD binding in the antibody were encoded by germ line 
gene sequences. Interestingly, these residues were present in all 14 
members of the public clonotype that we or others have described 
(Fig. 3a)13,17,23,24. To validate the importance of these features, we 
expressed variant antibodies with point mutations in the HCDR3 
of the paratope to determine the effect of variation at conserved  
residues on antibody binding to RBD (Fig. 3b).

We focused site-directed mutagenesis efforts on the P99 and 
D108 residues since these positions could be impacted at the stage 
of V-D-J recombination. Altering the D108 residue to A, N or E 
had little effect but removing the disulphide bond in the HCDR3 
through cysteine to alanine substitutions greatly reduced binding. 
While altering the P99 residue to V or N (observed in other mature 
antibodies) had little effect, a P99G substitution had a dramatic 
effect on binding. Additionally, we made two germ line revertants 
(GRevs) of the AZD8895 antibody. The P99 residue is not templated 
by the V gene IGHV1–58 nor by the D gene IGHD2–2. However, 
IGHD2–2 has a likely templated G at position 99. Therefore,  
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two GRevs were tested, one with P99 and the other with G99. Since 
the P99 residue orients the HCDR3 loop away from the interaction 
site with antigen, the G99 GRev exhibited reduced binding, whereas 
the P99 GRev bound antigen equivalently to wild-type (WT) 
AZD8895 (Fig. 3b).

Unlike AZD8895, AZD1061 uses the HCDR3 for critical con-
tacts. The HCDR3 comprises 22 amino acid residues, which is 
relatively long for human antibodies. The HCDR3 forms a long, 
structured loop that is stabilized by short-ranged H-bonds and 
hydrophobic interactions/aromatic stackings within the HCDR3; 
it is further strengthened by its interactions (H-bonds and aro-
matic stackings) with residues of the light chain (Extended Data 
Fig. 5a,b). The AZD1061 heavy or light chain is encoded by the 
germ line gene IGHV3–15 or IGKV4–1, respectively; the two genes 
encode the longest germ line-encoded HCDR2 (10 residues) and 
LCDR1 (12 residues) loops. The heavy chain V-D-J recombination, 
HCDR3 mutations and the pairing of heavy and light chains result 
in a binding cleft between the heavy and light chains, matching 
the shape of the RBD region centred at the S443–Y449 loop (Fig. 
2a and Extended Data Fig. 5c). Closely related to these structural 
features, only HCDR3, LCDR1, HCDR2 and LCDR2 are involved 
in the formation of the paratope (Fig. 2e,f and Extended Data Fig. 
2e,f). Inspection of the antibody–RBD interface reveals a region 
that likely drives much of the energy of the interaction. The RBD 

residue K444 side chain is surrounded by subloop Y104–V109 of 
the HCDR3 loop and the positive charge on the side chain nitro-
gen atom is neutralized by the HCDR3 residue D107 side chain, 
three main chain carbonyl oxygen atoms from Y105, D107 and 
V109 and the electron-rich face of the Y104 phenyl ring (cation-π 
interaction) (Extended Data Fig. 2e). In addition, the AZD1061 
light chain LCDR1 and LCDR2 make extensive contacts with the 
RBD (Extended Data Fig. 2f). In the crystal structure of the RBD 
in complex with both AZD8895 and AZD1061, we noted that the 
closely spaced AZD8895 and AZD1061 fragment antigen-binding 
(Fab) may interact directly with each other when bound to RBD 
(Extended Data Fig. 6).

To better understand the RBD residues critical for the binding 
of AZD8895 and AZD1061, we used a deep mutational scanning 
(DMS) approach to map all RBD mutations that escape antibody 
binding29 (Extended Data Fig. 7). Antibody escape in the DMS stud-
ies was quantified as an ‘escape fraction’ ranging from 0 (no cells 
with the mutation in the antibody escape bin) to 1 (all cells with 
the mutation in the antibody escape bin). For both antibodies, we 
identified several key positions, nearly all in the antibody binding 
site, where RBD mutations strongly disrupted binding (Fig. 4a–d). 
We leveraged our previous work quantifying the effects of RBD 
mutations on ACE2 binding30 to overlay the effect on ACE2 bind-
ing for mutations that abrogated antibody binding to the Wuhan-1 
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strain RBD (Fig. 4a,b). For AZD8895, many mutations to F486 and 
N487 had escape fractions approaching 1 (that is, all cells expressing 
this RBD mutation fell into the antibody escape bin), reinforcing 

the importance of the contributions of these two residues to anti-
body binding. Similarly, for AZD1061, mutation of residue K444 to  
any of the other 19 amino acids abrogated antibody binding,  
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indicating that the lysine at this position is critical for the antibody–
RBD interaction.

Nevertheless, few antibody binding site residues were identified 
as sites where mutations greatly reduced binding. Several explana-
tions are possible: (1) some binding site residues may not be critical 
for binding; (2) some RBD residues do not use their side chains to 
form interactions with the mAbs; or (3) mutations at some sites may 
not be tolerated for RBD expression30. For instance, residues L455, 
F456 and Q493 are part of the structurally defined binding site 
for AZD8895 (Fig. 1d) but mutations to these sites did not impact 
antibody binding (Fig. 4a), suggesting that these residues do not 
make critical binding contributions. Superimposition of the RBD–
AZD8895 complex onto the RBD–S2E12 complex clearly demon-
strates a flexible hinge region between the RBD ridge and the rest 
of the RBD that is maintained when antibody is bound (Extended 
Data Fig. 2d). This finding indicates that mutations at these three 
positions could be well tolerated for antibody–RBD binding and 
supports the non-essential nature of these residues for AZD8895 or 
S2E12 binding.

Importantly, AZD8895 and AZD1061 do not compete with one 
another for binding to the RBD17, suggesting they could comprise 
an escape-resistant cocktail for prophylactic or therapeutic use. 
Indeed, the binding sites and escape variant maps for these two 
antibodies are non-overlapping. To test whether there were single 
mutations that could escape binding of both antibodies, we per-
formed escape variant mapping experiments with AZD7442 but 
we did not detect any mutation that had an escape fraction >0.2, 
indicating only partial reduction in antibody binding, whereas the 
individual amino acid mutations with the largest effects for each 
of the single antibodies was approximately 1, indicating substantial 
loss of antibody binding due to that amino acid change (Extended 
Data Fig. 7d).

