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Summary 41 

The Omicron lineage of SARS-CoV-2, first described in November 2021, spread rapidly to 42 

become globally dominant and has split into a number of sub-lineages. BA.1 dominated the 43 

initial wave but has been replaced by BA.2 in many countries. Recent sequencing from South 44 

Africa’s Gauteng region uncovered two new sub-lineages, BA.4 and BA.5 which are taking 45 

over locally, driving a new wave. BA.4 and BA.5 contain identical spike sequences and, 46 

although closely related to BA.2, contain further mutations in the receptor binding domain of 47 

spike. Here, we study the neutralization of BA.4/5 using a range of vaccine and naturally 48 

immune serum and panels of monoclonal antibodies. BA.4/5 shows reduced neutralization by 49 

serum from triple AstraZeneca or Pfizer vaccinated individuals compared to BA.1 and BA.2. 50 

Furthermore, using serum from BA.1 vaccine breakthrough infections there are likewise, 51 

significant reductions in the neutralization of BA.4/5, raising the possibility of repeat Omicron 52 

infections. 53 

 54 

Introduction 55 

SARS-CoV-2 emerged in Wuhan in late 2019 to rapidly cause a global pandemic. It is now 56 

estimated to have infected over half a billion people and caused over 6 million deaths 57 

(https://covid19.who.int/). Although SARS-CoV-2 RNA polymerase possesses some 58 

proofreading ability there has been rapid evolution of the viral sequence; because of the scale 59 

of the pandemic it is estimated that all single point mutations in the large SARS-CoV-2 genome 60 

will be generated every day (Sender et al., 2021). Most mutations will be silent, deleterious or 61 

of little consequence, however a few may give the virus an advantage leading to rapid natural 62 

selection (Domingo, 2010). Many thousands of individual mutations have been described, and 63 

about a year after the outbreak started, strains began to emerge containing multiple mutations, 64 

particularly in the spike (S) gene. Several of these have been designated variants of concern 65 
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(VoC) (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html) and 66 

have led to successive waves of infection: first Alpha (Supasa et al., 2021), then Delta (Liu et 67 

al., 2021a), then Omicron (Dejnirattisai et al., 2022) spread globally becoming the dominant 68 

variants. Alongside these, Beta (Zhou et al., 2021) and Gamma (Dejnirattisai et al., 2021b) 69 

caused large regional outbreaks in Southern Africa and South America respectively but did not 70 

dominate globally. As of 29th April, over 2.5 million cases of Omicron (BA.1 and BA.2) have 71 

been reported in the UK alone (https://www.gov.uk/government/publications/covid-19-72 

variants-genomically-confirmed-case-numbers/variants-distribution-of-case-data-29-april-73 

2022#omicron) and, although the disease is less severe, particularly in the vaccinated, the scale 74 

of the outbreak has still led to a large number of deaths (Nealon and Cowling, 2022). 75 

 76 

S is the major surface glycoprotein on SARS-CoV-2 and assembles into extended 77 

transmembrane anchored trimers (Walls et al., 2020; Wrapp et al., 2020), which give virions 78 

their characteristic spiky shape. S is divided into N-terminal S1 and C-terminal S2 regions. S1 79 

contains the N-terminal domain (NTD) and receptor binding domain (RBD). A small 25 amino 80 

acid (aa) patch at the tip of the RBD is responsible for interaction with the cellular receptor 81 

ACE2 (Lan et al., 2020). Following ACE2 binding, S1 is cleaved and detaches, whilst S2 82 

undergoes a major conformational change to expose the fusion loop, which mediates fusion of 83 

viral and host membranes, allowing the viral RNA to enter the host cell cytoplasm and 84 

commence the replicative cycle (Walls et al., 2017). 85 

 86 

S is the major target for neutralising antibodies, and studies by a number of groups have isolated 87 

panels of monoclonal antibodies from infected or vaccinated volunteers (Barnes et al., 2020; 88 

Dejnirattisai et al., 2021a; Yuan et al., 2020a). Potently neutralizing antibodies are largely 89 

confined to three sets of sites on S1. The first is within the NTD (Cerutti et al., 2021; Chi et al., 90 
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2020), these antibodies do not block ACE2 interaction and their mechanism of action is still 91 

not well determined. A second region of binding is on or in close proximity to the ACE2 92 

binding surface of the RBD; most potently neutralizing antibodies bind this region and prevent 93 

interaction of S with ACE2 on the host cell, blocking infection (Dejnirattisai et al., 2021a; 94 

Yuan et al., 2020a). Finally, some potent antibodies bind the RBD but do not block ACE2 95 

binding, exemplified by mAb S309 which binds in the region of the N-linked glycan at position 96 

343 (Pinto et al., 2020), these antibodies may function to destabilize the S-trimer (Huo et al., 97 

2020b; Yuan et al., 2020b; Zhou et al., 2020). 98 

 99 

Although mutations in the VoC are spread throughout S, there are particular hotspots in the 100 

NTD and RBD, exactly where potent neutralizing antibodies bind and they are likely being 101 

driven by escape from the antibody response following natural infection or vaccination. 102 

Mutation of the ACE2 interacting surface may also give advantage by increased ACE2 affinity 103 

for S, or possibly altering receptor tropism (Zahradnik et al., 2021). Increased ACE2 affinity 104 

has been found in VoC compared to ancestral strains (Dejnirattisai et al., 2021b; Liu et al., 105 

2021a; Supasa et al., 2021; Zhou et al., 2021), potentially conferring a transmission advantage, 106 

but affinity is not increased in Omicron BA.1 (Dejnirattisai et al., 2022) and only marginally 107 

in BA.2 (Nutalai et al., 2022). 108 

 109 

The initial Omicron wave was caused by the BA.1 strain which, compared to ancestral strains, 110 

contains 30 aa substitutions, 6 aa deletions and 3 aa insertions, largely clustered at the sites of 111 

interaction of potently neutralizing antibodies: the ACE2 interacting surface; around the N-343 112 

glycan, and in the NTD (Dejnirattisai et al., 2022). These changes cause large reductions in the 113 

neutralization titres of vaccine or naturally immune serum, leading to high-levels of vaccine 114 
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breakthrough infections and contributing to the intensity of the Omicron wave of infection 115 

(Dejnirattisai et al., 2022; McCallum et al., 2022). 116 

 117 

A number of Omicron sub-lineages have been described. BA.2 and BA.3 were reported at 118 

about the same time as BA.1 and are highly related, but contain some unique changes in S 119 

(Figure 1A), whilst another sub-lineage BA.1.1, which contains an additional R346K mutation 120 

also emerged (Nutalai et al., 2022). The BA.2 strain, which possesses a small transmission 121 

advantage, has become globally dominant. BA.3, reported in relatively few sequences 122 

compared to BA.1 and BA.2, appears to be a mosaic of BA.1 and BA.2 changes (with 3 123 

differences in the RBD compared to BA.1 and 3 differences compared to BA.2). Cases of BA.2 124 

infection following BA.1, are not thought to be common, due to good levels of cross-125 

neutralizing antibody following vaccination (Nutalai et al, 2022, 126 

https://www.who.int/news/item/22-02-2022-statement-on-omicron-sublineage-ba.2). 127 

 128 

In early April 2022 two new Omicron lineages were reported from Gauteng in South Africa 129 

and designated BA.4 and BA.5 130 

(https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_dat131 

a/file/1067672/Technical-Briefing-40-8April2022.pdf). These have become dominant in 132 

Gauteng and look to be fuelling a new wave of infection in South Africa, with some 133 

international spread. BA.4 and BA.5 (from here on referred to as BA.4/5), have identical S 134 

sequences, and appear to have evolved from BA.2. They contain additional mutations in the 135 

RBD; in particular, the reversion mutation R493Q (Q493 is found in ancestral strains), together 136 

with mutations L452R and F486V (Figure 1A). 137 

 138 
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Here we report the antigenic characterisation of BA.4/5 compared to the other Omicron sub-139 

lineages (for completeness we also report data on BA.3, although this is of less concern). We 140 

find neutralization of BA.4/5 by triple dosed vaccine serum is reduced compared to BA.1 and 141 

BA.2. We also see reductions in titres against BA.4/5 compared to BA.1 and BA.2 in sera from 142 

cases who had suffered vaccine breakthrough BA.1 infections. Neutralization of the Omicron 143 

lineage by a panel of recently derived potent Omicron specific mAbs, raised following vaccine 144 

breakthrough BA.1 infection (Nutalai et al., 2022) is reduced: 10/28 are completely knocked 145 

out against BA.4/5, while several others suffer large reductions in activity compared to the 146 

other Omicron lineages. We corroborate the neutralisation results with biophysical analysis of 147 

binding, and provide structure-function explanations for mAb failure against BA.4/5 with the 148 

changes at residues 452 and 486, both of which cause serious impact. Finally, we measure the 149 

affinity of the BA.4/5 RBD for ACE2 and find that it is higher than earlier Omicron strains 150 

BA.1 and BA.2.  151 

 152 

Results 153 

The Omicron lineages BA.4/5 154 

BA.4 and BA.5 S sequences are identical, and closely related to BA.2 (sequence diversity in 155 

Omicron S is shown in Figure 1A). Compared to BA.2, BA.4/5 has residues 69 and 70 deleted, 156 

and contains 2 additional substitutions in the RBD: L452R and F486V, finally BA.4/5 lacks 157 

the Q493R change seen in BA.1 and BA.2, reverting to Q493 as in the Victoria/Wuhan strain. 158 

