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Summary

In November 2021 Omicron BA.1, containing a raft of new spike mutations emerged and
quickly spread globally. Intense selection pressure to escape the antibody response produced
by vaccines or SARS-CoV-2 infection then led to a rapid succession of Omicron sub-lineages
with waves of BA.2 then BA.4/5 infection. Recently, many variants have emerged such as
BQ.1 and XBB, which carry up to 8 additional RBD amino-acid substitutions compared to
BA.2. We describe a panel of 25 potent mAbs generated from vaccinees suffering BA.2
breakthrough infections. Epitope mapping shows potent mAb binding shifting to 3 clusters, 2
corresponding to early-pandemic binding hotspots. The RBD mutations in recent variants map
close to these binding sites and knock out or severely knock down neutralization activity of all
but 1 potent mAb. This recent mAb escape corresponds with large falls in neutralization titre

of vaccine or BA.1, BA.2 or BA.4/5 immune serum.



Introduction

There have been billions of infections and millions of deaths since severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) emerged in Wuhan in late 2019. Since its zoonotic
jump SARS-CoV-2 has been under intense selective pressure to adapt to its new human host
and evade the immune response’. The SARS-CoV-2 RNA polymerase is intrinsically error
prone and it has been estimated that every single nucleotide change in the SARS-CoV-2 RNA
genome will be generated in an infected individual every day?. Large scale genomic sequencing
efforts in a number of countries have charted progressive evolution of SARS-CoV-2

(https://www.cogconsortium.uk)(https://www.cdc.gov/coronavirus/2019-

ncov/variants/variant-classifications.html).

The Spike protein (S) mediates cell entry by binding the angiotensin converting enzyme 2
(ACE2) cellular receptor® and many neutralizing antibodies bind S*’. Mutations in S can
therefore impart two important selective advantages, firstly, mutations to the ACE2 binding
surface in the RBD can increase affinity for ACE2, potentially increasing viral
transmissibility®11. Secondly, mutations to the site of interaction of neutralizing antibody on S
may reduce neutralizing titres allowing reinfection or breakthrough of vaccines!?. Structure
function analyses of panels of human monoclonal antibodies (mAbs) generated from
convalescent SARS-CoV-2 cases have been performed by a number of laboratories giving
insight into mechanisms of viral neutralization*®"1314 Most potently neutralizing antibodies
bind on, or near, the ACE2 interaction surface on the RBD to prevent interaction with ACE2.
A second group, exemplified by mAb S309, bind close to the N-linked glycan at residue 343,
do not block interaction with ACE2 and may destabilize the S trimer®. Note Bebtelovimab

(Ly-CoV1404), competes with S309 yet blocks ACE2 binding®®. A third site of binding of
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potent mADbs is to the N-terminal domain (NTD) in S1>17, these mAbs do not antagonize ACE2
binding and the mechanism of neutralization is not yet clear although steric hindrance of ACE2
interaction at the cell surface has been proposed®. A total of five epitopes were defined for early
pandemic RBD-binding mAbs based on a torso analogy and defined as left shoulder, right
shoulder, neck, right flank and left flank with the latter two corresponding to less potently

neutralizing antibodies®.

Early during the pandemic, when population immunity was low, S mutations such as N501Y
in Alpha, which increases affinity for ACE2'°, were likely driven by selection for increased
transmissibility8, whilst those occurring on the background of strong herd immunity from
vaccines and infection are likely selected for their ability to escape the neutralizing antibody
response. SARS-CoV-2 executed a large sequence jump to Omicron BA.1 which carries 30
substitutions plus the deletions of 6 and an insertion of 3 residues compared to the ancestral
Wuhan spike sequence leading to a large antigenic distance from preceding strains'°. Most
mutations were clustered in the RBD and NTD and led to large falls or knock out of neutralizing
titres of sera from vaccinees or following SARS-CoV-2 infection®2. In addition, neutralizing

activity of several therapeutic mAbs was reduced or knocked out against BA.122021,

Omicron emerged as at least 3 distinct lineages in November 2021. BA.1 caused the first
Omicron wave, closely followed by a combination of BA.1 sub-lineage BA.1.1 and BA.2 in

early 2021 (https://cov-lineages.org/lineage_list, https://nextstrain.org/nextclade/sars-cov-2)2.

BA.2 became globally dominant and continues to spawn a succession of variants; first
BA.2.12.1%%, followed by BA.4 and BA.5%*, with BA.5 being the most widespread strain
globally in June 2022

(https://covspectrum.org/explore/United%20Kingdom/AllSamples/Past6 M).
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Following BA.5 several new trends were observed in the evolution of Omicron: i) the
emergence of ‘second generation” BA.2 variants (including derivatives of BA.5) — variants
with long phylogenetic branch lengths, multiple antigenic mutations and a lack of genetic
intermediates, for example BA.2.75, BJ.1, BS.1, BA.2.10.4 and BA.2.3.20% and ii) antigenic
drift, seen both in BA.5%* and within these second generation BA.2 lineages, notably BQ.1 and

BA.2.75 (https://nextstrain.org/nextclade/sars-cov-2/21L) (Figure 1A-C). Finally,

recombination between two of these second-generation variants (BJ.1 and BM.1.1.1) has
produced XBB (Figure 1C). Many of these variants show a large degree of convergent
evolution in known antigenic RBD residues and mutations lie in areas that may threaten the
binding of neutralizing antibodies, leading to escape from protection afforded by vaccine or
previous SARS-CoV-2 infection, including prior Omicron infection. These second-generation
BA.2 variants are now dominant globally, with BQ.1 alone accounting for 50% of infections

as of 27th December 2022 (https://cov-spectrum.org/explore/World/AllSamples/Past6M) and

XBB.1.5 (XBB.1 + F486P currently expanding rapidly in North America, https://cov-

spectrum.org/explore/North%20America/AllSamples/Past6M).

In this report we generate a panel of 25 potent mAbs (IC50 < 100ng/ml) from vaccinees
suffering breakthrough Omicron BA.2 infections. We have determined structures for
complexes of four of these antibodies by X-ray crystallography and cryo-EM analysis. To
generalize the structural information to all 25 antibodies we used biolayer interferometry (BLI)
competition measurements and prior structures to create an interaction map of the antibody
panel; potent mAbs bind to three distinct patches on the RBD, one of which is quite extended
and reaches between two of the five epitopes seen in early pandemic responses, whilst the other
two correspond to diminished responses at hotspots for potent antibody binding in early

pandemic responses. This corresponds to a re-focusing of the response, similar to that seen for
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BA.113, The positions of mutations in the new BA.2 sublineages strongly overlap with the
positions of antibody binding?. Pseudoviral neutralization assays confirmed knock out or
severe reduction in neutralization titres for all but one of the antibody panel by one or more
variants. There were also large falls in serum neutralization titres from vaccinees or from
Omicron infected individuals. Finally, all BA.2 mAbs showed potent neutralization of an early
pandemic SARS-CoV-2 strain and are likely derived from the memory B cell response to
vaccination. Reliance on the recall response may over time narrow the polyclonality of

neutralizing antibodies causing increased focusing on a smaller number of epitopes.

Results

Emerging BA.2, BA.4 and BA.5 sublineages

At present a number of lineages are growing rapidly from within both the BA.2 and BA.5
branches. Most striking, is the large degree of convergent evolution, particularly at antigenic
RBD positions such as 346, 444, 452, 460, 486, 490, 493 and 494. These lineages include
examples from the BA.4/5 branches (which contain L452R, F486V and the reversion R493Q),
such as BA.4.6 and BF.7 (R346T), BA.4.7 (R346S), BQ.1 (K444T, N460K) and BQ.1.1
(R346T, K444T, N460K); from the BA.2.75 branch (which contains G339H, G446S, N460K
and the reversion R493Q), BA.2.75.2 (R346T and F486S and BA.2.75 mutations), BN.1 (aka
BA.2.75.5.1 with R346T, K356T, F490S and BA.2.75 mutations), BM.1.1.1 (aka
BA.2.75.3.1.1.1 with R346T, F486S, F490S and BA.2.75 mutations). There are also examples
of several other second generation BA.2 variant lines such as BJ.1 (aka BA.2.10.1.1; G339H,
R346T, L368I, V445P, G446S, V483A and F490V), BA.2.10.4 (G446S, FA486P, S494P and
the R493Q reversion), BS.1 (aka BA.2.3.2.1; R346T, L452R, N460K, G476S and the Q493R
reversion), BA.2.3.20 (K444R, N450D, L452M, N460K, E484R and the Q493R reversion),

and finally a BJ.1 x BM.1.1.1 (aka BA.2.75.3.1.1.1) recombinant, XBB (which relative to



BA.2 contains R346T, L368I, V445P, G446S, N460K, F486S, F490S and the Q493R
reversion). These sequence changes are compiled in Figure 1A and Table S1 and the
distribution of the mutations on the surface of the RBD is shown in Figure 1B. The rooted

phylogenetic tree?® (https://nextstrain.org/nextclade/sars-cov-2) shown in Figure 1C provides

a helpful grouping of the lineages.

Outside the RBD the degree of convergent evolution is lesser but still present. Many of the
second-generation BA.2 variant lineages contain deletions or mutations in the NTD, often
similar to those seen in the VOCs, for example A~144 in BJ.1, BS.1, and BA.2.10.4 (previously
seen in Alpha and BA.1) and NSP12 G671S in BJ.1, XBB and BA.2.10.4 (previously seen in

Delta).

