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SARS-CoV-2B.1.617.2 Delta variant
replication andimmune evasion
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W Check for updates

TheB.1.617.2 (Delta) variant of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was first identified in the state of Maharashtrainlate 2020 and spread
throughoutIndia, outcompeting pre-existing lineages including B.1.617.1 (Kappa) and
B.1.1.7 (Alpha)’. In vitro, B.1.617.2 is sixfold less sensitive to serum neutralizing
antibodies fromrecovered individuals, and eightfold less sensitive to vaccine-elicited
antibodies, compared with wild-type Wuhan-1bearing D614G. Serum neutralizing
titres against B.1.617.2 were lower in ChAdOx1 vaccinees thanin BNT162b2 vaccinees.
B.1.617.2 spike pseudotyped viruses exhibited compromised sensitivity to
monoclonal antibodies to the receptor-binding domain and the amino-terminal
domain. B.1.617.2 demonstrated higher replication efficiency than B.1.1.7 inboth
airway organoid and human airway epithelial systems, associated with B.1.617.2 spike
beingina predominantly cleaved state compared with B.1.1.7 spike. The B.1.617.2 spike
protein was able to mediate highly efficient syncytium formation that was less
sensitive to inhibition by neutralizing antibody, compared with that of wild-type
spike. We also observed that B.1.617.2 had higher replication and spike-mediated entry
thanB.1.617.1, potentially explaining the B.1.617.2 dominance. In an analysis of more
than 130 SARS-CoV-2-infected health care workers across three centres in India during
aperiod of mixed lineage circulation, we observed reduced ChAdOx1 vaccine
effectiveness against B.1.617.2 relative to non-B.1.617.2, with the caveat of possible
residual confounding. Compromised vaccine efficacy against the highly fit and
immune-evasive B.1.617.2 Delta variant warrants continued infection control
measures in the post-vaccination era.

India’s first wave of SARS-CoV-2 infections in mid-2020 was relatively 2019 since March 2021 with widespread fatalities and a death toll of
mild and was controlled by anationwide lockdown. Following theeasing  more than 400,000. Cases of the B.1.1.7 Alpha variant, introduced by
of restrictions, India has seen expansionin cases of coronavirus disease  travel from the UK in late 2020, expanded in the north of India, and it
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Fig.1|Rapid expansion of DeltavariantB.1.617.2 casesinIndia and reduced
sensitivity toneutralizing antibodies from sera derived following
infectionand vaccination. a, Proportion of lineagesinincident cases of
SARS-CoV-2inIndia2020-2021.b, Surface representation of the SARS-CoV-2
B.1.671.2 spike trimer (PDB: 6ZGE). Red, L19R; green, del157/158; blue, L452R;
yellow, T478K. The white dotted box indicates the location of the D95ON
substitution (orange). ¢, Neutralization of the Delta variant by convalescent
human serum from mid-2020. Fold change in serum neutralization

0of100 TCIDs, 0f B.1.17 (Alpha), B.1.351 (Beta) and B.1617.2 (Delta) variants

is known to be more transmissible than previous versions of the virus
bearing the D614G spike substitution, while maintaining sensitivity
to vaccine-elicited neutralizing antibodies®*. The B.1.617 variant was
first identified in the state of Maharashtra in late 2020*, spreading
throughout India and to at least 90 countries.

The first sublineage to be detected was B.1.617.1 (ref. !), followed by
B.1.617.2,both bearing the L452R spike receptor-binding motif (RBM)
substitution also observed in B.1.427/B.1.429 (refs. ®). This alteration
was previously reported to confer increased infectivity and a modest
loss of susceptibility to neutralizing antibodies®’. The B.1.617.2 Delta
variant has since dominated over B.1.617.1 (Kappa variant) and other
lineages including B.1.1.7, although the reasons remain unclear.

Delta variant and neutralizing antibodies

We first plotted the relative proportion of variants in new cases of
SARS-CoV-2inIndiasince the start of 2021. Although B.1.617.1 emerged
earlier, the Deltavariant B.1.617.2 has become more dominant (Fig. 1a). We
hypothesized that B.1.617.2 would exhibit immune evasion to antibody
responses generated by previous SARS-CoV-2 infection. We used sera
from12individualsinfected during the first UK wavein mid-2020. These
serawere tested for their ability to neutralize a B.1.617.2 viral isolate, in
comparison with aB.1.1.7 variant isolate and a wild-type (WT) Wuhan-1
virus bearing D614G in spike. The Delta variant contains several spike

relative to WT (IC19); n =12.Shown s the ID;,, the serum dilution required for
50% virusinhibition, expressed as GMT (from technical replicates) withs.d.d,
Neutralization of B.1617.2 live virus by sera from vaccinated individuals (n =10
ChAdOx1orn=10BNT12b2), compared with B.1.1.7and Wuhan-1WT. The graph
presentstheaverage of twoindependent experiments. e, Neutralization of
B.1.617 spike PVand WT (Wuhan-1D614G) by vaccine sera (n =33 ChAdOx1or
n=32BNT162b2). The dataarerepresentative of two independent experiments
eachwithtwotechnical replicates.*P<0.05,**P<0.01, ****P<0.0001
(Wilcoxon matched-pairs signed rank test); NS, not significant.

alterations that are located at positions within the structure thatare pre-
dictedtoalterits function (Fig. 1b). We found that the B.1.1.7 virusisolate
was2.3-fold less sensitive to the serathan the WT, and that B.1.617.2 was
5.7-fold less sensitive to the sera (Fig. 1c). Importantly, inthe same assay,
the B.1.351 Beta variant that was first identified in South Africa demon-
strated an 8.2-fold loss of neutralization sensitivity relative to the WT.

