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In brief

A comprehensive analysis of sera from

vaccinees, convalescent patients

previously infected by multiple variants,

and potent monoclonal antibodies from

early in the COVID-19 pandemic reveals a

substantial overall reduction in the ability

to neutralize the SARS-CoV-2 Omicron

variant, which seems to ameliorate with a

third vaccine dose. Structural analyses of

the Omicron RBD suggest that selective

pressure balances key changes that

increase affinity for ACE2 with other

changes in the receptor-binding motif

that disfavor ACE2 binding but facilitate

immune escape.
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SUMMARY
On 24th November 2021, the sequence of a newSARS-CoV-2 viral isolate Omicron-B.1.1.529was announced,
containing far more mutations in Spike (S) than previously reported variants. Neutralization titers of Omicron
by sera from vaccinees and convalescent subjects infected with early pandemic Alpha, Beta, Gamma, or
Delta are substantially reduced, or the sera failed to neutralize. Titers against Omicron are boosted by third
vaccine doses and are high in both vaccinated individuals and those infected by Delta. Mutations in Omicron
knock out or substantially reduce neutralization by most of the large panel of potent monoclonal antibodies
and antibodies under commercial development. Omicron S has structural changes from earlier viruses and
uses mutations that confer tight binding to ACE2 to unleash evolution driven by immune escape. This leads
to a large number of mutations in the ACE2 binding site and rebalances receptor affinity to that of earlier
pandemic viruses.
INTRODUCTION

Since the end of 2020, a series of viral variants have been

emerging in different regions, and some have caused large out-
Cell 185, 467–484, Fe
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breaks. Alpha (Supasa et al., 2021) and, more recently, Delta (Liu

et al., 2021a), have had the greatest global reach, whilst Beta

(Zhou et al., 2021), Gamma (Dejnirattisai et al., 2021b), and

Lambda (Colmenares-Mejı́a et al., 2021), despite causing large
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outbreaks in Southern Africa and South America, did not

become dominant in other parts of the world. Indeed, Beta

was later displaced by Delta in South Africa.

The rapid emergence of Omicron (https://www.who.int/news/

item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-

2-variant-of-concern) in the background of high Beta immunity

implies that the virus may have evolved to escape neutralization

by Beta-specific serum (Liu et al., 2021b). Within Spike (S),

Omicron has 30 substitutions plus a deletion of 6 and an insertion

of 3 residues, whereas in all the other proteins there are a total of

16 substitutions and 7 residue deletions. Particular hotspots for

the mutations are the angiotensin converting enzyme 2 (ACE2)

receptor binding domain (RBD) (15 amino acid substitutions)

and the N-terminal domain (NTD) (3 deletions totaling 6 residues,

1 insertion, and 4 substitutions).

S mediates cellular interactions. It is a dynamic, trimeric struc-

ture (Walls et al., 2017, 2020; Wrapp et al., 2020), which can be

lipid bound (Toelzer et al., 2020) and tightly associated in a

‘‘closed’’ form or unfurled to expose one or more RBDs, allowing

both receptor binding and increased access to neutralizing anti-

bodies. Once bound to a cell, S undergoes cleavage and a

drastic elongation, converting it to the post-fusion form.

Most potent neutralizing antibodies target the ACE2 footprint

(Dejnirattisai et al., 2021a; Lan et al., 2020; Liu et al., 2021b),

occupying �880 Å2 at the outermost tip of the RBD (the neck

and shoulders, referring to the torso analogy [Dejnirattisai

et al., 2021a]) and preventing cell attachment. A proportion of an-

tibodies are able to cross-neutralize different variants (Liu et al.,

2021b), and a few of these bind to a motif surrounding the N-

linked glycan at residue 343 (Dejnirattisai et al., 2021a; Liu
468 Cell 185, 467–484, February 3, 2022
et al., 2021b). These latter antibodies, exemplified by S309 (Pinto

et al., 2020), can cross-react with SARS-CoV-1 but do not block

ACE2 interaction, and destabilizing the S-trimer may be their

mechanism of action. Neutralizing anti-NTD mAbs do not block

ACE2 interaction and bind to a so-called supersite on the NTD

(Cerutti et al., 2021; Chi et al., 2020); however, they generally

fail to provide a broad protection as the supersite is disrupted

by a variety of NTD mutations present in the variants of concern

(VOC). Moreover, some NTD-binding antibodies were shown to

have an infectivity-enhancing effect by inducing the open form

of S (Liu et al., 2021c).