Although these experiments map all individual amino acid muta-
tions that escape antibody binding to the RBD, we also sought to 
determine which mutations have the potential to arise during viral 
growth. To address this question, we first attempted to select escape 
mutations using a recombinant vesicular stomatitis virus (VSV) 
expressing the SARS-CoV-2 S glycoprotein (VSV-SARS-CoV-2);31 
(Fig. 4e). We expected that the only amino acid mutations that 
would be selected during viral growth were those (1) arising by 
single-nucleotide RNA changes, (2) causing minimal deleteri-
ous effect on ACE2 binding and expression and (3) substantially 
impacting antibody binding29,30. Indeed, we did not detect any 
AZD8895-induced mutations that were both single-nucleotide 
accessible and relatively well tolerated with respect to effects on 
ACE2 binding (Fig. 4b), which may explain why escape mutants 
were not selected in any of the 88 independent replicates of recombi-
nant VSV growth in the presence of antibody (Fig. 4e and Extended 
Data Fig. 7g). For AZD1061, mutations to site K444, a site that is 
relatively tolerant to mutation30, demonstrated the most frequent 
escape from antibody binding in neutralization assays with the VSV 
chimeric virus. K444R (selected in 6 out of 20 replicates) or K444E 
(selected in 2 out of 20 replicates) were identified in 40% of the rep-
licates of recombinant VSV growth in the presence of AZD1061 
(Fig. 4e and Extended Data Fig. 7g).

To explore resistance with authentic infectious virus, SARS-CoV-2 
strain USA-WA1/2020 was passaged serially in Vero cell cultures 
with AZD8895, AZD1061 or AZD7442 at concentrations begin-
ning at their respective half-maximal inhibitory concentration 
(IC50) values and increased stepwise to their IC90 value with each 
passage (Extended Data Fig. 8a). As a control, virus was passaged in 
the absence of antibody. After the final passage, viruses were evalu-
ated for susceptibility against the partner antibody at a final concen-
tration of 10× the IC90 concentration by plaque assay. We did not 
detect any plaques resistant to neutralization by AZD8895 or the 
AZD7442 cocktail. Virus that was passaged serially in the presence 

of AZD1061 formed plaques to a titre of 1.2 × 107 plaque-forming 
units (PFUs) ml−1 after selection in 10× the IC90 value concentra-
tion of AZD1061, but plaques were not formed in the presence of 
AZD7442. Plaques (n = 6) were selected randomly and the pheno-
type of the escaped viruses was characterized in virus neutraliza-
tion tests (Extended Data Fig. 8b). The S-gene form plaque isolate 
was amplified and sequenced, revealing the same three amino acid 
changes in all six plaques: N74K, R346I and S686G (Fig. 4f). The 
S686G change in SARS-CoV-2 has been reported previously to be 
associated with serial passaging in Vero cells32 and was identified 
in SARS-CoV-2 isolated from infected ferrets33 or non-human pri-
mates34 and it is predicted to decrease furin activity32. The N74K 
residue is located in the N-terminal domain outside the AZD1061 
binding site and results in the loss of a glycan35. The R346I residue is 
located in the binding site of AZD1061 and may be associated with 
AZD1061 resistance. In a biolayer interferometry-based binding 
test, AZD1061 retained binding to S glycoproteins with N74K and 
S686G to levels like the reference S glycoprotein (Extended Data Fig. 
8c,d). However, there were dramatic reductions in AZD1061 bind-
ing to S glycoproteins containing either the R346I substitution or 
the K444R or K444E substitutions selected in the VSV-SARS-CoV-2 
virus (Extended Data Fig. 8c,d). Importantly, AZD8895 binding was 
unaffected by these substitutions (Extended Data Fig. 8c,d). The 
data confirmed that N74K and S686G were mutations that accu-
mulated during the passaging of SARS-CoV-2 in Vero cells and that 
R346I is the primary amino acid change in RBD that contributed 
to escape from AZD1061. The K444R and K444E substitutions 
selected in the VSV-SARS-CoV-2 system and the R346I substitution 
selected by passage with authentic SARS-CoV-2 are accessible by 
single-nucleotide substitution and preserve ACE2 binding activity 
(Fig. 4g), indicating that our DMS analysis using yeast predicted the 
mutations in SARS-CoV-2 selected in the presence of the AZD1061 
antibody. Taken together, these results comprehensively map the 
effects of all amino acid substitutions on the binding of AZD8895 
and AZD1061 and identify sites of possible concern for viral evolu-
tion. That said, variants containing mutations at residues K444 and 
R346 are rare among all sequenced viruses present in the Global 
Initiative on Sharing Avian Influenza Data databases (all ≤0.08% 
when accessed on 11 May 2021).

Viral variants of concern (VOCs) with increased transmissibil-
ity and antigenic mutations have been reported in clinical isolates. 
Due to the potential of these VOCs to undermine the protective 
effects of immunity induced by infection, vaccination or mAb 
therapeutics, VOCs are the subject of intense study36–41. We next 
sought to determine whether some of the amino acid substitu-
tions present in these emerging VOCs affect the activity of these 
potently neutralizing antibodies in focus reduction neutralization 
tests42. We tested authentic SARS-CoV-2 viruses that contained 
S glycoproteins matching the B.1.1.7 (alpha), B1.1.351 (beta), 
B.1.1.28 (gamma), B.1.617.1 (kappa) or B.1.617.2 (delta) VOCs or 
the B.1.429 (epsilon) virus of interest (VOI). Substitutions at posi-
tion E484 were of special interest since this residue is located within 
5 Å of each of the mAbs in the complex of Fabs and RBD, albeit at 
the very peripheral edge of the binding sites. E484K is present in 
the emerging lineages B.1.351 (ref. 38) and B.1.1.28 (ref. 39), along 
with substitutions at K417, and has been demonstrated to alter the 
binding of some mAbs40,43,44 as well as human polyclonal serum 
antibodies45. Variants containing E484K also have been shown to 
be neutralized less efficiently by convalescent serum and plasma 
from SARS-CoV-2 survivors46–48. An E484Q substitution is present 
in the B.1.617.1 (kappa) VOC, which has also been shown to have 
reduced susceptibility to neutralization40. Additionally, an L452R 
substitution is present in the B.1.617.1 and B.1.617.2 (ref. 40) VOCs 
and the B.1.429 (ref. 41) VOI, which also abrogates the binding of 
some neutralizing antibodies. B.1.617.2 contains an additional 
T478K mutation in the RBD40. AZD8895, AZD1061 and AZD7442 
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all potently neutralized representatives of the B.1.1.7, B.1.351, 
B.1.1.28, B.1.617.1 and B.1.617.2 VOCs and B.1.429 VOI, with IC50 
values comparable to those for the D614G strain, with at most a 
6- to 11-fold reduction for AZD8895 in 2 cases (Fig. 4h,i). Recent 
reports from others described neutralization data for recombinant 
IgG incorporating the Fv of COV2-2196 and COV2-2130, the pre-
decessors of the engineered long-acting AZD8895 and AZD1061 
antibodies, based on the Fv sequences we published previously. 
Those studies also showed that amino acid substitutions present  
in B.1.1.7, B.1.351 or P.1 (B.1.1.28) VOCs had little effect on the 
neutralization of these mAbs42,49–52.