 159 

The 2 additional mutations in the RBD are of most concern in terms of antibody escape: L452R 160 

is a chemically radical change and is one of the pair of changes in Delta RBD (the other, 161 

T478K, is already found in the Omicron lineage) L452R is also found in Epsilon and the 162 

recently reported Omicron BA.2.11 (https://www.who.int/activities/tracking-SARS-CoV-2-163 
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 7 

variants). Mutation F486L was found in sequences of SARS-CoV-2 isolated from Mink early 164 

in the pandemic, F486 is also a site of escape mutations to several mAbs (Gobeil et al., 2021) 165 

and F486I was noted during SARS-CoV-2 evolution in an immunocompromised individual 166 

(Clark et al., 2021). The change F486V in BA.4/5 also causes a reduction in the bulk of the 167 

hydrophobic side-chain as in F486L, but is more significant. Both residues 452 and 486 lie 168 

close to the edge of the ACE2 interaction surface (Figure 1B) and, together with the reversion 169 

to ancestral sequence Q493 which lies within the ACE2 footprint, have the potential to 170 

modulate ACE2 affinity and the neutralizing capacity of vaccine or naturally acquired serum. 171 

The L452R and F486V mutations are likely to cause more antibody escape, while the reversion 172 

at 493 may reduce the escape from responses to earlier viruses.  173 

 174 

To verify structural inferences the crystal structure of BA.4/5 RBD was determined at 1.9 Å as 175 

a ternary complex with a neutralising Fab and nanobody (Table S1, Figure S1). This 176 

confirmed that the structure of the BA.4/5 RBD is very similar to that of other variants, 177 

although the residue 371-375 region, which is a hotspot of Omicron specific mutations is 178 

unusually well ordered and the tip of the arginine side chain of L452R is found in two 179 

conformations (Figure S1). 180 

 181 

Neutralization of BA.4/5 by vaccine serum 182 

We constructed a panel of pseudotyped lentiviruses (Di Genova et al., 2020) expressing the S 183 

gene from the Omicron sub-lineages BA.1, BA.1.1, BA.2, BA.3 and BA.4/5 together with early 184 

pandemic Wuhan related strain, Victoria, used as control. Neutralization assays were 185 

performed using serum obtained 28 days following a third dose of the Oxford-AstraZeneca 186 

vaccine AZD1222 (n = 41) (Flaxman et al., 2021) or of Pfizer-BioNtech vaccine BNT162b2 187 

(n = 19) (Cele et al., 2021a) (Figure 2 A, B). For AZD1222, neutralization titres for BA.4/5 188 
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 8 

were reduced 2.1-fold compared to BA.1 (p<0.0001) and 1.8-fold compared to BA.2 189 

(p<0.0001). For BNT162b2, neutralization titres were reduced 3.1-fold (p<0.0001) and 3.1-190 

fold (p<0.0001) compared to BA.1 and BA.2 respectively. These reductions in titre may reduce 191 

the effectiveness of vaccine at preventing infection, particularly at longer time points as 192 

antibody titres naturally wane, although it would be expected that protection would remain 193 

against severe disease. 194 

 195 

Neutralization of BA.4/5 by serum from breakthrough BA.1 infection 196 

Early in the Omicron outbreak when BA.1 predominated we recruited vaccinated volunteers 197 

who had suffered PCR confirmed SARS-CoV2 infection, most were sequence confirmed BA.1 198 

infection or contacts of BA.1 confirmed cases, all of infections were mild. Early samples (n=12, 199 

9F, 3M, median age 26, median time since vaccine 141 days) were taken 17 days from 200 

symptom onset (median 12 days), later samples (n=14, 7F, 7M, median age 23, median time 201 

since vaccine 111 days) were taken  28 days following symptom onset (median 45 days). All 202 

cases had been vaccinated and all but 2 had received 2 doses, 3 of the late convalescent cases 203 

received a third dose of vaccine following Omicron infection. Pseudoviral neutralization assays 204 

were performed against the panel of pseudoviruses described above (Figure 2C, D). 205 

 206 

As we have previously described, BA.1 infection following vaccination leads to a broad 207 

neutralizing response, with high titres to all the VoC, which is boosted at later time points 208 

(Nutalai et al., 2022). Neutralization titres against BA.4/5 were significantly less than BA.1 209 

and BA.2; at the early time point, BA.4/5 titres were reduced 1.9-fold (p=0.0005) and 1.5-fold 210 

(p=0.0015) compared to BA.1 and BA.2 respectively. At the later point BA.4/5 titres were 211 

reduced 3.4-fold (p=0.0001) and 2-fold (p=0.0017) compared to BA.1 and BA.2 respectively. 212 

 213 
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 9 

Thus, BA.4/5 shows a degree of immune escape from the vaccine/BA.1 response when 214 

compared with BA.1 and BA.2. These samples were all taken reasonably close to the time of 215 

infection meaning that further waning in the intervening months may render individuals 216 

susceptible to reinfection with BA.4/5. 217 

 218 

Escape from monoclonal antibodies by BA.4/5 219 

We have recently reported a panel of potent human mAb generated from cases of Omicron 220 

breakthrough infection (Nutalai et al., 2022). For the 28 most potent mAbs (BA.1 IC50 titres 221 

<100 ng/ml) we used pseudoviral assays to compare BA.4/5 neutralization with neutralization 222 

of BA.1, BA.1.1, BA.2 and BA.3 (Figures 3, S2). Neutralization of BA.4/5 was completely 223 

knocked out for 10/28 mAbs. Four further mAbs (Omi-09, 12, 29 and 35) showed >5-fold 224 

reduction in the neutralization titre of BA.4/5 compared to BA.2. All of these antibodies 225 

interact with the RBD, with the exception of Omi-41, which binds the NTD and specifically 226 

neutralizes BA.1, BA.1.1 and BA.3 but not BA.2 or BA.4/5 (for unknown reasons Omi-41 can 227 

neutralize WT Victoria virus but not Victoria pseudovirus)(Nutalai et al., 2022).  228 

 229 

Sensitivity to L452R: We have previously reported that Omi-24, 30, 31, 34 and 41 show 230 

complete knock out of neutralizing activity against Delta, with Omi-06 showing severe knock-231 

down of activity (Nutalai et al., 2022). Since BA.1 and BA.2 harbour only one (T478K) of the 232 

2 Delta RBD mutations, whilst BA.4/5 also harbour L452R, we would expect all five of these 233 

L452 directed mAbs to be knocked out on BA.4/5. This is indeed observed (Figures 3, S2). 234 

Omi-41 also fails to neutralize, which is attributed to the differences in mutations in the NTD 235 

(Figure 1A).   236 

 237 
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 10 

To confirm that the neutralization effects observed are directly attributable to alterations in 238 

RBD interactions we also performed binding analyses of selected antibodies to BA.4/5 and 239 

BA.2 RBDs by surface plasmon resonance (SPR) (Figures 4, S3). Omi-31 was chosen as 240 

representative of the set of L452R sensitive antibodies, and as expected the binding is severely 241 

affected (Figure 4A). Since we have detailed information on the interaction of several Omicron 242 

responsive antibodies with the RBD, including Omi-31, we modelled the BA.4/5 RBD 243 

mutations in the context of known structures for Omicron Fabs complexed with BA.1 or Delta 244 

RBDs (Dejnirattisai et al., 2022; Nutalai et al., 2022), (Figure 5). The Omi-31 complex is 245 

shown in Figure 5A and shows L452 tucked neatly into a hydrophobic pocket, which is unable 246 

to accommodate the larger positively charged arginine in BA.4/5 and Delta without major 247 

conformational changes.  248 

 249 

L452R enhancement of binding: Omi-32 shows 77-fold enhanced neutralization of BA.4/5 250 

compared to BA.2. Kinetic analysis of Fab binding to the RBDs suggests that this is mainly 251 

achieved by a 5-fold increase in the on-rate of binding (Figure 4B, C). This could be explained 252 

by the arginine at 452 making a salt bridge to residue 99 of the heavy chain (HC) CDR3 (Figure 253 

5B). It is possible that electrostatic changes enhance on-rate by electrostatic steering of the 254 

incoming antibody. 255 

 256 

Sensitivity to F486V: Extending the logic used to understand Delta sensitivity, the remaining 257 

antibodies affected by BA.4/5  >  BA.2, but which retain activity against Delta, namely Omi-258 

02, 09, 12, 23, 25, 26, 29, are likely sensitive to the F486V change. The binding sensitivity was 259 

confirmed by SPR analysis of Omi-12, a VH1-58 family member which, like AZD 8895 260 

(below), binds over F486 (Nutalai et al., 2022) (Figure 4D, E) and showed an almost 1,000-261 

fold reduction in affinity to BA.4/5.  262 
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 263 

Another example of the structural basis of sensitivity to F486V is provided by Omi-25 which 264 

shows reduced binding and no neutralizing activity against BA.4/5 (Figures 3, S3J); the Omi-265 

25 complex shows that the phenylalanine side chain acts as a binding hot-spot, nestled in a 266 

hydrophobic cavity making favorable ring-stacking interactions with Y106 of the HC CDR3 267 

