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Background SARS-CoV-2 vaccines currently authorized for emergency use have been highly successful in prevent-
ing infection and lessening disease severity. The vaccines maintain effectiveness against earlier SARS-CoV-2 Var-
iants of Concern but the heavily mutated, highly transmissible Omicron variant presents an obstacle both to vaccine
protection and monoclonal antibody therapies.

Methods Pseudotyped lentiviruses were incubated with serum from vaccinated and boosted donors or therapeutic
monoclonal antibody and then applied to target cells. After 2 days, luciferase activity was measured in a microplate
luminometer. Resistance mutations of the Omicron spike were identified using point-mutated spike protein pseudo-
types and mapped onto the three-dimensional spike protein structure.

Findings Virus with the Omicron spike protein was 26-fold resistant to neutralization by recovered donor sera and
26-34-fold resistance to Pfizer BNT162b2 and Moderna vaccine-elicited antibodies following two immunizations. A
booster immunization increased neutralizing titres against Omicron. Neutralizing titres against Omicron were
increased in the sera with a history of prior SARS-CoV-2 infection. Analysis of the therapeutic monoclonal antibod-
ies showed that the Regeneron and Eli Lilly monoclonal antibodies were ineffective against the Omicron pseudotype
while Sotrovimab and Evusheld were partially effective.

Interpretation The results highlight the benefit of a booster immunization to protect against the Omicron variant
and demonstrate the challenge to monoclonal antibody therapy. The decrease in neutralizing titres against Omicron
suggest that much of the vaccine efficacy may rely on T cells.

Funding The work was funded by grants from the NIH to N.R.L. (DA046100, AI122390 and AI120898) and 55 to
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Introduction
The vaccines that have been granted emergency use autho-
rization (EUA) have proven highly protective against
SARS-CoV-2, resulting in a major decrease in infection
rates, hospitalization and deaths1; however, the appearance
of recently evolved viral variants classified as variants of
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concern (VOC)2 with multiple mutations in the viral spike
protein have raised concerns about potential decreases in
vaccine effectiveness. These concerns have been assuaged
by laboratory findings of modest 2-5-fold decreases in neu-
tralizing antibody titre against the VOCs3�8 and epidemio-
logical evidence of continued vaccine protection.9,10

Vaccination has been found to provide 78% protection
against infection by the Delta variant, 90% protection
against hospitalization and 91% protection against death.11

Monoclonal antibody cocktails from Regeneron consisting
of REGN10933 (Casirivamab) and REGN10987
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Research in context

Evidence before this study

Previous analyses of vaccine efficacy against SARS-CoV-
2 variants showed relatively modest decreases in neu-
tralizing antibody titres against the Alpha, Beta, Gamma
and Delta variants. Booster immunization was known to
increase antibody titres against the variants as did previ-
ous SARS-CoV-2 infection. Regeneron and Eli Lilly thera-
peutic monoclonal antibodies retained neutralizing
activity against the variants.

Added value of this study

The study shows that the large number of mutations pres-
ent in the Omicron spike protein cause a considerable
decrease in the antibody titres that are elicited by vaccina-
tion with either the Pfizer/BioNtech mRNA vaccines. The
decreased titre was significantly more pronounced than
the decrease against the Delta variant. Omicron could not
be neutralized by the current Regeneron or Eli Lilly mono-
clonal antibodies and was only partially neutralized by the
newer Sotrovimab and Evusheld monoclonal antibodies.
Mapping of the Omicron point mutations responsible for
escape from the monoclonal antibodies showed that
these lie directly at the interaction sites with the individual
monoclonal antibodies, demonstrating that the escape is
caused by direct alteration of the epitopes.