Discussion
The process of B cell development, where diverse variable gene seg-
ments are recombined, results in human naïve B cell repertoires 
containing an enormous amount of structural diversity in the CDRs 
of the antibodies they encode. Despite this extensive and diverse 
pool of naïve B cells, infection or vaccination with viral patho-
gens sometimes elicits antibodies in diverse individuals that share 
common structural features encoded by the same antibody vari-
able genes. Examples of recurring variable gene usage have been 
described for antibody responses to human rotavirus16,53, human 
immunodeficiency virus54–57, influenza A virus58–61 and hepatitis C 
virus62,63, among others. The recognition of the use of common vari-
able genes in antiviral responses has led to the general concept of 
B cell public clonotypes or B cells with similar genetic features in 
their variable regions that encode for antibodies with similar pat-
terns of specificity and function in different individuals. Several 
recent reports described the identification of public clonotypes in 
the antibody responses to SARS-CoV-2 (refs. 8,13,64,65). Identifying 
and understanding the genetic and structural basis for selec-
tion of public clonotypes is valuable since this information forms 
the central conceptual underpinning for many current rational, 
structure-based vaccine design efforts66. Our structural analyses 
define the molecular basis for the frequent selection of a public 
clonotype of human antibodies sharing heavy chain V-D-J and 
light chain V-J recombinations that target the same region of the 
SARS-CoV-2 S RBD. Germ line antibody gene-encoded residues 
in heavy and light chains play a vital role in antigen recognition, 
suggesting that few somatic mutations are required for antibody 
maturation of this clonotype. The existence of potently neutralizing 
public clonotypes across multiple individuals may in part account 
for the remarkable efficacy of S glycoprotein-based vaccines that is 
being observed in the clinic. One might envision an opportunity 
to elicit serum neutralizing antibody titres with even higher neu-
tralization potency using domain- or motif-based vaccine designs  
for this antigenic site to prime human immune responses to elicit 
this clonotype.

The recent emergence of variant virus lineages with increased 
transmissibility and altered sequences in known sites of neutraliza-
tion is concerning for the capacity of SARS-CoV-2 to evade current 
antibody countermeasures in development and testing. Our com-
prehensive mapping of the effect of RBD mutations on the bind-
ing of AZD8895 and AZD1061 underscores their use as a rationally 
designed cocktail, given that they have different escape mutations. 
The data from our DMS experiments are also consistent with the 
binding sites determined by our antibody–RBD crystal structures 
and the DMS results predict the mutations present in resistant 
variants selected by in vitro passaging experiments. We tested the 
activity of the individual antibodies or the cocktail against authentic 
viruses containing mutations from several important SARS-CoV-2 
VOCs and demonstrated that the individual antibodies or their 
combination are capable of potently neutralizing these emerging 
variants. Recent work from others has also demonstrated that some 
circulating VOCs exhibit substantial escape from neutralization of 
many human mAbs in clinical development; however, AZD8895 

and AZD1061 still potently neutralized viruses that included the 
B.1.1.7, B.1.351, B.1.1.28, B.1.617.1 and B.1.617.2 VOCs and B.1.429 
VOI. While other VOIs have been described containing N439K67, 
S477N44 or F486 (ref. 68), substitutions with potential antigenic 
effects, our DMS experiments suggest that these mutations are not 
likely to have substantial effects on the binding and neutralization of 
AZD8895, AD1061 or AZD7442. Taken together, this work defines 
the molecular basis for potent neutralization of SARS-CoV-2 by 
AZD8895 and AZD1061 and demonstrates that these antibodies 
efficiently neutralize emerging antigenic variants either separately 
or in combination, underscoring the promise of the AZD7442 
investigational cocktail for use in the prevention and treatment  
of COVID-19.

Methods
Expression and puri�cation of recombinant RBD of the SARS-CoV-2 S 
glycoprotein. �e DNA segments corresponding to the S glycoprotein RBD 
(residues 319–528) was sequence-optimized for expression, synthesized and cloned 
into the pTwist-CMV expression DNA plasmid downstream of the interleukin-2 
signal peptide (MYRMQLLSCIALSLALVTNS) (Twist Bioscience). A three-amino 
acid linker (GSG) and a histidine tag were incorporated at the C terminus of 
the expression constructs to facilitate protein puri�cation. Expi293F cells were 
transfected transiently with the plasmid encoding RBD and culture supernatants 
were collected a�er 5 d. RBD was puri�ed from the supernatants by nickel a�nity 
chromatography with HisTrap Excel columns (GE Healthcare Life Sciences). For 
the protein production used in the crystallization trials, 5 μM of kifunensine was 
included in the culture medium to produce RBD with high mannose glycans. �e 
high mannose glycoproteins were subsequently treated with endoglycosidase F1 
(Merck Millipore) to obtain homogeneously deglycosylated RBD.

Expression and purification of recombinant AZD8895 and AZD1061 Fabs. 
The DNA fragments corresponding to the AZD8895 and AZD1061 heavy chain 
variable domains with human IgG1 CH1 domain and light chain variable domains 
with human kappa chain constant domain were synthesized and cloned into the 
pTwist vector (Twist Bioscience). This vector includes the heavy chain of each 
Fab, followed by a GGGGS linker, a furin cleavage site, a T2A ribosomal cleavage 
site and the light chain of each Fab. Expression of the heavy and light chains is 
driven by the same cytomegalovirus promoter. AZD8895 and AZD1061 Fabs 
were expressed in ExpiCHO cells by transient transfection with the expression 
plasmid. The recombinant Fab was purified from the culture supernatant using 
an anti-CH1 CaptureSelect column (Thermo Fisher Scientific). For the RBD–
AZD8895 complex, the WT sequence of AZD8895 was used for expression. For 
the RBD–AZD8895–AZD1061 complex, a modified version of AZD8895 Fab was 
used where the first two amino acids of the variable region were mutated from 
QM to EV.