Generation of mAbs from vaccinees suffering BA.2 breakthrough infections
Blood was obtained from 7 volunteers, all triple vaccinated >24 days (median 29) from PCR

(n=1) or lateral flow test (n=6) confirmed SARS-CoV-2 infection, during the BA.2 wave in

April 2022 (https://cov-spectrum.org/explore/United%20Kingdom/AllSamples/from=2022-

04-01&1t0=2022-04-30/variants?&). To select samples for antibody production we first

performed focus reduction neutralization assays (FRNT) on BA.2 virus. Three samples with
the highest titres were selected for mAb production, single 1gG positive B cells were stained
and sorted using BA.2 S trimer (Figure 2A). Following a degenerate PCR reaction, heavy and
light chains were assembled into an expression vector using Gibson assembly and the products
expressed by transient transfection. Supernatants were tested for reactivity to full length BA.2
S or BA.2 RBD; in common with the panel of mAbs generated following Omicron BA.1
infection®3, a high proportion (67%) of mAbs recognized the BA.2 RBD (Figure 2B).

Supernatants were also tested in BA.2 neutralization assays and those showing potent
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neutralization (FRNT50 < 100 ng/ml) were selected for further study. From 672 sorted cells

383 antibodies were recovered leading to the generation of 25 potent mAbs.

We tested the ability of mAbs to block ACE2 interaction with S (Figure 2C), a number of
mADbs (BA.2-5, 13, 15, 21, 24, 34, 36) showed little or no ACE2 blocking function. The BA.2
mADs are somewhat less able to inhibit ACE2 binding than similarly potent early pandemic
mAbs* Heavy and light chain gene usage is shown, in comparison to the gene usage we found
in mADbs generated from early pandemic infection, in Figure 2D and Table S2. 10/25 mAbs
belonged to the IGHV1-69 gene family, a further expansion from that found within the
Omicron BA.1 panel of mAbs (6/28) previously generated®. The public gene family IGHV3-
53/66 which has been found on multiple occasions in SARS-CoV-2 was less prominent in the

BA.2 set (3/25) than in the BA.1 set (9/28).

Somatic mutation in the BA.2 mAbs was greater than we have seen in any previous set of
SARS-CoV-2 mAbs, especially significant compared to the early pandemic set (mean number
of mutations 10.9 vs. 4.6 and 7.2 vs 4.3 for the light and heavy chains respectively) (Figure

2E).

Neutralization assays show that all potent BA.2 mAbs cross-react with early pandemic virus
Victoria (IC50 < 100 ng/ml) (Figure 3). In contrast, from a previous set of mAbs isolated
following primary Beta infection, only 3/18 (16.7%) of the potent Beta neutralizers (IC50 <100
ng/ml) were able to neutralize Victoria, suggesting that the BA.2 mAbs are likely derived from

memory B cells induced by vaccination®4,

Epitope mapping of the mAb panel



We performed pairwise biolayer interferometry (BLI) competition measurements on the 25
potent RBD binding BA.2 mAbs and several pre-pandemic and BA.1 mAbs of known binding
position (Figure 4A, S1A) to obtain a 3D map of the binding positions of antibodies on the
RBD* (Figure 4B). To understand if antibody responses have changed as SARS-CoV-2 has
evolved we show in Figure 5A,B antibody binding sites on the RBD surface for four sets of
responses following the pandemic and Figure 5C,D and Movies S1-S4 display these as heat

maps to indicate the concentration of antibody across the RBD surface.

The BA.2 mAbs segregate into 3 adjacent clusters, two of which (left shoulder and neck in our
anatomical definition of RBD topology*) are hotspots for the binding of potent mAbs against
early pandemic virus*4, whilst the third cluster, which we term the right chest, spans between
the neck and right flank epitopes in early pandemic responses (note that in the early responses
right flank binders were not found to be potent (IC50 >100 ng/ml)). In contrast, in early
pandemic and Beta responses we find that potent antibodies are clustered into the three regions
closest to the ACE2 binding site, the right shoulder, neck and left shoulder. Beta responses are
somewhat more evenly distributed, probably because of the significant reduction of the
IGHV3-53/66 so-called public responses to the left shoulder epitope which dominate early
pandemic responses (Figure 5C,D). Overall the three BA.2 clusters are very similar to the

three clusters found in the BA.1 mADb set®® (Figure 5C,D).

The right chest cluster, the most populous in BA.2, has been characterized by binding of the
BA.1 IGHV1-69 gene family antibodies!®. However, for BA.2, only 4 of the 10 IGHV1-69
antibodies bind here (5,17,24,34) and in addition 3/4 IGHV3-9 antibodies (10, 21, 28), which
lie a little below the IGHV1-69 antibodies (Figure 4). The second, neck cluster, harbors the

remaining five BA.2 IGHV1-69 antibodies. This cluster also matches a cluster of BA.1



antibodies®®. The final, left shoulder cluster, includes the remaining IGHV3-9 antibody, BA.2-
12 and the 3 IGHV3-53/3-66 antibodies (Figure 4). This cluster is diminished for BA.2 due to
the relative paucity of effective IGHV3-53/66 antibodies. Note that in Figure 4, 42 refers to
mAb Omi-42 isolated from a BA.1 infected case which also binds more medially at the back

of the RBD and is the only BA.1 mAb able to resist all the variants described in this paper.

The relationship between the three BA.2 binding hotspots and the mutations in the recent
variants is shown on the heat map in Figures 5C,D. There is a strong correlation between the
hotspots of antibody binding and the locations of mutations. In summary, Omicron antibodies
show a shift in focus of the antibody response, with BA.1 and BA.2 mADb panels converging
on similar areas but with BA.2 somewhat more skewed from the early pandemic response

(Figures 5A-D).

Structural analysis

To obtain more detailed insight into selected BA.2 mAbs we determined the cryo-EM structure
of the complex of Delta-RBD with BA.2-23 and BA.2-36, along with the early pandemic mAb-
45* and EY6A?’ and also X-ray structures of Delta-RBD with BA.2-10 and EY6A, Delta-RBD
with BA.2-13 and C1 nanobody, and Delta-RBD with BA.2-36 (Figures 6, S1B-D, S2 and

Table S3).

BA.2-10 (IGHV3-9) binds at the right chest region of the RBD as expected from the
competition mapping. It makes extensive interactions via CDRs H3, L3 and L1 with residue
V445 of the RBD, and with R346 via CDRs H1 and H2, explaining its reduced neutralization
of variants containing the R346T mutation (e.g. BA.4.6 and BA.2.75.2) and complete knockout

by the BJ.1 variant which contains both the R346T and VV445P mutations (Figures 6A-D).
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BA.2-13 (IGHV3-15) also binds to the right chest region but higher and more towards the
midline of the RBD than BA.2-10 and in a very different orientation, so that its LC contact area
on the RBD largely overlaps with the footprint of BA.2-10 HC. However, the contact area of
BA.2-10 CDR-H3 overlaps the CDR-H3 contacts of BA.2-13. BA.2-13 interacts with RBD
residues 346, 444-445, 450 and 452 (Figure 6E-1). Variants containing the R346T mutation
either seriously reduce or completely knockout neutralization of BA.2-13. BA.2.3.20 which
contains K444R, N450D and L452M mutations also completely knocks out the activity of
BA.2-13. Although BA.2-13 contacts RBD residues 452 and 484, it is not sensitive to

mutations L452R or E484K, as it fully neutralizes Beta, Gamma and Delta variants.

BA.2-36 (IGHV4-61) binds to the right chest region in a similar position and orientation to
BA.2-13 (Figure 6J-N). It also contacts RBD residues 346, 444, 450 and 452, explaining its
similar variant neutralization profile to BA.2-13, with neutralization seriously reduced or

completely knocked out for variants containing the R346T mutation and by BA.2.3.20.

BA.2-23 is an IGHV3-53 family antibody and binds the left shoulder in the expected position.
Note that most potent IGHV3-53/3-66 antibodies bind in essentially the same way (although a
second binding mode has also been observed)?® and yet they vary in their sensitivity to
mutations, as we have discussed before®®. For the recent variants, a key mutation is residue
486, where the change from F to V has a negative effect and the change to the even smaller
and polar S side chain is more deleterious (Figures S2, S3, Table S1). The N460K mutation
also impacts the binding of this heavy chain family. Since IGHV3-53/3-66 form a major public
response in SARS-CoV-2 infection it is likely that BA.2.75.2 has acquired F486S and N460K

to evade them (Table S1).
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Widespread escape from mAb neutralization
To test the resilience of the BA.2 mAbs to newly described BA.2 variants we constructed a
panel of pseudoviruses expressing S gene sequences for the variants and measured

neutralization using BA.2 as comparison (Figure 3A, Figure S3A).

On BA.4, activity of 11/25 mAbs was knocked out and only 10 retained 1C50 titres < 100
ng/ml. Activity of 8/10 IGHV1-69 mAbs was knocked out completely on BA.4, likely due to
mutations 452, 486 and 493 (reversion) on the neck and left shoulder of the RBD (Figure 1B).
Activity of 3 further mAbs was lost with the addition of the R346T mutation in BA.4.6
including the 2 IGHV3-9 mAbs BA.2-21 and BA.2-28 which map to the chest, overlapping

residue 346 (Figure 1B).