Implications of all the available evidence

The decreased antibody titres against Omicron suggest
that full vaccination (two immunizations) will show
decreased protection against infection and severe dis-
ease but that boosting with a third immunization will
restore protection afforded by vaccination. The findings
also suggest that the development of an Omicron vac-
cine is warranted and that booster immunization will be
beneficial. The findings suggest that the Current Regen-
eron and Eli Lilly monoclonal antibody cocktails will not
be effective for the treatment of COVID-19. The reduc-
tion in neutralizing titres by Evusheld and Sotrovimab
monoclonal antibodies may result in a significantly loss
of therapeutic efficacy but this will depend on their con-
centrations in relevant tissues in vivo.
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(Imdevimab), and from Eli Lilly consisting of LY-CoV016
(Etesevimab) and LY-CoV555 (Bamlanivimab) have proven
effective at decreasing the frequency of hospitalization of
COVID-19 patients.12�14 More recently, the monoclonal
antibody VIR-7183 (Sotrovimab) from GlaxoSmithKline
(GSK)/Vir Biotechnology was found to decrease hospitali-
zation and risk of death by 79% and was granted EUA
authorization by the U.S. Food and Drug Agency.15 In
addition, the monoclonal antibody cocktail (Evusheld)
from AstraZeneca consisting of AZD8895 (Tixagevimab)
and AZD1061 (Cilgavimab) was found to reduce the risk
of developing COVID-19 by 77%16 and was approved for
prophylactic use in immunocompromised individuals.
The recently emerged Omicron (B.1.1.529) variant
was identified in Botswana in early November, 2021
where it rapidly rose to a prevalence of 71%. The variant
was shortly thereafter identified in South Africa.17 The
prevalence of the variant continued to increase rapidly
as a result of increased transmissibility with Omicron
having replaced Delta as the predominant variant in the
U.S. with a current prevalence of 99.9% in metropoli-
tan areas (as of Jan 29th, 2022). The large number of
mutations in the Omicron spike protein raises the possi-
bility of decreased antibody neutralizing titres by vac-
cine-elicited antibodies.

As compared to the previously designated VOC spike
proteins that contain 9�11 missense mutations, the Omi-
cron spike protein has 34, 20 of which have not been
found in previous VOCs or variant of interests (VOIs).
These include 15 mutations in the receptor binding
domain (RBD), 8 of which lie in the receptor bindingmotif
(RBM) that directly contacts the receptor. The N-terminal
domain (NTD) has 8 mutations, 3 of which are deletions
and one is a 3 amino acid insertion. The carboxy-terminal
CTD has 10 mutations, 4 of which are close to the furin
proteolytic processing site and three of which are close to
the secondary processing site. The concomitant appear-
ance of the multiple mutations in the Omicron virus sug-
gests that some may have arisen from recombination with
a related b-coronavirus or from extended replication in a
chronically infected immunodeficient individual.18

The large number of mutations in the Omicron RBD
and NTD, which are the primary sites targeted by neutral-
izing antibodies, raises the possibility that the variant may
be resistant to neutralization by current EUA approved
vaccine-elicited antibodies, resulting in decreased protec-
tion from infection. It also raises the possibility that indi-
viduals previously infected with an earlier version of the
virus might not be protected against re-infection by the
Omicron variant. In addition, it raises a concern that the
heavily mutated Omicron RBD might cause the failure of
therapeutic monoclonal antibodies currently in clinical
use, decreasing the effectiveness of their use in the treat-
ment of severe COVID-19.

In this study, we used spike protein-pseudotyped lentivi-
ral particles to measure the sensitivity of the Omicron vari-
ant to neutralization by vaccine-elicited antibodies in the
sera of both naÿve and recovered individuals and analysed
the neutralizing activity of the widely used therapeutic
monoclonal antibodies. We found that Omicron spike pro-
tein was highly resistant to neutralization by the serum
antibodies of individuals fully vaccinated with two immuni-
zations of the Pfizer or Moderna mRNA vaccines. A homol-
ogous booster vaccination with anmRNA vaccine increased
neutralizing antibody titres 6-8-fold to a level predicted to
provide a high degree of protection. The monoclonal anti-
bodies that constitute the Regeneron and Eli Lilly cocktails
failed to neutralize virus with the Omicron spike protein
while the potency of VIR-7183 (Sotrovimab) and the Evush-
eld monoclonal antibodies was significantly decreased.
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Methods