Crystallization and structural determination of antibody–antigen complexes. 
Purified AZD8895 Fab was mixed with deglycosylated RBD in a molar ratio of 
1:1.5 and the mixture was purified further by size-exclusion chromatography 
with a Superdex-200 Increase column (GE Healthcare Life Sciences) to obtain 
the antibody–antigen complex. To obtain the RBD–AZD8895–AZD1061 triple 
complex, purified and deglycosylated RBD was mixed with both AZD8895 and 
AZD1061 Fabs in a molar ratio of 1:1.5:1.5 and the triple complex was purified 
with a Superdex-200 Increase column. The complexes were concentrated to 
about 10 mg ml−1 and subjected to crystallization trials. The RBD–AZD8895 
complex was crystallized in 16−18% polyethylene glycol 3350, 0.2 Tris-HCl, pH 
8.0–8.5 and the RBD–AZD8895–AZD1061 complex was crystallized in 5% (w/v) 
polyethylene glycol 1000, 100 mM of sodium phosphate dibasic/citric acid, pH 
4.2, 40% (v/v) reagent alcohol. Cryoprotection solution was made by mixing 
crystallization solution with 100% glycerol in a volume ratio of 20:7 for crystals 
of both complexes. Protein crystals were flash-frozen in liquid nitrogen after a 
quick soaking in the cryoprotection solution. Diffraction data were collected at 
100 K at the beamline 21-ID-F (wavelength: 0.97872 Å) for the RBD–AZD8895 
complex and 21-ID-G (wavelength: 0.97857 Å) for the RBD–AZD8895–AZD1061 
complex at the Advanced Photon Source. Diffraction data were processed 
with XDS version 31 January 202069 and CCP4 suite version 7.170. The crystal 
structures were solved by molecular replacement using the structure of RBD in 
complex with Fab CC12.1 (PDB ID: 6XC2) and Fab structure of MR78 (PDB ID: 
5JRP) with the program Phaser version 2.8.371. The structures were refined and 
rebuilt manually with Phenix version 1.1472 or Coot version 0.9.373, respectively. 
The Ramachandran statistics for the final structure of RBD–AZD8895 were: 
95.82% favoured; 4.18% allowed; and 0.00% disallowed. The Ramachandran 
statistics for the final structure of RBD–AZD8895–AZD1061 were: 95.34% 
favoured; 4.37% allowed; and 0.00% disallowed. The models have been deposited 
with the Protein Data Bank. PyMOL v.1.8 (Schrödinger) was used to make all the 
structural figures.
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AZD8895 mutant generation. Structurally important residues in the AZD8895 
heavy chain sequence were identified as D108, P99 and the disulphide bond in 
HCDR3. The D108 residue was mutated to alanine, asparagine and glutamic acid. 
The P99 residue was mutated to valine, asparagine and glycine. The disulphide 
bond was removed by introducing C101A/C106A mutations. Additionally, the 
GRev forms of AZD8895 were generated by aligning the sequence to the identified 
germ line sequences using IGBLAST and reverting the residues that were not germ 
line-encoded. DNA fragments corresponding to the AZD8895 mutant heavy chain 
variable domains with human IgG1 and light chain variable domain with human 
kappa chain constant domain were synthesized and cloned into the pTwist_mCis 
vector (Twist Bioscience) as described previously21. Constructs were transformed 
into Escherichia coli and DNA was purified. Then, antibodies were produced by 
transient transfection of ExpiCHO cells according to the manufacturer’s protocol 
(Gibco). Supernatants were filter-sterilized using 0.45-µm pore size filters and 
samples were applied to HiTrap MabSelect SuRe columns (Cytiva).

ELISA binding of AZD8895 mutants. The wells of 384-well microtitre plates were 
coated with purified recombinant SARS-CoV-2 S 6P protein at 4 °C overnight. 
Plates were blocked with 2% non-fat dry milk and 2% normal goat serum in 
Dulbecco′s PBS containing 0.05% Tween-20 (DPBS-T) for 1 h. Antibodies were 
diluted to 10 µg ml−1 and titrated twofold 23 times in DPBS-T and added to the 
wells, followed by an incubation for 1 h at room temperature. After washing 
with DPBS-T, a goat anti-human IgG secondary antibody conjugated with 
horseradish peroxidase (1:5,000 dilution, catalogue no. 2040-05, SouthernBiotech) 
was added and incubated for 1 h. Plates were then washed with DPBS-T and 
3,3′,5,5′-tetramethylbenzidine substrate was added to each well (Thermo Fischer 
Scientific). Reactions were quenched with 1 M of hydrochloric acid and absorbance 
was measured at 450 nm using a spectrophotometer (Biotek).

Mapping of mutations that escaped antibody binding. All mutations that 
escaped antibody binding were mapped via a DMS approach29. We used previously 
described yeast display RBD mutant libraries29,30. Briefly, duplicate mutant libraries 
were constructed in the S RBD from SARS-CoV-2 (isolate Wuhan-Hu-1, GenBank 
accession no. MN908947, residues N331–T531) and contained 3,804 of the 
3,819 possible amino acid mutations with >95% present as single mutants. Each 
RBD variant was linked to a unique 16-nucleotide barcode sequence to facilitate 
downstream sequencing. As described previously, libraries were sorted for RBD 
expression and ACE2 binding to eliminate RBD variants that were completely 
misfolded or non-functional (that is, lacking modest ACE2 binding affinity29).

Antibody escape mapping experiments were performed in biological duplicate 
using two independent mutant RBD libraries, as described previously29, with 
minor modifications. Briefly, mutant yeast libraries induced to express RBD were 
washed and incubated with antibody at 400 ng ml−1 for 1 h at room temperature 
with gentle agitation. After antibody incubation, libraries were secondarily labelled 
with 1:100 fluorescein isothiocyanate-conjugated anti-MYC antibody (catalogue 
no. CYMC-45F; Immunology Consultants Lab) to label for RBD expression and 
1:200 phycoerythrin-conjugated goat anti-human-IgG (catalogue no. 109-115-
098, Jackson ImmunoResearch) to label for bound antibody. Flow cytometry 
sorting was used to enrich for cells expressing RBD variants with reduced 
antibody binding via a selection gate drawn to capture unmutated SARS-CoV-2 
cells labelled at 1% the antibody concentration of the library samples. For each 
sample, approximately 10 million RBD+ cells were processed on the cytometer. 
Antibody-escaped cells were grown overnight in SD-CAA (6.7 g −1 of yeast nitrogen 
base, 5.0 g l−1 of Casamino acid, 1.065 g l−1 of 2-(N-morpholino)ethanesulfonic acid 
and 2% w/v dextrose) to expand cells before plasmid extraction.

Plasmid samples were prepared from preselection and overnight cultures of 
antibody-escaped cells (Zymoprep Yeast Plasmid Miniprep II; Zymo Research) as 
described previously29. The 16-nucleotide barcode sequences identifying each RBD 
variant were amplified by PCR and sequenced on an Illumina HiSeq 2500 with 
50 base pair single-end reads as described elsewhere29,30.

Escape fractions were computed as described elsewhere29, with minor 
modifications as noted below. We used the dms_variants package (https://
jbloomlab.github.io/dms_variants/) v.0.8.2 to process Illumina sequences into 
counts of each barcoded RBD variant in each presort and antibody escape 
population using the barcode/RBD look-up table described previously74.

For each antibody selection, we computed the ‘escape fraction’ for each 
barcoded variant using the deep sequencing counts for each variant in the original 
and antibody escape populations and the total fraction of the library that escaped 
antibody binding via a formula described previously29. These escape fractions 
represent the estimated fraction of cells expressing that specific variant that 
fall in the antibody escape bin, such that a value of 0 means that the variant is 
always bound by serum and a value of 1 means that it always escapes antibody 
binding. We then applied a computational filter to remove variants with low 
sequencing counts or highly deleterious mutations that might cause antibody 
escape simply by leading to poor expression of properly folded RBD on the yeast 
cell surface29,30. Specifically, we removed variants that had (or contained mutations 
with) ACE2 binding scores ≤2.35 or expression scores ≤1, using the variant- and 
mutation-level DMS scores, as described previously30. Note that these filtering 
criteria are slightly more stringent than those previously used to map a panel of 

human antibodies29 but are identical to those used in recent studies defining RBD 
residues that impact the binding of mAbs74 and polyclonal serum45.

