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Abstract

The Omicron variant emerged in southern Africa in late 2021 and is characterised by
multiple spike mutations across all spike domains. Here we show that the Omicron
spike confers very significant evasion of vaccine dicited neutralising antibodies that is
mor e pronounced for ChAdOx-1 adenovirus vectored vaccine versus BNT162b2 mRNA
vaccine. Indeed neutralisation of Omicron was not detectable for the majority of
individuals who had received two doses of ChAdOx-1. Third dose mRNA vaccination
rescues neutralisation in the short term. Despite three mutations predicted to favour
spike S1/S2 cleavage, observed cleavage efficiency is lower than for wild type Wuhan-1
D614G and Delta. We demonstrate significantly lower infectivity of lung organoids and
Calu-3 lung cells expressing endogenous levels of ACE2 and TMPRSS2 but similar
infection as compared to Delta when using H1299 lung epithdial cells. Importantly,
fusogenicity of the Omicron spike isimpaired, leading to marked reduction in syncitia
formation. These observations indicate that Omicron has gained immune evasion
properties whilst possibly modulating properties associated with replication and
pathogenicity.

Introduction

The Omicron variant was first detected in South Africa and has now spread internationally®.
It has been associated with very rapid increases in case numbers and recent data demonstrate
significant evasion of neutralising antibody responses. Omicron appears to be competing
with the Delta variant in the UK, and this may be due to an advantage in vaccinated /
previously exposed populations and/or increased replication. Data on replication are limited
however. Delta spike was previously shown to confer more efficient cell-cell fusion kinetics
compared to Wuhan-1?, and syncytia formation has previously been associated with
pathogenesis®. Moreover, changes in the polybasic cleavage site (PBCS) have been
associated with pathogenicity. Omicron has three mutations in the furin cleavage site region
(P681H, H655Y and N679K) and has therefore been predicted to be highly infectious and fit.

Here we show that contrary to predictions based on mutational profiling of the PBCS region,
Omicron spike is relatively poorly cleaved, and impaired in mediating cell-cell fusion and
syncytia formation. This reduced cleavage is also associated with poorer entry into target
lung organoids or cell lines expressing endogenous levels of receptors. We further show that

as expected from mutational profiling, omicron has significantly reduced sensitivity to
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neutralising antibodies and that AZ vaccine sera display lower titres as compared to mRNA
vaccine sera. Soon after a third dose with mRNA however, robust titres against Omicron can

be achieved, thus supporting third dose ‘boosting’ strategies.

Results

The Omicron spike protein showsincreased intramolecular bonding, changesin

charged residues and multiple mutations acr oss antigenic and cleavage domains.

We first sought to investigate the distribution of mutations and their impacts. We observed
increased intramolecular hydrogen bonds in Delta and Omicron compared with Wu-1 (Figure
1a). In addition when we simulated interactions with ACE2, Omicron displayed multiple
contacts with ACE2 in contrast to Delta and Wu-1 (Figure 1b). When charge at the protein
surface was modelled there was again a striking difference between Omicron and earlier

variants, in particular with positive charge accumulating in the RBD (Figure 1c).

Omicron spike protein confers broad escape from two dose vaccination with adenovirus

vectored and mRNA vaccines

We next synthesised codon optimised spike expression plasmids for Omicron and Delta spike
proteins and generated PV particles. We obtained longitudinal serum samples from
individuals vaccinated with either BNT162b2 or ChAdOx-1 vaccines. We observed > 10-fold
loss of neutralisation against Omicron after the second dose compared to Delta. Indeed
neutralisation of Omicron was not detectable for the majority of individuals who had received
two doses of ChAdOx-1. We additionally also observed waning over time since second dose
(Figure 3). Both groups were boosted with BNT162b2 as a third dose, allowing us to
compare the response to this boosting dose. Similar magnitude increases in neutralisation
were observed for all variants tested, suggesting increased breadth of responses as well as

titre.