(Figure 5C). 268 

 269 

Activity of commercial antibodies against BA.4/5 270 

We tested a panel of antibodies that have been developed for therapeutic/prophylactic use 271 

against BA.4/5 (Figures 3, S4). Many of these antibodies have already suffered severe 272 

reductions or knock out of activity against BA.1, BA.1.1 or BA.2. For AstraZeneca AZD1061, 273 

activity to BA.4/5 was similar to BA.2 (< 2-fold reduction), whilst for AZD8895 residual 274 

activity against BA.2 was knocked out. The activity of the combination of both antibodies in 275 

AZD7442 (Dong et al., 2021) was reduced 8.1-fold compared with BA.2. The residual activity 276 

of REG10987 (Weinreich et al., 2021) against BA.2 was further reduced on BA.4/5, likewise 277 

residual BA.1 neutralizing activity was knocked out for ADG20 (Yuan et al., 2022) on BA.4/5. 278 

For S309 (VIR-7831/7832) (Sun and Ho, 2020), activity against BA.4/5 was 1.6 fold reduced 279 

compared to BA.2. 280 

 281 

These effects can be rationalized by reference to the way the antibodies interact with the RBD, 282 

for instance in the case of AZD8895 (an IGHV1-58 genotype mAb, Figure 5D), F486 forms a 283 

hydrophobic interaction hotspot which will be abrogated by the mutation to a much smaller 284 

valine sidechain. Antibody residues involved in the interactions with F486 are highly 285 

conserved among this genotype of mAbs, including Omi-12, 253 and Beta-47 (Nutalai et al., 286 
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2022; Dejnirattisai et al., 2021a; Liu et al., 2021b), explaining the severe effect of the F486V 287 

mutation on neutralization of these mAbs (Figures 3, S5).   288 

 289 

Systematic themes in mAb interactions 290 

Both Omi-3 (a representative of the IGVH3-53 gene family) and AZD8895 (IGVH1-58) 291 

make contacts with F486. Whilst the F486V mutation has little effect on Omi-3 (Figures 3, 292 

4F,G, 5E), it seriously reduces the neutralization of AZD8895 and other IGVH1-58 mAbs 293 

e.g. Omi-12 (Figures 3, 4D,E, 5D). It is notable that whereas the numerous Omi series 294 

antibodies belonging to the closely related IGVH3-53 and IGVH3-66 gene families (9/28 in 295 

total Figure S2) are almost entirely resilient to the BA.4/5 changes, the large majority of 296 

antibodies from these gene families elicited against earlier variants are knocked out on BA.1 297 

and BA.2 (Nutalai et al., 2022), consistent with selection of a subset of antibodies by 298 

breakthrough Omicron infection that are insensitive to the further BA.4/5 mutations.  299 

 300 

The effects on antibodies with broadly similar epitopes can vary dramatically, and this is 301 

equally true for antibodies which have 452 or 486 central to their binding footprint. Thus 302 

Omi-31 (IGVH1-69) and Omi-32 (IGVH3-33), both bind in front of the right shoulder with 303 

their CDR-H3 positioned close to 452, whilst the activity of Omi-31 is abolished by L452R 304 

(as detailed above), Omi-32 is markedly enhanced (Figures 3, 5A,B, S2). Similarly, Omi-25 305 

and Omi-42 both belong to the IGVH3-9 gene family and their footprints are in the 486 306 

region (Figures 5C, F). Omi-25 contacts F486, thus neutralization of BA.4/5 is abolished. In 307 

contrast Omi-42 does not contact either of the mutation sites and neutralization is fully 308 

retained for BA.4/5 (Figures 3, 4H, I, 5F). 309 

 310 

ACE2 RBD affinity 311 
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We measured the affinity of BA.4/5 RBD for ACE2 by SPR (Figure 6A-D). The affinity of 312 

BA.4/5 RBD was increased compared to the ancestral virus (Wuhan), BA.1  and BA.2 313 

(approximately 3-fold , 3-fold and 2-fold, respectively (BA.4/5/ACE2 KD = 2.4 nM) 314 

(Dejnirattisai et al., 2022; Nutalai et al., 2022), which is mainly attributed to an increase in 315 

binding half-life, modelling of the ACE2/RBD complex suggests that the bulk of this effect 316 

comes from the electrostatic complemantary between ACE2 and the RBD contributed by the 317 

L452R mutation  (Figure 6E-G).  318 

 319 

Antigenic cartography  320 

The neutralization data above has been used to place BA.3 and BA.4/5 on an antigenic map. 321 

We repeated the method used for analysis of the Delta and Omicron variants (Liu et al., 2021a), 322 

where individual viruses were independently modelled allowing for serum specific scaling of 323 

the responses (Methods). The measured and modelled responses are shown in Figure 7A (with 324 

1551 observations and 340 parameters the residual error is 23 %). The results are best 325 

visualized in three dimensions, see Video S1, but 2D projections are shown in Figure 7B.  This 326 

shows, as expected, that the  Omicron sub-lineages are clustered together but well separated 327 

from early pandemic virus and earlier VoC. Amongst the Omicron cluster BA.4/5 is the most 328 

distant from the pre-Omicron viruses, at a similar distance from BA.2 as BA.2 lies from BA.1. 329 

 330 

Discussion 331 

Following its emergence in November 2019, a succession of SARS-CoV-2 viral variants have 332 

appeared with increased fitness, which have rapidly outcompeted the preceding strain and 333 

spread globally, the most recent, Omicron appearing in late 2021.  334 

 335 
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Despite the availability of vaccines, the pandemic has not been brought under control and 336 

through Omicron, infections are as high as ever. Although vaccines are effective at preventing 337 

severe disease, they are less effective at preventing transmission, particularly of the Omicron 338 

sub-lineages. The very high level of viral replication globally drives the accrual of mutations 339 

in the viral genome and we are now seeing the assembly of dozens of individual changes in 340 

single viruses. Virus recombination, which was predicted, is now being detected, allowing 341 

shuffling of complex genomes, such as XD (Delta/BA.1) and XE (BA.1/BA.2), which in the 342 

latter case may be more transmissible 343 

(https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_dat344 

a/file/1063424/Tech-Briefing-39-25March2022_FINAL.pdf). 345 

 346 

How such large sequence jumps, such as that to the Omicron lineage occur is not known. It has 347 

been suggested that these may be occurring in immunocompromised or HIV infected cases, 348 

where chronic infections have been documented to last for many months or in some cases over 349 

a year. Selection of antibody escape mutations has been documented in such individuals (Cele 350 

et al., 2021b; Karim et al., 2021; Kemp et al., 2021) and successive rounds of replication, 351 

recombination and perhaps reinfection may be responsible for the selection of the constellation 352 

of S mutations found in the Omicron lineage. 353 

 354 

BA.4/5, the most recently reported Omicron sub-lineages, seem to be taking hold in South 355 

Africa and may spread globally to replace BA.2. Although highly related to BA.2, BA.4/5 356 

contain the 69-70 deletion in the NTD which was also found in Alpha, BA.1 and BA.3, together 357 

with additional mutations in the RBD (L452R and F486V). Thus, BA.4/5 has assembled 358 

mutations at all of the previously described positions in the VoC Alpha (N501Y), Beta (K417N, 359 
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E484K, N501Y), Gamma (K417T, E484K, N501Y) and Delta (T478K, L452), the only 360 

difference being E484A in BA.4/5 rather than E484K found in Beta and Gamma. 361 

 362 

Here, we report greater escape from neutralization of BA.4/5 compared to BA.1 and BA.2. 363 

Serum from triple vaccinated donors has ~2-3-fold reduction in neutralization titres compared 364 

to the neutralization of BA.1 and BA.2. Additionally, serum from breakthrough BA.1 365 

infections in vaccinees shows ~2-3-fold reduction in neutralization titres to BA.4/5 compared 366 

to BA.1 and BA.2. These reductions are in good agreement with reductions of BA.4 and BA.5 367 

neutralization titres reported following BA.1 vaccine breakthrough infections (Khan et al., 368 

2022). These data suggest that a further wave of Omicron infection, driven by BA.4/5 is likely, 369 

partly due to breakthrough of vaccine and naturally acquired immunity, although there is no 370 

evidence yet of increased disease severity. 371 

 372 

Using a panel of potent mAbs generated from vaccinated cases infected with BA.1 we show 373 

the importance of the two new RBD mutations in BA.4/5. The activity of many mAbs is either 374 

knocked out or severely impaired against BA.4/5 compared to BA.2. From the neutralization 375 

data on BA.4/5, compared to that on Delta, we have been able to impute the contribution of 376 

L452R and F486V, and by combining with SPR data, as well as previous mapping by BLI 377 

competition matrices and detailed structural data (Nutalai et al., 2022) we are able to 378 

understand the basis of these effects on neutralisation and show that the L452R and F486V 379 

mutations both make major contributions to BA.4/5 escape. 380 

 381 

It is clear that the Omicron lineage, and particularly BA.4/5, has escaped or reduced the activity 382 

of mAbs developed for clinical use, with most mAb showing complete knock out of activity. 383 