In this report, we study the neutralization of Omicron by a large

panel of sera collected from convalescents of early pandemic,

Alpha-, Beta-, Gamma-, and Delta-infected individuals, together

with vaccinees who had received three doses of the Oxford/As-

traZeneca (AZD1222) or the Pfizer BioNtech (BNT16b2) vac-

cines. There is a widespread reduction in the neutralization

activity of sera from multiple sources, and we use these data

to plot an antigenic map, where Omicron is seen to occupy the

most distant position from early pandemic viruses, which form

the basis for current vaccines.

We show that Omicron escapes neutralization by the majority

of potent monoclonal antibodies (mAbs) arising after both early

pandemic and infection with Beta variant. Utilizing a large bank

of structures (n = 29) from panels of potent mAbs, which includes

most of the mAbs developed for prophylactic or therapeutic use,

we describe the mechanism of escape caused by the numerous

mutations present in Omicron RBD (Baum et al., 2020).

Analysis of the binding of ACE2 to RBD and structural analysis

of the Omicron RBD indicate that changes at residues 498 and
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501 of the RBD have locked ACE2 binding to the RBD in that re-

gion sufficiently strongly to enable the generation of a plethora of

less favorable changes elsewhere, providing extensive immune

escape and, in the process, resulting in a final net affinity for

ACE2 similar to the early pandemic virus.

RESULTS

Phylogeny of Omicron
Omicron has changes throughout its proteome, but S changes

dominate, with 30 amino acid substitutions plus 6 residues

deleted and 3 inserted (Figures 1 and 2). Ten of these were found

previously in at least two lineages (D614G was mutated early on

and maintained throughout). Of those ten, six have the same

amino acid substitution in >75% of the sequences, and only

one (E484A) has a unique substitution in Omicron (in Beta and

Gamma it is a Lys). Figure S1A shows the number of mutant se-

quences per residue at positions undergoing mutations in inde-

pendent lineages. This can be interpreted in twoways: one is that

the latermutations are epistatic to one another and thus aremore

difficult to reach, or that they do not contribute to virus fitness.

The Omicron RBD has 15 changes in total, as described in the

next section. The NTD also has numerous changes, including 4

amino acid substitutions, 6 amino acids deleted, and 3 amino

acids inserted, also described in the next section. Several muta-

tions found in Omicron occur in residues conserved in SARS-

CoV-1 and in many other Sarbecoviruses (Figure 1). These

observations agree with the Pango classification (Rambaut

et al., 2020), which places Omicron at a substantial distance

from all other variants.

Mapping of Omicron RBD mutations compared with
Alpha, Beta, Gamma, and Delta
The Alpha variant has a single change in the RBD at N501Y (Fig-

ure 2D; Supasa et al., 2021), which occupies the right shoulder

and contributes to the ACE2 binding footprint. Beta has two

further mutations in the RBD: K417N and E484K, at the back

of the neck and left shoulder, respectively (Figure 2E), which

are also part of the ACE2 footprint (Figure 2C; Zhou et al.,

2021). Gamma mutations are similar: K417T, E484K, and

N501Y (Dejnirattisai et al., 2021b). Delta mutations: L452R in

front of the neck, and T478K on the far side of the left shoulder,

fall just peripheral to the ACE2 binding footprint (Figure 2F; Liu

et al., 2021a). All of these variants have at least one RBD muta-

tion in common with Omicron. Of the 15 Omicron changes in the

RBD, nine map to the ACE2 binding footprint: K417N, G446S,

S477N, E484A, Q493R, G496S, Q498R, N501Y, Y505H, with

N440K and T478K just peripheral (Figures 2B and 2C). Addition-

ally, mutations occur on the right flank: G339D, S371L, S373P,

and S375F (Figure 2B), the last three of which are adjacent to a

lipid-binding pocket (Figure S1B) (Toelzer et al., 2020; Carrique

et al., 2020). This pocket has been seen occupied by a lipid

similar to linoleic acid in an unusually rigid state of S, where

all RBDs are found in a locked-down configuration stabilized

by lipid-bridged quaternary interactions between adjacent

RBDs. However, this lipid-bound form has been seen rarely;

instead, the pocket is usually empty and collapsed, with the

RBD alternating between looser down and up conformations.
We presume that this is because the pocket readily empties

of lipid during protein purification. Indeed, rapidly prepared virus

particles tend to have RBDs closer to locked-down state (Ke

et al., 2020). Loss of lipid promotes RBD presentation to the

target cell.