BA.2.75 had a minor effect on neutralization, with only BA.2-26 (IGHV3-66) showing near
knock out of activity. The effect of BA.2.75.2 was much more marked, activity of 7/25 mAbs
was completely lost and only 6/25 mAbs retained 1C50 values <100 ng/ml, the 2 IGHV3-53
mAbs BA.2-04 and 26 were knocked out showing that BA.2.75.2 has evolved to evade this
very common public response’. The mutation F486S is a radical change and together with

N460K likely responsible for these effects, mapping close to the affected mAb (Figures 1B,4).

BA.2.3.20, which has a number of mutations across the top of the shoulders, neck and at the
back of the RBD (Figure 1A,B) also caused large disruption; 13/25 mAbs were knocked out
with only 6/25 retaining IC50 activity at <100 ng/ml. Finally, for BJ.1, which has a different
set of mutations across the top of the RBD, activity of 13/25 mAbs was completely knocked

out with only 9/25 retaining 1C50 activity at <100 ng/ml.
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Activity of most mAbs were reduced or completely knocked out against BQ.1, BQ.1.1, XBB
and XBB.1, whilst activity of some mAbs was preserved on BN.1, and BA.2.10.4. Overall, it
appears that mutational change in SARS-CoV-2 since the emergence of BA.2 has led to
mutations which knock out or severely reduce activity of almost all BA.2 directed mAbs, only
BA.2-04, 07 and 23 did not suffer a complete knock out of activity with any of the

pseudoviruses tested and only BA.2-07 maintained full activity (Figure 3A,S3).

Finally, we returned to a panel of mAbs made following BA.1 infection®®, and found that there
was a similar attrition of mAb activity with the new variants (Figures S3B,54), with XBB
leading to the most extreme escape. Activity of all 9 IGHV3-53/66 mAbs was reduced >100-
fold with complete knock out of activity in 5/9 by BA.2.75.2. Only a single mAb, Omi-42 was
unaffected by all variants. Omi-42 is unusual as it binds at the back of the left shoulder of the
RBD (Figure 4, right panel)*® in a region that has not yet been targeted for mutation by the set
of newly emerging BA.2 variants, perhaps because of the relative rarity of antibodies binding

in this region (Figures 1B,4).

Escape from therapeutic mAbs

We tested the activity of a panel of mAbs that have been developed for clinical use?*-32. Many
of these have already been severely impacted by a number of variants. Activity of all mAbs
was knocked out by one or more variants including Ly-CoV1404 which was inactive on BJ.1
and XBB probably due largely to the V445P mutation (Figures S3C,S21)*. LY-CoV1404
binds at the side of the right shoulder of the RBD, making extensive interactions with residues
K444 and V445 (PDB ID, 7TMMO; Figure S2G-1), the K444T mutation in BQ.1 likely knocks

out activity of LY-CoV1404.
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Severe knock down of serum neutralization titres
In a final series of experiments, we tested neutralization on serum collected 28 days following
a third dose of Pfizer BNT162b2 vaccine®® and in cases infected with BA.1, BA.2 and BA.4/5

(the characteristics of these subjects are described in the methods).

For serum obtained 28 days following BNT162b vaccination, neuralization titres to BA.2.75.2
and XBB showed large reductions (Figure 7A); 16.6 and 20.9-fold (p<0.0001) respectively
compared to BA.2. In contrast to BA.2.75.2, BA.2.75 showed only a modest reduction
compared to BA.2. There were also large reductions in titres to BQ.1 and BA.2.3.20, 11.4 and
7.7- fold respectively (p=<0.0001) compared to BA.2. For BJ.1, titres were reduced 3.6-fold
compared to BA.2 (<0.0001) but reductions were less marked compared to BA.2.75.2 and

BA.2.3.20.

Next, we tested serum taken following BA.1, BA.2 or BA.4/5 infection; all were vaccine
breakthrough infections barring one unvaccinated case of BA.4 (Figure 7 B-D). In all cases
new variant Omicron lineages showed reduced neutralization titres compared to BA.2 and
BA.4/5 but the reductions were generally less compared to those seen with BNT162b2 vaccine
serum presumably due to the higher levels of antibody to the Omicron lineage found in these
sera. The reduction in neutralization of XBB, which showed the greatest escape from BA.2
mADbs described above, was particularly marked with 22, 45 and 21-fold reduction in titres

compared to BA.2 using BA.1, BA.2 and BA.4/5 serum respectively.

Overall, in-line with the observations on the set of mAbs described above, there were large

reductions in neutralization titres against most BA.2 sublineages, particularly BA.2.75.2,
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BA.2.3.20, BQ.1 and XBB suggesting they have been selected to escape pre-existing immunity
to vaccines or earlier waves of SARS-CoV-2 infection. Titres will be expected to wane
considerably from those shown here for samples taken quite soon after vaccination or infection,
meaning the newly emerging BA.2 variants may fuel future waves of SARS-CoV-2 infection,
indeed BQ.1/BQ.1.1 and XBB/XBB.1/XBB.1.5 are becoming the dominant Omicron sub-

lineages in several regions (https://cov-spectrum.org/explore/World/AllSamples/Past6M).

Discussion

Before the emergence of Omicron, RBD mutations were small in number, 1 in Alpha, 2 in
Delta and 3 in Beta and Gamma. These may in part have been selected for increased ACE2
receptor binding, although they also led to a degree of antibody evasion, most pronounced for
Beta®1%3435 The arrival and rapid spread of Omicron BA.1 in November 2021 surprised many

in the field, as it contained so many mutations, particularly in the RBD and NTD.

It is likely that evolution of SARS-CoV-2 Omicron is now primarily driven by extreme
pressure to escape antibody responses in vaccinated and/or naturally infected individuals, with
compensatory mutations to maintain or increase ACE2 affinity. There has been a succession
of changes to the RBD with evidence for convergent evolution. Now that the majority of the
population are either vaccinated or have been exposed, herd immunity is exerting huge pressure
for immune escape. Many mutations are occurring on the edge of the ACE2 binding footprint
to throw off potent antibodies that block ACE23. The RBD shows a remarkable degree of
plasticity, seemingly able to accommodate wide ranging changes, whilst still maintaining
sufficient affinity for ACE2, similar to that shown for the human seasonal coronavirus 229E%,

Taking all the new Omicron variants (Figure 1A), the ~200 residue RBD bears 29 mutated
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residues compared to the early pandemic virus, this extraordinary level of variation, focused
on the antigenic sites and leading to such effective antigenic escape, would conventionally lead
to these viruses being classified as different serotypes®’. What is even more remarkable, and
may be of some concern, is that this level of variation is focused on the part of the virus whose
job it is to attach to cells and initiate infection, raising the possibility of inadvertent receptor
switching®, which would have completely unpredictable results (already seen to date in a far
more limited sense with variation altering the host range of the virus)*°. The plasticity of the
RBD at and around the small ACE2 binding site means that rather than being a conserved
Achilles heel for SARS-CoV-2, it is proving to be quite the opposite, giving considerable
opportunity to throw off huge chunks of the antibody response through a succession of

mutations.

We find, by analysis of a panel of antibodies generated from vaccinees suffering BA.2
breakthrough infections, that the focusing of potently neutralizing antibodies has shifted from
that observed in early pandemic responses and resembles that reported for BA.113, BA.2
antibodies cluster tightly in two of the three regions characteristic of potent early pandemic
responses, although mutations have knocked out many of the so-called ‘public’ responses,
including gene families IGHV3-53/66, diminishing the potent left shoulder responses. There
is a third more extensive binding patch at the front of the RBD, the right chest, which spans
between the right flank and neck regions identified in the early pandemic responses, extending
down almost as far as the S309 therapeutic antibody on the right flank. S309 does not compete
with ACE2 and a general feature is that many of the potent BA.2 antibodies are much further
from the ACE2 binding site and as a result are less strongly competitive with ACE2 than early
pandemic antibodies (Figure 2C). In contrast to the potent BA.2 chest binders identified here

the early pandemic right flank antibodies, which bind nearby, were generally weakly
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neutralizing. These shifts in binding patterns are seen in the heat maps of antibody binding

between antibody responses produced successively through the pandemic (Figure 5A-D).

The changed pattern of potent antibody binding is likely because almost all antibodies seem to
be derived from responses induced by vaccination (and sometimes also SARS-CoV-2
infection). In support of this every member of our set of potent antibodies to BA.2 potently
cross-reacted with Wuhan related strains and were likely originally induced by vaccination
since all donors were triple vaccinated. It is not clear whether the cross-reacting antibodies
were fully matured before BA.2 infection or whether affinity maturation of lower affinity
clones occurred in response to BA.2 infection. The panel probably contains a mix of both, and
the strong representation of weaker neutralizing right flank antibodies in the early responses
suggests that the chest binders which overlap these may have been matured to higher affinity
and selected because this portion of the RBD has been subjected to less mutational change in

BA.1and BA.2.

The change away from antibodies binding more directly on the ACE2 footprint is highlighted
by the substantial role in early responses played by public gene families such as IGHV3-
53/66"4°, IGHV1-69, IGHV3-9 and IGHV1-583. Thus, in this report the BA.2 IGHV1-69
mADbs are almost all knocked out by BA.4. Finally, the few members of the most frequently
discovered gene family of all, IGHV3-53/66, that are active against BA.2 are severely affected
by the F486S mutation in BA.75.2 as are the larger number of IGHV3-53/66 mAbs isolated
following BA.1 infection. The refocusing is therefore explained by the evolution of the virus
to the point of BA.1 and BA.2, however there is no reason to think that residues on the right

chest are required to be conserved, indeed the mutations in the recent sublineages are found on
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the edge or outside of the ACE2 epitope, deployed so as to effectively escape all three of the

hotspots we see in BA.1 and BA.2 responses.