Plasmids
Plasmid expression vectors used in the production of
lentiviral pseudotypes pMDL, pcVSV.G, pRSV.Rev and
the lentiviral dual reporter virus genome pLenti.GFP.
nLuc have been previously described.19 The SARS-CoV-
2 Omicron spike expression vector pc.D19.Omicron was
synthesized in two fragments encoding the codon-opti-
mized open reading frame overlapping by 50 bp. The
full-length coding sequence was generated by overlap
extension PCR with the two fragments amplified with
external primers containing a Kpn-I and Xho-I sites and
then cloned into pcDNA6. Expression vectors encoding
spike proteins with the individual mutations of the
Omicron spike protein were generated by overlap exten-
sion PCR mutagenesis using the D614G spike protein
plasmid pcCOV2.D19. D614G as template.
Cells
293T (ATCC Cat# CRL-3216, RRID: CVCL_0063),
ACE2.293T and Vero cells (CLS Cat# 605372/
p622_VERO, RRID:CVCL_0059) were grown in
Dulbecco’s Modified Eagle’s Medium/10% fetal bovine
serum at 37 °C under 5% CO2. All cells were tested for
mycoplasma negative.
Human sera and monoclonal antibodies
Sera from convalescent individuals were collected
32�57 days post-symptom onset (n = 10). Sera were col-
lected prior to February, 2021, before the spread of the
Delta variant which was first detected in May in the U.S.
and began to spread in July in New York. The experience
donors were presumably infected with either the D614G,
Alpha or Iota variant. Sera from Pfizer BNT162b2-vacci-
nated (n = 9), Moderna mRNA-1273-vaccinated (n = 8)
study participants which were shown in Figure 1b were col-
lected 90 and 80 days mean post-second immunization,
respectively. Serum samples from study participants previ-
ously infected and subsequently vaccinated with
BNT162b2 mRNA vaccine (n = 12 and 7) which shown in
Figure 1c and d were collected 1 month and 7, 8 months
post-second immunization. Sera from study participants
vaccinated with BNT162b2 mRNA boost vaccine were col-
lected 1-month post-vaccination. Previous infection was
documented by COVID-19 symptoms and a positive PCR
test or serology.
SARS-CoV-2 spike protein lentiviral pseudotypes
Spike protein pseudotyped lentiviruses were produced
by cotransfection of 293T cells with pMDL Gag/Pol
packaging vector, lentiviral vector plenti.GFP.nLuc and
spike protein expression vectors encoding 19 amino
acid cytoplasmic tail deletions, as previously reported.19

Transfected cell supernatants were harvested two days
www.thelancet.com Vol 78 Month April, 2022
post-transfection and concentrated by ultracentrifuga-
tion. The viruses were normalized for reverse transcrip-
tase (RT) activity and frozen in aliquots at -80 °C.
Antibody neutralization assay
Sera or monoclonal antibody was serially two-fold
diluted and then incubated with an amount of virus cor-
responding to a volume that resulted in MOI=0.2 on
ACE2.293T or Vero cells for pseudotyped virus. After
30 min incubation at room temperature, the virus was
added to 1 £ 104 target cells in a 96 well culture dish.
The cells were cultured for 2 days after which the cul-
ture medium was removed and 50ml Nano-Glo lucifer-
ase substrate (Nanolight) was added. Luminescence was
read in an Envision 2103 microplate luminometer.
Ethics
Human sera were collected at the NYU Vaccine Center
with written consent of participants under IRB-
approved protocols 18-02035 and 18-02037.
Statistics
All samples were tested in duplicate or triplicate. Neu-
tralization assays were done by laboratory personnel
blinded to the experimental groups. Power analysis for
sample size were calculated assuming a power value
(beta) of 0.95 to eliminate Type I error. A significance
level of 0.05 was used for sample size calculations. The
calculations showed that required sample sizes were 5,
8, 3 for Figure 1a and b, respectively. For Figure 1c and
d, a power value (beta) of 0.9 was assumed and 10 and 5
samples were required, respectively. The sample num-
bers are within the sample sizes used in this study.
Gaussian distribution was determined by Shapiro-Wilk
and Kolmogorov-Smirnov test with GraphPad Prism 8
software which confirmed that all data sets passed the
normality test (alpha=0.05). Additional statistical signif-
icance was determined by the two-tailed unpaired t-test
or nonparametric ANOVA test. Significance was based
on two-sided testing and attributed to p < 0.05. Confi-
dence intervals are shown as the mean § SD or SEM
(*P � 0.05, **P � 0.01, ***P � 0.001,
****P � 0.0001). Analyses of the structures of the
SARS-CoV-2 spike protein with antibody Fabs was per-
formed with the PyMOL Molecular Graphics System,
v2.1.1 (Schr€odinger, LLC).
Role of funding source
The funders of this study had no role in study design,
sample collection, data collection, data analyses, inter-
pretation, or writing of the report.
3