We next deconvolved variant-level escape scores into escape fraction 
estimates for single mutations using global epistasis models75 implemented in the 
dms_variants package, as detailed at https://jbloomlab.github.io/dms_variants/
dms_variants.globalepistasis.html and described elsewhwere29. The reported escape 
fractions throughout the paper are the average across the libraries (correlations 
shown in Extended Data Fig. 7a,b); these scores are also shown in Supplementary 
Table 2. Sites of strong escape from each antibody for highlighting in logo plots 
were determined heuristically as sites whose summed mutational escape scores 
were at least ten times the median sitewise sum of selection and within tenfold 
of the sitewise sum of the most strongly selected site. Full documentation of the 
computational analysis can be found at https://github.com/jbloomlab/SARS-CoV-
2-RBD_MAP_AZ_Abs. These results are also available in interactive format at 
https://jbloomlab.github.io/SARS-CoV-2-RBD_MAP_AZ_Abs/.

For plotting and analyses that required identifying RBD sites of ‘strong escape’ 
(for example, choosing which sites to show in the logo plots in Fig. 4a,b), we 
considered a site to mediate strong escape if the total escape (sum of mutation-level 
escape fractions) for that site exceeded the median across sites by greater than 
fivefold and was at least 5% of the maximum for any site. A markdown rendering 
of the identification of these sites of strong escape can be found at https://github.
com/jbloomlab/SARS-CoV-2-RBD_MAP_AZ_Abs/blob/main/results/summary/
call_strong_escape_sites.md.

Antibody escape selection experiments with VSV-SARS-CoV-2. For the 
escape selection experiments with AZD8895 and AZD1061, we used a 
replication-competent recombinant VSV virus encoding the S glycoprotein from 
SARS-CoV-2 with a 21-amino acid C-terminal deletion31. The S-expressing VSV 
virus was propagated in MA104 cells (African green monkey; catalogue no. 
CRL-2378.1; ATCC) as described previously31; viral stocks were titrated on Vero 
E6 cell monolayer cultures. Plaques were visualized using neutral red staining. 
To screen for escape mutations selected in the presence of AZD8895, AZD1061 
or AZD7442, we used a real-time cell analysis assay (RTCA) and xCELLigence 
RTCA MP Analyzer (ACEA Biosciences) and a previously described escape 
selection scheme29. Briefly, 50 μl of cell culture medium (DMEM supplemented 
with 2% FCS) was added to each well of a 96-well E-plate to obtain a background 
reading. Eighteen thousand Vero E6 cells in 50 μl of cell culture medium were 
seeded per well and plates were placed on the analyser. Measurements were taken 
automatically every 15 min and the sensograms were visualized using the RTCA 
software v.2.1.0 (ACEA Biosciences). VSV-SARS-CoV-2 virus (5,000 PFUs per 
well, approximately 0.3 multiplicity of infection) was mixed with a saturating 
neutralizing concentration of AZD8895, AZD1061 or AZD7442 antibody 
(5 μg ml−1 total concentration of antibodies) in a total volume of 100 μl and 
incubated for 1 h at 37 °C. At 16–20 h after seeding the cells, the virus–antibody 
mixtures were added to the cell monolayers. Wells containing only virus in the 
absence of antibody and wells containing only Vero E6 cells in medium were 
included on each plate as controls. Plates were measured continuously (every 
15 min) for 72 h. Escape mutations were identified by monitoring the cell 
index for a drop in cellular viability. To verify escape from antibody selection, 
wells where a cytopathic effect was observed in the presence of AZD1061 were 
assessed in a subsequent RTCA experiment in the presence of 10 μg ml−1 of 
AZD1061 or AZD8895. After confirmation of resistance of selected viruses to 
neutralization by AZD1061, viral isolates were expanded on Vero E6 cells in the 
presence of 10 μg ml−1 of AZD1061. Viral RNA was isolated using a QIAamp 
Viral RNA extraction kit (QIAGEN) according to the manufacturer’s protocol 
and the SARS-CoV-2 S-gene was reverse-transcribed and amplified with a 
SuperScript IV One-Step RT–PCR kit (Thermo Fisher Scientific) using primers 
flanking the S-gene (forward: 5′-AGCTTCTGAACAATCCCCGG-3′, reverse: 
5′-GAGGCCTCTTTGAGCATGGT-3′). The amplified PCR product was purified 
using SPRI magnetic beads (Beckman Coulter) at a 1:1 ratio and sequenced using 
the Sanger method with primers giving forward and reverse reads of the RBD.

Serial passaging and testing of SARS-CoV-2 to select for mAb-resistant mutations. 
The SARS-CoV-2 strain USA-WA1/2020 was passaged serially in Vero cell 
monolayer cultures with AZD8895, AZD1061 or AZD7442 at concentrations 
beginning at their respective IC50 values and increased stepwise to their IC90 value 
with each passage. As a control, virus was passaged in the absence of antibody. 
After the final passage, viruses were evaluated for susceptibility to neutralization 
by AZD8895, AZD1061 or AZD7442, at a final concentration of 10× the IC90 
concentration by plaque assay. Plaques (n = 6) were selected randomly for 
AZD1061 cultures and their virus S-encoding gene was sequenced.

The escape phenotype of selected plaque progeny viruses was validated 
by testing each for the six plaque-purified progeny viruses for neutralization 
in a plaque reduction neutralization test in comparison with the parent virus, 
SARS-CoV-2 (strain WA-1). All plaque-purified viruses resulted from the same 
mAb passage.

The escape phenotype of the six selected plaque progeny viruses was validated 
by demonstration of a loss-of-binding phenotype in biochemical tests with variant 
proteins incorporating selected mutations. S trimer variants were cloned into a 
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HexaPro ectodomain soluble trimer construct76 with the D614G mutation and 
then expressed in FreeStyle 293-F cells (Thermo Fisher Scientific). Expression 
supernatants were collected 5 d posttransfection and buffer-exchanged into 1× PBS 
and then diluted tenfold into assay buffer (1× HBS-EP + buffer (Cytiva)). R2 values 
indicating goodness of fit for AZD8895 or AZD1061 kinetic binding values to the S 
trimer variants were calculated from binding traces. Relative fold shifts in KD were 
calculated in comparison to binding to WT S glycoprotein.