We used the same B.1.617.2 live virus isolate to test susceptibility
to vaccine-elicited serum neutralizing antibodies in individuals fol-
lowing vaccination with two doses of ChAdOx1 or BNT162b2. These
experiments showed a loss of sensitivity for B.1.617.2 compared with
WT Wuhan-1bearing D614G of around eightfold for both sets of vac-
cine sera and reduction against B.1.1.7 that did not reach statistical
significance (Fig.1d). We also used a pseudotyped virus (PV) system to
test the neutralization potency of alarger panel of 65 vaccine-elicited
sera, this time against B.1.617.1 as well as B.1.617.2 spike compared with
Wuhan-1D614G spike (Fig. 1e). Comparison of demographic data for
vaccinees showed similar characteristics (Extended Data Table1). The
mean geometric mean titre (GMT) against Delta variant spike PV was
lower for ChAdOx1than for BNT162b2 (GMT 654 versus 3,372, P < 0001,
Extended Data Table1).

Weinvestigated therole of the B.1.617.2 spike as an escape mechanism
by testing 33 spike-specific monoclonal antibodies with anin vitro PV
neutralization assay using Vero E6 target cells expressing transmem-
brane protease serine 2 (TMPRSS2) and the Wuhan-1D614G SARS-CoV-2
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Fig.2|Deltavariantlive virusreplicationkinetics and spike-mediated
infectivity.a-d, Live virus replication comparing B.1.1.7 with B.1.617.2. Calu-3
cellswere infected with variants atan MOl of 0.1. a, Viral loads measured by
gqPCRincelllysates.b, Viral proteinlevelsin cell lysates. c,d, Live virus
produced frominfected Calu-3 cell supernatants was collected and used to
infect permissive Vero E6 ACE2/TMPRSS2 cells to measure viral loads (c) or
TCIDs, mI™ (d). e, f, Virus replicationkinetics in the HAE system. g, Live virus
replicationin airway epithelial organoid cultures. Airway epithelial organoids
wereinfected with the SARS-CoV-2 variants B.1.1.7and B.1.617.2 atan MOl of 1.
Cellswerelysed and total RNA wasisolated. qPCRwas used to determine the
number of copies of the nucleoprotein gene in cells and the infectivity of
cell-free virus measured by infection of Vero E6 ACE2/TMPRSS2 cells. The data
arerepresentative of twoindependent experiments. dpi, days post-infection.

spike or the B.1.617.2 spike (Extended Data Fig.1and Extended Data

Table 2). We found that all three amino-terminal domain monoclonal
antibodies (100%) and four out of nine (44%) non-RBM monoclonal
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h,i, Westernblots of PV virions (h) and cell lysates (i) of 293T producer cells
following transfection with plasmids expressing lentiviral vectors and
SARS-CoV-2SB.1.617.1and Deltavariant B.1.617.2 versus WT (Wuhan-1with
D614G), probed with antibodies to HIV-1p24 and SARS-Cov-2S2.j, Calu-3 cell
entry by spike B.1.617.2 and B.1.617.1versus WT D614 G parental plasmid PVs.
Thedataarerepresentative of three independent experiments. k, Growth
kinetics of B.1.617.1and B.1.617.2 variants. Viral isolates of B.1.617.1and B.1.617.2
wereinoculatedinto Calu-3 cells, and viral RNA in the culture supernatant was
quantified by real-time RT-PCR. The TCID, of released virus in supernatant
was measured over time. Assays were performed in quadruplicate. NS, not
significant; *P<0.05,**P<0.01,***P<0.001,****P< 0.0001. The dataare
representative of twoindependent experiments. Uninfected cells are
represented by aminus symbol. NP, nucleocapsid protein.

antibodies completely lost neutralizing activity against B.1.617.2. Within
the RBM-binding group, 16 out of 26 monoclonal antibodies (61.5%)
showed amarked decrease (2- to 35-fold-change reduction) or complete
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Fig.3|SARS-CoV-2B.1.617.2 infectionin vaccinated HCWs.
a-c,Maximum-likelihood phylogenies of vaccine breakthrough SARS-CoV-2
sequences amongvaccinated HCWs at three centres. Phylogenies were

loss (>40-fold-change reduction) of neutralizing activity to B.1.617.2
(Extended Data Fig. 1). Among five clinical-stage RBM monoclonal anti-
bodiestested, bamlanivimab did not neutralize B.1.617.2. Imdevimab,
partof the REGN-COV2 therapeutic dual antibody cocktail®, displayed
reduced neutralizing activity (Extended Data Fig. 1).

SARS-CoV-2 Deltavariant replication

Wefirstinfected alungepithelial cell line, Calu-3, comparing B.1.1.7 and
B.1.617.2 (Fig.2a-d). We observed areplication advantage for B.1.617.2
(Fig.2a,b),aswellas anincreaseinreleased virions from cells (Fig. 2c,
d). Next we tested B.1.1.7 against two separate isolates of B.1.617.2ina
human airway epithelial (HAE) model’. In this system we again observed
that both B.1.617.2 isolates had a significant replication advantage
overB.1.1.7 (Fig. 2e, f). Finally, weinfected primary three-dimensional
airway organoids' (Fig. 2g) with B.1.617.2 and B.1.1.7 virus isolates,
noting a significant replication advantage for B.1.617.2 over B.1.1.7.
These data clearly support the higher replication rate and therefore
transmissibility of B.1.617.2 over B.1.1.7.

Inthe aforementioned experiments, we noted a higher proportion of
intracellular B.1.617.2 spike in the cleaved state, compared with B.1.1.7

inferred withIQTREE2 with 1,000 bootstrap replicates. SNPs, single nucleotide
polymorphisms.