Omicron Spike protein induces relatively poor cell-cell fusion compared to Delta
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Mutations at P681 in the PBCS have been observed in multiple SARS-CoV-2 lineages, most
notably in the B.1.1.7 Alpha variant* and the Delta variant. We previously showed that these
spikes, bearing P681 mutations, had significantly higher fusogenic potential than a D614G
Wuhan-1 spike °. Omicron bears P681H, in addition to 679 and 655 mutations (Figure 4a).
We tested the Omicron spike using a split GFP system to monitor cell-cell fusion in real time
(Figure 4b). We transfected spike bearing plasmids into 293T cells expressing GFP1-10 and
mixed with Vero cells stably expressing the GFP-11, so that the GFP signal could be detected
upon cell-cell fusion and measured over time. (Figure 4b,c). We observed increased fusion
for Delta as compared to D614G Wuhan-1 spike as shown previously. The Omicron spike
however resulted in very poor fusion (Figure 4d), despite being expressed (Figure 4e). Of
note cleavage of Omicron spike in cells appeared lower compared to Delta and WT, as can be

seen from faint S2 and S1 bands after probing with S2 and S1 antibodies respectively.
Omicron Spike protein mediates deficient cell entry in lung alveolar organoids

Spike mediates cell entry via interaction with ACE2 and TMPRSS2° and is a major
determinant of viral infectivity. The plasma membrane route of entry, and indeed
transmissibility in animal models, is critically dependent on the polybasic cleavage site
(PBCS) between S1 and S2”%and cleavage of spike prior to virion release from producer
cells; this contrasts with the endosomal entry route, which does not require spike cleavage in
producer cells. >#*°. Plasma membrane fusion allows the virus to avoid restriction factors in

endosomes?®.

We tested single round viral entry of Wuhan-1 D614G, Delta and Omicron spikes (Figure 5)
using the PV system, infecting primary 3D lung alveolar organoids (Figure 5a,b) and Calu-3
lung cells (Figure 5¢) expressing endogenous levels of ACE2 and TMPRSS2, as well as the
A549 lung cell line transduced with ACE2 and TMPRSS2 (Figure 5d). We first probed PV
virions for spike protein and noted that the Omicron spike was predominantly in the
uncleaved form, in contrast to Delta and WT (Figure 5a). We observed variable entry
efficiency for Omicron in comparison to Delta and Wuhan-1 D614G wild type. SARS-CoV-2
infection in organoids and Calu-3 lung cells (that do not overexpress receptors ACE2 and
TMPRSS2) was impaired for Omicron relative to Delta and Wuhan D614G. Interestingly
Calu-3 do not express Cathepsin L therefore entry is entirely plasma membrane dependent™".

We speculate that the impaired infection in cathepsin deficient Calu-3 cells relative to Delta
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may relate to relatively lower spike cleavage as compared to Delta. By contrast, in H1299

lung epithelial cells we observed similar entry efficiency for Delta and Omicron (Figure 5e).

Discussion

Here we have shown that the Omicron spike confers very significant evasion of vaccine
elicited neutralising antibodies that is more dramatic for ChAdOx-1 versus BNT162b2
vaccine sera. These data are supported by vaccine effectiveness measurements in the UK
(UKHSA report Dec 2021). Third dose mRNA vaccination rescued neutralisation in the short

term, though waning is expected to occur over time.

Importantly, we show that despite three mutations predicted to favour spike S1/S2 cleavage,
the observed cleavage efficiency is similar to wild type Wuhan-1 D614G and lower than
Delta. As expected from suboptimal cleavage, poor fusogenic potential of the Omicron spike
was observed when expressed in cells This phenomenon could translate to impaired cell-cell
spread, and indeed investigators have observed smaller plaque sizes (personal
communication). Omicron spike was also associated with poorer entry into target lung
organoids or Calu-3 lung cells expressing endogenous levels of receptors. Data suggest that

lung cells have lower ACE2 and TMPRSS2 mRNA as compared to upper airway.