AZD7442 still shows activity against BA.4/5 (65 ng/ml), but 65-fold less than activity against 384 
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Victoria, and S309 activity against BA.4/5 is 8-fold reduced compared to Wuhan with IC50 385 

titres >1000 ng/ml. The reduction of neutralizing activity of S309 reported here using 386 

pseudoviruses is less than that for wild type viruses and may be due to differences in the assay 387 

format, for instance the IC50 for BA.2 using pseudovirus is 638 ng/ml whilst we reported 5035 388 

ng/ml using a wild type virus (Nutalai et al., 2022).  389 

 390 

New monoclonals and combinations may be needed to plug the gap in activity, to protect the 391 

extremely vulnerable and those unable to mount adequate vaccine responses. There is also a 392 

question about vaccines, all current vaccines use spike derived from the original virus isolated 393 

from Wuhan. Vaccines have been remarkably effective at reducing severe disease and a triple 394 

dosing schedule has provided, at least in the short term, protection against Omicron. However, 395 

prevention of transmission may become less effective as viruses evolve antigenically further 396 

from ancestral strains. Some argue for next-generation vaccines tailored to antigenically distant 397 

strains such as Omicron to give better protection, probably used in combination with boosters 398 

containing ancestral strains. Whilst vaccination is unlikely to eliminate transmission, the 399 

combination of vaccines with boosting by natural infection will probably continue to protect 400 

the majority from severe disease. 401 

 402 

Finally, it is impossible to say where SARS-CoV-2 evolution will go next, but it is certain the 403 

virus will continue to drift antigenically. This may be a continuation along the Omicron lineage, 404 

or we may see a large jump to a completely new lineage, like the one from Delta to Omicron. 405 

The observation that of the 30 aa substitutions in BA.1, all but one was achieved by a single 406 

base change in the codon, suggests there remains plenty of antigenic space for SARS-CoV-2 407 

to explore and the capacity for recombination, which has so far not been observed to have 408 

breakpoints within the major antigenic sites, could generate more radical antigenic shift. 409 
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 410 

Limitations of the Study 411 

One of the limitations of this study is that serum was obtained at early time points following 412 

vaccination or breakthrough infection, titres are likely to wane thereafter. In addition, the true 413 

in vivo protection induced by vaccination may be underestimated using in vitro neutralization 414 

assays where complement, antibody dependent cell mediated cytotoxicity and T cell responses 415 

are not operative. It would also be interesting to look at BA.4/5 neutralization using serum 416 

from unvaccinated individuals who had suffered primary BA.1 infection where the degree of 417 

escape of BA.4/5 may be greater than that seen with the vaccine breakthrough BA.1 serum 418 

reported here. 419 

 420 
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Figure legends 491 

 492 

Figure 1 The Omicron sub-lineage compared to BA.4/5. (A) Comparison of S protein 493 

mutations of Omicron BA.1, BA.1.1, BA.2, BA.3 and BA.4/5 with NTD and RBD boundaries 494 

indicated. (B) Position of RBD mutations (grey surface with the ACE2 footprint in dark green). 495 

Mutations common to all Omicron lineages are shown in white (Q493R which is reverted in 496 

BA.4/5 is shown with a cross), those common to BA.1 and BA.1.1 in cyan, those unique to 497 

BA.1.1 in blue and those unique to BA.2 in magenta.  Residue 371 (yellow) is mutated in all 498 

Omicron viruses but differs between BA.1 and BA.2. The N343 glycan is shown as sticks with 499 

a transparent surface. 500 

 501 

Figure 2 Pseudoviral neutralization assays of BA.4/5 by vaccine and BA.1 immune serum. 502 

IC50 values for the indicated viruses using serum obtained from vaccinees 28 days following 503 

their third dose of vaccine (A) AstraZeneca AZD AZD1222 (n=41), (B) 4 weeks after the third 504 

dose of Pfizer BNT162b2 (n=19). Serum from volunteers suffering breakthrough BA.1 505 

infection volunteer taken (C) early 17  days from symptom onset (median 12 days) n=12 (D) 506 

late  28 days from symptom onset (median 45 days) n=14. Comparison is made with 507 

neutralization titres to Victoria an early pandemic strain, BA.1, BA.1.1, BA.2 and BA.3. 508 
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Geometric mean titres are shown above each column. The Wilcoxon matched-pairs signed rank 509 

test was used for the analysis and two-tailed P values were calculated.  510 

 511 

Figure 3 IC50 values for Omicron and commercial mAbs. See also Figures S2, S3, S4 and 512 

S5 513 

 514 

Figure 4 Surface plasmon resonance (SPR) analysis of interaction between BA.2 or 515 

BA.4/5 RBD and selected mAbs. (A) Binding of BA.4/5 RBD is severely reduced compared 516 

to that of BA.2, so that the binding could not be accurately determined, as shown by a single-517 

injection of 200 nM RBD over sample flow cells containing IgG Omi-31. (B-C; E-I) 518 

Sensorgrams (Red: original binding curve; black: fitted curve) showing the interactions 519 

between BA.2 or BA.4/5 RBD and selected mAbs, with kinetics data shown. (D) 520 

Determination of the affinity of BA.4/5 RBD to Omi-12 using a 1:1 binding equilibrium 521 

analysis. See also Figures 3, S3. 522 

 523 

Figure 5 Interactions between mAb and BA.4/5 mutation sites. Overall structure (left panel) 524 

and interactions (≤ 4 Å) with BA.4/5 mutation sites (right panel) for (A) BA.1-RBD/Omi-31 525 

(PDB 7ZFB), (B) BA.1-RBD/Omi-32 (PDB 7ZFE), (C) BA.1-RBD/Omi-25 (PDB 7ZFD), (D) 526 

Wuhan-RBD/AZD8895 (PDB 7L7D) and (E) BA.1-RBD/Omi-3 (PDB 7ZF3) complexes, (F) 527 

BA.1-RBD/Omi-42 (PDB7ZR7). In the left panels RBD is shown as surface representation, 528 

with BA.4/5 mutation sites highlighted in magenta and the additional two mutation sites of 529 

BA.4/5 at 452 and 486 in cyan, and Fab LC as blue and HC as red ribbons. In the right 530 

panel, side chains of RBD, Fab HC and LC are drawn as grey, red and blue sticks, respectively. 531 

In (B) the L452R mutation (cyan sticks) is modelled to show a salt bridge to D99 of CDR-H3 532 
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may be formed (yellow broken sticks). Panel (F) shows that the Fab of Omi-42 does not contact 533 

either of the two BA.4/5 mutation sites.  See also Figure S1. 534 

 535 

Figure 6 ACE2 RBD affinity. (A)-(D) SPR sensorgrams showing ACE2 binding of BA.4/5 536 

RBD (A) in comparison to binding to ancestral (Wuhan) (B), BA.1 (C) and BA.2 RBD (D). 537 

The data for Wuhan, BA.1 and BA.2 have been reported previously in (Nutalai et al., 2022). 538 

(E)-(G) Electrostatic surfaces, (E) from left to right, early pandemic, Delta and BA.1 RBD 539 

respectively, (F) open book view of BA.2 RBD and ACE2 of the BA.2 RBD/ACE2 complex 540 

(PDB 7ZF7), and (G) BA.4/5 RBD (modelled based on the structure of BA.2 RBD). The 541 

lozenges on ACE2 and RBD show the interaction areas. 542 

 543 

Figure 7 Antigenic mapping. (A) Neutralization data and model (log titre values) used to 544 

calculate antigenic maps in (B). Columns represent sera collected from inoculated volunteers 545 

or infected patients. Rows are challenge strains: Victoria, Alpha, Delta, Beta, Gamma, BA.1, 546 

BA1.1, BA.2, BA.3 and BA.4/5 in order. Values are colored according to their deviation from 547 

the reference value; the reference value is calculated on a serum-type basis as the average of 548 

neutralization titres from the row which gives this the highest value. (B) Orthogonal views of 549 

the antigenic map showing BA.4/5 in the context of the positions of previous VoC and BA.1, 550 

BA.1.1, BA.1 and BA.2, calculated from pseudovirus neutralisation data. Distance between 551 

two positions is proportional to the reduction in neutralisation titre when one of the 552 

corresponding strains is challenged with serum derived by infection by the other. No scale is 553 

provided since the figures are projections of a three-dimensional distribution, however the 554 

variation can be calibrated by comparison with (i) BA.1 to BA.2 which is 2.93x reduced and 555 

(ii) BA.2 to BA.4/5 which is 3.03x reduced. 556 

 557 
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Figure S1. Overall Structure of BA.4 RBD/Beta-27 complex. (A) Comparison of BA.4 558 

RBD/Beta-27 (the bound nanobody C1 is omitted for clarity) with Beta RBD/Beta-27 (PDB, 559 

7PS1) by overlapping the RBDs. The RBD is shown as grey surface with mutation sites 560 

highlighted in magenta, The heavy chain and light chain are drawn as red and blue ribbons, 561 

respectively, for the BA.4 RBD/Beta-27 complex, Beta-27 in the Beta RBD complex coloured 562 

in pale cyan. The overall binding modes of the Fab in the two complexes are very similar 563 

although there are some differences in the side chain orientations at the interface, such as R403, 564 

N417 and Q493 of the RBD. The light chain CDR3 becomes flexible in the BA.4 complex. (B) 565 

Electron density maps. Residues 371-375 that carry the S371L/F, S373P and S375F mutations 566 

are flexible in the BA.1 and BA.2 RBD/Fab complexes (PDB, 7ZF3, 7ZF8), but are well 567 

ordered in this high BA.4/5 resolution structure (top panel). L452R has double conformation 568 

(middle panel) and F486V has well defined density (bottom panel). (C) Comparison of BA.4 569 