(Fig. 2b). We next ran western blots on purified virions probing for
spike S2 and nucleoprotein, revealing B.1.617.2 spike predominantly in
the cleaved form, in contrast to thatin B.1and B.1.1.7 (Extended Data
Fig.2a,b).

B.1.617.2 spike-mediated cell fusion

The plasma membrane route of entry, and indeed transmissibility in
animal models, is critically dependent on the polybasic cleavage site
between S1and S2 (refs. %) and cleavage of spike before virion release
from producer cells. Alterations at P681in the polybasic cleavage site
have been observed in multiple SARS-CoV-2 lineages, most notably in
the B.1.1.7 Alphavariant®. We previously showed that B.1.1.7 spike, bear-
ing P681H, had significantly higher fusogenic potential than a D614G
Wuhan-1virus®. Here we tested B.1.617.1and B.1.617.2 spike using a split
GFP system to monitor cell-cell fusion (Extended DataFig. 2c-g). The
B.1.617.1and B.1.617.2 spike proteins mediated higher fusion activity and
syncytium formation than WT, probably mediated by P681R (Extended
Data Fig. 2f, g). We next titrated sera from ChAdOx1 vaccinees and
showed thatindeed the cell-cell fusion could be inhibited ina manner
that mirrored the neutralization activity of the sera against PVinfection
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of cells (Extended Data Fig. 2h). Hence, B.1.617.2 may induce cell-cell
fusionin therespiratory tract and possibly higher pathogenicity even
invaccinated individuals with neutralizing antibodies.

B.1.617.2 spike-mediated cell entry

Wetested single-round viralentry of B.1.617.1and B.1.617.2 spike (Fig. 2h,
iand Extended DataFig.3a, b) using the PV system, infecting Calu-3 lung
cellsexpressing endogenous levels of angiotensin-converting enzyme
2 (ACE2) and TMPRSS2 (Fig. 2j), as well as other cells transduced or tran-
siently transfected with ACE2 and TMPRSS2 (Extended Data Fig. 3b).
B.1.617 spike proteins were present predominantly in the cleaved form,
in contrast to WT (Fig. 2h, i and Extended Data Fig. 3c). We observed 1
logincreased entry efficiency for both B.1.617.1and B.1.617.2 over WT
(Extended DataFig.3b).

The B.1.617.1 variant was detected before B.1.617.2 in India, and the
reasons for B.1.617.2 outcompeting B.1.617.1 are unknown. B.1.617.2 had
anentry advantage compared with B.1.617.1in Calu-3 cells bearing endog-
enous receptors (Fig. 2j). We confirmed higher infectivity of B.1.617.2
using live virusisolatesin Calu-3 cells (Fig. 2k), offering a parsimonious
explanation for the epidemiologic growth advantage of B.1.617.2.

B.1.617.2 vaccine breakthrough infection

We hypothesized that vaccine effectiveness against B.1.617.2 would
be compromised relative to that against other circulating variants.
Vaccination of health care workers (HCWs) started in early 2021 with
the ChAdOx1 vaccine (Covishield). During the wave of infections in
March and April, symptomatic SARS-CoV-2 was confirmed in 30 vac-
cinated staff members among a workforce of 3,800 at asingle tertiary
centre in Delhi. Genomic data from India and Delhi suggested B.1.1.7
dominance (Fig.1a and Extended Data Fig. 4a), with growth of B.1.617
during March 2021. Short-read sequencing™ of symptomatic non-fatal
infectionsinthe HCW outbreak revealed that the majority were B.1.617.2
with arange of other B lineage viruses (Fig. 3a). Phylogenetic analysis
demonstrated a group of highly related, and in some cases, geneti-
cally indistinct sequences that were sampled within1or2 days of each
other (Fig. 3a and Extended Data Fig. 4b). We next looked in greater
detail at the vaccination history of affected individuals. Nearly all had
received two doses at least 21 days previously. We obtained similar
data on vaccine breakthrough infections in two other health facili-
ties in Delhi with 1,100 and 4,000 HCW staff members, respectively
(Fig. 3b, cand Extended Data Fig. 4c, d). In hospital 2, there were 118
sequences, representing more than10% of the workforce over a4-week
period. After filtering, we reconstructed phylogenies using 66 with
high-quality whole-genome coverage >95%. In hospital 3, there were
70 symptomatic infections, with 52 high-quality genomes used for
inferring phylogenies after filtering.

Across the three centres, we noted that the median age and duration of
infection of those infected with B.1.617.2 versus non-B.1.617.2 were similar
(Extended Data Table 3), with no evidence that B.1.617.2 was associated
with higher risk of hospitalization (Extended Data Table 3). Next we evalu-
ated the effect of B.1.617.2 on vaccine effectiveness against symptomatic
infection in the HCWs, compared with other lineages. We used multi-
variable logistic regression to estimate the odds ratio of testing positive
withB.1.617.2 versus non-B.1.617.2in vaccinated relative to unvaccinated
individuals®, adjusting for age, sexand hospital. Theadjusted odds ratio
for B.1.617.2 relative to non-B.1.617.2 was 5.45 (95% confidence interval
1.39-21.4, P=0.018) for two vaccine doses (Extended Data Table 4).

Discussion

Herewe have combined invitro experimentation and molecular epidemi-
ology to propose thatincreased replication fitness and reduced sensitiv-
ity of SARS-CoV-2B.1.617.2 to neutralizing antibodies have contributed

118 | Nature | Vol599 | 4 November 2021

totherecentrapidincrease of B.1.617.2, compared with B.1.1.7 and other
lineages such as B.1.617.1, despite high vaccination rates in adults and/
or high prevalence of prior infection'. These data are consistent with
modelling analyses that support combination of immune evasion and
higher transmissibility aslikely drivers of the increase in Deltain Delhi".