Until now, the antigenic properties of variant viruses have been

well described by assuming that each mutation produces only a

local change in structure, and we used this assumption to ratio-

nalize the serological impact of the mutations in Omicron. We

present structural data later to qualify this assumption.

Omicron NTD mutations
The mutations seen in the NTD lie on exposed flexible loops,

which differ from those in SARS-CoV-1 and are likely antigenic

(Figure 1A). The pattern of deletions and insertions seen in Om-

icron consistently changes those loops that are most different

from SARS-CoV-1 to be more SARS-CoV-1-like, at least in

length. Of the N1, N3, and N5 loops, which comprise the anti-

body supersite, Omicron has a substitution at G142D and dele-

tion of residues 143–145 in N3, which would mitigate against

binding by a number of potent neutralizing antibodies, e.g.,

4A8 and mAb 159 (Chi et al., 2020; Dejnirattisai et al., 2021b).

The deletion of residues 69 and 70 in N2 has also occurred in

the Alpha variant, whereas the deletion at residue 211, the sub-

stitution at 212, and the insertion at 214 are unique to Omicron.

All these changes are on the outer surface and are likely

antigenic.

Neutralization of Omicron by convalescent serum
We isolated Omicron virus from the throat swab of an infected

case in the UK. Following culture in VeroE6 cells transfected

with TMPRSS2, the S gene sequence was confirmed to be the

Omicron consensus with the additional mutation A701V, which

is present in a small number of Omicron sequences.

We have collected convalescent serum/plasma with the indi-

cated median day of sampling, from individuals infected early

in the pandemic (n = 32, median day 42) before the emergence

of the VOC, along with cases infected with Alpha (n = 18, median

day 18), Beta (n = 14, median day 61), Gamma (n = 16, median

day 63), and Delta (n = 42, median day 38). Neutralization assays

were performed against Omicron and compared with neutraliza-

tion titers for Victoria (an early pandemic strain), Alpha, Beta,

Gamma, and Delta.

In all cases, neutralization titers to Omicron were substantially

reduced compared with either the ancestral strain Victoria or the

homologous strain causing infection, and in a number of cases,

the immune serum failed to neutralize Omicron at 1/20 dilution

(Figures 3A–3E). Compared with Victoria, the neutralization titers

of sera for Omicron were reduced for early pandemic 16.9-fold

(p < 0.0001), Alpha 33.8-fold (p < 0.0001), Beta 11.8-fold (p =

0.0001), Gamma 3.1-fold (p = 0.001), and Delta 1.7-fold (p =

0.0182). Compared with the neutralization of homologous vi-

ruses, for example, Alpha virus by Alpha serum, Omicron

neutralization was reduced for sera from Alpha 18.4-fold (p <

0.0001), Beta 22.5-fold (p < 0.0001), Gamma 12.3-fold (p <

0.0001), and Delta 25.9-fold (p < 0.0001).

In summary, Omicron causes widespread escape from

neutralization by serum obtained following infection by a range
Cell 185, 467–484, February 3, 2022 469



Figure 1. Sarbecovirus RBD sequence analysis

Shown with Alpha, Beta, Delta, and Omicron variants (Omicron repeated on the lower line for clarity). Binding sites for the early pandemic potent antibodies

(Dejnirattisai et al., 2021a) and the potent Beta antibodies (Liu et al., 2021b) are depicted using iron heat colors (black < straw < yellow < white) to indicate relative

levels of antibody contact and commercial antibody contacts are depicted with the pairs of antibodies in red and blue (purple denotes common interactions).

Totally conserved residues are boxed on a red background on the upper rows, while on the final rowOmicronmutations are boxed in red. Secondary elements are

denoted above the alignment. Figure produced in part using ESPript (Robert and Gouet, 2014).
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of SARS-CoV-2 variants, meaning that previously infected indi-

viduals will have little protection from infection with Omicron,

although it is hoped that they will still maintain protection from

severe disease.
470 Cell 185, 467–484, February 3, 2022
Vaccination and infection in combination increases
Omicron neutralization titers
We have collected sera from Delta-infected cases and because

Delta spread in the UK during the vaccination campaign, we



Figure 2. Distribution of Omicron changes

(A) Trimeric S model depicted as a gray surface

with one monomer highlighted in pale blue,

ACE2 binding site in green and changes in

Omicron shown in red, left side view, right top

view.

(B) RBD depicted as a gray surface with the

ACE2 footprint in dark gray and changes in

Omicron in red, left: top view, right: front and

back views. Epitopes are labeled according to

the torso analogy and mutations labeled.