RBD (grey) with those of BA.1 (teal), BA.2 (cyan) and Beta (salmon). Mutation sites in BA.4 570 

are shown as magenta spheres. Related to Table S1 and Methods. 571 

 572 

Figure S2. Pseudoviral neutralization assays against Omicron monoclonal antibodies.  573 

Neutralization curves for a panel of 28 monoclonal antibodies made from samples taken from 574 

vaccinees infected with BA.1. Titration curves for BA.4/5 are compared with Victoria, BA.1, 575 

BA.1.1, BA.2 and BA.3, mAbs we propose to be affected by the L452R and F486V mutations 576 

are indicated as are those belonging to the IGVH3-53/66 gene families. Related to Figure 3 577 

where IC50 titres are shown. 578 

 579 

Figure S3. Surface plasmon resonance (SPR) analysis of interaction between BA.2 or 580 

BA.4/5 RBD and selected mAbs. (A-F) Sensorgrams (Red: original binding curve; black: 581 

fitted curve) showing the interactions between BA.2 or BA.4/5 RBD and selected mAbs, with 582 
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kinetics data shown. (G-K) Binding of BA.4/5 RBD is severely reduced compared to that of 583 

BA.2, so that the binding could not be accurately determined, as shown by a single-injection 584 

of 200 nM RBD over sample flow cells containing the mAb indicated. Related to Figure 3. 585 

 586 

Figure S4. Pseudoviral neutralization assays against commercial monoclonal antibodies.  587 

Pseudoviral neutralization assays with mAbs developed for human use. Related to Figure 3 588 

where IC50 titres are shown. 589 

 590 

Figure S5. Neutralization curves for VH1-58 mAb. Pseudoviral neutralization curves for 591 

early pandemic mAb 253 (Dejnirattisai et al., 2021a) and Beta-47 (Liu et al., 2021b) against 592 

Victoria and the panel of Omicron lineage constructs. Related to Figure 3. 593 

 594 

 595 

STAR Methods 596 

RESOURCE AVAILABILITY  597 

Lead Contact 598 

Resources, reagents and further information requirement should be forwarded to and will be 599 

responded by the Lead Contact, David I Stuart (dave@strubi.ox.ac.uk). 600 

 601 

Materials Availability 602 

Reagents generated in this study are available from the Lead Contact with a completed 603 

Materials Transfer Agreement.  604 

 605 

Data and Code Availability 606 
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The coordinates and structure factors available from the PDB with accession code 7ZXU. 607 

Mabscape is available from https://github.com/helenginn/mabscape, 608 

https://snapcraft.io/mabscape. The data that support the findings of this study are available from 609 

the corresponding authors on request. 610 

 611 

 612 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 613 

Bacterial Strains and Cell Culture 614 

 Vero (ATCC CCL-81) and VeroE6/TMPRSS2 cells were cultured at 37 °C in Dulbecco’s 615 

Modified Eagle medium (DMEM) high glucose (Sigma-Aldrich) supplemented with 10% fetal 616 

bovine serum (FBS), 2 mM GlutaMAX (Gibco, 35050061) and 100 U/ml of penicillin–617 

streptomycin. Human mAbs were expressed in HEK293T cells cultured in UltraDOMA PF 618 

Protein-free Medium (Cat# 12-727F, LONZA) at 37 °C with 5% CO2. HEK293T (ATCC CRL-619 

11268) cells were cultured in DMEM high glucose (Sigma-Aldrich) supplemented with 10% 620 

FBS, 1% 100X Mem Neaa (Gibco) and 1% 100X L-Glutamine (Gibco) at 37 °C with 5% CO2. 621 

To express RBD, RBD variants and ACE2, HEK293T cells were cultured in DMEM high 622 

glucose (Sigma) supplemented with 2% FBS, 1% 100X Mem Neaa and 1% 100X L-Glutamine 623 

at 37 °C for transfection. Omicron RBD and human mAbs were also expressed in HEK293T 624 

(ATCC CRL-11268) cells cultured in FreeStyle 293 Expression Medium (ThermoFisher, 625 

12338018) at 37 °C with 5% CO2. E.coli DH5α bacteria were used for transformation and 626 

large-scale preparation of plasmids. A single colony was picked and cultured in LB broth at 37 627 

°C at 200 rpm in a shaker overnight.  628 

Plasma from early pandemic and Alpha cases 629 
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Participants from the first wave of SARS-CoV2 in the U.K. and those sequence confirmed with 630 

B.1.1.7 lineage in December 2020 and February 2021 were recruited through three studies: 631 

Sepsis Immunomics [Oxford REC C, reference:19/SC/0296]), ISARIC/WHO Clinical 632 

Characterisation Protocol for Severe Emerging Infections [Oxford REC C, reference 633 

13/SC/0149] and the Gastro-intestinal illness in Oxford: COVID sub study [Sheffield REC, 634 

reference: 16/YH/0247]. Diagnosis was confirmed through reporting of symptoms consistent 635 

with COVID-19 and a test positive for SARS-CoV-2 using reverse transcriptase polymerase 636 

chain reaction (RT-PCR) from an upper respiratory tract (nose/throat) swab tested in accredited 637 

laboratories. A blood sample was taken following consent at least 14 days after symptom onset. 638 

Clinical information including severity of disease (mild, severe or critical infection according 639 

to recommendations from the World Health Organisation) and times between symptom onset 640 

and sampling and age of participant was captured for all individuals at the time of sampling. 641 

Following heat inactivation of plasma/serum samples they were aliquoted so that no more than 642 

3 freeze thaw cycles were performed for data generation. 643 

 644 

Sera from Beta, Gamma and Delta and BA.1 infected cases 645 

Beta and Delta samples from UK infected cases were collected under the “Innate and adaptive 646 

immunity against SARS-CoV-2 in healthcare worker family and household members” protocol 647 

affiliated to the Gastro-intestinal illness in Oxford: COVID sub study discussed above and 648 

approved by the University of Oxford Central University Research Ethics Committee. All 649 

individuals had sequence confirmed Beta/Delta infection or PCR-confirmed symptomatic 650 

disease occurring whilst in isolation and in direct contact with Beta/Delta sequence-confirmed 651 

cases. Additional Beta infected serum (sequence confirmed) was obtained from South Africa. 652 

At the time of swab collection patients signed an informed consent to consent for the collection 653 

of data and serial blood samples. The study was approved by the Human Research Ethics 654 
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Committee of the University of the Witwatersrand (reference number 200313) and conducted 655 

in accordance with Good Clinical Practice guidelines. Gamma samples were provided by the 656 

International Reference Laboratory for Coronavirus at FIOCRUZ (WHO) as part of the national 657 

surveillance for coronavirus and had the approval of the FIOCRUZ ethical committee (CEP 658 

4.128.241) to continuously receive and analyse samples of COVID-19 suspected cases for 659 

virological surveillance. Clinical samples were shared with Oxford University, UK under the 660 

MTA IOC FIOCRUZ 21-02. 661 

 662 

Sera from BA.1 infected cases, study subjects 663 

Following informed consent, individuals with omicron BA.1 were co-enrolled into the 664 

ISARIC/WHO Clinical Characterisation Protocol for Severe Emerging Infections [Oxford 665 

REC C, reference 13/SC/0149] and the “Innate and adaptive immunity against SARS-CoV-2 666 

in healthcare worker family and household members” protocol affiliated to the Gastro-667 

intestinal illness in Oxford: COVID sub study [Sheffield REC, reference: 16/YH/0247] further 668 

approved by the University of Oxford Central University Research Ethics Committee. 669 

Diagnosis was confirmed through reporting of symptoms consistent with COVID-19 or a 670 

positive contact of a known Omicron case, and a test positive for SARS-CoV-2 using reverse 671 

transcriptase polymerase chain reaction (RT-PCR) from an upper respiratory tract (nose/throat) 672 

swab tested in accredited laboratories and lineage sequence confirmed through national 673 

reference laboratories. A blood sample was taken following consent at least 10 days after PCR 674 

test confirmation. Clinical information including severity of disease (mild, severe or critical 675 

infection according to recommendations from the World Health Organisation) and times 676 

between symptom onset and sampling and age of participant was captured for all individuals 677 

at the time of sampling. 678 

 679 
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Sera from Pfizer vaccinees  680 

Pfizer vaccine serum was obtained from volunteers who had received three doses of the 681 

BNT162b2 vaccine. Vaccinees were Health Care Workers, based at Oxford University 682 

Hospitals NHS Foundation Trust, not known to have prior infection with SARS-CoV-2 and 683 

were enrolled in the OPTIC Study as part of the Oxford Translational Gastrointestinal Unit GI 684 

Biobank Study 16/YH/0247 [research ethics committee (REC) at Yorkshire & The Humber – 685 

Sheffield] which has been amended for this purpose on 8 June 2020. The study was conducted 686 

according to the principles of the Declaration of Helsinki (2008) and the International 687 

Conference on Harmonization (ICH) Good Clinical Practice (GCP) guidelines. Written 688 

informed consent was obtained for all participants enrolled in the study. Participants were 689 

sampled approximately 28 days (range 25-56) after receiving a third “booster dose of 690 

BNT162B2 vaccine. The mean age of vaccinees was 37 years (range 22-66), 21 male and 35 691 

female. 692 

 693 

AstraZeneca-Oxford vaccine study procedures and sample processing 694 

Full details of the randomized controlled trial of ChAdOx1 nCoV-19 (AZD1222), were 695 

previously published (PMID: 33220855/PMID: 32702298). These studies were registered at 696 