We demonstrate evasion of neutralizing antibodies by a B.1.617.2
live virus with sera from convalescent patients, as well as sera from
individuals vaccinated with two different vaccines, one based on an
adenovirus vector (ChAdOx1) and the other mRNA based (BNT162b2).
The reduced efficacy for imedevimab against B.1.617.2 shown here
couldtranslate tocompromised clinical efficacy or possible selection
of escape variants where there is immune compromise and chronic
SARS-CoV-2 infection with B.1.617.2 (ref. '8).

It is important to consider that increased infectivity at mucosal
surfaces and cell-cell fusion and spread® may also facilitate ‘evasion’
from antibodies®. Indeed, our work also shows that B.1.617.2 had a
fitness advantage compared with B.1.1.7 across physiologically relevant
systemsincluding HAE and three-dimensional airway organoids'° where
cell-free and cell-cellinfection are likely to be occurring together. These
data support the notion of higher infectiousness of B.1.617.2, either
due to higher viral burden or higher particle infectivity, resulting in
higher probability of person-to-person transmission. We noted that
B.1.617.2 live virus particles contained a higher proportion of cleaved
spike thanB.1.1.7,and postulated that this is involved in the mechanism
ofincreased infectivity. This hypothesis was supported by our observa-
tionthat PV particles bearing B.1.617.2 spike demonstrated significantly
enhanced entry into a range of target cells.

Finally, we report ChAdOx1vaccine breakthroughinfectionsin HCWs
atthree Delhihospitals, demonstrating reduced vaccine effectiveness
against B.1.617.2. Therefore, strategies to boost vaccine responses
against variants are warranted and attention to infection control pro-
ceduresis needed in the post-vaccination era.
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Any methods, additional references, Nature Research reporting summa-
ries, source data, extended data, supplementary information, acknowl-
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Methods

Serum samples and ethical approval

Ethical approval for the 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).
Use of convalescent sera had ethical approval from the South Central
- Berkshire B Research Ethics Committee (REC ref. 20/SC/0206; IRAS
283805). Studies involving HCWs (including testing and sequencing
of respiratory samples) were reviewed and approved by The Institu-
tional Human Ethics Committees of the National Centre for Disease
Control (NCDC) and CSIR-IGIB(NCDC/2020/NERC/14 and CSIR-IGIB/
IHEC/2020-21/01). Participants provided informed consent.

Sequencing quality control and phylogenetic analysis

Three sets of fasta consensus sequences were obtained from three
separate hospitals in Delhi, India. Initially, all sequences were con-
catenated into a multi-fasta file and then aligned to the reference
strain MN908947.3 (Wuhan-Hu-1) with mafft v4.487 (ref. %) using the
--keeplength and --addfragments options. Following this, all sequences
were passed through Nextclade v0.15 (https://clades.nextstrain.org/) to
determine the number of gap regions. This was noted and all sequences
were assigned a lineage with Pangolin v3.1.5 (ref. 2) and pangoLEARN
(dated 15June 2021). Sequences that could not be assigned a lineage
were discarded. After assigning lineages, all sequences withmore than
5% N regions were also excluded.

Phylogenies were inferred using maximum likelihood inIQTREE v2.1.4
(ref.)usingaGTR + R6 model with1,000 rapid bootstraps. The inferred
phylogenies were annotated inRv4.1.0 using ggtree v3.0.2 (ref. *) and
rooted on the SARS-CoV-2 reference sequence (MN908947.3). Nodes
werearranged indescending order and lineages were annotated onthe
phylogeny as coloured tips, alongside a heatmap defining the number
of ChAdOx1 vaccine doses received by each patient.

Structural analyses

The PyMOL Molecular Graphics System v.2.4.0 (https://github.com/
schrodinger/pymol-open-source/releases) was used to map the loca-
tion of the mutations defining the Delta lineage (B.1.617.2) onto the
closed-conformation spike protein (PDB: 6ZGE)%.

Statistical analyses

Vaccine breakthrough infections in HCWs. Descriptive analyses of
demographicand clinical data are presented as medianand interquar-
tile range or mean and standard deviation (s.d.) when continuous and
as frequency and proportion (%) when categorical. The differencesin
continuous and categorical data were tested using the Wilcoxon rank
sum test or t-test and chi-square test, respectively. The association
between the Ct value and the SARS-CoV-2 variant was examined using
linear regression. Variants as the dependent variable were categorized
into two groups: B.1.617.2 variant and non-B.1.617.2 variants. The follow-
ing covariates were included in the modelirrespective of confounding:
age, sex, hospital and interval between symptom onset and nasal swab
PCR testing.

Vaccine effectiveness. To estimate vaccine effectiveness for the
B.1.617.2 variantrelative to non-B.1.617.2 variants, we adopted arecently
described approach®. This method is based on the premise thatif the
vaccineis equally effective against B.1.617.2 and non-B.1.617.2 variants,
asimilar proportion of cases with each variant would be expected in
bothvaccinated and unvaccinated cases. This approach overcomes the
issue of higher background prevalence of one variant over the other.
We determined the proportion of individuals with the B.1.617.2 variant
relative to all other circulating variants by vaccination status. We then
used logistic regression to estimate the odds ratio of testing positive
withB.1.617.2 in vaccinated compared with unvaccinated individuals.