In summary, continuous attrition of the serological response and reliance on vaccine induced
clones to repopulate it is likely to reduce the memory pool and may limit the refocusing of the
response required in the face of antigenic escape, increasing vulnerability. It is telling that the
mutations to BA.2 described here target the regions used to bind 25 potent mAbs, rendering all

but BA.2-07 compromised for at least one variant.

The situation is the same for the commercial mAbs, which largely bind to conserved hot spots,
leading to failure of all therapeutic candidates to at least one variant. New approaches may be
required to discover potent mAbs which have unusual binding sites which are not under such

selective pressure if a pipeline of therapeutic/prophylactic candidates is to be maintained.

Now that herd immunity from vaccination and/or natural infection is high, there is intense
pressure to escape from the antibody response meaning it is likely we will see successive waves
of infection as the virus continues to evolve. However, background immunity, perhaps led by
the T cell response, which is less sensitive to mutations, will probably maintain protection
against severe disease for the majority. Further monitoring of the antibody response throughout
successive waves will tell us whether there is increasing attrition of polyclonality. However, as
observed for BA.1, somatic mutation will probably enable the repair of some antibodies*?, for
instance it seems unlikely this is the end of the road for neutralization using the VH3-53/66 or

VH1-69 binding sites.
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Finally, many people are now receiving bivalent vaccine boosters containing the spike of both
Wuhan and one of Omicron BA.1 or BA.4/5. The data presented here, where all BA.2 mAbs
cross-react with early pandemic viruses, suggests that the Omicron component may mount a
BA.1 or BA.4/5 response using B cell clones recalled from the original vaccine response, rather
than eliciting a primary response to BA.1 or BA.4. Finally, if recall responses are largely
responsible for the population of responses on reinfection, is it possible that the structure of the
response to reinfection is in part molded by the sequence of the priming virus or vaccine

reflecting original antigenic sin or imprinting?

Limitations of the study
The neutralization assays presented here are performed in vitro and may underestimate in vivo
neutralization where antibody dependent cell mediated cytotoxicity and complement will be

present.
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Figure Legends

Figure 1. Phylogeny of BA.2 subvariants. (A) Alignments of mutated RBD amino acid
substitutions, these are mutations formed on the BA.2 background i.e. they are in addition to
mutations found in BA.2. (B) Amino acid substitutions present in subvariants positioned on
the RBD surface. Coloring is according to the frequency count for the change in the various
subvariants, shown in panel A. The ACE2 footprint is shown in green. (C) Phylogenetic tree

of a selection of BA.2/4/5 sublineages. See also Tables S1 and S2.
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Figure 2. Generation of BA.2 mAbs. (A) Sorting of BA.2 specific B cells. (B) Proportion of
BA.2 binding to RBD. (C) ACEZ2 receptor blocking activity of mAbs. (D) Gene usage in 25
potent BA.2 mAbs compared to potent antibodies produced following infection with early
pandemic virus which have been previously reported* . (E) Number of somatic mutations found
in BA.2 mAbs compared to sets previously recovered from early pandemic, Beta and Omicron

(BA.1) infection, which have been reported previously*314,

Figure 3. Heat map of IC50 neutralization titres. (A) BA.2 mAbs panel, (B) commercial
mADbs. Pseudoviral neutralization 1C50 titres for indicated mAb against a panel of
pseudoviruses expressing variant S sequences. All assays have been done at least twice. See

also Figures S3 and S4.

Figure 4. Result of BLI competition mapping of BA.2 mAbs. (A) Competition ratio results
(using Mabscape, see Methods). Numbers close to 0 represent complete competition between
pairs of antibodies and numbers close to 1 mean no competition. Cells are colored as red,
yellow and green with the values ranging from 0 to 1. Antibodies with known structures (Omi-
12, -42, EYBA, S309, COVOX-45, -58, -278, AZD1061 and AZD8895) were used as
references, (B) RBD surface representation with ACE2 binding site in green and balls
corresponding to centre of gravity of mapped potent BA.2 mAbs coloured according to variable

gene usage. See also Figure S1.

Figure 5 Comparison of mAb binding to RBD. (A, B) Front and back views of Mabscape
antibody maps from early pandemic, Beta, BA.1 and BA.2 antibody panels. Early pandemic
all represents the full set of antibodies, irrespective of neutralization potency, all other panel

show potent mAbs (IC50 < 100ng/ml). The RBDs are shown surface rendered (grey) with the
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ACE2 footprint in green. (C, D) Heatmaps of surface occupation of RBD by early pandemic,
Beta, BA.1 and BA.2 antibody panels by iron heat colours (black > blue > red > orange >
yellow > white hot) according to the relative level of antibody contact, calculated for each
surface vertex as the number of antibodies within a 10 A radius. BA.1 mutations are shown by
the spikes. On the early pandemic-all panels and the subvariant substitutions discussed here
are shown mapped onto BA.2. Early pandemic, Beta and BA.1 data are taken from'>!* . See

also Figure S1.

Figure 6. Structures of Delta-RBD complexes with BA.2-10, BA.2-13 and BA.2-36. (A)
Binding position and orientation of BA.2-10 viewed from front (left panel) and back (middle
panel) of the RBD, and positions of the CDRs which have contact with the RBD (right panel).
Only Vh (red) and VI (blue) domains of the Fab are shown as ribbons for clarity. RBD is drawn
as grey surface representation with BA.4 mutation sites highlighted in magenta and the
additional mutation sites of all variants shown in Figure 1A are shown in cyan. (B)-(D) Details
of BA.2-10 and RBD interactions. The side chains of the RBD, Fab Vh and VI are shown as
grey, red and blue sticks, respectively. The yellow broken bonds represent hydrogen bonds or
salt bridges. (E) Complex of Delta-RBD/BA.2-13 and (J) Delta-RBD/BA.2-36. The drawing
style and colour scheme are as in (A). (F)-(I) and (K)-(N) Contact details between RBD and
BA.2-13, and RBD and BA.2-36, respectively. The drawing style and colour scheme are as in
(B)-(D). Antibodies bind both Delta and BA.2 RBD well, however mutations from early
pandemic to Delta are T478K and L452R (in BA.2 the T478K change is present whilst L452R
is not), additional changes in BA.2 are: G339D, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H. See also

Figures S1, S2 and Table S3.
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Figure 7. Serum neutralization 1C50 titres (fold dilution) of lentivirus pseudotyped with
the S gene of the indicated BA.2 sub-lineages. (A) Serum obtained 28 days following the
third dose of BNT162b2 vaccine (n=15) or following infection with (B) BA.1 (n=10 all
vaccinated) taken 28-55 days following diagnosis median 41.5), (C) BA.2 (n=23 all
vaccinated) taken 12-43 days following diagnosis median 29) or (D) BA.4/5 (n=11 all but one
vaccinated) taken 23-48 days following diagnosis median 38 days) Geometric mean titres are
shown above each column. The single unvaccinated serum shows the lowest reactivity to
BA.4/5 in (D). The Wilcoxon matched-pairs signed rank test (C and D) and Mann-Whitney
test were used and two-tailed P values calculated. Data for BNT162b2 vaccinated sera and
BA.1 infection sera against Victoria, BA.1, BA.1.1, BA.2, BA.4/5, BA.4.6, BA.2.75 and
BA.2.12.1 previously reported in?3244142 gre included for comparison. All assays have been

done with the number of biological replicates indicated in the brackets.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact

Resources, reagents and further information requirement should be forwarded to and will be

responded by the Lead Contact, David | Stuart (dave@strubi.ox.ac.uk).
Materials Availability
Reagents generated in this study are available from the Lead Contact with a completed

Materials Transfer Agreement.

Data and Code Availability
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e Coordinates are deposited in the PDB: Delta-RBD/BA.2-36, PDB:8BBO. Delta-
RBD/EY6A/BA.2-10, PDB:8BBN. Delta-RBD/BA.2-13/C1, PDB:8C3V. Delta-
RBD/BA.2-23/BA.2-36/EY6A/Fab-45, PDB:8BCZ and EMD-15971. Additional
Supplemental Items (movies) are available from Mendeley Data at
https://doi.org/10.17632/63d66xzhgw.1

e This paper does not report original code.

e Any additional information required to reanalyse the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial Strains and Cell Culture

Vero (ATCC CCL-81) and VeroE6/TMPRSS2 cells were cultured at 37 °C in Dulbecco’s
Modified Eagle medium (DMEM) high glucose (Sigma-Aldrich) supplemented with 10% fetal
bovine serum (FBS),2 mM GlutaMAX (Gibco, 35050061) and 100 U/ml of penicillin—
streptomycin. Human mADbs were expressed in HEK293T cells cultured in FreeStyle™ 293
Expression Medium (Cat# 12338018, Gibco™) at 37 °C with 5% CO2. HEK293T (ATCC
CRL-11268) cells were cultured in DMEM high glucose (Sigma-Aldrich) supplemented with
10% FBS, 1% 100X Mem Neaa (Gibco) and 1% 100X L-Glutamine (Gibco) at 37 °C with 5%
COa2. To express RBD, RBD variants and ACE2, HEK293T cells were cultured in DMEM high
glucose (Sigma) supplemented with 2% FBS, 1% 100X Mem Neaa and 1% 100X L-Glutamine
at 37 °C for transfection. BA.2 RBD were expressed in HEK293T (ATCC CRL-11268) cells
cultured in FreeStyle™ 293 Expression Medium (Cat# 12338018, Gibco™)at 37 °C

with 5% COsz. E.coli DH5a bacteria were used for transformation and large-scale preparation
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of plasmids. A single colony was picked and cultured in LB broth at 37 °C at 200 rpm in a

shaker overnight.