ISRCTN (15281137 and 89951424) and ClinicalTrials.gov (NCT04324606 and 697 

NCT04400838). Written informed consent was obtained from all participants, and the trial is 698 

being done in accordance with the principles of the Declaration of Helsinki and Good Clinical 699 

Practice. The studies were sponsored by the University of Oxford (Oxford, UK) and approval 700 

obtained from a national ethics committee (South Central Berkshire Research Ethics 701 

Committee, reference 20/SC/0145 and 20/SC/0179) and a regulatory agency in the United 702 

Kingdom (the Medicines and Healthcare Products Regulatory Agency). An independent DSMB 703 

reviewed all interim safety reports. A copy of the protocols was included in previous 704 
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publications (Folegatti et al., 2020). Data from vaccinated volunteers who received three 705 

vaccinations are included in this study. Blood samples were collected and serum separated 706 

approximately 28 days (range 26-34 days) following the third dose. 707 

 708 

Method Details 709 

 710 

Plasmid construction and pseudotyped lentiviral particles production 711 

Pseudotyped lentivirus expressing SARS-CoV-2 S proteins from ancestral strain (Victoria, 712 

S247R) , BA.1, BA.1.1, and BA.2  were constructed as described previously (Nie et al., 2020, 713 

Liu et al., 2021b, Nutalai et al., 2022), with some modifications. A similar strategy was applied 714 

for BA.3 and BA.4/5, briefly, BA.3 mutations were constructed using the combination 715 

fragments from BA.1 and BA.2. The resulting mutations are as follows, A67V, Δ69-70, T95I, 716 

G142D, Δ143-145, Δ211/L212I, G339D, S371F, S373P, S375F, D405N, K417N, N440K, 717 

G446S, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, 718 

P681H, N764K, D796Y, Q954H, and N969K. Although BA.4/5 S protein shared some amino 719 

acid mutations with BA.2 (Nutalai et al., 2022), to generate BA.4/5 we added mutations Δ69-720 

70, L452R, F486V, and R498Q. The resulting S gene-carrying pcDNA3.1 was used for 721 

generating pseudoviral particles together with the lentiviral packaging vector and transfer 722 

vector encoding luciferase reporter. Integrity of constructs was sequence confirmed. 723 

 724 

 725 

Pseudoviral neutralization test 726 

The details of the pseudoviral neutralization test are as described previously (Liu et al., 2021b) 727 

with some modifications. Briefly, the neutralizing activity of potent monoclonal antibodies 728 

generated from donors who had recovered from Omicron were assayed against Victoria, 729 
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Omicron-BA.1, BA.1.1, BA.2, BA.3 and BA.4/5. Four-fold serial dilutions of each mAb were 730 

incubated with pseudoviral particles at 37˚C, 5% CO2 for 1 hr. Stable HEK293T/17 cells 731 

expressing human ACE2 were then added to the mixture at 1.5 x 104 cells/well. 48 hr post 732 

transduction, culture supernatants were removed and 50 µL of 1:2 Bright-GloTM Luciferase 733 

assay system (Promega, USA) in 1x PBS was added to each well. The reaction was incubated 734 

at room temperature for 5 mins and firefly luciferase activity was measured using 735 

CLARIOstar® (BMG Labtech, Ortenberg, Germany). The percentage neutralization was 736 

calculated relative to the control. Probit analysis was used to estimate the dilution that inhibited 737 

half maximum pseudotyped lentivirus infection (PVNT50).  738 

 739 

To determine the neutralizing activity of convalescent plasma/serum samples or vaccine sera, 740 

3-fold serial dilutions of samples were incubated with pseudoviral particles for 1 hr and the 741 

same strategy as mAb was applied. 742 

 743 

Cloning of RBDs 744 

To generate His-tagged constructs of BA.4/5 RBD, site-directed PCR mutagenesis was 745 

performed using the BA.2 RBD construct as the template (Nutalai et al., 2022), with the 746 

introduction of L452R, F486V and R493Q mutations. The gene fragment was amplified with 747 

pNeoRBD333Omi_F (5’- 748 

GGTTGCGTAGCTGAAACCGGTCATCACCATCACCATCACACCAATCTGTGCCCTT749 

TCGAC-3’) and pNeoRBD333_R (5’-750 

GTGATGGTGGTGCTTGGTACCTTATTACTTCTTGCCGCACACGGTAGC-3’), and 751 

cloned into the pNeo vector (Supasa et al., 2021). To generate the BA.4/5 RBD construct 752 

containing a BAP-His tag, the gene fragment was amplified with RBD333_F (5’-753 

GCGTAGCTGAAACCGGCACCAATCTGTGCCCTTTCGAC-3’) and RBD333_BAP_R 754 
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(5’- GTCATTCAGCAAGCTCTTCTTGCCGCACACGGTAGC-3’), and cloned into the 755 

pOPINTTGneo-BAP vector (Huo et al., 2020a). Cloning was performed using the ClonExpress 756 

II One Step Cloning Kit (Vazyme). The Constructs were verified by Sanger sequencing after 757 

plasmid isolation using QIAGEN Miniprep kit (QIAGEN). 758 

 759 

Production of RBDs 760 

Plasmids encoding RBDs were transfected into Expi293F™ Cells (ThermoFisher) by PEI, 761 

cultured in FreeStyle™ 293 Expression Medium (ThermoFisher) at 30 °C with 8% CO2 for 4 762 

days. To express biotinylated RBDs, the RBD-BAP plasmid was co-transfected with pDisplay-763 

BirA-ER (Addgene plasmid 20856; coding for an ER-localized biotin ligase), in the presence 764 

of 0.8 mM D-biotin (Sigma-Aldrich). The conditioned medium was diluted 1:2 into binding 765 

buffer (50 mM sodium phosphate, 500 mM sodium chloride, pH 8.0). RBDs were purified with 766 

a 5 mL HisTrap nickel column (GE Healthcare) through His-tag binding, followed by a 767 

Superdex 75 10/300 GL gel filtration column (GE Healthcare) in 10 mM HEPES and 150 mM 768 

sodium chloride. 769 

 770 

Surface Plasmon Resonance 771 

The surface plasmon resonance experiments were performed using a Biacore T200 (GE 772 

Healthcare). All assays were performed with running buffer of HBS-EP (Cytiva) at 25 °C.  773 

 774 

To determine the binding kinetics between the RBDs and mAb Omi-32 / Omi-42, a Biotin 775 

CAPture Kit (Cytiva) was used. Biotinylated RBD was immobilised onto the sample flow cell 776 

of the sensor chip. The reference flow cell was left blank. The mAb Fab was injected over the 777 

two flow cells at a range of five concentrations prepared by serial two-fold dilutions, at a flow 778 

rate of 30 μl min−1 using a single-cycle kinetics programme. Running buffer was also injected 779 
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using the same programme for background subtraction. All data were fitted to a 1:1 binding 780 

model using Biacore T200 Evaluation Software 3.1.  781 

 782 

To determine the binding kinetics between RBDs and ACE2 / other mAbs, a Protein A sensor 783 

chip (Cytiva) was used. ACE2-Fc or mAb in the IgG form was immobilised onto the sample 784 

flow cell of the sensor chip. The reference flow cell was left blank. RBD was injected over the 785 

two flow cells at a range of five concentrations prepared by serial two-fold dilutions, at a flow 786 

rate of 30 μl min−1 using a single-cycle kinetics programme. Running buffer was also injected 787 

using the same programme for background subtraction. All data were fitted to a 1:1 binding 788 

model using Biacore T200 Evaluation Software 3.1. 789 

 790 

To determine the binding affinity of BA.4/5 RBD and mAb Omi-12, a Protein A sensor chip 791 

(Cytiva) was used. The Ig Omi-12 was immobilised onto the sample flow cell of the sensor 792 

chip. The reference flow cell was left blank. RBD was injected over the two flow cells at a 793 

range of seven concentrations prepared by serial twofold dilutions, at a flow rate of 30 μl min−1. 794 

Running buffer was also injected using the same programme for background subtraction. All 795 

data were fitted to a 1:1 binding model using Prism9 (GraphPad). 796 

 797 

To compare the binding profiles between BA.2 and BA.4/5 RBD for mAb Omi-06 / Omi-25 / 798 

Omi-26, a Protein A sensor chip (Cytiva) was used. mAb in the IgG form was immobilised 799 

onto the sample flow cell of the sensor chip to a similar level (~350 RU). The reference flow 800 

cell was left blank. A single injection of RBD was performed over the two flow cells at 200 801 

nM, at a flow rate of 30 μl min−1. Running buffer was also injected using the same programme 802 

for background subtraction. The sensorgrams were plotted using Prism9 (GraphPad). 803 

 804 
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To compare the binding profiles between BA.2 and BA.4/5 RBD for mAb Omi-02 / Omi-23 / 805 

Omi-31, a Biotin CAPture Kit (Cytiva) was used. Biotinylated BA.2 and BA.4/5 RBD was 806 

immobilised onto the sample flow cell of the sensor chip to a similar level (~120 RU). The 807 

reference flow cell was left blank. A single injection of mAb Fab was performed over the two 808 

flow cells at 200 nM, at a flow rate of 30 μl min−1. Running buffer was also injected using the 809 

same programme for background subtraction. The sensorgrams were plotted using Prism9 810 