The final regression model was adjusted for age as a continuous vari-
able, and sexand hospital as categorical variables. Model sensitivity and
robustness to inclusion of these covariates was tested by an iterative
process of sequentially adding the covariates to the model and examin-
ingtheimpact onthe odd ratios and confidence intervals until the final
model was constructed (Extended Data Table 4). The R* measure, as pro-
posed by McFadden?®, was used to test the fit of different specifications
of the same model regression. This is was performed by sequential ad-
dition of the variables adjusted for including age, sex and hospital until
the final model was constructed. In addition, the absolute difference
in the Bayesian information criterion was estimated. The McFadden
R?measure of final model fitness was 0.11, indicating reasonable model
fit. The addition of age, sex and hospital in the final regression model
improved the measured fitness. However, the absolute differencein the
Bayesian information criterion was 13.34 between the full model and
the model excluding the adjusting variable, providing strong support
for the parsimonious model. The fully adjusted model was nonethe-
less used as the final model as the sensitivity analyses (Extended Data
Table 4) showed robustness to the addition of the covariates.

Neutralization titre analyses. The neutralization by vaccine-elicited
antibodies after two doses of the BNT162b2 or ChadOx1 vaccines was
determined by infections in the presence of serial dilutions of sera as
described below. The ID, for each group was summarized as a GMT,
and statistical comparisons between groups were performed with
Mann-Whitney or Wilcoxon ranked sign tests. Statistical analyses were
performed using Stata v13 and Prism v9.

PV experiments

Cells. HEK 293T CRL-3216, HeLa-ACE2 (gift from James Voss) and Vero
CCL-81 cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum (FCS),100 U mI™ peni-
cillinand 100 mg ml™ streptomycin. All cells were regularly tested and
found to be mycoplasma free. H1299 cells were a gift from Simon Cook.
Calu-3 cells were a gift from Paul Lehner. A549 ACE2/TMPRSS2 (ref. ¥)
cells were agift from Massimo Palmerini. Vero E6 ACE2/TMPRSS2 cells
were a gift from Emma Thomson.

PV preparation for testing against vaccine-elicited antibodies
and cell entry. Plasmids encoding the spike protein of SARS-CoV-2
D614 witha carboxy-terminal 19-amino-acid deletion with D614G were
used. Mutations were introduced using the QuikChange Lightning
Site-Directed Mutagenesis kit (Agilent) following the manufacturer’s
instructions. Preparation of the B.1.1.7 S-expressing plasmid was de-
scribed previously, but in brief, it was generated by stepwise mutagen-
esis. Viral vectors were prepared by transfection of 293T cells by using
Fugene HD transfection reagent (Promega). 293T cells were transfected
withamixture of 11 pl Fugene HD, 1 png pCDNAA19 spike-HA,1 g p8.91
human immunodeficiency virus 1 (HIV-1) gag—pol expression vector
and 1.5 pg pCSFLW (expressing the firefly luciferase reporter gene
with the HIV-1 packaging signal). Viral supernatant was collected at
48 and 72 h after transfection, filtered through a 0.45-um filter and
stored at —80 °C as previously described. Infectivity was measured by
luciferase detectionintarget 293T cells transfected with TMPRSS2 and
ACE2, Vero E6 ACE2/TMPRSS2, Calu-3, A549 ACE2/TMPRSS2, H1299
and HeLa-ACE2 cells.

Standardization of virus input by SYBR Green-based
product-enhanced PCR assay. The reverse transcriptase (RT) activ-
ity of virus preparations was determined by quantitative PCR (qQPCR)
using aSYBR Green-based product-enhanced PCR assay as previously
described®. Inbrief, tenfold dilutions of virus supernatant were lysed
inal:1ratioina2xlysis solution (made up of 40% glycerol (v/v), 0.25%
Triton X-100 (v/v), 100 mM KCI, RNase inhibitor 0.8 U ml™, Tris HCI
100 mM, buffered to pH 7.4) for 10 min at room temperature.



A12-pl volume of each sample lysate was added to 13 pl of a SYBR
Green master mix (containing 0.5 uM MS2-RNA forward and reverse
primers, 3.5 pmol mI"MS2-RNA and 0.125 U pl Ribolock RNAse inhibi-
tor) and cycled in a QuantStudio. Relative amounts of RT activity were
determined as therate of transcription of bacteriophage MS2 RNA, with
absolute RT activity calculated by comparing the relative amounts of
RT activity with an RT standard of known activity.

Viralisolate comparison betweenB.1.617.1and B.1.617.2
Cell culture. Vero E6 TMPRSS2 cells (an African green monkey
(Chlorocebus sabaeus) kidney cell line; JCRB1819)* were maintained
in DMEM (low glucose) (Wako, catalogue no. 041-29775) containing
10% FCS, G418 (1 mg ml™*; Nacalai Tesque, catalogue no. G8168-10ML)
and 1% antibiotics (penicillin and streptomycin (P/S)).

Calu-3 cells (a human lung epithelial cell line; ATCC HTB-55) were
maintained in minimum essential medium Eagle (Sigma-Aldrich,
catalogue no. M4655-500ML) containing 10% FCS and 1% PS.

