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Vaccination against SARS-CoV-2 is based primarily on vac-
cines that induce immunity to the spike glycoprotein. These 
vaccines have become the cornerstone of the global pub-

lic health response to SARS-CoV-21. However, their effectiveness 
is now being threatened by the emergence of variants of concern 
(VOC) displaying enhanced transmissibility and evasion of host 
immunity2. Of the five VOCs that have emerged, the Beta (B.1.351) 
and Gamma (P.1) variants were primarily associated with immune 
evasion, spreading internationally but never dominating globally. 
In contrast, the Alpha (B.1.1.7) and Delta (B.1.617.2) VOCs spread 
globally and were responsible for notable waves of infections and an 
increase in reproduction number (R0). The Alpha and Delta variants 
harbour mutations within the polybasic cleavage site in spike (an 
H681 in Alpha and R681 in Delta) that enhance cleavage by furin—
changes that are associated with enhanced cell entry and may con-
tribute to increased transmissibility. While the Alpha variant spread 
rapidly, it was in turn replaced by the Delta variant that combined 
augmented transmissibility with immune evasion2–5.

Omicron (lineage B.1.1.529) is the fifth variant to be named as 
a VOC by the World Health Organization (WHO) and was first 
detected in mid-November 2021 in Botswana, South Africa6 and in 

quarantined travellers in Hong Kong7. It has since split into three 
divergent sub-lineages (BA.1, BA.2 and BA.3) of which BA.1 and 
BA.2 now dominate worldwide.

Emerging data indicate that the Omicron variant evades neutral-
ization by sera obtained from people vaccinated with 1 or 2 doses of 
vaccine, especially when antibody titres are waning. Indicative stud-
ies have shown that 3 doses of spike-based vaccines may provide 
only partial protection from infection with this variant. Immune 
evasion by Omicron may have contributed to the extremely high 
transmission rates in countries with high vaccination rates or natu-
ral immunity (R0 of 3–5 in the UK)8–18.

In this study, we investigate the antigenic and biological proper-
ties of the Omicron variant that might underlie immune evasion 
and increased transmission of the virus using in vitro assays and 
real-life population data.

Results
Omicron displays substantial changes within spike predicted to 
affect antigenicity and furin cleavage. Omicron is characterized 
by multiple changes within the receptor-binding domain (RBD) 
of the spike glycoprotein—regions targeted by class 1, 2 and 3 
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Vaccines based on the spike protein of SARS-CoV-2 are a cornerstone of the public health response to COVID-19. The emer-
gence of hypermutated, increasingly transmissible variants of concern (VOCs) threaten this strategy. Omicron (B.1.1.529), 
the fifth VOC to be described, harbours multiple amino acid mutations in spike, half of which lie within the receptor-binding 
domain. Here we demonstrate substantial evasion of neutralization by Omicron BA.1 and BA.2 variants in vitro using sera from 
individuals vaccinated with ChAdOx1, BNT162b2 and mRNA-1273. These data were mirrored by a substantial reduction in 
real-world vaccine effectiveness that was partially restored by booster vaccination. The Omicron variants BA.1 and BA.2 did 
not induce cell syncytia in vitro and favoured a TMPRSS2-independent endosomal entry pathway, these phenotypes mapping 
to distinct regions of the spike protein. Impaired cell fusion was determined by the receptor-binding domain, while endosomal 
entry mapped to the S2 domain. Such marked changes in antigenicity and replicative biology may underlie the rapid global 
spread and altered pathogenicity of the Omicron variant.
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RBD-directed antibodies—and within the N-terminal domain 
(NTD) supersite (Fig. 1a). Within the spike protein, BA.1 and BA.2 
sub-lineages share 21 amino acid mutations with 12 distinct muta-
tions in BA1 and 6 in BA.2. BA.2 lacks the 69,70 deletion present 
in BA.1. The G339D, N440K, S477N, T478K, Q498R and N501Y 
mutations (present in BA.1 and BA.2) enhance binding of spike to 
the human ACE2 receptor, while combinations such as Q498R and 
N501Y may enhance ACE2 binding additively19. Deep mutational 
scanning (DMS) estimates at mutated sites are predictive of sub-
stantially reduced monoclonal and polyclonal antibody binding and 
altered binding to human ACE2 (Fig. 1b)20. Fourteen mutations in 
Omicron (K417N, G446S (BA.1), E484A, Q493R, G496S (BA.1), 
Q498R and to a lesser extent, G339D, S371L/F (BA.1/BA.2), S373P, 
N440K, S477N, T478K, N501Y and Y505H) may affect antibody 
binding on the basis of a calculated escape fraction (a quantitative 
measure of the extent to which a mutation reduces polyclonal anti-
body binding by DMS). Seven Omicron RBD mutations (K417N, 
G446S(BA.1), E484A, Q493R, G496S(BA.1), Q498R and N501Y) 
have been previously shown to be associated with decreased anti-
body binding, importantly falling in epitopes corresponding to 
three major classes of RBD-specific neutralizing antibodies (nAbs). 
The mutations present in spike also involve key structural epit-
opes targeted by several monoclonal antibodies in current clinical 
use. Of these, bamlanivimab, cilgavimab, casirivimab, etesevimab, 
imdevimab, regdanvimab and tixagevimab bind to the receptor 
binding motif, and neutralization of Omicron has been shown to 
be negligible or absent. In contrast, sotrovimab targets a conserved 
epitope common to SARS-CoV-1 and SARS-CoV-2 that is outside 
the receptor binding motif, and has only a small reduction (3�) in 
neutralization potency in BA.121–23. N679K and P681H mutations 
at the furin cleavage site are predicted individually to increase furin 
cleavage, although the combination of these changes and an adja-
cent change (H655Y, also present in the Gamma VOC) in the vicin-
ity of the cleavage site is unknown24.