(C–F) Top view of RBD depicted as a gray sur-

face with the following: (C) ACE2 binding site in

green. (D) Alpha change in yellow, (E) Beta

changes in cyan, and (F) Delta changes in pur-

ple. Figure produced using chimeraX (Pettersen

et al., 2021).

Related to Figure S1.

ll
OPEN ACCESSArticle
obtained sera from three different groups—Delta infection only

(n = 19) (Figure 3E), Delta infection following vaccination (n = 9),

and vaccination following Delta infection (n = 8) (Figure 3F).

Neutralization assays against early pandemic, Alpha, Beta,

Gamma, Delta, and Omicron viruses were performed. Compared

with Delta-only infected individuals, sera from cases who had

received the vaccine andbeen infectedbyDelta showedsubstan-

tially higher neutralization to all viruses tested—early pandemic,

with Delta-infected and vaccinated sera showing a 7.9-fold (p <

0.0001) increase in the neutralization of Omicron compared with

Delta infection alone. To confirm the boosting effect of vaccina-

tion, we collected a paired blood sample from 6 Delta cases

before and after vaccination, which clearly demonstrated the

boosting effect of infection and vaccination (Figure S2).
Increased neutralization of
Omicron by third-dose booster
vaccination
In a number of countries, booster pro-

grams have been launched to counter

waning immunity and the increasing fre-

quency of breakthrough infections with

Delta. To examine the effect of booster

vaccination, we tested neutralization of

Victoria, Delta, and Omicron viruses us-

ing sera from individuals receiving 3

doses of ADZ1222 (n = 41) or BNT162b2

(n = 20). For ADZ1222, the serumwas ob-

tained 28 days following the second and

third doses (Figure 3G). For BNT162b2,

the serum was obtained 28 days,

6 months, immediately prior to the third

dose, and 28 days following the third

dose (Figure 3H).

At 28 days following the third dose, for

ADZ1222, the neutralization titer to Omi-

cron was reduced 12.7-fold (p < 0.0001)

compared with Victoria and 3.6-fold

(p < 0.0001) compared with Delta; for

BNT162b2, the neutralization titer to Om-
icron was reduced 14.2-fold (p < 0.0001) compared with Victoria

and 3.6-fold (p < 0.0001) compared with Delta. The neutralization

titers for Omicron were boosted 2.7-fold (p < 0.0001) and 34.2-

fold (p < 0.0001) following the third dose of ADZ1222 and

BNT162b2, respectively, compared with 28 days following the

second dose. Of concern, and as has been noted previously,

neutralization titers fell substantially between 28 days and

6 months following the second dose of the BNT162b2 vaccine,

althoughwe did notmeasure titers at 6months following the sec-

ond dose of AZD1222.

In summary, neutralization titers against Omicron are boosted

following a third vaccine dose, meaning that the campaign to

deploy booster vaccines should add considerable protection

against Omicron infection.
Cell 185, 467–484, February 3, 2022 471



Figure 3. Neutralization assays against Omicron

(A–H) FRNT50 values for the indicated viruses using serum from convalescent subjects previously infectedwith (A) early pandemic virus (n = 32), (B) Alpha (n = 18),

(C) Beta (n = 14), (D) Gamma (n = 16), (E) Delta (n = 19), (F) Delta before vaccination or Delta after vaccination (n = 17), (G) before and after the third dose of

AZD1222 (n = 41), and (H) 4 weeks, 6 months after the second dose, before the third, and after the third dose of BNT162b2 (n = 20). In (A–E) comparison is made

with neutralization titers to Victoria, Alpha, Beta, Gamma, and Delta previously reported in Dejnirattisai et al. (2021a, 2021b), Supasa et al. (2021), Zhou et al.

(2021), and Liu et al. (2021b), in (G) the data points for Victoria and Delta titers on BNT162b2 are taken from Flaxman et al. (2021). Geometricmean titers are shown

above each column. The Wilcoxon matched-pairs signed rank test was used for the analysis, and two-tailed p values were calculated.
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Effect of Omicron mutations on antibodies elicited by
early pandemic virus
Wehave previously reported a panel of 20 potent neutralizing an-

tibodies (50% focus reduction in neutralization test [FRNT50] <
472 Cell 185, 467–484, February 3, 2022
100 ng/mL) isolated from cases infected with early pandemic vi-

ruses (Wuhan) (Dejnirattisai et al., 2021a). Neutralization assays

against Omicron were performed and compared with neutraliza-

tion assays of early pandemic, Alpha, Beta, Gamma, and Delta



(legend on next page)
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