SARS-CoV-2 B.1.617.1 versus B.1.617.2 experiment. Two viral isolates
belongingtothe B.1.617 lineage, B.1.617.1 (GISAID ID: EPI_ISL_2378733)
and B.1.617.2 (GISAID ID: EPI_ISL_2378732), were isolated from
SARS-CoV-2-positive individuals in Japan. Briefly, 100 pl of the naso-
pharyngeal swab obtained from SARS-CoV-2-positive individuals was
inoculatedinto Vero E6 TMPRSS2 cellsin abiosafety level 3 laboratory.
After incubation at 37 °C for 15 min, a maintenance medium (Eagle’s
minimum essential medium (FUJIFILM Wako Pure Chemical Corpora-
tion, catalogue no. 056-08385) including 2% FCS and 1% PS) was added,
andthe cells were cultured at 37 °Cunder 5% CO,. The cytopathic effect
(CPE) was confirmed under an inverted microscope (Nikon), and the
viral load of the culture supernatant in which CPE was observed was
confirmed by real-time PCR with reverse transcription (RT-PCR). To
determine viralgenome sequences, RNA was extracted from the culture
supernatant using the QIAamp viral RNA mini kit (Qiagen, catalogue no.
52906).A cDNAlibrary was prepared using NEB Next UltraRNA Library
Prep Kit for lllumina (New England Biolab, catalogue no. E7530), and
whole-genome sequencing was performed using a Miseq instrument
(Illumina).

To prepare the working virus, 100 pl of the seed virus was inoculated
into Vero E6 TMPRSS2 cells (5,000,000 cellsina T-75flask). At1 h after
infection, the culture medium was replaced with DMEM (low glucose)
(Wako, catalogue no. 041-29775) containing 2% FBS and 1% PS; at 2-3
days post-infection, the culture medium was collected and centrifuged,
and the supernatants were collected as the working virus.

Thettitre of the prepared working virus was measured as 50% tissue
culture infectious dose (TCIDs,). Briefly, 1 day before infection, Vero
E6 TMPRSS2 cells (10,000 cells per well) were seeded into a 96-well
plate. Serially diluted virus stocks were inoculated onto the cells and
incubated at 37 °C for 3 days. The cells were observed by microscopy
tojudge the CPE appearance. The TCID;, ml™ value was calculated with
the Reed-Muench method™®.

One day before infection, 20,000 Calu-3 cells were seeded into a
96-well plate. SARS-CoV-2 (200 TCID;,) wasinoculated and incubated
at 37 °C for1 h. The infected cells were washed, and 180 pl of culture
medium was added. The culture supernatant (10 pl) was collected at
indicated time points and used for real-time RT-PCR to quantify the
viral RNA copy number.

Real-time RT-PCR. Real-time RT-PCR was performed as previously
described®2. In brief, 5 pl of culture supernatant was mixed with 5 pl
of 2x RNA lysis buffer (2% Triton X-100, 50 mM KCI, 100 mM Tris HCI
(pH 7.4),40%glycerol, 0.8 U ul™ recombinant RNase inhibitor (Takara,
catalogue no.2313B)) and incubated at room temperature for 10 min.
RNase-free water (90 pl) was added, and the diluted sample (2.5 pl) was
used as the template for real-time RT-PCR performed according to
the manufacturer’s protocol using the One Step TB Green PrimeScript

PLUS RT-PCR kit (Takara, catalogue no. RRO96A) and the following
primers: forward N, 5-AGCCTCTTCTCGTTCCTCATCAC-3’;and reverse
N,5’-CCGCCATTGCCAGCCATT C-3'. The copy number of viral RNA was
standardized with aSARS-CoV-2 direct detection RT-qPCRkit (Takara,
catalogue no. RC300A). The fluorescent signal was acquired using
a QuantStudio 3 Real-Time PCR system (Thermo Fisher Scientific), a
CFX Connect Real-Time PCR Detection System (Bio-Rad) or a7500 Real
Time PCR System (Applied Biosystems).

Virus growth kinetics in HAE cells. Primary nasal HAE cells at the air—
liquidinterface were purchased from Epithelix and the basal MucilAir
medium (Epithelix) was changed every 2-3 days for maintenance of
HAE cells. All dilution of viruses, wash steps and collection steps were
carried out with OptiPRO serum-free medium (SFM; Life Technolo-
gies) containing 2x GlutaMAX (Gibco). All wash and collection steps
were performed by addition of 200 pl SFM to the apical surface and
incubation for 10 min at 37 °C before removing SFM. To infect cells,
the basal medium was replaced, and the apical surface of the HAE cells
was washed once with SFM to remove mucus before addition of virus to
triplicate wells. Cells were infected at amultiplicity of infection (MOI)
of 1 x10* genome copies of virus per cellbased on Egene qRT-PCR. The
cellswereincubated with theinoculum for1hat37 °Cbefore washing
their apical surface twice and retaining the second wash as the sample
for 0 hpi. A single apical wash was performed to collect virus at 24, 48
and 71 h time points. Isolates used were B.1.617.2 isolate no. 60 hCoV-
19/England/SHEF-10E8F3B/2021 (EPI_ISL_1731019), B.1.617.2 isolate
no. 285 hCoV-19/England/PHEC-3098A2/2021 (EPI_ISL_2741645) and
B.1.1.7 isolate no. 7540 SMH2008017540 (confirmed B.1.1.7 in-house
but not yet available on GISAID).

Titration of outputs from HAE infections. For quantifying genome
copies in the virus inputs and in the supernatant collected from HAE
cells, RNA was extracted using the QIAsymphony DSP Virus/Patho-
gen MiniKit onthe QIAsymphony instrument (Qiagen). qRT-PCR was
then performed using the AgPath RT-PCR (Life Technologies) kit on
a QuantStudio(TM) 7 Flex System with the primers for SARS-CoV-2 E
gene used previously® . A standard curve was also generated using
dilutions of viral RNA of known copy number to allow quantification of
E gene copiesinthe samples from Ct values. E gene copies per millilitre
of original virus supernatant were then calculated.