Omicron bears several deletions (amino acids 69–70, 143–145 
and 211 in BA.1; amino acids 24–26 in BA.2) and an insertion in 
BA.1 at site 214 in the NTD of spike. The 69–70 deletion is also 
found in the Alpha and Eta (B.1.525) variants and is associated with 
enhanced fusogenicity and incorporation of cleaved spike into viri-
ons25. This 69–70 deletion is currently a useful proxy for estimates of 
BA.1 prevalence in the population by S-gene target failure (SGTF) 
using the TaqPath (Applied Biosystems) diagnostic assay. Deletions 
in the vicinity of amino acids 143–145 have been shown to affect a 
range of NTD-specific nAbs26,27.

Emergence of the Omicron variant in the UK. Despite high vac-
cination rates and levels of natural immunity following previous 
exposure in the UK, Omicron has rapidly become dominant. The 
evolutionary relationships of SARS-CoV-2 variants at a global 
level are shown in Fig. 1c. The first cases of Omicron (BA.1) were 
detected in the UK on 27 and 28 November 2021 (2 in England 
and 6 in Scotland). The proportion of variants in Scotland between 
September 2021 and February 2022 is shown in Fig. 1d, high-
lighting the rise of BA.1, BA.1.1 and then more recently BA.2 in  
sequential waves.

Neutralizing responses to Omicron (BA.1 and BA.2) are sub-
stantially reduced following double vaccination and partially 
restored following triple vaccination. Levels of nAbs in patient 
sera correlate strongly with protection from infection28–31, and 
reductions in neutralizing activity against the Alpha and Delta vari-
ants are consistent with a reduction in vaccine effectiveness2–5,32. 
To predict the effect of the mutations within the Omicron spike 
glycoprotein on vaccine effectiveness, sera collected from healthy 
volunteers at more than 14 d post second-dose vaccination with 
either BNT162b2, ChAdOx1 or mRNA-1273 were sorted into 

three age-matched groups (n �  24 per group, mean age 45 years). 
Sera were first screened by multiplex meso scale discovery elec-
trochemiluminescence (MSD-ECL) assay for reactivity with 
SARS-CoV-2 antigens (Spike, RBD, NTD or nucleoprotein (N)). 
The antibody responses to RBD and NTD were significantly higher 
(P �  0.0001) in the sera from individuals vaccinated with BNT162b2 
or mRNA-1273 in comparison with the ChAdOx1 vaccinees (Fig. 
2a and Supplementary Table 1). In contrast, antibody responses 
to endemic human coronaviruses (HCoVs) (Extended Data Fig. 1 
and Supplementary Table 2) or influenza (Extended Data Fig. 2 and 
Supplementary Table 3) were similar, except for coronavirus OC43 
where responses in BNT162b2 and ChAdOx1 vaccinees differed 
significantly, perhaps suggesting modulation (back-boosting) of 
pre-existing OC43 responses by BNT162b2 vaccination.