(GraphPad). 811 

 812 

IgG mAbs and Fabs production 813 

AstraZeneca and Regeneron antibodies were provided by AstraZeneca, Vir, Lilly and Adagio 814 

antibodies were provided by Adagio. For the in-house antibodies, heavy and light chains of the 815 

indicated antibodies were transiently transfected into 293Y cells and antibody purified from 816 

supernatant on protein A as previously described (Nutalai et al., 2022). Fabs were digested 817 

from purified IgGs with papain using a Pierce Fab Preparation Kit (Thermo Fisher), following 818 

the manufacturer’s protocol. 819 

 820 

Crystallization, X-ray data collection and structure determination 821 

Crystals of BA.4 RBD/Beta-27 complex were grown from 4% (v/v) 2-propanol, 0.1M BIS-822 

Tris propane, pH9.0, 20% (w/v) PEG monomethyl ether 5000 using the sitting drop method 823 

and nanobody NbC1 as a crystallisation chaperon. Diffraction data were collected at 100 K at 824 

beamline I03 of Diamond Light Source, UK, using the automated queue system that allows 825 

unattended automated data collection (https://www.diamond.ac.uk/Instruments/Mx/I03/I03-826 

Manual/Unattended-Data-Collections.html). Structures were determined by molecular 827 

replacement with PHASER(McCoy et al., 2007). VhVl and ChCl domains of Beta-27 (Liu et 828 

al., 2021a)  and RBD/NbC1 complex (PDB, 7OAP) were used as search models. Model 829 
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rebuilding is done with COOT (Emsley et al., 2010) and refinement with Phenix (Liebschner 830 

et al., 2019).  831 

 832 

Data collection and structure refinement statistics are given in Table S1 and structural details 833 

in Figure S1. Structural comparisons used SHP (Stuart et al., 1979) and figures were prepared 834 

with PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC).  835 

 836 

Antigenic mapping 837 

Antigenic mapping of omicron was carried out through an extension of a previous algorithm 838 

(Liu et al., 2021a). In short, coronavirus variants were assigned three-dimensional coordinates 839 

whereby the distance between two points indicates the base drop in neutralization titre. Each 840 

serum was assigned a strength parameter which provided a scalar offset to the logarithm of the 841 

neutralization titre. These parameters were refined to match predicted neutralization titres to 842 

observed values by taking an average of superimposed positions from 30 separate runs. The 843 

three-dimensional positions of the variants of concern: Victoria, Alpha, Beta, Gamma, Delta 844 

and Omicron were plotted for display. 845 

 846 

Quantification and statistical analysis 847 

 Statistical analyses are reported in the results and figure legends. Neutralization was measured 848 

on pseudovirus. The percentage reduction was calculated and IC50 determined using the probit 849 

program from the SPSS package. The Wilcoxon matched-pairs signed rank test was used for 850 

the analysis and two-tailed P values were calculated on geometric mean values. 851 

 852 

Video S1. Antigenic landscape for SARS-CoV-2. Related to Figure 6B. 853 

 854 
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1. BA.4/5 resist neutralization by triple-dosed vaccinee serum more than BA.1/2. 
2. BA.1 vaccine breakthrough serum shows reduced neutralization of BA.4/5. 
3. Activity of SARS-CoV-2 therapeutic antibodies against BA.4/5 is reduced. 
4. L452R and F486V mutations both make major contributions to BA.4/5 escape. 

 
 
SARS-CoV-2 Omicron BA.4 and BA.5 sublineages bear mutations that lead to their reduced 
neutralization by sera from triple vaccinated individuals when compared to the more recent BA.1 and 
BA.2. Importantly, sera from individuals with breakthrough BA.1 infections also show reduced 
neutralization, suggesting that repeat Omicron infections are likely in the population.  
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Structure BA.4 RBD/Beta-27/NbC1, PDB: 7ZXU
Data collection
Space group P212121

Cell dimensions  
a, b, c (Å) 84.1, 100.4, 105.4
a, b, g (°) 90, 90, 90

Resolution (Å) 66–1.89 (1.92–1.89)a
Rmerge 0.313 (---)
Rpim 0.061 (0.848)
I/s(I) 7.7 (0.5)
CC1/2 0.996 (0.418)
Completeness (%) 100 (99.4)
Redundancy 27.4 (28.2)

Refinement
Resolution (Å) 66–1.89
No. reflections 68286/3756
Rwork / Rfree 0.183/0.210
No. atoms

Protein 5805
Ligand/ion/water 672

B factors (Å2)
Protein 39
Ligand/ion/water 47

r.m.s. deviations
Bond lengths (Å) 0.002
Bond angles (Å) 0.5

Table S1

Table S1: Structure determination and refinement. Related to Methods. 
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Nanobody C1 Huo et al. 2020a N/A 
Fab Dejnirattisai et al. 

2021a 
N/A 

IgG Dejnirattisai et al. 
2021a and Liu et al 
2021b 

N/A 

EY6A mAb Zhou et al 2020 N/A 
Regeneron mAbs AstraZeneca Cat#REGN10933, and 

REGN10987 
AstraZeneca mAbs AstraZeneca Cat#AZD1061, AZD8895, 

and AZD7442  
Vir mAbs Adagio Cat#S309 
Lilly mAbs Adagio Cat#Ly-CoV555, and 

Cat#Ly-CoV16 
Adagio mAbs Adagio Cat#ADG10, 

Cat#ADG20, and 
Cat#ADG30 

28 mAbs generated from cases of Omicron 
breakthrough infection 

Nutalai et al., 2022 N/A 

Anti-c-Myc 9E10 antibody Biolegend Catt#626872 

Bacterial, Virus Strains, and Yeast  

DH5α bacteria InVitrogen Cat#18263012 
Saccharomyces cerevisiae EBY100 ATCC Cat#MYA-4941 
E. coli clone 10G cells Lucigen, USA Cat#60117-1 

Biological Samples   

Serum from Pfizer-vaccinated individuals University of Oxford N/A 
Serum from AstraZeneca-Oxford-vaccinated 
individuals 

University of Oxford N/A 

Plasma from SARS-CoV-2 patients John Radcliffe Hospital 
in Oxford UK, South 
Africa, and FIOCRUZ 
(WHO) Brazil 

N/A 

Chemicals, Peptides, and Recombinant Proteins 

His-tagged SARS-CoV-2 RBD Dejnirattisai et al. 
2021a 

N/A 

His-tagged SARS-CoV-2/Omicron RBD This paper N/A 

His-tagged SARS-CoV-2/Omicron BA.4 RBD This paper N/A 

His-tagged SARS-CoV-2/Omicron BA.5 RBD This paper N/A 

His-tagged SARS-CoV-2 RBD-62 Zahradnik et al., 2021  N/A 

His-tagged SARS-CoV-2 RBD N501Y Supasa et al. 2021 N/A 
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His-tagged SARS-CoV-2 RBD K417N, E484K, 
N501Y 

Zhou et al. 2021 N/A 

His-tagged SARS-CoV-2 RBD K417T, E484K, N501Y Dejnirattisai et al. 
2021b 

N/A 

His-tagged SARS-CoV-2 RBD L452R, T478K Liu et al. 2021a N/A 

His-tagged human ACE2 Liu et al 2021a N/A 

Human ACE2-hIgG1Fc Liu et al. 2021a N/A 

His-tagged 3C protease Libby et al. 1988 N/A 

Phosphate buffered saline tablets  Sigma-Aldrich Cat#P4417 
Dulbecco’s Modified Eagle Medium, high glucose Sigma-Aldrich Cat#D5796 
Dulbecco’s Modified Eagle Medium, low glucose Sigma-Aldrich Cat#D6046 
FreeStyle™ 293 Expression Medium Gibco Cat#12338018 
L-Glutamine–Penicillin–Streptomycin solution Sigma-Aldrich Cat#G1146 
GlutaMAX™ Supplement  Gibco Cat#35050061 
Opti-MEM™ Gibco Cat#11058021 
Fetal Bovine Serum Gibco Cat#12676029 
Polyethylenimine, branched Sigma-Aldrich Cat#408727 
Strep-Tactin®XT IBA Lifesciences Cat#2-1206-025 
HEPES Melford Cat#34587-39108 
Sodium Chloride Honeywell Cat#SZBF3340H 
LB broth Fisher Scientific UK Cat#51577-51656 
Mem Neaa (100X) Gibco Cat#2203945 
Trypsin-EDTA Gibco Cat#2259288 
TrypLE™ Express Enzyme Gibco Cat#12604013 
L-Glutamine 200 mM (100X) Gibco Cat#2036885 
SYPROorange (5000X in DMSO) Thermo Cat#S6651 
Isopropyl β-d-1-thiogalactopyranoside Meridian Bioscience Cat#BIO-37036 
Kanamycin Melford Cat#K22000 
Lysozyme Sigma-Aldrich Cat#L6876 
Tris-base Melford Cat#T60040 
Imidazole Sigma-Aldrich Cat#56750 
Triton-X-100 Sigma-Aldrich Cat#8787 
Turbonuclease Sigma-Aldrich Cat#T4330 
RNAse A  Qiagen  Cat#158922 
NaCl Sigma-Aldrich Cat#S9888 
MgSO4 Sigma-Aldrich Cat#746452 
Na2HPO4 Melford Cat#S23100 
NaH2PO4 Melford Cat#S23185 