Figure 1. Decreased neutralization of Omicron spike protein-pseudotyped viruses by convalescent sera, mRNA vaccine-elicited
antibodies.
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Results

Increased resistance of virus with the Omicron spike to
serum antibodies elicited by natural infection and
vaccination
To determine the effectiveness of antibodies induced by
infection with earlier SARS-CoV-2 variants to protect
from re-infection with the Omicron variant, we tested
neutralizing antibody titres in the sera of unvaccinated
participants involved in an ongoing clinical study that
had been collected 32 to 57 days post-COVID-19 symp-
tom onset. Neutralizing antibody titres were measured
using lentiviral virions pseudotyped by the parental
D614G, Alpha, Beta and Delta spike proteins, an assay
that accurately reflects titres obtained in the plaque
reduction neutralization test (PRNT).20 The results
showed modest reductions in neutralizing titre against
Beta and Delta as compared to the parental D614G but
a more substantial average 26-fold reduction in titre
against Omicron. Approximately 60% of the donor sera
had titres below the IC50 of 20, the limit of detection in
the assay (Figure 1a). To determine the effectiveness of
antibodies elicited by vaccination, we tested sera col-
lected 70 days post-immunization from study partici-
pants who had been fully vaccinated (two
immunizations) with BNT162b2 or Moderna mRNA-
1273 mRNA vaccines (Figure 1b). Notably, neutralizing
antibody titres against the Omicron pseudotype was
decreased 26-34-fold compared to D614G.

Previous infection has been shown to strengthen and
broaden the neutralizing antibody response to SARS-
CoV-2 variants upon vaccination. To determine whether
previous infection would increase neutralizing antibody
titres against the Omicron variant, we tested sera from
study participants who were vaccinated with BNT162b2
and had, or had not, been previously infected with
SARS-CoV-2 (Figure 1c). Sera from study participants
without previous infection, collected one month post-
second vaccination, had high titres of neutralizing
D614G, Beta, Delta and Omicron spike protein-pseudotyped v
codon-optimized spike proteins deleted for the carboxy-terminal 1
lent amounts of virus were mixed with a 2-fold serial dilution of don
was measured two days post-infection. Each serum dilution was m
similar results and IC50 was determined. Statistical significance
***P � 0.001, ****P � 0.0001).

a. Neutralizing antibody titres of sera from study participants w
current VOCs was measured against viruses pseudotyped by curre
Geometric mean titre (GMT) for each group shown above the bar.