Sera from BA.1 infected cases, study subjects

Following informed consent, individuals with omicron BA.1 were co-enrolled into the
ISARIC/WHO Clinical Characterisation Protocol for Severe Emerging Infections [Oxford
REC C, reference 13/SC/0149] and the “Innate and adaptive immunity against SARS-CoV-2
in healthcare worker family and household members” protocol affiliated to the Gastro-
intestinal illness in Oxford: COVID sub study [Sheffield REC, reference: 16/YH/0247] further
approved by the University of Oxford Central University Research Ethics Committee.
Diagnosis was confirmed through reporting of symptoms consistent with COVID-19 or a
positive contact of a known Omicron case, and a test positive for SARS-CoV-2 using reverse
transcriptase polymerase chain reaction (RT-PCR) from an upper respiratory tract (nose/throat)
swab tested in accredited laboratories and lineage sequence confirmed through national
reference laboratories. A blood sample was taken following consent at least 10 days after PCR
test confirmation. Clinical information including severity of disease (mild, severe or critical
infection according to recommendations from the World Health Organisation) and times
between symptom onset and sampling and age of participant was captured for all individuals

at the time of sampling (see Table S4).

Sera and PBMC from BA.2 infected study subjects

Following informed consent, healthcare workers with BA.2 infection were co-enrolled under
the Sheffield Biobank study (STHObs) (18/YH/0441) during March 2022 (median 22 March,
BA.2 sequence was confirmed for all samples taken before 22 March). All individuals had

PCR-confirmed symptomatic disease and sequence confirmed BA.2 infection through national
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UKHSA sequencing data. A blood sample was taken following consent at least 12 days after
PCR test confirmation. Clinical information including vaccination history, times between
symptom onset and sampling and age of participant was captured for all individuals at the time

of sampling (see Table S4).

Sera from BA.4/5 infected cases, study subjects

Following informed consent, individuals with omicron BA.4 or BA.5 were co-enrolled into
one or more of the following three studies: the ISARIC/WHO Clinical Characterisation
Protocol for Severe Emerging Infections [Oxford REC C, reference 13/SC/0149], the “Innate
and adaptive immunity against SARS-CoV-2 in healthcare worker family and household
members” protocol (approved by the University of Oxford Central University Research Ethics
Committee), or the Gastro-intestinal illness in Oxford: COVID sub study [Sheffield REC,
reference: 16/YH/0247]. Diagnosis was confirmed through reporting of symptoms consistent
with COVID-19, hospital presentation, and a test positive for SARS-CoV-2 using reverse
transcriptase polymerase chain reaction (RT-PCR) from an upper respiratory tract (nose/throat)
swab tested in accredited laboratories and lineage sequence confirmed through national
reference laboratories in the United Kingdom. A blood sample was taken following consent at
least 14 days after PCR test confirmation. Clinical information including severity of disease
(mild, severe or critical infection according to recommendations from the World Health
Organisation) and times between symptom onset and sampling and age of participant was

captured for all individuals at the time of sampling (see Table S4).

Sera from Pfizer vaccinees

Pfizer vaccine serum was obtained from volunteers who had received three doses of the

BNT162b2 vaccine. Vaccinees were Health Care Workers, based at Oxford University
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Hospitals NHS Foundation Trust, not known to have prior infection with SARS-CoV-2 and
were enrolled in the OPTIC Study as part of the Oxford Translational Gastrointestinal Unit Gl
Biobank Study 16/YH/0247 [research ethics committee (REC) at Yorkshire & The Humber —
Sheffield] which has been amended for this purpose on 8 June 2020. The study was conducted
according to the principles of the Declaration of Helsinki (2008) and the International
Conference on Harmonization (ICH) Good Clinical Practice (GCP) guidelines. Written
informed consent was obtained for all participants enrolled in the study. Participants were
sampled approximately 28 days (range 25-56) after receiving a third “booster dose of
BNT162B2 vaccine. The mean age of vaccinees was 37 years (range 22-66), 21 male and 35

female.

Method Details

Isolation of BA.2 S-specific single B cells by FACS

BA.2 S-specific single B cell sorting was performed as previously described®. Briefly, PBMC
were stained with LIVE/DEAD Fixable Aqua dye (Invitrogen) followed by recombinant
trimeric S-twin-Strep of BA.2. Cells were then incubated with CD3-FITC, CD14-FITC, CD16-
FITC, CD56-FITC, IgM-FITC, IgA-FITC, IgD-FITC, 1gG-BV786 and CD19-BUV395, along
with Strep-MAB-D Y549 to stain the twin strep tag of the S protein. IgG+ memory B cells were
gated as CD19+, IgG+, CD3-, CD14-, CD56-, CD16-, IgM-, IgA- and IgD-, and S+ was further
selected and single cells were sorted into 96-well PCR plates with 10 pl of catching buffer
(Tris, Nuclease free-H20 and RNase inhibitor). Plates were briefly centrifuged at 2000xg for

1 min and left on dry ice before being stored at -80 °C.

Cloning and expression of BA.2 S-specific human mAbs
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BA.2 S-specific human mAbs were cloned and expressed as described previously*. Briefly,
genes for Ig IGHV, Ig Vk and Ig VA were recovered from positive wells by RT-PCR. Genes
encoding Ig IGHV, Ig Vx and Ig VA were then amplified using Nested-PCR by a cocktail of
primers specific to human IgG. PCR products of HC and LCs were ligated into the expression
vectors of human IgG1 or immunoglobulin k-chain or A-chain by Gibson assembly*3. For mAb
expression, plasmids encoding HCs and LCs were co-transfected by PEI-transfection into a
HEK?293T cell line, and supernatants containing mAbs were collected and filtered 4-5 days

after transfection, and the supernatants were further characterized or purified.

ACE2 binding inhibition assay by ELISA

MAXISORP immunoplates were coated with 5 pg/ml of purified ACE2-His protein overnight
at 4 °C and then blocked by 2% BSA in PBS. Meanwhile, mAbs were serially diluted and mixed
with 2.5 pg/ml of recombinant BA.1 trimeric S-twin-Strep. Antibody-S protein mixtures were
incubated at 37°C for 1 hr. After incubation, the mixtures were transferred into the ACE2-
coated plates and incubated for 1 hr at 37 °C. After wash, StrepMAB-Classic (2-1507-001, iba)
was diluted at 0.2 pg/ml by 2% BSA and used as primary antibody followed by Goat anti-
mouse 1gG-AP (#A16093, Invitrogen) at 1:2000 dilution. The reaction was developed by
adding PNPP substrate and stopped with NaOH. The absorbance was measured at 405nm. The
ACEZ2/S binding inhibition was calculated by comparing to the antibody-free control well.

IC50 was determined using the Probit program from the SPSS package.

Pseudovirus plasmid construction and lentiviral particle production
Pseudotyped lentiviruses expressing SARS-CoV-2 S proteins from ancestral strain (Victoria,
S247R), BA.2 and BA.4/5 were constructed as described previously3243544 \We applied the

same method to construct BA.2.75, BA.2.75.2, BA.2.3.20, BA.2.10.4, BJ.1, BS.1, BN.1, XBB,
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and XBB.1 by adding more mutations into the BA.2 construct. To generate BA.2.75, we added
K147E, W152R, F157L, 1210V, G275S, G446S and N460K into BA.2 backbone, also changed
339D in BA.2 S into 339H, and reversed 493R in BA.2 to 493Q as in the ancestral strain. To
create BA.2.75.2, we added R346T, F486S and D1199N into BA.2.75 backbone. To create
BA.2.3.20, we introduced M153T, N164K, H245N, G257D, K444R, N450D, L452M, and
N460K, as well we changed L452R in BA.2 into L452M, and reversed 493R in BA.2 to 493Q
as in the ancestral strain. BA.2.10.4 was generated by introducing W64R, G446S, F486P,
R493Q, S494P and P1143L into BA.2 backbone, as well as deleting aal42-144 and 243-244.
To generate BJ.1, we introduced V83A, deletion at position 145, H146Q, Q183E, R346T,
L368I, V445P, G446S, V483A, FA490V and S1003lI, in addition we changed 213G in BA.2 into
213E and also changed 339D in BA.2 S into 339H in BA.2 backbone. To create BS.1, we added
aal44 deletion, G257V, R346T, L452R, G476S, N460K, F486S, F490S, and Q493H reversion
into BA.2 backbone. To generate BN.1, the BA.2.75 vector was used as backbone with addition
of R346T, K357T and F490S. To construct XBB, we added V83A, aal44 deletion, H146Q,
Q183E, V213E, R346T, L368I, V445P, G446S, N460K, F486S, and F490S into BA.2
backbone and also changed 339D in BA.2 to 339H and reversed 493Q to H. XBB.1 was
constructed by adding G252V into XBB. The same method was used to construct BF.7, BA4.6,
BQ.1 and BQ.1.1 with new RBD mutations from BA.2 lineages. To create BF.7, R346T was
added into BA.4 backbone. To generate BA.4.6, we introduced R346T and N658S into BA.4
backbone. BQ.1 was constructed by introducing K444T and N460K into BA.4 backbone, while
BQ.1.1 was to add R346T into BQ.1 construct. The resulting pcDNA3.1 plasmid carrying S
gene was used for generating pseudoviral particles together with the lentiviral packaging vector

and transfer vector encoding luciferase reporter. All the constructs were sequence confirmed.