These observations highlight that Omicron has gained immune evasion properties whilst
compromising syncytia formation and cell entry in lung cells, with possible implications for
pathogenicity. Critically, ChAdOx-1 is widely used in low income settings where third doses
with mRNA not widely available, and Omicron may contribute to severe disease in such

settings.

Methods

Serum samples and ethical approval

Ethical approval for study of vaccine elicited antibodies in sera from vaccinees was obtained
from the East of England — Cambridge Central Research Ethics Committee Cambridge (REC
ref: 17/EE/0025). Studies involving health care workers (including testing and sequencing of
respiratory samples) were reviewed and approved by The Institutional Human Ethics
Committees of NCDC and CSIR-IGIB(NCDC/2020/NERC/14 and CSIR-IGIB/IHEC/2020-

21/01). Participants provided informed consent.
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Sequencing

Spike genomes for the original Wuhan strain, and Omicron VOC were obtained from
GISAID EpiCoV database accessed on 30™ November 2021. A consensus Spike genome was
created from all complete and high coverage genomes, excluding all sequences with >5% Ns
using Geneious Prime v2022. The consensus genome was translated to poly-proteins and the
Spike gene was aligned to the original Wuhan strain using mafft v7.490" with the --

globalpair --maxiterate 1000 flags.

Structural analysis

3D structural models of the spike homotrimer protein complex in Figure 2 were generated
using Alphafold v2.1.1". In its validation at the 14th edition of the Critical Assessment of
protein Structure Prediction (CASP14) the predictions generated were demonstrated to be
comparative to experimental structures. When a close homolog structure is available to
Alphafold the predictions it generates for those positions are within typical experimental
error. Required databases were downloaded on 02/12/2021. The program was run with the
parameters --max_template_date=2021-12-01 --model_preset=monomer --
db_preset=full_dbs --is_prokaryote_list=false. Protein structures were visualised in
ChimeraX v1.3%. As predicted structures for the whole spike protein include poorly resolved
chains at the terminal ends, these residues were identified by overlaying structures on PDB
entry 6ZP2, then selected and removed from PDB files using the delete atoms/bonds action.
Two further monomers were overlayed on 6zp2 to generate a homotrimer structure. Mutated

residues were then coloured in red and labelled manually with respect to the Wuhan strain.

Data availability:

All protein structures shown are freely available at github.com/ojcharles/viral_alphafold

Pseudotype virus experiments

Cells

HEK 293T CRL-3216, Hela-ACE-2 (Gift from James Voss), Vero CCL-81 were maintained
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 100 U/ml penicillin, and 100mg/ml streptomycin. All cells were regularly tested and

are mycoplasma free. H1299 cells were a kind gift from Sam Cook. Calu-3 cells were a kind
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gift from Paul Lehner, A549 A2T2" cells were a kind gift from Massimo Palmerini. Vero
E6 Ace2/TMPRSS?2 cells were a kind gift from Emma Thomson.

Pseudotype virus preparation for testing against vaccine elicited antibodies and cell entry
Plasmids encoding the spike protein of SARS-CoV-2 D614 with a C terminal 19 amino acid
deletion with D614G were used. Omicron and Delta spikes were generated by gene synthesis.
Viral vectors were prepared by transfection of 293T cells by using Fugene HD transfection
reagent (Promega). 293T cells were transfected with a mixture of 11ul of Fugene HD, 1ug of
pCDNAAL19 spike-HA, 1ug of p8.91 HIV-1 gag-pol expression vector and 1.5ug of pCSFLW
(expressing the firefly luciferase reporter gene with the HIV-1 packaging signal). Viral
supernatant was collected at 48 and 72h after transfection, filtered through 0.45um filter and
stored at -80°C as previously described. Infectivity was measured by luciferase detection in
target 293T cells transfected with TMPRSS2 and ACE2.