b. Neutralization of variant spike protein pseudotyped viruses b
tions) with Pfizer BNT162b2 (n = 9) and Moderna mRNA-1273 mRNA

c. Neutralizing antibody titres of study participants without or wi
the pseudotyped viruses. Sera were collected from study participan
BNT162b2, 7, 8 months post-second vaccination, and 1-month po
infection (naïve) (left) (n = 12) or previously infected (experienced)
and a PCR+ test or serology. GMTs for each group are shown above

d. Sequential neutralizing antibody titres of sera from individual
2 infection is shown for each of the study participants shown above
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antibody against D614G virus; titres against Beta com-
pared to D614G were decreased 2.8-fold, against Delta
1.4-fold and against Omicron 18-fold. Titres had only
slightly declined 7, 8 months post-vaccination. One-
month post-boost, titres increased for all variants. Titres
against Omicron remained 14-fold lower than against
D614G. Notably, study participants who had poor neu-
tralizing titres against Omicron after two immuniza-
tions had increased their titres following the boost
(Figure 1d). Sera from previously infected study partici-
pants post-boost achieved high neutralizing titres
against the Beta and Delta variants. While titres against
Omicron also rose, they remained 16-fold lower on aver-
age than that of D614G virus (14,868 for D614G; 921
for Omicron).

Virus with the Omicron spike protein is resistant to ther-
apeutic monoclonal antibodies. To determine the sensitiv-
ity of the Omicron variant to the therapeutic
monoclonal antibodies, we analysed the neutralizing
titres of the Regeneron monoclonal antibodies
REGN10933 (Casirivamab) and REGN10987 (Imdevi-
mab), the Eli Lilly cocktail consisting of LY-CoV016
(Etesevimab) and LY-CoV555 (Bamlanivimab), GlaxoS-
mithKline/VIR Biotechnology VIR-7831 (Sotrovimab)
and AstraZeneca AZD8895 and AZD1061 (Evusheld)
against the D614G, Beta, Delta and Omicron spike pro-
tein-pseudotyped viruses. REGN10933 (Casirivamab)
potently neutralized D614G and Delta, was less active
against Beta but had no detectable activity against Omi-
cron (Figure 2a). REGN10987 (Imdevimab) potently
neutralized the earlier viruses but lacked activity against
Omicron virus as did the REGN10933/REGN10987
cocktail. LY-CoV555 (Bamlanivimab) neutralized D614G
and Alpha virus, had weak activity against Beta and
Delta but was inactive against the Omicron virus
(Figure 2b). LY-CoV016 (Etesevimab) potently neutral-
ized the earlier viruses but lacked activity against Beta
and Omicron virus as did the combined LY-CoV555/LY-
iruses expressing dual GFP/nanoluciferase reporter genes with
9 amino acids were prepared as previously described.19 Equiva-
or serum and then applied to ACE2.293T cells. Luciferase activity
easured in triplicate and the experiment was done twice with
was calculated by two-sided testing. (*P � 0.05, **P � 0.01,

ho had recovered from infection prior to the appearance of the
nt VOCs (n = 10). IC50 of each donor serum is shown with the

y the sera of study participants fully vaccinated (two immuniza-
vaccines (n = 8).
th a previous history of SARS-CoV-2 infection were measured on
ts pre-vaccination, 1-month post-second vaccination with Pfizer
st-boost. Study participants were without previous SARS-CoV-2
(right) (n = 7). COVID-19 history was determined by symptoms
the bar.
study participants without or with previous history of SARS-CoV-
in C. GMTs are shown above.
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Figure 2. Therapeutic monoclonal antibodies have lost neutralizing activity against virus with the Omicron spike protein.
a. Neutralization of viruses with the VOC spike proteins by Regeneron REGN10933 (Casirivamab) and REGN10987 (Imdevimab)

monoclonal antibodies and the REGN-CoV-2 cocktail was measured using spike variant spike protein-pseudotyped viruses.
b. Neutralization of viruses pseudotyped by the VOC spike proteins by LY-CoV555 (Bamlanivimab), LY-CoV016 (Etesevimab)

monoclonal antibodies and cocktail were measured as in a above.
c. Neutralization of viruses, pseudotyped by the VOC spike proteins, by AZD8895 (Tixagevimab), AZD1061 (Cilgavimab) and com-