Pseudoviral neutralization test
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The pseudoviral neutralization test has been described previously®®. Briefly, the neutralizing
activity of potent monoclonal antibodies generated from donors who had recovered from BA.1
and BA.2 infections were tested against Victoria, BA.2, BA.2.75, BA.2.75.2, BA.2.3.20, BJ.1,
BA.4/5, BA.4.6, BA.4.7 and chimeric BA.4. Four-fold serial diluted mAbs were incubated with
pseudoviral particles at 37°C, 5% COz for 1 hr. Stable HEK293T/17 cells expressing human
ACE2 were then added to the mixture at 1.5 x 10% cells/well. 48 hr post infection, culture
supernatants were removed and 50 pL of 1:2 Bright-Glo TM Luciferase assay system
(Promega, USA) in 1 x PBS was added to each well. The reaction was incubated at room
temperature for 5 mins and firefly luciferase activity was measured using CLARIOstar® (BMG
Labtech, Ortenberg, Germany). The percentage neutralization was calculated relative to the
control. Probit analysis was used to estimate the dilution that inhibited half maximum
pseudotyped lentivirus infection (PVNT50). To determine the neutralizing activity of
convalescent plasma/serum samples or vaccine sera, 3-fold serial dilutions of samples were

incubated with pseudoviral particles for 1 hr and the same strategy as for mAbs was applied.

RBD production for structural analysis

Delta RBD was cloned into pNEO vector as described previously®®. Protein production was as
described by Zhou et al.3*. Briefly, plasmids encoding RBD were transiently expressed in
HEK293T (ATCC CRL-11268) cells. The conditioned medium was dialysed and purified with
a 5-ml HisTrap nickel column (GE Healthcare) and further polished using a Superdex 75

HiLoad 16/60 gel filtration column (GE Healthcare).

IgG mAbs and Fabs production

AstraZeneca and Regeneron antibodies were provided by AstraZeneca, Vir, Lilly and Adagio

antibodies were provided by Adagio, LY-CoV1404 was provided by LifeArc. For the in-house
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antibodies, heavy and light chains of the indicated antibodies were transiently transfected into
293T cells and antibody purified from supernatant on protein A as previously described®®. Fabs
were digested from purified 1gGs with papain using a Pierce Fab Preparation Kit (Thermo

Fisher), following the manufacturer’s protocol.

Competition assays of anti-Omicron BA.2 RBD mAbs

Competition assays of anti-Omicron BA.2 RBD mAbs were performed on an Octet Red 96e
machine (Sartorius) using Octet Anti-HIS (HIS2) Biosensors (Sartorius). His-tagged Omicron
BA.2 RBD dissolved in the running buffer (10 mM HEPES, pH 7.4 and 150 mM NaCl) was
used as the ligand and was first immobilized onto the biosensors. The biosensors were then
washed with the running buffer to remove unbound RBD. Each biosensor was dipped into
different saturating mAbs (Ab1l) to saturate the bound RBD, except one biosensor was dipped
into running buffer in this step, acting as the reference. Then all biosensors were washed with
the running buffer again and dipped into wells containing the same competing antibody (Ab2).
The y axis values of signals of different saturating antibodies in this step were divided by the
value of the reference channel to get ratio results of different Ab1-Ab2 pairs. Ratio results close

to 0 indicated total competition while 1 indicated no competition.

Antibody mapping to RBD surface

All BA.2 antibodies and several antibodies with previously solved structures (mAb-45, -58, -
278, EY6A AZD8895, AZD1061)* were used in a competition assay prepared for antibody
mapping to the RBD surface. Antibody mapping was carried out using Mabscape* and
cluster4x®. Mid-point positions of mAb-45, -58, -278, EY6A AZD8895, AZD1061* were
calculated from crystal structures and used to seed the analysis in 1000 Monte Carlo runs,

whereas several known structural positions were not included in the analysis and used as a

32



cross-check. A total of 178 Monte Carlo runs formed a single cluster with the lowest score and

these were used to calculate average positions for BA.2 antibodies.

Crystallization, X-ray data collection and structure determination

Purified Delta RBD was deglycosylated with Endo F1 and combined with Fabs EY6A and
BA2-10 in a 1:1:1 molar ratio with a final concentration of 7 mg ml™! and combined with Fab
BA2-36 in a 1:1 molar ratio with a final concentration of 13 mg ml™'. The samples were
incubated at room temperature for 30 min. Initial screening of crystals was set up in
Crystalquick 96-well X plates (Greiner Bio-One) with a Cartesian Robot using the nanoliter
sitting-drop vapor-diffusion method, with 100 nL of protein plus 100 nL of reservoir in each
drop, as previously described*. Good crystals of Delta RBD/EY6A/BA2-10 complex were
formed in Hampton Research PEGRx condition 2-18, containing 10% (v/v) 2-propanol, 0.1 M
BICINE, pH 8.5 and 30% (w/v) PEG 1500. Crystals of Delta RBD/BA.2-13/C1 nanobody
complex were grown in the condition containing 0.1 M BICINE pH 8.5 and 15% (w/v) PEG
1,500. Good crystals of the Delta RBD/BA2-36 complex were formed in Hampton Research
PEGRx condition 2-31, containing 2% (v/v) PEG400, 0.1M imidazole pH7.0 and 24% (w/v)
PEG MME 5000.

Crystals were mounted in loops and dipped in solution containing 25% glycerol and 75%
mother liquor for a second before being frozen in liquid nitrogen. Diffraction data of Delta
RBD/EY6A/BA2-10 and Delta RBD/BA2-36 were collected at 100 K at beamline 103 of
Diamond Light Source, UK, using the automated queue system that allows unattended

automated data collection (https://www.diamond.ac.uk/Instruments/Mx/103/103-

Manual/Unattended-Data-Collections.html). 3600 diffraction images of 0.1° each were

collected from a single crystal of the Delta-RBD/BA.2-10/EY6A complex. 7200 diffraction

images were collected from two crystals for Delta-RBD/BA.2-36 complex. 360° of diffraction
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data for Delta RBD/BA.2-13/C1 were collected at beamline 104. Data were automatically
processed with Xia2-dials*’“®, Each of the structures was determined using molecular
replacement with Phaser*® and a model of our previously determined RBD/Fab structures that
has maximum sequence identity with the current structure***4  Model rebuilding used

COOT® and refinement Phenix®™.

Data collection and structure refinement statistics are given in Table S3. Structural
comparisons used SHP°? and figures were prepared with PyMOL (The PyMOL Molecular

Graphics System, Version 1.2r3pre, Schrodinger, LLC).

Cryo-EM Structure Determination

For Delta-RBD/BA.2-23/BA.2-36/EY6A/MAD-4, delta RBD was incubated with a 1.1 molar
excess of each Fab on ice for ca. 10 minutes before application of a 3 uL aliquot of this complex
mixture to a freshly glow-discharged (35 s, high with a Plasma Cleaner PDC-002-CE, Harrick
Plasma) Quantifoil 2/1 300 mesh grids. Excess liquid was removed by blotting for 6 s with a
force of -1 using vitrobot filter paper (grade 595, Ted Pella Inc.) at 4.5 °C, 100 % reported
humidity before plunge freezing into liquid ethane using a Vitrobot Mark IV (Thermo Fisher).
Movies, 20,535 in total, were collected on a Titan Krios operating at 300 kV equipped with a
Falcon-1V Selectris at 130 kX magnification, corresponding to a calibrated pixel size of 0.7303
AZ with a total dose of 50 e-/A? using EPU software (ThermoFisher scientific) and defocus

range of 0.8-2.6 um in EER format.

Data were pre-processed on-the-fly in the cryoSPARC live interface, using initial 2D classes

from blob-picked particles a template for template picking®3. 3,529,798, picked particles, were

then 2D classified into 250 classes in cryoSPARC v3.3.2 “static’ version, and 335,851 particles
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that were not obviously ‘junk’ were further classified, resulting in 29,589 particles in classes
representing a variety of views. These were then used as input for ab-initio 3D reconstruction
to three classes before heterogeneous refinement using the resulting volume set. One class,
containing 167,492 particles, clearly commensurate with an RBD decorated with four Fabs,
was then refined using non-uniform refinement before unbinning and further refinement to a

final reported resolution of 2.9 A resolution (-93 reported global b-factor).

Phylogenetic tree

The phylogenetic tree was generated by pruning the WNextclade reference tree
(https://nextstrain.org/nextclade/sars-cov-2/21L) which contains one sequence per Pango
lineage. The tree was generated with a Snakemake workflow using the Augur toolchain. The
workflow is available at:

https://github.com/neherlab/nextclade data workflows/tree/27bf7e0b4f62chbbbc9a8ac96dbl5

87cd76b3ael0

The topology of the tree was constrained using the Usher tree that incorporates nearly all
sequences available through GISAID?. The tree was pruned using a BioPython script and

visualized using Figtree.

Quantification and statistical analysis

Statistical analyses are reported in the results and figure legends. Neutralization was measured
on pseudovirus. The percentage reduction was calculated and 1Cso determined using the probit
program from the SPSS package. The Wilcoxon matched-pairs signed rank test was used for

the analysis and two-tailed P values were calculated on geometric mean values.
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Movie S1. Heat map to indicate the concentration of antibody interactions across the RBD
surface from the set of potent antibodies previously reported against early pandemic virus4.