HBS-EP+ Buffer 10× Cytiva Cat# BR100669 

Regeneration Solution (glycine-HCl pH 1.7) Cytiva Cat# BR100838 

Sensor Chip Protein A Cytiva Cat#29127555 

Biotin CAPture Kit, Series S Cytiva CAT#28920234 

His-tagged SARS-CoV-2 BA.1 variant RBD 
 

This paper N/A 
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His-tagged SARS-CoV-2 BA.2 variant RBD 

This paper N/A 

SARS-CoV-2 BA.1 variant Spike 
 

This paper N/A 

SARS-CoV-2 BA.2 variant Spike 
 

This paper N/A 

Streptavidin-APC Biolegend Cat# 405207 
 

Streptavidin-APC Biolegend Cat# 405207 

RNase inhibitor Promega Cat# N2611 

Protein G Plus/Protein A Agarose Millipore Cat#IP10 

Pierce™ Fab Preparation Kit Thermo Fisher Cat#44985 

Twin-Strep-tag® Capture Kit IBA-Lifesciences Cat# 2-4370-000 

PEGRx 2 Hampton Research HR2-084 

ProPlex™ HT-96 Molecular Dimensions MD1-42 

JCSG-plus™ HT-96 Molecular Dimensions MD1-40 
Critical Commercial Assays   
Bright-Glo Luciferase Assay System Promega Cat# E2620 
HIV Type 1 p24 Antigen ELISA 2.0 ZeptoMetrix Cat# 0801002 

Deposited Data 

Crystal structure of SARS-CoV-2 BA.4-RBD/Beta-
27 Fab/Nanobody C1 complex  

This paper PDB: 7ZXU 

Experimental Models: Cell Lines 

HEK293S GnTI- cells ATCC Cat#CRL-3022 

HEK293 cells ATCC Cat#CRL-3216 

Expi293F™ Cells Gibco, Cat#A14527 
HEK293T/17 cells ATCC Cat#CRL-11268™ 
HEK293T cells ATCC Cat#CRL-11268 
Hamster: ExpiCHO cells Thermo Fisher Cat#A29133   

Recombinant DNA 

Vector: pHLsec Aricescu et al., 2006 N/A 
Vector: pNEO Aricescu et al., 2006 N/A 
Vector: pHLsec-SARS-CoV-2 spike of BA.1 This paper N/A 

Vector: pTTGneO-SARS-CoV-2 spike of BA.2 This paper N/A 

Vector: pTTGneO-SARS-CoV-2 RBD of BA.2 This paper N/A 

Vector: pNEO-SARS-CoV-2 RBD of BA.1 This paper N/A 
Vector: pCMV-VSV-G Stewart SA et al. 2003 Addgene plasmid # 

8454 
pHR-SIN-ACE2 Alain Townsend N/A 
Vector: pOPING-ET Nettleship et al., 2008 N/A 
Vector: pJYDC1 Adgene ID: 162458 

Vector: p8.91 
di Genova et al., 2020 Nigel Temperton 

Vector: pCSFLW di Genova et al., 2020 Nigel Temperton 
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Vector: pcDNA-SARS-CoV-2 spike of Wuhan 
strain 

di Genova et al., 2020 Nigel Temperton 

Vector: pcDNA-SARS-CoV-2 spike of 
Victoria strain (S247R) 

Liu et al. 2021a N/A 

Vector: pcDNA-SARS-CoV-2 spike of 
Alpha strain (Δ69-70/144, N501Y, A570D, 
D614G, P681H, T716I, S982A, D1118H 

Nutalai et al., 2022 N/A 

Vector: pcDNA-SARS-CoV-2 spike of 

Beta strain (L18F, D80A, D215G, Δ242-244, 
R246I, K417N,E484K, N501Y, D614G, A701V) 

Nutalai et al., 2022 N/A 

Vector: pcDNA-SARS-CoV-2 spike of 

Gamma strain (L18F, T20N, P26S, D138Y, 
R190S, K417T, E484K, N501Y, D614G, H655Y, 
T1027I, V1176F) 

Nutalai et al., 2022 N/A 

Vector: pcDNA-SARS-CoV-2 spike of 

Delta+A222V strain (T19R, G142D, Del156-
157/R158G, A222V, L452R, T478K, D614G, 
P681R, D950N) 

Liu et al. 2021a N/A 

Vector: pcDNA-SARS-CoV-2 spike of 

BA.1 strain (A67V, Δ69-70, T95I, G142D/Δ143-
145, Δ211/L212I, ins214EPE, G339D, S371L, 

S373P, S375F, K417N, N440K,G446S, S477N, 
T478K, E484A, Q493R, G496S, Q498R, N501Y, 
Y505H, T547K, D614G, H655Y, N679K, P681H, 
N764K, D796Y, N856K, Q954H, N969K, L981F) 

Nutalai et al., 2022 N/A 

Vector: pcDNA-SARS-CoV-2 spike of 

BA.1.1 strain (A67V, Δ69-70, T95I, G142D/Δ143-
145, Δ211/L212I, ins214EPE, G339D, R346K, 

S371L, S373P, S375F, K417N, N440K,G446S, 
S477N, T478K, E484A, Q493R, G496S, Q498R, 
N501Y, Y505H, T547K, D614G, H655Y, N679K, 
P681H, N764K, D796Y, N856K, Q954H, N969K, 
L981F) 

Nutalai et al., 2022 N/A 

Vector: pcDNA-SARS-CoV-2 spike of 

BA.2 strain (T19I, Δ24-26, A27S, G142D, V213G, 
G339D, S371F,  S373P, S375F, T376A, D405N, 
R408S, K417N, N440K, S477N, T478K, E484A, 
Q493R, Q498R, N501Y, Y505H, D614G, H655Y, 
N679K, P681H, N764K, D796Y, Q954H, N969K) 

Nutalai et al., 2022 N/A 
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Vector: pcDNA-SARS-CoV-2 spike of 

BA.3 strain (A67V, Δ69-70, T95I, G142D/Δ143-
145, Δ211/L212I, G339D, S371F, S373P, S375F, 

D405N, K417N, N440K, G446S, S477N, T478K, 
E484A, Q493R, Q498R, N501Y, Y505H, D614G, 
H655Y, N679K, P681H, N764K, D796Y, Q954H, 
N969K) 

This paper N/A 

Vector: pcDNA-SARS-CoV-2 spike of 

BA.4/5 strain (T19I, Δ24-26, A27S, Δ69-70, 
G142D, V213G, G339D, S371F,  S373P, S375F, 
T376A, D405N, R408S, K417N, N440K, L452R, 
S477N, T478K, E484A,  F486V,  Q498R, N501Y, 
Y505H, D614G, H655Y, N679K, P681H, N764K, 
D796Y, Q954H, N969K) 

This paper N/A 

TM149 BirA pDisplay University of Oxford, 
NDM (C. Siebold) 

N/A 

Software and Algorithms 

COOT Emsley et al., 2010 https://www2.mrc-
lmb.cam.ac.uk/personal
/pemsley/coot/ 

Xia2-dials Winter et al., 2018 https://xia2.github.io 
PHENIX Liebschner et al., 2019 https://www.phenix-

online.org/ 
PyMOL Warren DeLano and 

Sarina Bromberg 
https://pymol.org/ 

Data Acquisition Software 11.1.0.11 Fortebio https://www.fortebio.c
om/products/octet-
systems-software 

Data Analysis Software HT 11.1.0.25 Fortebio https://www.fortebio.c
om/products/octet-
systems-software 

Prism 9.0 GraphPad https://www.graphpad.
com/scientific-
software/prism/ 

IBM SPSS Software 27 IBM https://www.ibm.com 

mabscape This paper Error! Hyperlink 
reference not valid. 
https://snapcraft.io/ma
bscape 

Biacore T200 Evaluation Software 3.1 Cytiva www.cytivalifesciences.c
om 

Flowjo 10.7.1 BD https://www.flowjo.com 
SnapGene software 5.3.2 Insightful Science www.snapgene.com 
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X-ray data were collected at beamline I03, 
Diamond Light Source, under proposal ib27009 
for COVID-19 rapid access 

This paper https://www.diamond.a
c.uk/covid-19/for-
scientists/rapid-
access.html 

TALON® Superflow Metal Affinity Resin Clontech Cat#635668 
HiLoad® 16/600 Superdex® 200 pg Cytiva Cat#28-9893-35 
Superdex 200 increase 10/300 GL column  Cytiva Cat#28990944 
HisTrap nickel HP 5-ml column  Cytiva Cat#17524802 
HiTrap Heparin HT 5-ml column Cytiva Cat#17040703 
Amine Reactive Second-Generation (AR2G) 
Biosensors 

Fortebio Cat#18-5092 

Octet RED96e Fortebio https://www.fortebio.c
om/products/label-free-
bli-detection/8-channel-
octet-systems 

Buffer exchange system “QuixStand” GE Healthcare Cat#56-4107-78 
Cartesian dispensing system Genomic solutions Cat#MIC4000 
Hydra-96 Robbins Scientific Cat#Hydra-96 

96-well crystallization plate Greiner bio-one Cat#E20113NN 
Crystallization Imaging System Formulatrix Cat#RI-1000 

Sonics vibra-cell vcx500 sonicator VWR Cat#432-0137 

Biacore T200 Cytiva https://www.cytivalifesci
ences.com/en/us/shop/p
rotein-analysis/spr-label-
free-
analysis/systems/biacor
e-t200-p-05644 

QuixStand GE Healthcare Cat# 56-4107-78 
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