bination Evusheld.
d. Neutralization of viruses pseudotyped by the VOC spike proteins by VIR-7831 (Sotrovimab) was measured as in a above.
e. The table shows the IC50s of the therapeutic monoclonal antibodies calculated using the data from the antibody neutraliza-

tion curves shown in a, b and c. Larger numbers indicate decreased neutralization potency. Antibodies that did not reach >70%
infectivity at the highest concentration tested are listed as IC50>5000; for antibodies that reached 51�70% infectivity at the highest
concentration tested, the IC50 was extrapolated using GraphPad Prism 8 software.
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CoV016 cocktail. Individually, the Evusheld monoclonal
antibodies AZD8895 (Tixagevimab) and AZD1061 (Ete-
sevimab) had modest activity against Omicron and syn-
ergized in combination yet the neutralizing titre of the
cocktail remained 81-fold lower than its activity against
D614G (Figure 2c). VIR-7831 (Sotrovimab) was active
against Omicron but its IC50 was 19-fold higher than
against D614G (Figure 2d) and yet less active compared
to the other monoclonal antibodies against the D614G
virus. IC50s calculated from the curves in Figure 2a�d
are shown in Figure 2e.

To identify the mutations in the Omicron spike pro-
tein that allowed the virus to escape neutralization we
used a panel of viruses pseudotyped by spike proteins
with the individual Omicron RBD mutations
(Figure 3a). The results showed that REGN10933 (Casir-
ivamab) was affected by K417N, E484A and Q493K
(Figure 3b, c and Supplementary Fig. 1); REGN10987
(Imdevimab) was affected by S371L, S373P, N440K,
G446S with minor effects of several other mutations.
The REGN10933/REGN10987 cocktail maintained
most of its neutralization potency against the single
point mutated virus. LY-CoV016 (Etesevimab) neutrali-
zation of Omicron was largely affected by K417N,
Q493K, Q498R and N501Y; LY-CoV555 (Bamlanivimab)
was affected by E484A and Q493K with a lesser effect
of several other mutations. AZD8895 (Tixagevimab)
neutralization was affected by K417N, E484A and
Q498R and AZD1061 was affected by G446S and
E484A but the Evusheld cocktail retained most of its
neutralization potency against the singly point-mutated
viruses. VIR-7183 (Sotrovimab) was affected by the sin-
gle mutation S371L (Figure 3b, c and Supplementary
Fig. 1). Most of the mutations that affected neutralizing
titre, with the exception of E484A, had modest effects
on their own, suggesting that the loss of titre by each
monoclonal antibody against Omicron results from the
combinatorial effect of the mutations.