Next, the nAb responses against SARS-CoV-2 pseudotypes 
expressing the spike glycoprotein from either the dominant variant 
of the first wave, lineage B.1 (defined by the spike mutation D614G), 
or Omicron (BA.1) were compared (Fig. 2b). Vaccination with 
mRNA-1273 elicited the highest nAb titres (mean titre B.1 � 21,118, 
Omicron (BA.1) �  285) in comparison with those elicited by vacci-
nation with either BNT162b2 (B.1 �  4,978, Omicron (BA.1) � 148.3) 
or ChAdOx1 (B.1 �  882.3, Omicron (BA.1) � 61.9). Neutralizing 
antibody titres against B.1 differed significantly among the three 
study groups. Activity against Omicron (BA.1) was markedly 
reduced in comparison with B.1, reduced by 33-fold for BNT162b2, 
14-fold for ChAdOx1 and 74-fold for mRNA-1273 (Supplementary 
Table 4). While the fold change in neutralization was lowest in 
recipients of the ChAdOx1 vaccine and highest in recipients of the 
mRNA-1273 vaccine, absolute neutralization values were highest in 
mRNA-1273, followed by BNT162b2 and ChAdOx1. Neutralization 
was lowest in the ChAdOx1 group; however, it is important to note 
that this was given to older patients during early vaccine rollout in 
the UK, especially to vulnerable patients in nursing homes and was 
not recommended in young adults less than 40 years of age.

Next, samples were analysed from vaccine recipients at least 14 d 
post booster vaccination (third dose). Participants had been primed 
with two doses of either ChAdOx1 (2.5 � 10 8 IU) or BNT162b2 
(30 �g), followed by a third dose of either BNT162b2 (30 �g) or 
mRNA-1273 (50 �g). All sera reacted strongly to SARS-CoV-2 anti-
gens by MSD-ECL, with no significant differences between the four 
groups (Fig. 2c and Supplementary Table 5). Antibody responses to 
HCoVs (Extended Data Fig. 3 and Supplementary Table 6) or influ-
enza (Extended Data Fig. 4 and Supplementary Table 7) were simi-
lar, with the exception of influenza Michigan H1, where responses 
in ChAdOx1-primed and BNT162b2 or mRNA-1273-boosted 
groups differed significantly, probably reflecting co-administration 
of influenza booster vaccines during the booster campaign. Two 
vaccine recipients boosted with BNT162b2 displayed weak reac-
tivity to nucleocapsid (Fig. 2c), suggesting previously undetected 
exposure to SARS-CoV-2. Sera from vaccine recipients primed with 
BNT162b2 and boosted with either BNT162b2 or mRNA-1273 dis-
played similar titres of nAb against B.1 to the samples collected post 
dose 2 (Fig. 2d). In contrast, vaccination of individuals primed with 
ChAdOx1 with a booster dose of either BNT162b2 or mRNA-1273 
resulted in a marked increase in antibody titre (9.3-fold increase) 
against B.1 relative to the low titres after dose 2 (Fig. 2e and 
Supplementary Table 8). The marked increase in antibody titre in 
ChAdOx1-primed individuals (Extended Data Fig. 5) emphasizes 
the importance of the third dose booster in this population. Indeed, 
following boost with either BNT162b2 or mRNA-1273, anti-B.1 
nAb titres in the ChAdOx1-primed group were not significantly 
different from those primed with BNT162b2 (Supplementary Table 
8). NAb titres against Omicron (BA.1) were lower in both booster 
study groups and did not differ significantly (Supplementary Table 
8). However, absolute numbers displaying measurable Omicron 
neutralizing activity were higher in the ChAdOx1-primed group 
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(13/21, 62%) compared with the BNT162p2 primed group (5/20, 
25%) (Fig. 2d,e).

Since the arrival of Omicron in the UK, three distinct lineages 
have emerged—BA.1, BA.1.1 (BA.1 �  R346K) and BA.2. Therefore, 
we asked whether the cross-neutralizing antibodies elicited by 
third dose booster vaccination retained activity against BA.1.1 
and BA.2 (Fig. 3). While neutralization of Omicron BA.1, BA.1.1 

and BA.2 was significantly lower than that of the first wave vari-
ant B.1 (P �  0.0001), neutralization of BA.1, BA.1.1 and BA.2 did 
not differ significantly from each other (Fig. 3a). Administration 
of a third dose boosted neutralization of each Omicron variant  
(Fig. 3b); however, individuals varied in their responses to boosting 
(Fig. 3c). Where neutralization was low after dose 2, in general, the 
third dose increased neutralization. However, where neutralization 

0.1

1

10

100

1,000

10,000

100,000

C
on

ce
nt

ra
tio

n 
(a

.u
. m

l–1
)