Generation of authentic SARS-CoV-2 viruses, including viruses with variant residues. 
The 2019n-CoV/USA_WA1/2020 isolate of SARS-CoV-2 was obtained from the 
U.S. Centers for Disease Control and passaged on Vero E6 cells. The B.1.429 isolate 
was generously provided by R. Andino and C. Chiu (University of California, 
San Francisco) and passaged once on Vero-TMPRRS2 cells. B. Pinsky (Stanford) 
and M. Suthar (Emory) provided the B.1.617.1 variant and R. Webby (St. Jude 
Children’s Research Hospital) provided the B.1.617.2 variant. Individual point 
mutations in the S-gene (D614G and E484K/D614G) were introduced into an 
infectious cDNA clone of the 2019n-CoV/USA_WA1/2020 strain as described 
previously77. Chimeric viruses expressing the S-genes of B.1.351 or B.1.1.28 were 
generated in the WA1/2020 backbone and have been described previously42. 
Nucleotide or S-gene substitutions were introduced into an existing WA1/2020 
infectious cDNA clone and assembled by in vitro ligation of seven contiguous 
cDNA fragments according to the protocol described previously78. In vitro 
transcription was performed to synthesize full-length genomic RNA. To recover the 
mutant or chimeric viruses, the RNA transcripts were electroporated into Vero E6 
cells. The viruses from the supernatant of cells were collected 40 h later and served 
as p0 stocks. All virus stocks were confirmed by next-generation sequencing.

Focus reduction neutralization test. Serial dilutions of mAbs or serum were 
incubated with 102 focus-forming units of different strains or variants of 
SARS-CoV-2 for 1 h at 37 °C. Antibody–virus complexes were added to 
Vero-hACE2-TMPRSS2 cell monolayer cultures in 96-well plates and incubated 
at 37 °C for 1 h. Subsequently, cells were overlaid with 1% (w/v) methylcellulose 
in MEM supplemented with 2% FCS. Plates were collected 20 h later by removing 
the overlays and fixed with 4% paraformaldehyde in PBS for 20 min at room 
temperature. Plates were washed and incubated sequentially with an oligoclonal 
pool of anti-S murine mAbs44 and horseradish peroxidase-conjugated goat 
anti-human IgG in PBS supplemented with 0.1% saponin and 0.1% bovine  
serum albumin. SARS-CoV-2-infected cell foci were visualized using the KPL 
TrueBlue Peroxidase Substrate and quantitated on an ImmunoSpot microanalyser 
(Cellular Technologies).

Multiple sequence alignments. We searched for antibody variable gene sequences 
originating with the same features as those encoding AZD8895 and retrieved the 
matching sequences from the repertoires of each individual examined. We searched 
for similar sequences in the publicly available large-scale antibody sequence 
repertoires for three healthy individuals and cord blood repertoires (deposited with 
the Short Read Archive under accession no. SRP174305). The search parameters 
for the heavy chain were sequences with IGHV1–58 and IGHJ3 with the P99, D108 
and F110 residues. Additionally, the search parameters for the light chain were 
sequences with the Y92 and W98 residues. Sequences from a matching clonotype 
that belonged to each individual were aligned with either ClustalO version 1.2.479 
(heavy chains) or with MUSCLE version 3.8.3180 (light chains). Then, logo plots of 
the aligned sequences were generated using WebLogo version 2.8.2 81.

Materials availability. Requests for reagents may be directed to and fulfilled by the 
lead contact (J.E.C.): james.crowe@vumc.org. The materials reported in this study 
will be made available but may require execution of a material transfer agreement.

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

Data availability
The crystal structures reported in this paper have been deposited with the Protein 
Data Bank (https://www.rcsb.org) under accession nos. 7L7D (AZD8895 + RBD) 
and 7L7E (AZD8895 and AZD1061 + RBD). The following were obtained from 
the PDB and used for visualization or molecular replacement: 7K4N, 6M0J, 6XM4, 
7CAK, 6ZOY, 6XC2 and 5JRP. The FASTQ files for DMS are available on the 
National Center for Biotechnology Information Sequence Read Archive under 
BioSample SAMN17532001 as part of BioProject PRJNA639956. Per-mutation 
escape fractions are available on GitHub (https://github.com/jbloomlab/
SARS-CoV-2-RBD_MAP_AZ_Abs/blob/main/results/supp_data/AZ_cocktail_
raw_data.csv) and in Supplementary Data Table 2. All other data are available in 
the main text or supplementary materials. Source data are provided with this paper.

Code availability
The computational pipeline for the DMS analysis of antibody escape 
mutations is available on GitHub: https://github.com/jbloomlab/
SARS-CoV-2-RBD_MAP_AZ_Abs.
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Extended Data Fig. 1 | Overlay of substructure of RBD/AZD8895 in RBD/AZD8895/AZD1061 complex and RBD/AZD8895 crystal structure.
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Extended Data Fig. 2 | Similarities in structural details of interactions between RBD and AZD8895, AZD1061 and those seen in the spike/S2E12 

complex. a. Similar aromatic stacking and hydrophobic interaction patterns at the RBD site F486 shared between RBD/AZD8895 and spike/S2e12 

complexes. b. Same hydrogen bonding pattern surrounding residue F486 in the structures of the RBD/AZD8895 and spike/S2e12 complexes. c. Detailed 

interactions between AZD8895 and RBD. AZD8895 heavy chain is colored in cyan, the light chain is colored in magenta, and RBD is colored in green. 

Important interacting residues are shown in stick representation. Water molecules involved in antibody-RBD interaction are represented as pink spheres. 

Direct hydrogen bonds are shown as orange dashed lines, and water-mediated hydrogen bonds as yellow dashed lines. d. Superimposition of RBD/S2e12 

cryo-eM structure onto the RBD/AZD8895 crystal structure, with the variable domains of antibodies as references. AZD8895 heavy chain is in cyan, and 

its light chain in magenta; S2e12 heavy chain is in pale cyan, and its light chain in light pink. The two corresponding RBD structures are colored in green 

or yellow, respectively. e. Detailed interactions between AZD1061 heavy chain and RBD. Paratope residues are shown in stick representation and colored 

in yellow, epitope residues in green sticks. Hydrogen-bonds or strong polar interactions are represented as dashed magenta lines. f. Detailed interactions 

between AZD1061 light chain and RBD. Paratope residues are shown in stick representation and colored in orange, epitope residues in green sticks. 