The published crystal and cryo-electron microscopy
structures of the monoclonal antibody Fabs bound to
the spike protein provide insight into how mutations in
the Omicron spike protein interfere with antibody bind-
ing (Figure 3c). The mutations K417N, E484A, and
Q493K that affect REGN10933 (Casirivamab) are situ-
ated in the interface with the Fab heavy chain. K417N
would cause a loss of hydrogen bonding with T28 and
T102 of the immunoglobulin heavy chain and the loss
of a favourable electrostatic interaction with D31. E484A
would cause the loss of hydrogen bonding with heavy
chain Y53 and S56, and Q493K would cause the loss of
hydrogen bonding with heavy chain N74. REGN10987
(Imdevimab) is affected by mutations S371L, S373P,
N440K, and G446S. N440K creates a steric clash
between K440 and the antibody heavy and light chains
and a charge repulsion with light chain K55. Mutation
of G446 to a larger residue, as is the case for G446S,
would cause a steric clash with heavy chain N57. S371
www.thelancet.com Vol 78 Month April, 2022
and S373, while not in direct contact with the Fab, could
alter the stability of this loop segment, affecting the con-
formation of the nearby region (N440). LY-CoV555
(Bamlanivimab) was affected by E484A that would
cause the loss of salt bridges with heavy chain R50 and
light chain R96. Q493K would cause the loss of a hydro-
gen bond heavy chain R104 and the lysine is predicted
to cause steric and electrostatic clashes with heavy chain
R104. LY-CoV016 was affected by Omicron mutations
K417N, E484A, Q493K, Q498R, N501Y and Y505H, all
of which fall within the antibody interaction site. K417N
causes the loss of a salt bridge with light chain D104;
Q493K causes the loss of a hydrogen bond with heavy
chain Y102; the arginine in Q498R is predicted to cause
a charge repulsion with light chain R31; and N501Y
destabilizes the local conformation of the spike protein
causing a steric clash with light chain S28. Sotrovimab
was affected by the single mutation S371L, which is not
formally in the antibody footprint but may destabilize
the nearby structure. AZD8895 was affected by muta-
tions E484A, K417N and Q498R. E484A would result
in the loss of an internal backbone hydrogen bond to
spike protein F490 which may destabilize the proximal
loop to which the light and heavy chains bind. The
structural explanations for K417N and Q498R are not
obvious although both involve a charge change.
AZD1061 was affected by G446S and E484A. The
G446S mutation would cause a steric clash with light
chain Y55 and E484A would cause the loss of a hydro-
gen bond with light chain S32.
Discussion
The emergence of the Omicron variant represents an
evolutionary leap by SARS-CoV-2 in which 15 mutations
were introduced into the RBD along with mutations
and deletions in the NTD and CTD. As a result, the
Omicron variant has developed resistance to neutraliza-
tion by the serum antibodies of recovered individuals
who had been infected with earlier SARS-CoV-2 var-
iants to a degree that is expected to increase the number
of individuals who become re-infected. In addition,
virus with the Omicron spike has a high degree of resis-
tance to neutralization by vaccine-elicited antibodies.
The resistance might be expected given that current
EUA approved vaccines encode the earlier D614G spike
protein. While Alpha, Beta, Gamma and Delta VOCs
show about a 3-4-fold resistance to neutralization by vac-
cine-elicited antibodies,3�8 virus with the Omicron
spike protein has increased its resistance to neutraliza-
tion by the serum antibodies of individuals fully vacci-
nated with BNT162b2 or Moderna-1273 by about 26-34-
fold, resulting in titres that are predicted by mathemati-
cal modelling to cause an increased frequency of break-
through infections.21,22 Several reports published
during the preparation of this manuscript found levels
of Omicron resistance to neutralization by vaccine-
7



Figure 3. Omicron spike protein mutations that cause escape from therapeutic monoclonal antibodies are located at the antibody
interaction interface.
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elicited antibodies, increase in neutralizing antibody
titres following booster immunization and loss of activ-
ity of the therapeutic monoclonal antibodies similar to
those found in our study.23�31

Homologous boosting of SARS-CoV-2-uninfected
individuals by immunization with the Pfizer BNT162b2
vaccine increased neutralizing antibody titres against
Omicron to levels that are predicted to be highly protec-
tive, although the titres remained about 10-fold below
those against the other VOCs post-boost and the dura-
bility of the titres remain to be determined. Booster
immunization of SARS-CoV-2 experienced individuals
resulted in neutralizing antibody titres against Omicron
approaching an IC50 of 1000, which as predicted by
modelling will provide 90% protection against infec-
tion.

The loss of neutralizing titres of the therapeutic
monoclonal antibodies suggest that they will be ren-
dered ineffective for the treatment of COVID-19.
REGN10933 (Casirivimab) and REGN10987 (Imdevi-
mab) of the Regeneron cocktail32,33 and LY-CoV555
(Bamlanivimab)34,35 and LY-CoV016 (Etesevimab)36,37

of the Eli Lilly cocktail were ineffective against Omicron
while Sotrovimab38 and Evusheld16 neutralizing titters
against Omicron were significantly decreased compared
to their titres against the other VOCs (19-fold for Sotro-
vimab and 80-fold for Evusheld as compared to
D614G). Other groups have also found decreased Omi-
cron neutralization by Sotrovimab and Evusheld mono-
clonal antibodies.27,39,29 Whether these monoclonal
antibody therapies will remain efficacious in Omicron
infected patients is unclear. Sotrovimab achieves a
serum concentration of 24 g/ml following a 500 mg
dose, a concentration that is well above its IC50 but the
concentration of the antibodies in relevant tissues of the
body and the extent of virus neutralization needed to
provide clinical benefit are not known.