Sandardisation of virus input by SYBR Green-based product-enhanced PCR assay (SG-
PERT)

The reverse transcriptase activity of virus preparations was determined by qPCR using a
SYBR Green-based product-enhanced PCR assay (SG-PERT) as previously described®®.
Briefly, 10-fold dilutions of virus supernatant were lysed in a 1:1 ratio in a 2x lysis solution
(made up of 40% glycerol v/v 0.25% Triton X-100 v/v 100mM KCI, RNase inhibitor 0.8
U/ml, TrisHCL 100mM, buffered to pH7.4) for 10 minutes at room temperature.

Sample lysates (12 ul) were added to 13 pl of SYBR Green master mix (containing 0.5uM of
MS2-RNA Fwd and Rev primers, 3.5pmol/ml of MS2-RNA, and 0.125U/ul of Ribolock
RNAse inhibitor and cycled in a QuantStudio. Relative amounts of reverse transcriptase
activity were determined as the rate of transcription of bacteriophage MS2 RNA, with
absolute RT activity calculated by comparing the relative amounts of RT to an RT standard

of known activity.

Neutralisation titre analyses
Neutralisation by vaccine-elicited antibodies after two doses of the BNT162b2 and Chad-Ox-
1 vaccine, in addition to a third dose with BNT162b2 was determined by infections in the

presence of serial dilutions of sera as described below. The ID50 within groups were
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summarised as a geometric mean titre (GMT) and statistical comparison between groups
were made with Mann-Whitney or Wilcoxon ranked sign tests. Statistical analyses were

performed using Stata v13 and Prism v9.

Western blotting

Cells were lysed and supernatants collected 18 hours post transfection. Purified virions were
prepared by harvesting supernatants and passing through a 0.45 pm filter. Clarified
supernatants were then loaded onto a thin layer of 8.4% optiprep density gradient medium
(Sigma-Aldrich) and placed in a TLASS5 rotor (Beckman Coulter) for ultracentrifugation for 2
hours at 20,000 rpm. The pellet was then resuspended for western blotting. Cells were lysed
with cell lysis buffer (Cell signalling), treated with Benzonase Nuclease (70664 Millipore)
and boiled for 5 min. Samples were then run on 4%-12% Bis Tris gels and transferred onto
nitrocellulose or PVDF membranes using an iBlot or semidry (Life Technologies and Biorad,

respectively).

Membranes were blocked for 1 h in 5% non-fat milk in PBS + 0.1% Tween-20 (PBST) at
room temperature with agitation and probed with the following primary antibodies: anti-
SARS-CoV-2 Spike which detects the S2 subunit of SARS-CoV-2 S (Invitrogen, PAL-
41165), anti-GAPDH (proteintech) or anti-p24 (NIBSC)) diluted in 5% non-fat milk in PBST
for 2 h at 4°C with agitation. Blots were washed four times in PBST for 5 min at room
temperature and labelled with secondary anti-rabbit HRP (1:10000, Invitrogen 31462), and
anti-bactin HRP (1:5000; sc-47778) antibodies diluted in 5% non-fat milk in PBST for 1 h
with agitation at room temperature. Membranes were washed four times in PBST for 5 min at

room temperature and imaged using a ChemiDoc MP system (Bio-Rad).

Plasmids for split GFP systemto measure cell-cell fusion

pQCXIP1BSRINGFP11 and pQCXIP IGFP17110 were from Yutaka Hata '’ Addgene
plasmid #68716; http://n2t.net/addgene:68716; RRID:Addgene 68716 and Addgene plasmid
#68715; http://n2t.net/addgene:68715; RRID:Addgene_68715)

Generation of GFP1710 or GFP11 lentiviral particles
Lentiviral particles were generated by co-transfection of 293T or Vero cells with
pQCXIPCBSRIOGFP11 or pQCXIPTIGFP17110 as previously described . Supernatant

containing virus particles was harvested after 48 and 72 hours, 0.45 um filtered, and used to
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infect 293T or Vero cells to generate stable cell lines. 293T and Vero cells were transduced to

stably express GFP17110 or GFP11 respectively and were selected with 2 pg/ml puromycin.