For measuringinfectious virusinsamples collected from HAE cells,
plaque assays were carried out by performing serial log dilutions
of supernatant in DMEM, 1% NEAA and 1% P/S and inoculating onto
PBS-washed Vero cells, incubating for 1 hat 37 °C, removing inoculum
and overlaying with 1x MEM, 0.2% (w/v) BSA, 0.16% (w/v) NaHCO,,
10 mM HEPES, 2 mM L-glutamine, 1x P/S, 0.6% (w/v) agarose. Plates
were incubated for 3 days at 37 °C before the overlay was removed
and cells were stained for 1 h at room temperature in crystal violet
solution.

Lung organoid infection by replication-competent SARS-CoV-2
isolates. Airway epithelial organoids were prepared as previously
reported™. For viral infection, primary organoids were passaged and
incubated with SARS-CoV-2in suspension atan MOl of 1for 2 h. Subse-
quently, the infected organoids were washed twice with PBS to remove
the viral particles. Washed organoids were plated in 20-pl Matrigel
domes, cultured in organoid medium and collected at different time
points.

Cells were lysed 24 and 48 h post-infection and total RNA was iso-
lated. cDNA was synthesized and qPCR was used to quantify copies
ofthe nucleoprotein gene in samples. A standard curve was prepared
using SARS-CoV-2 Positive Control plasmid encoding full nucleocap-
sid protein (N gene; NEB) and used to quantify copies of the N gene
in organoid samples. 18S ribosomal RNA was used as a housekeeping
gene to normalize sample-to-sample variation.
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Western blotting. Cells were lysed and supernatants were collected 48 h
post transfection. Purified virions were prepared by collecting superna-
tants and passing them 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 TLAS5 rotor (Beckman Coul-
ter) for ultracentrifugation for 2 h at 20,000 r.p.m. The pellet was then
resuspended for western blotting. Cells were lysed with cell lysis buffer
(CellSignaling), treated with Benzonase nuclease (70664 Millipore) and
boiled for 5 min. Samples were thenrunon4-12% Bis Tris gelsand trans-
ferred onto nitrocellulose or polyvinylidene fluoride membranes using
aniBlot orsemidry system (Life Technologies and Bio-Rad, respectively).

Membranes were blocked for1 hin 5% non-fat milk in PBS + 0.1% Tween-
20 (PBST) atroom temperature with agitation, incubated in primary anti-
body (anti-SARS-CoV-2 spike, which detects the S2 subunit of SARS-CoV-2
S(Invitrogen, PA1-41165), anti-GAPDH (Proteintech) or anti-p24 (NIBSC))
diluted in 5% non-fat milk in PBST for 2 h at 4 °C with agitation, washed
four times in PBST for 5 min at room temperature with agitation and
incubated in secondary antibodies anti-rabbit HRP (1:10,000, Invitrogen
31462)and anti-B-actin HRP (1:5,000; sc-47778) 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
directly using a ChemiDoc MP imaging system (Bio-Rad).

Virus infection for virion western blotting. Vero E6 ACE2/TMPRSS2
cells were infected with an MOl of 1 and incubated for 48 h. Superna-
tant was cleared by a 5-min spin at 300g and then precipitated with
10% PEG6000 (4 h at room temperature). Pellets were resuspended
directly in Laemmli buffer with 1 mM dithiothreitol, treated with
Benzonase nuclease (70664 Millipore) and sonicated before loading
for gel electrophoresis

Serum pseudotype neutralization assay

Spike pseudotype assays have been shown to have similar characteris-
tics to neutralization testing using fully infectious WT SARS-CoV-2 (**).
Virus neutralization assays were performed on 293T cells tran-
siently transfected with ACE2 and TMPRSS2 using SARS-CoV-2 spike
PV expressing luciferase®. PV was incubated with serial dilutions
of heat-inactivated human serum samples or convalescent plasma
in duplicate for 1h at 37 °C. Virus- and cell-only controls were also
included. Then, freshly trypsinized 293T ACE2/TMPRSS2-expressing
cells were added to each well. Following a 48-h incubation in a
5% CO, environment at 37 °C, the luminescence was measured using
the Steady-Glo Luciferase assay system (Promega).

Neutralization assays for convalescent plasma. Convalescent
serum samples from HCWs at St Mary’s Hospital at least 21 days since
PCR-confirmed SARS-CoV-2 infection were collected in May 2020 as
part of the REACT2 study.

Convalescent human serum samples were inactivated at 56 °C for
30 min, and replicate serial twofold dilutions (n = 12) were mixed with an
equal volume of SARS-CoV-2 (100 TCID;,; total volume 100 pl) at 37 °C
for1h.Vero E6 ACE2/TMPRSS2 cells were subsequently infected with
serial fold dilutions of each sample for 3 days at 37 °C. Virus neutrali-
zation was quantified via crystal violet staining and scoring for CPE.
Each runincluded 1:5 dilutions of each test sample in the absence of
virus to ensure virus-induced CPE in each titration. Back titrations of
SARS-CoV-2infectivity were performed to demonstrate infection with
~100 TCIDs, in each well.

Vaccinee serum neutralization, live virus assays

Vero E6 ACE2/TMPRSS2 cells were seeded at a cell density of 2 x 10* per
wellin a 96-well plate 24 h before infection. Serum was titrated start-
ing at a final 1:10 dilution, with WT (SARS-CoV-2/human/Liverpool/
REMRQ0001/2020), B.1.1.7 or B.1.617.2 virusisolates being added at an

MOI of 0.01. The mixture was incubated for 1 h before adding to cells.
The plates were fixed with 8% PFA 72 h post-infection and stained with
Coomassie blue for 20 min. The plates were washed in water and dried
for2 h.1%SDS solution was thenadded to wells and the staining intensity
was measured using FLUOstar Omega (BMG Labtech). The percentage
of cell survival was determined by comparing the intensity of stain-
ing with that in an uninfected well. A nonlinear sigmoidal 4PL model
(Graphpad Prism 9.1.2) was used to determine the ID, for each serum.