Movie S2. Heat map to indicate the concentration of antibody interactions across the RBD
surface from the set of potent antibodies previously reported against Beta variant14.

Movie S3. Heat map to indicate the concentration of antibody interactions across the RBD
surface from the set of potent antibodies previously reported against Omicron BA.113.

Movie S4. Heat map to indicate the concentration of antibody interactions across the RBD
surface from the set of potent antibodies against BA.2 reported in this paper.
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Variant Mutations in RBD area
BA.2.12.1 L452q Q493R
BA.4 L452R F486V
BA.4.6 L452R F486V
BA.4.7 L452R FA86V
BA.2.75 G339H G4465 N460K
G339H | R346T G4465 N460K FA86S
BA.2.3.20 L\ 452M | N460K
BL1 G339H | R346T L3681 V445P | G446S V483A F490V | Q493R
BA.2.10.4 G4465 FA86P
BQ.1 K: L452R | N460K Fag86V.
BQ.1.1 R346T K L452R | N460K F4g86v
BF.7 R346T L452R F486Vv
BN.1 G339H | R346T | K356T G4465 N460K F490s
BS.1 R346T L452R | N460K Q493R
XBB R L368| V445P | G446S N460K F490S | Q493R

8

Figure 1
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Highlights

25 potent RBD mADbs generated from vaccinees suffering BA.2 breakthrough infections.

Potent mAbs bind 3 clusters, 2 correspond to early-pandemic binding hotspots.

RBD mutations in recent variants map close to these binding sites.

Neutralization activity of all but 1 potent mAb is reduced.

eTOC

Dijokaite-Guraliuc et al. analyse potently neutralizing antibodies from vaccinated individuals
with BA.2 breakthrough infections. The antibodies bind 3 sites on the receptor binding domain,
2 in common with early pandemic antibodies. Mutations in more recent variants map closely

to these sites leading to reduced neutralization in all but one mAb.
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CryoEM structure of: SARS-CoV-2 Delta-| This paper PDB:8BCZ, EMD-
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Vector: pHLsec-SARS-CoV-2 spike of Omicron | Nutalai et al., N/A
2022.%3
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RBD of BA.2.75

Vector: pNEO-SARS-CoV-2 RBD of BA.2 Nutalai et al., N/A
2022.13

Vector: pNEO-SARS-CoV-2 RBD of BA.4/5 Tuekprakhon et al., | N/A
2022.%4
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Vector: pNEO-SARS-CoV-2 RBD of Alpha Supasa et al., N/A
2021.%0

Vector: pCMV-VSV-G Stewart et al. Addgene plasmid #
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pHR-SIN-ACE2 Alain Townsend, N/A
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strain (A67V, A69-70, T95I, G142D/A143-145, | 2022.13

A211/L212l, ins214EPE, G339D, S371L,

S373P, S375F, K417N, N440K, G446S,

S477N, T478K, E484A, Q493R, G496S,
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Tuekprakhon et al.,
2022.%

N/A
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This paper

N/A

Vector: pcDNA-SARS-CoV-2 spike of
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N969K)

This paper

N/A
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This paper
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Q954H, N969K)

This paper
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German Cancer
Research Center,
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Germany (H.
Wardemann
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German Cancer
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Heidelberg,
Germany (H.
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University of Oxford
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Adgene
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University of
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Siebold)

Software and Algorithms

CooT Emsley et al., https://www2.mrc-
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Fortebio
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Structura
Biotechnology Inc.
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SerialEM (version 3.8.0 beta)
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o.edu/SerialEM/
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Thermo Fisher
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Prism 9.0

GraphPad
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om/scientific-
software/prism/

Yeast display titration curve fitting were done
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3.7

Zahradnik et al.,
2021.57
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nginn/mabscape
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scape

Biacore T200 Evaluation Software 3.1 Cytiva www.cytivalifesciences.
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Other

X-ray data were collected at beamline 103, This paper https://www.diamond.a
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access.html

Cryo-EM data were collected at OPIC, Division | This paper https://www.opic.ox.ac.

of Structural Biology, University of Oxford uk
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Crystallization Imaging System Formulatrix Cat#RI-1000

Sonics vibra-cell vex500 sonicator VWR Cat#432-0137

Biacore T200 Cytiva https://www.cytivalifesc

iences.com/en/us/shop
/protein-analysis/spr-
label-free-
analysis/systems/biaco
re-t200-p-05644
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Figure S1. Mapping of all antibodies and ternary and quintuple complex structures. (A) Competition mapping, as
measured by BLI (bottom right) and as calculated by Mabscape (top left). (B) Delta-RBD with BA.2-10 and EY6A
Fabs. (C) Delta-RBD with BA.2-13 Fab and C1 nanobody. (D) Delta-RBD with BA.2-23, BA.2-36, EY6A and
COVOX-45 Fabs. RBD is drawn as grey surface representation with BA.4 mutation sites highlighted in magenta and
the additional mutation sites of all variants shown in Figure 1A are shown in cyan. Fabs are shown as ribbons with HC
in red and LC in blue. The C1 nanobody in (B) is coloured in orange. Related to Figures 4,5 & 6. .
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Figure S2. Structure of Delta-RBD and BA.2-23 complex and sensitivity of LY-CoV1404 to
Omicron subvariants containing K444T or V450P mutation indicated by the structure of its
complex with RBD. (A) overall structure of RBD and BA.2-23 complex. (B)-(F) details of
interactions between RBD and BA.2-23. Drawing style and colour scheme are as in Figure 6. (G)
Overall structure of RBD/LY-CoV1404 (PDB ID, 7MMO) as viewed from front of the RBD. The
drawing style and colour scheme are as in (A). (H) Interactions of K444 of the RBD with CDR-H2 of
LY-CoV1404. (I) Contacts between V445 of the RBD and LY-CoV1404. The side chains of the RBD,
Fab HC and LC are shown as cyan, red and blue sticks respectively. Hydrogen bonds and salt bridges
are shown as yellow broken bonds. Related to Figure 6.
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Figure S3. Neutralization assays. Neutralization curves using lentivirus pseudotyped with the S gene
of the indicated BA.2 sub-lineages (A) BA.2 mAbs, (B) Omi-mAbs, (C) Commercial mAb. Related to
Figure 3. Data for Omi-mAbs and Commercial mAbs against Victoria, BA.2 and BA.4/5, previously
reported in?* are included for comparison.
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Victoria _ Alpha  Beta Gamma Delta  BA1  BALl  BA2 | Victoria BA2 BA2121 BA4/5 BA46 BA275 BA2752 BA2320 BI1 BF.7 BS1 BA2104 BN.1 _ XBB  XBB.1
Omi-29 (3-53)  0.044 0.066 0.048 0.040 0.036 0.052 0.192 0.396 0.170 1738

Omi-36(3-66) 0.056  0.047
Omi-16 (3-66)
Omi-27 (3-66)
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oniss 43 G0l o6 _ o |

Omi-09 (3-30) m 0376 0215 0217 pg/mL
Omi-08 (1-46) m 0192 0501 0633 0584
Omi-12 (1-58) 10.000
* Nutalai, R., Zhou, D., Tuekprakhon, A., Ginn, H.M., Supasa, P., Liu, C., Stuart, D. I., Screation, G.R., et al. (2022). Potent cross-reactive antibodies following Omicron breakthrough in vaccinees. Cell I
185(12), 2116-2131.
** Tuekprakon, A., Nutalai, R., Dijokaite-Guraliuc, A., Zhou, D., Ginn, H. M., Stuart, D. I, Screaton, G. R., et al. (2022). Antibody escape of SARS-CoV-2 Omicron BA.4 and BA.5 from vaccine and BA.1
serum. Cell 185(14), 2422-2433. 0.100
# Huo, J., Dijokaite-Guraliuc, A., Nutalai, R., Das, R., Stuart, D. I., Screaton, G. R., et al. (2022). Humoral responses against SARS-CoV-2 Omicron BA.2.11, BA.2.12.1 and BA.2.13 from vaccine and BA.1
serum. Cell discovery.
## Huo, J., Dijokaite-Guraliuc, A,, Liu, C., Das, R., Supasa, P., Stuart, D. I, Screaton, G. R., et al. (2022). A delicate balance between antibody evasion and ACE2 affinity for Omicron BA.2.75.
A Further antibody evasion by SARS-CoV-2 Omicron subvariant BA.4.6. . 0.001