B
N

T
16

2b

C
hA

dO
x1

m
R

N
A

-1
27

3

Spike

B
N

T
16

2b

C
hA

dO
x1

m
R

N
A

-1
27

3

RBD

B
N

T
16

2b

C
hA

dO
x1

m
R

N
A

-1
27

3

NTD

B
N

T
16

2b

C
hA

dO
x1

m
R

N
A

-1
27

3

****
****

****
****

N

C
hA

dO
x1

 +
 B

N
T

16
2b

C
hA

dO
x1

 +
 m

R
N

A
-1

27
3

B
N

T
16

2b
 +

 B
N

T
16

2b

B
N

T
16

2b
 +

 m
R

N
A

-1
27

3
C

hA
dO

x1
 +

 B
N

T
16

2b

C
hA

dO
x1

 +
 m

R
N

A
-1

27
3

B
N

T
16

2b
 +

 B
N

T
16

2b

B
N

T
16

2b
 +

 m
R

N
A

-1
27

3

C
hA

dO
x1

 +
 B

N
T

16
2b

C
hA

dO
x1

 +
 m

R
N

A
-1

27
3

B
N

T
16

2b
 +

 B
N

T
16

2b

B
N

T
16

2b
 +

 m
R

N
A

-1
27

3
C

hA
dO

x1
 +

 B
N

T
16

2b

C
hA

dO
x1

 +
 m

R
N

A
-1

27
3

B
N

T
16

2b
 +

 B
N

T
16

2b

B
N

T
16

2b
 +

 m
R

N
A

-1
27

3

Spike RBD NTD N

100

1,000

10,000

100,000

A
nt

ib
od

y 
tit

re

B
.1

B
A

.1

B
.1

B
A

.1

BNT162b2 ChAdOx1

×33

×14

B
.1

B
A

.1

×74

mRNA-1273

**
****

****

B
.1

B
A

.1

B
.1

B
A

.1

B
.1

B
A

.1

B
.1

B
A

.1

×9.3

×4.3

×1.2

×0.6

Dose 2
BNT162b2

Dose 3
BNT162b2 or
mRNA-1273

Dose 2
ChAdOx1

Dose 3
BNT162b2 or
mRNA-1273

BA.1
neutralising (%) 25% 25% 8.3%

�

�

�

� �

62%

Fig. 2 | Antibody responses elicited by SARS-CoV-2 vaccination. a,b, Antibody responses were studied in three groups of individuals (n���24 per 
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was high after dose 2, in some individuals, the third dose boost had 
little effect or a decrease in titre was noted.

The antigenic divergence of Omicron from earlier virus vari-
ants has raised concerns regarding the effectiveness of monoclo-
nal antibody-based therapies. Each of the variants tested (BA.1, 
BA.1.1, BA.2) resisted neutralization with Ronapreve (combined 
casirivimab and imdevimab, Fig. 3d), while Ronapreve neutralized 
B.1 effectively. In comparison, Xevudy (sotrovimab) retained neu-
tralizing activity against BA.1 and to a lesser extent BA.1.1 (Fig. 3e). 
Activity against BA.2 was reduced in comparison, mirroring that 
against B.1.

In contrast to neutralizing antibody responses, T-cell responses 
measured by IFN-� ELISpot33 to Omicron (BA.1) versus B.1-derived 
peptides were similar, in agreement with minimal variation at key 
antigenic sites (Fig. 3f).

Vaccine effectiveness against the Omicron variant is reduced 
compared with the Delta variant. A logistic additive model with a 
test negative case control design was used to estimate relative vac-
cine effectiveness against becoming a confirmed case with Delta 
(5,689 cases) and/or Omicron (17,699 cases) in a population of 
1.2 million people in the largest health board in Scotland, NHS 
GG&C, between 6 and 26 December 2021. Demographic data are 

shown in Supplementary Table 9. The timings of first, second and 
third doses of vaccination are shown in Fig. 4a and the occurrence 
of sequenced/confirmed infections with different variants in vac-
cine recipients over time is shown in Fig. 4b. Infection status for 
Omicron and Delta was modelled by number and product type 
of vaccine doses, previous infection status, sex, Scottish Index 
of Multiple Deprivation (SIMD) vigintile, and age (to control for 
demographic bias). Immunosuppressed individuals were removed 
from the analysis to ensure case-positivity could be attributed to 
vaccine escape rather than an inability to mount a vaccine response, 
with immunosuppression status derived from a list of those in 
GG&C either shielding due to immunosuppression or being given 
immunosuppressant drugs. Age and SIMD vigintile were each mod-
elled as single smooth effects using thin plate regression splines34. 
Vaccine product, vaccine dose number and previous infection status 
were combined into a single categorical variable with a base level of 
unvaccinated and not previously infected.

The protection from vaccine-acquired and infection-acquired 
immunity was estimated as being markedly reduced against 
Omicron compared with Delta. Estimates of vaccine effective-
ness (at least 14 d post dose) for those with no previous confirmed 
SARS-CoV-2 infection were 46.3% for two-dose primary courses 
of ChAdOx1 against Delta, 64.0% for two doses of BNT162b2 and 
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