Hydrogen-bonds are represented as dashed magenta lines.
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Extended Data Fig. 3 | A common clonotype of anti-RBD antibodies with the same binding mechanism. a. RBD/AZD8895 crystal structure. b. RBD/

S2e12 cryo-eM structure. c. RBD/COV2-2381 homology model generated with Structuropedia25. COV2-2072 encodes an N-linked glycosylation sequon 

in the HCDR3, indicated by the gray spheres, which was modeled using the GlyProt webserver. d. RBD/COV2-2072 homology model generated with 

Structuropedia25. e. Overlay of the RBD/AZD8895 crystal structure (a) and RBD/S2e12 cryo-eM structure (b).
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Extended Data Fig. 4 | identification of putative public clonotype members genetically similar to AZD8895 in the antibody variable gene repertoires of 

virus-naïve individuals. Antibody variable gene sequences collected from healthy individuals (HIP1, 2, or 3) prior to the pandemic with the same sequence 

features as AZD8895 heavy chain and light chain are aligned. a. WebLogo plots of heavy chain (top) and light chain (bottom) sequences from three 

different adult donors and cord blood samples with the features of the public clonotype. The sequence features and contact residues used in AZD8895 are 

highlighted in red boxes below each multiple sequence alignment. b. Since the light chain plots in (a) showed restricted diversity, here we show amino acid 

alignments for the top five representative light chains that occurred most frequently in the three adult donors studied (HIP1, 2, or 3).
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Extended Data Fig. 5 | Details of AZD1061 interaction with SARS-CoV-2 S protein RBD. a. Detailed AZD1061 HCDR3 loop structure. Short-range 

hydrogen bonds, stabilizing the loop conformation, are shown as dashed magenta lines. b. Residues of AZD1061 light chain form aromatic stacking 

interactions and hydrogen bonds with HCDR3 to further stabilize the HCDR3 loop. LCDR1 residue Y38 is colored in magenta to match the LCDR1 

coloring in panels (c) and (d). c. Long LCDR1, HCDR2, and HCDR3 form complementary binding surface to the RBD epitope. RBD is shown as surface 

representation in grey. AZD1061 heavy chain is colored in yellow with HCDR3 in orange, and the light chain in pink with LCDR1 in magenta. d. 180° rotation 

view of panel c. e. Comparison of AZD1061 binding with the previously published mAbs C119 (PDB ID: 7KHW) and C135 (PDB ID: 7K8Z).
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Extended Data Fig. 6 | interface between AZD8895 and AZD1061 in the RBD/AZD8895/AZD1061 crystal structure. AZD8895 heavy or light chain are 

shown as cartoon representation in cyan or magenta, respectively, and AZD1061 heavy or light chains in yellow or pink, respectively. The RBD is colored in 

green. Interface residues are shown in stick representation.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | identification by deep mutational scanning of mutations affecting antibody binding and method of selection of antibody 

resistant mutants with VSV-SARS-CoV-2 virus. a. Top: Plots showing gating strategy for selection of single yeast cells using forward- and side-scatter 

(first three panels) or RBD expression (right panel). each plot is derived from the preceding gate. Bottom: Plots showing gating for RBD + , antibody- yeast 

cells. Selection experiments are shown for AZD8895 or AZD1061 - two independent libraries each. b. Correlation of sites of escape between yeast library 

selection experiments. The x-axes show cumulative escape fraction for each site for library 1, and the y-axes show cumulative escape fraction for each site 

for library 2. Correlation coefficient and n are denoted for each graph. c. Correlation of observed mutations that escape antibody binding between yeast 

library selection experiments. The x-axes show each amino acid mutation’s escape fraction for library 1, and the y-axes show each amino acid mutation’s 

escape fraction for library 2. Correlation coefficient and n are denoted for each graph. d-f. DMS results for AZD8895 (d), AZD1061 (e), or AZD7442 (f). 

Left panels: sites of escape across the entire RBD indicated by peaks that correspond to the logo plots in the middle/right panels. Middle panel: logo plot of 

cumulative escape mutation fractions of all RBD sites with strong escape mutations. Mutations are colored based on degree to which they abrogate RBD 

binding to hACe2. Right: logo plots show cumulative escape fractions, but colored based on degree to which mutations affect RBD expression. g. RTCA 

sensograms showing neutralization escape. Cytopathic effect was monitored kinetically in cells inoculated with virus in the presence of 5 μg/mL AZD1061. 

Representative escape (magenta) or lack of escape (blue) are shown. Green - uninfected cells; red -cells inoculated with virus without antibody. Magenta/

blue curves - a single representative well; red/green controls - mean of technical duplicates. h. Representative RTCA sensograms validating that a virus 

selected by AZD1061 in (g) escaped AZD1061 (magenta) but not AZD8895 (light blue). i. example sensograms from wells of 96-well e-plate analysis for 

escape selection. Instances of escape from AZD1061 are noted, while escape was not detected in the presence of AZD8895 or AZD7442. Positive and 

negative controls are denoted on the first plate.
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Extended Data Fig. 8 | Antibody resistant mutants selected with VSV-SARS-CoV2 or authentic SARS-CoV-2 virus. a. The method for assessing 

monoclonal antibody resistant spike protein variants is shown. SARS-CoV-2 was passaged serially in the presence of monoclonal antibodies at the 

increasing concentrations indicated in the figure or without antibody (no monoclonal antibody). Following passage at IC90 concentrations, samples 

were treated with 10× IC90 concentrations of monoclonal antibodies and any resultant resistant virus collected, and the genome was sequenced. Red 

viruses in the schematic represent selection of escape variants. b. The escape phenotype of 6 independent plaques selected with AZD1061 was validated 

by demonstration of escape by testing in a PRNT. Antibody neutralization as measured by PRNT against the 6 plaque-purified, AZD1061-resistant 

SARS-CoV-2 viruses (blue) was compared to the parent virus WA-1 (orange) during treatment with AZD1061 or AZD7442. All plaque-purified viruses 

resulted from the same monoclonal antibody passage as detailed in (a). Data shown are from a single technical replicate for each of the six selected 

escape mutants. c,d. The escape phenotype of independent plaques selected with AZD1061 also was validated by demonstration of loss of binding to 

proteins incorporating variant residues in the selected plaques using biolayer interferometry (BLI). Data shown are from a single experiment. c. Binding 

traces of AZD8895 and AZD1061 to various spike trimers with kinetics curve fits. An inability to fit AZD1061 binding to the K444e S variant is due to a 

lack of detectable binding even at 5 µM for AZD1061. d. Summary of AZD8895 and AZD1061 kinetic binding values to the S trimer variants from binding 

traces with R2 indicating goodness of the fit. Relative fold-change in KD is shown in comparison to wild-type. No detectable binding is indicated as NB.
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FASTQ files are available on the NCBI Sequence Read Archive under BioSample SAMN17532001 as part of BioProject PRJNA639956.. Per-
mutation escape fractions are available on GitHub (https://github.com/jbloomlab/SARS-CoV-2-RBD_MAP_AZ_Abs/blob/main/results/
supp_data/AZ_cocktail_raw_data.csv) and in Supplementary Data Table 1. Flow cytometry data were analyzed using BD FACSDiva™ Software 
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The crystal structures reported in this paper have been deposited to the Protein Data Bank (https://www.rcsb.org) under the accession numbers 7L7D (AZD8895 + 
RBD) and 7L7E AZD8895 and AZD1061 + RBD). The following were obtained from the PDB and used for visualization or molecular replacement: PDB IDs:7K4N, 6M0J, 
6XM4, 78KW, 78KZ, 7CAK, 6ZOY, 6XC2, 5JRP. The FASTQ files for deep mutational scanning are available on the NCBI Sequence Read Archive under BioSample 
SAMN17532001 as part of BioProject PRJNA639956. Per-mutation escape fractions are available on GitHub (https://github.com/jbloomlab/SARS-CoV-2-
RBD_MAP_AZ_Abs/blob/main/results/supp_data/AZ_cocktail_raw_data.csv).