Mapping of the amino acid residues responsible for
the escape from the monoclonal antibodies showed that
most of the mutations had no effect but that several had
partial effects. The only mutation that had a dramatic
effect were E484A and Q493K which ablated neutraliza-
tion by LY-CoV555 (Bamlanivimab). The other muta-
tions that compromised antiviral activity had modest
effects. Thus, it was the cumulative effect of several
mutations that abrogated antiviral activity of the other
a. The location of Omicron mutations on the spike protein is di
essed spike protein, NTD, RBD, SD1, SD2, HR1, HR2, TM and IC doma
below. The furin cleavage site and hydrophobic fusion peptide (FP)

b. The table shows the IC50s calculated from the neutralization
>5-fold increase in IC50 are highlighted.

c. The footprints of neutralizing antibodies on the SARS-CoV-2
blue. For each antibody, Omicron mutations that cause a 5-fold or g
the Fab footprint are coloured red, and mutated residues outside of
the structures shown are 6XDG (Casirivimab and Imdevimab), 7KM
7L7E (Tixagevimab and Cilgavimab).

www.thelancet.com Vol 78 Month April, 2022
monoclonal antibodies. REGN10933 (Casirivamab), the
neutralizing activity of which has been previously found
to be affected by E484K and K417N of the Beta spike
protein,4,40,41 is decreased another 8-fold by E484A of
Omicron. REGN10987 (Imdevimab), which is nearly
impervious to mutations in the earlier VOCs, was com-
promised by four Omicron mutations (S371L, S373P,
N440K, G446S). K417N had a major effect on the activ-
ity of LY-CoV016 (Etesevimab). Thus, the Regeneron
and Eli Lilly cocktails are not likely to be effective for the
treatment Omicron-infected patients.

Our findings suggest that the titres achieved by full
vaccination followed by a booster immunization will
protect most individuals from developing severe dis-
ease. Our findings provide further support for the bene-
fits of booster immunization and point to the need to
develop additional therapeutics. The emergence of the
Omicron variant raises concern about the possibility of
additional evolutionary leaps for the virus and the need
to pre-empt variants before they emerge. While the cur-
rent surge in Omicron infections has increased the
number of COVID-19 hospitalizations and deaths, the
resulting herd immunity provided by the combination
of the antibody and T cell response is likely to protect
against current and future variants, partially. Given the
ability of the viral spike protein to accumulate muta-
tions in the spike protein, the inclusion of additional
antigens in future vaccines that broaden the T cell
response may prove beneficial.

Study Limitations. This study involved a relatively
small number of participants (n = 7�12), limiting the
resolution of differences in antibody titres of the differ-
ent experimental groups. Neutralizing antibody titres
reported here were determined using lentiviral pseudo-
typed viruses rather than live virus which have been
found to yield generally similar results, but could differ
in some respects.20 In the comparison of sera from
naÿve and experienced study participants, we concluded
that prior infection increased neutralizing antibody
titres; The study participants in the two groups were of
similar age and sex distribution but factors not evalu-
ated such as body mass index (Data for BMI of partici-
pants was not available) could be a confounding
covariate. Study participants were a random sampling
of individuals in the New York area; and might not be
representative of a wider population.
agrammed. The location of the S1 and S2 subunits of the proc-
ins are shown. Amino acid positions of the domains are labelled
are indicated.
curves shown in Supplementary Fig. 1. Mutations that caused

spike protein (residues within 5 A
�
of a Fab atom) are coloured

reater decrease in binding are labelled. Mutated residues within
the footprint are coloured orange. The PDB accession codes for
G (Bamlanivimab), 7C01 (Etesevimab), 7R6W (Sotrovimab), and
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