Figure S4 Heat map of IC50 neutralization titres for the panel of BA.1 (Omi) mAb. Pseudoviral
neutralization IC50 titres for indicated mAb against a panel of pseudoviruses expressing variant S

sequences. Live virus IC50 values against variants found earlier in the pandemic are included for

comparison. Data for live virus assays and pseudoviral data for Victoria, BA.2 and BA.4/5 were
previously reported®*. Related to Figure 3.
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Example earl Country/Region of earliest Date of Pango issue,
Lineage Defining RBD mutations P Y Submitting scientist, laboratory Yy/Reg! earliest 8 L ’
genome sequences contributor
BA.4.6 BA.4/5 + R346T EPI_IsL 12475182 | Overetal HOSPéE/:;;JEh;IVERSITARIO SON Europe/South Africa April 2022 #741, ryhisner
BA.4.7 BA.4/5 + R346S EPI_ISL_12644817 Iranzadeh et al. NHLS/UCT South Africa/Israel April 2022 #777, FedeGueli
BF.7(BA.5.2.1.7) BA.4/5 R346T EPI_ISL_12810243 | Coppens et al., Labo Klinische Biologie, UZA Belgium May 2022 #827, ryhisner
Howard et al., Centers for Disease Control and
BQ.1(BA.5.3.1.1.1.1.1) BA.4/5 K444T, N460K EPI_ISL_14294806 Prevention Division of Viral Diseases, Nigeria July 2022 #993, FedeGueli
Pathogen Discovery
BQ.1.1(BA5.3.1.1.1.1.1.1) BQ.1+R346T EPI_ISL 14752457 |  Christensenet :'C‘,'S;‘::fm" Methodist USA August 2022 |  #993, FedeGueli
BA2.75 BA.2 + G339H, 641165, N460K,| EPI ISL 13302209 Khairnar et al. CSIR-I\_IEERI, Nagpur Covid-19 india April 2022 #773, Silcn
R493Q - Testing Lab
BA.2.75.2 BA.2.75 + R346T, F486S EPI_ISL_14290506 Gupta et al. ILBS/INSACOG India July 2022 #966, agamedilab
BN.1(BA.2.75.5.1) BA.2.75 + R346T, K356T, EPI_ISL_14601644 Sima et al, Lifebrain Covid Labor GmbH India July 2022 #_994'
F490S corneliusroemer
BA.2 + G339H, R346T, L368l, Maitra et al. National Institute of Biomedical . .
BJ.1(BA.2.10.1.1) VA45P, GAAGS, VAS3A, FAS0V EPI_ISL_14166909 Genomics — INSACOG India June 2022 #915, Silen
Karyakarte et al. Center for Genomics,
BA.2.10.4 BA2+ 64365’ Fagep, EPI_ISL_13929780 | Department of Microbiology, BJ Government India June 2022 #898, Silcn
R493Q*, S494P . .
Medical College and Sassoon Hospitals
BA.2 + R346T, L452R, N460K, Sekizuka et al. Pathogen Genomics Center, "
BS.1(BA.2.3.2.1) G476 EPI_ISL_14853710 National Institute of Infectious Diseases Japan ex Vietnam August 2022 #1052, TakaKen6
K444R, N450D, L452M, X " .
BA.2.3.20 N46OK, EAS4R, RA93Q* EPI_ISL_14723265 Selway et al, SA Pathology USA/Singapore/Australia | August 2022 #1013, ryhisner
BA.2 + R346T, L368I, V445P, ) '
XBB GA46S, N4GOK, FA86S, F490S, | EPI_ISL_14917761 | 82N €t @l National Public Health Laboratory, India #1058,

R493Q*

National Centre for Infectious Diseases

August 2022

corneliusroemer
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Table S2. Variable gene usage BA.2 antibodies, related to Figure 1.

Heavy Chain Light Chain
Protein-
Abid.  qpecific V-GENEandallele  J-GENE and allele D'G;'I“ef:"d V'RAiGc'hoa':‘:e"sM |§I::t3h Light Chain V-GENEandallele  J-GENE and allele V-RAZGcll?a'\:l:ebs of |:::13h
BA2:02  RBD 1-69*01 F, or 1-69D*01 F S5*02F 322701 F 10 19 K 1-39%01 F, or 1D-39%01 F 4%01F 7 9
BA2:03  RBD 1-2%02F 6*02F 316%02F 10 23 K 311%01F S*01F 6 9
BA2:04  RBD 3.53%02F 6*02F 3.9%01F 1 11 K 1-9%01F S*01F 8 10
BA2:05  RBD 1-69%06 F, or 1-69*17 F 6*02F 3.3%02F 9 17 A 1-47°01F 3%02F 10 1
BA206  RBD 1-69*01 F, or 1-69D*01 F 4%02F 322701 F 8 20 K 1-39*01 F, or 1D-39%01 F 101 F 4 9
BA207  RBD 1-69*01 F, or 1-69D*01 F 5*02F 3.22%01F 13 19 K 1-39%01 F, or 1D-39%01 F 4%01F 8 9
BA2:09  RBD 1-2%02F 6*02F 316%02F 1 23 K 311%01F S*01F 8 9
BA2-10  RBD 3.9%01F 3%02F 322701 F 7 18 K 1-39*01 F, or 1D-39%01 F 3%01F 8 9
BA2-11  RBD 1-69*01 F, or 1-69D*01 F 5*02F 322701 F 9 19 K 1-39*01 F, or 1D-39%01 F 4%01F 5 9
BA2-12  RBD 3.9%01F 6*02F 221%02F 8 16 K 1-39*01 F, or 1D-39%01 F 2*01F 13 9
BA2-13  RBD 315%01F 3%01F 310%01F 9 17 K 1-39*01 F, or 1D-39%01 F 4*01F 4 8
BA2-15  RBD 1-69*01 F, or 1-69D*01 F 4%02F 322701 F 10 20 K 1-39%01 F, or 1D-39%01 F 1%01F 3 9
BA2-16  RBD 1-69*01 F, or 1-69D*01 F 5*02F 322701 F 9 19 K 1-39*01 F, or 1D-39%01 F 4%01F 7 9
BA2-17  RBD 1-69%06 F 6*02F 33%01F 9 19 A 214%01F 2%01F, or 3*01F 8 1
BA2-19  RBD 3.48%03F 4702F 1-26*01F 8 13 K 1-5%03 F 101 F 6 10
BA221  RBD 3.9%01F 4%02F 5-24*01 ORF 1 16 A 1-40%01F 3%02F 7 1
BA223  RBD 353004 F 6*02F 1-26*01F 12 13 K 1-33*01F, or 10-33%01 F S*01F 8 9
BA224  RBD 1-69%09 F 4%02F 322701 F 13 16 K 1-39*01 F, or 1D-39%01 F S*01F 6 9
BA225  RBD 4-50%01 F 4%02F 512%01F 16 16 K 2-28*01F, or 20-28%01 F 3%01F 7 9
BA226  RBD 3.66%01F, or 3-66*04F  S*O1F,or 5*02F  2-15%01F 16 10 K 1-33%01F, or 10-33%01 F 4°02(F) 10 8
BA228  RBD 3.9%01F 6*02F 66%01F 14 19 A 321%02F 2%01F, or 3*01 F 6 1
BA230  RBD 450%03 F 4%02F 512%01F 13 16 K 2-28*01F, or 20-28%01 F 3%01F 6 9
BA233  RBD 461%11 (F) 5*02F 215%01F 16 14 A 1-47°01F 2%01F, or 3*01F 13 1
BA234  RBD 1-69%09 F 4%02F 221%02F 1 12 K 1-5%01F 1%01F 4 8
BA236  RBD  4-61*02F,or 4-61*11(F) 4702F 6-25%01 F 17 11 K 1.5%01F 1%01F, or 4%02 (F) 7 8

Table S2



Table S3. Structural data collection, analysis and model statistics, related to Figure 6.

Method

X-ray Crystallography Cryo-EM
Structure Delta-RBD/BA.2- Delta-RBD/BA.2- Delta- Delta-RBD/BA.2-
10/EYBA 13/C1 RBD/BA.2-36 23/BA.2-36/EY6A/Fab-45
PDB/EMBD ID 8BBN 8C3V 8BBO 8BCZ, EMD-15971
Data collection
Space group P212121 P212121 P41 Voltage (kV) 300
Cell dimensions Frames (EER 50
fractions)
a, b, c(A) 170.7,171.7, 105.9, 160.8, 99.2,99.2, Dose rate (e’ 11.5
177.0 172.4 86.1 INB)
a, B,y (©) 90, 90, 90 90, 90, 90 90, 90, 90 Total dose (e/A?) 50
Resolution (A) 56-3.58 (3.65—  80-2.74 (2.79- 54-2.75 Calibrated pixel 0.7303
3.58)" 2.74) (2.80-2.75) size (A%)
Rmerge 0.467 (--) 0.257 0.460 (---) Defocus (um) 0.8-2.6
Rpim 0.130 (1.771) 0.072 (1.078) 0.90 (2.066
I/s(1) 4.1 (0.3) 7.4(0.4) 7.5(0.4) Movies 20,535
CCir2 0.992 (0.301) 0.995 (0.317) 0.994 (0.390) Particles (final) 167,492
Completeness (%) 100 (97.2) 100 (99.5) 100 (99.9) Map resolution 29
(A)
Redundancy 13.8 (13.2) 13.7 (14.1) 26.8 (18.3) Sharpening B- 90.5
factor (A?)
Refinement
Resolution (A) 56-3.58 67-2.74 50-2.75 Resolution (A) 29
No. reflections 52453/2840 73940/3933 20668/1102 No. protein atoms 8505
Rwork | Riree 0.265/0.313 0.216/0.259 0.224/0.252 B factors (A?) 62
No. atoms r.m.s. deviations
Protein 24354 17512 4738 Bond lengths  0.003
(A)
Ligand/ion/water 285 14 Bond angles 0.5
)
B factors (A?) Clash score 6.2
Protein 174 93 81 Ramachandran 0
outlier (%)
Ligand/ion/water 101 126 Rotamer outlier 1.2
(%)
r.m.s. deviations d FSC model 3.1
(0.5)
Bond lengths (A) 0.002 0.003 0.002 CC (mask) 0.83
Bond angles (°) 0.5 0.6 0.5
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Table S4. Sample information, related to Star Methods.

BA.1 infection BA.2 infection BA.4/5 infection | BNT162b2 V3+28
Participants
Female 6 19 6 8
Male 3 4 5 10

Median Age (Y)

31 (Range 21-55)

41 (Range 22-57)

42 (Range 20-94)

45 (Range 30-59)
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