Cell-cell fusion assay

Cell-cell fusion assays were carried out as previously described ***° but using a Split-GFP
system. Briefly, 293T GFP1-10 and Vero-GFP11 cells were seeded at 80% confluence in a
1:1 ration in 24 multiwell plate the day before. Cells. were co-transfected with 0.5 ug of
spike expression plasmids in pPCDNA3 using Fugene 6 and following the manufacturer’s
instructions (Promega). Cell-cell fusion was measured using an Incucyte and determined as
the proportion of green area to total phase area. Data were then analysed using Incucyte

software analysis. Graphs were generated using Prism 8 software.
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Figure 1: Intra-protein interaction network of WT, DELTA and OMICRON spike. a. Comparative
global intra-molecular network for WT ,Delta and omicron spike structural model protein calculated
throughout 100ns simulation length and interactions with >50% persistence are shown. For clarity

only unique hydrogen bonds specific to each variant spike protein are marked in red on one of the chains
of spike trimer. The total number of salt bridges and hydrophobic contacts are highlighted in green and
blue, respectively and the mutations present in Delta and Omicron are marked in yellow spheres.

b. The zoomed-in structural map shows a hydrogen bonding pattern at a static structure (50ns) around
the mutation sites in the RBD ¢ Electrostatic surface of the spike NTD and RBD regions. Blue denotes
positive charge potential, while red indicates negative charge potential. The potential distribution was
calculated by APBS. The values range from —1k7{(red) to 0 (white) and to +1k7 (blue), where T'is the
temperature, and k is the Boltzmann constant.
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Figure 2. a. Side Surface representation of the Omicron B.A1 spike protein. b. Top down view
surface representation of the Omicron BA.1 spike protein. Spike homotrimer structures were
created predicted in silico by the Alphafold2 software package. Individual mutations making up the
Omicron spike are highlighted in red on each of the three homotrimers.
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Figure 3: Neutralisation of spike pseudotyped virus by sera from vaccinated individuals over three
longitudinal time points following doses two (AZ or Pfizer) and three (Pfizer only) a,b n=20
ChAdOx-1 or ¢,d n=20 BNT12b2. GMT (geometric mean titre) with s.d are presented. Data
representative of two independent experiments each with two technical replicates. N antibody positive
individuals were excluded from this analysis. **p<0.01, *** p<0.001, ****p<(0.0001 Wilcoxon
matched-pairs signed rank test, ns not significant.
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Figure 4: Omicron variant spike confers impaired cell-cell fusion activity. Graphical representation
of Omicron B.Al spike mutations present in expression plasmid used for fusion assay. Mutations
coloured according to location in spike; bold mutations are novel to this lineage and have not been
identified in previous variants of concern (VOCs). b. Schematic of cell-cell fusion
assay. ¢. Reconstructed images at 16 hours of GFP+ syncytia. d. Quantification of cell-cell fusion
kinetics showing percentage of green area to total cell area over time (WT is Wuhan-1 D614G). Mean is
plotted with error bars representing SEM. e. western blot of cell lysates 48 hours after transfection of
spike plasmids and lentiviral expression plasmids. Anti-S2 antibody. Data are representative of at least
two independent experiments.
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Figure 5: SARS-CoV-2 Omicron Variant spike mediated entry efficiency. a. western blots of
pseudotyped virus (PV) virions from 293T producer cells following transfection with plasmids expressing
lentiviral vectors and SARS-CoV-2 S plasmids. (WT- Wuhan-1 with D614G), probed with antibodies for
HIV-1 p24 and SARS-Cov-2 S2 (top) and S1 (bottom). b. Single round infectivity on lung organoids using
by spike plasmid pseudotyped virus (PV) produced in 293T cells ¢, d, e. Single round infectivity on Calu-3,
A549 A2T2, and H1299 lung cells by spike plasmid PV produced in 293T cells. Data are representative of
three independent experiments.
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