Vesicular stomatitis virus pseudovirus generation for
monoclonal antibody assays

Replication-defective vesicular stomatitis virus (VSV) pseudovirus
expressing SARS-CoV-2 spike proteins corresponding to the different
variants of concern were generated as previously described withsome
modifications®. Lenti-X 293T cells (Takara, 632180) were seeded in
10-cm?dishes at a density of 5 x 10 cells per dish and the following day
transfected with10 pg of WT or B.1.617.2 spike expression plasmid with
TransIT-Lenti (Mirus, 6600) according to the manufacturer’sinstruc-
tions. One day post-transfection, cells were infected with VSV-luc (VSV
G)withan MOl of 3for1h, rinsed three times with PBS containing Ca/
Mg?*, and then incubated for an additional 24 h in complete medium
at 37 °C. The cell supernatant was clarified by centrifugation, filtered
(0.45 pm), aliquoted and frozen at —80 °C.

PV neutralization assay for monoclonal antibody. Vero E6 cells ex-
pressing TMPRSS2 or not were grownin DMEM supplemented with10%
FBS and seeded into white 96-well plates (PerkinElmer, 6005688) at a
density of 20 thousand cells per well. The next day, monoclonal anti-
bodies were serially diluted in pre-warmed complete medium, mixed
with WT or B.1.617.2 pseudoviruses and incubated for 1 h at 37 °Cin
round-bottom polypropylene plates. Medium from cells was aspirated
and 50 plof virus-monoclonal antibody complexes was added to cells
andthenincubated for1hat37 °C.Anadditional 100 pl of pre-warmed
complete mediumwas thenadded on top of complexes, and cells were
incubated for an additional 16-24 h. Conditions were tested in duplicate
wellsoneach plate and at least six wells per plate contained untreated
infected cells (defining the 0% of neutralization, MAX relative light unit
(RLU) value) and infected cells in the presence of S2E12 and S2X259 at
25 pug ml™ each (defining the 100% of neutralization, MIN RLU value).
Medium containing virus—-monoclonal antibody complexes was then
aspirated from cellsand 50 plof a1:2 dilution of SteadyLite Plus (Perkin
Elmer, 6066759) in PBS with Ca*" and Mg?* was added to cells. Plates were
incubated for 15 min at room temperature and then analysed on the
Synergy-H1 (Biotek). The average RLU value for untreated infected wells
(MAXRLU,,.) was subtracted by the average MIN RLU (MINRLU,,.) value
and used to normalize the percentage of neutralization of individual
RLU values of experimental data according to the following formula:
(1- (RLU, - MIN RLU,,.)/(MAX RLU,,, - MIN RLU,,.)) x 100. Data were
analysed and visualized with Prism (Version 9.1.0). IC;, values were
calculated from the interpolated value from the log[inhibitor] versus
response, using variable slope (four parameters) nonlinear regression
withan upper constraint of <100, and alower constraint equal to 0. Each
neutralization assay was conducted on two independent experiments
(thatis, biological replicates), with each biological replicate contain-
ing a technical duplicate. ICy, values across biological replicates are
presented as arithmetic mean + s.d. The loss or gain of neutralization
potency across spike variants was calculated by dividing the variant
1C, by the WT IC,, within each biological replicate, and then visualized
as arithmetic mean +s.d.

Plasmids for split GFP system to measure cell-cell fusion. pQCXIP-
BSR-GFP11 and pQCXIP-GFP1-10 were from Yutaka Hata* (Addgene
plasmid no. 68716; http://n2t.net/addgene:68716; RRID:Addgene_68716
and Addgene plasmid no. 68715; http://n2t.net/addgene:68715;
RRID:Addgene_68715).



Generation of GFP1-10 or GFP11 lentiviral particles. Lentiviral par-
ticles were generated by co-transfection of Vero cells with pQCXIP-
BSR-GFP11or pQCXIP-GFP1-10 as previously described?®. Supernatant
containing virus particles was collected after 48 and 72 h, 0.45-pm
filtered, and used to infect 293T or Vero cells to generate stable cell
lines. 293T and Vero cells were transduced to stably express GFP1-10
or GFP11, respectively, and were selected with 2 pg mI™ puromycin.

Cell-cell fusion assay. The cell-cell fusion assay was carried out as
previously described®?° but using a split GFP system. Briefly, Vero
GFP1-10 and Vero-GFP11 cells were seeded at 80% confluence inal:1
ratio in a 24-well plate the day before. Cells were co-transfected with
0.5 pg of spike expression plasmids in pCDNA3 using Fugene 6 fol-
lowing the manufacturer’s instructions (Promega). Cell-cell fusion
was measured using an Incucyte and determined as the proportion of
green areato total phase area. Data were then analysed using Incucyte
software. Graphs were generated using Prism 8 software.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

AlISARS-CoV-2 fasta consensus sequence files used in this analysis are
available from https://gisaid.org (with accession numbers: hospital 1,
EPLISIL_1970102-EPI_ISIL_17010116; hospital 2, EPL ISIL_2461070-EPI_
ISIL_2955768; hospital 3, EPLISL_2955782-EPI_ISL_3066853) or https://
github.com/Steven-Kemp/hospital_india/tree/main/consensus_fasta.
All consensus sequence data have also been submitted to NCBI GenBank
and can be found with the accession numbers MZ724413-MZ724540.
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