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample-size calculations were not performed to power each study. Key experiments that included in vitro measurements of antibody binding, 
and virus neutralizing activities were carried out with two or more independent study replicates, which were sufficient given the minimal 
differences observed in neutralization capacity of AZD1061 and AZD8895 against SARS-CoV-2 variants of concern/variants of interest.

Data exclusions No data were excluded from analysis.

Replication Studies that were repeated are noted in figure captions and include all studies that demonstrated the key results reported in the manuscript. 
No studies have been reported that failed upon repetition. Antibodies of known activity were included across all experiments to verify 
reproducibility (e.g. presence of binding, blocking, or neutralizing activities), and included comparisons of known SARS-CoV-2-specific 
antibodies to relevant characterized antibodies from the literature. These controls were included in each replicate experiment that measured 
binding and neutralizing activity of characterized anti-SARS-CoV-2 mAbs. Consistency of mAb activity across in vitro experiments within this 
study indicate a high level of reproducibility. 

Randomization The principle of randomization is not relevant as this is an observational study. 

Blinding The investigators were not blinded for most studies. We used conventional antigen binding and virus neutralization assays using actual 
binding to the SARS-CoV2 spike antigen and live SARS-CoV2 neutralization as the readouts. 
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Antibodies used Polyclonal goat anti-human IgG-HRP antibody (Southern Biotech Cat# 2040-05) was used for antigen binding ELISA assays. For FRNT 
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Antibodies used assay, previously described human anti-SARS-CoV rCR3022 antibody (PMID: 32245784) was used as a primary antibody and the 
detection was performed using anti-human IgG (γ-chain specific)-peroxidase antibody produced in goat (Sigma-Aldrich Cat# A6029). 
A FITC-conjugated anti-MYC antibody (Immunology Consultants Lab, CYMC-45F. 1:100 dilution) was used to stain yeast to label RBD  
in flow cytometric assays, while a PE-conjugated goat anti-human-IgG (Jackson ImmunoResearch 109-115-098, 1:200 dilution) was 
used to label bound antibody. Previously discovered SARS-CoV2 spike antigen-specific monoclonal antibodies were described in 
PMID: 32668443.

Validation Previously discovered SARS-CoV2 spike antigen-specific monoclonal antibodies were validated via antigen binding, virus 
neutralization, and in a previous paper in vivo protection studies (PMID: 32668443). All other antibodies are commercially available. 
Antibodies used in a specific species or application have been appropriately validated by manufacturers and this information is 
provided on their website and information datasheets as follows: 
Goat anti-human IgG-HRP (https://www.southernbiotech.com/?catno=2040-05&type=Polyclonal#&panel1-1&panel2-1);  
Anti-human IgG (γ-chain specific)-peroxidase antibody produced in goat (https://www.sigmaaldrich.com/content/dam/sigma-aldrich/
docs/Sigma/Datasheet/6/a6029dat.pdf); 
FITC-conjugated anti-MYC antibody (https://www.icllab.com/anti-c-myc-antibody-chicken-fitc-13661.html); 
PE-conjugated goat anti-human-IgG (https://www.jacksonimmuno.com/catalog/products/109-115-098) 
 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) In this study we used the following cell lines: Vero E6 (American Type Culture Collection (ATCC), Cat# CRL-1586), Vero (ATCC 
Cat# CCL-81), HEK293 (ATCC Cat# CRL-1573), and HEK293T (ATCC Cat# CRL-3216), Expi293F (ThermoFisher Scientific, A1452), 
FreeStyle 293-F (ThermoFisher Scientific, R79007), and ExpiCHO (ThermoFisher Scientific, A29127). Vero-furin cells were 
obtained from T. Pierson (NIH) and have been previously described (PMID: 27420797).

Authentication None of the cell lines used were authenticated.

Mycoplasma contamination All cell lines were tested and confirmed negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

None

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Precautions and benefits
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Biosecurity precautions All experiments with authentic live SARS-CoV-2 were conducted in BSL3 facilities with prior registration and approval.

Biosecurity oversight All procedures were reviewed by standing university committees.

Benefits Generation of escape mutant viruses was specifically requested by prior reviewers, is a conventional approach to defining the 
epitope and mechanism of action of neutralizing antibodies, and has important implications for the potential use of clinical-candidate 
monoclonal antibodies described in this manuscript.

Communication benefits Defining critical residues in this way is often requested by regulators to understand the potential for natural resistance, and as a 
means to monitor the emergence of resistance. Such studies are common in the field, and have been reviewed many times and not 
considered DURC. The antibodies in the current study are not licensed products nor do they have EUA, to date.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Briefly, mutant yeast libraries induced to express RBD were washed and incubated with antibody at 400 ng/mL for 1 h at 
room temperature with gentle agitation. After the antibody incubations, the libraries were secondarily labeled with 1:100 
FITC-conjugated anti-MYC antibody (Immunology Consultants Lab, CYMC-45F) to label for RBD expression and 1:200 PE-
conjugated goat anti-human-IgG (Jackson ImmunoResearch 109-115-098) to label for bound antibody. Flow cytometric 
sorting was used to enrich for cells expressing RBD variants with reduced antibody binding via a selection gate drawn to 
capture unmutated SARS-CoV-2 cells labeled at 1% the antibody concentration of the library samples.

Instrument BD LSRFortessa X-50

Software BD FACSDiva™ Software v6.1

Cell population abundance  Each mutant RBD library was labeled with 400 ng/mL (1x) antibody, and cells that were captured in the “antibody-escape 
bin” were sorted and their barcodes were sequenced. For a typical sample, approximately 15% of each sample fell into the 
"antibody-escaped" gate, compared with <0.5% of the unmutated wild-type population stained with the same concentration 
of antibody. For each sample, approximately 10 million RBD+ cells were processed on the cytometer.

Gating strategy First, hierarchical gates were drawn to select single-cell events: forward scatter (FSC) versus side scatter (SSC), then SSC 
width versus height, and finally FSC width versus height. Next, FITC+ labeling of a C-terminal MYC epitope tag on the RBD was 
used to identify RBD+ cells. Selection gates for antibody-escaped sorts are nested within this RBD+ population. Unmutated 
SARS-CoV-2 RBD was labeled at 400 ng/mL (1x) and 4 ng/mL (0.01x) with each antibody. Antibody-escape selection gates 
were drawn to capture 0.5% or less of the 1x and up 95% of the 0.01x antibody-labeled unmutated RBD control cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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