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SARS-CoV-2infections have surged across the globe in recent months, concomitant
with considerable viral evolution'. Extensive mutations in the spike protein may
threaten the efficacy of vaccines and therapeutic monoclonal antibodies®*. Two

signature spike mutations of concern are E484K, which has a crucial role in the loss of
neutralizing activity of antibodies, and N501Y, adriver of rapid worldwide
transmission of the B.1.1.7 lineage. Here we report the emergence of the variant
lineage B.1.526 (also known as the lota variant®), which contains E484K, and its rise to
dominancein New York City in early 2021. This variant is partially or completely
resistant to two therapeutic monoclonal antibodies that are in clinical use and is less
susceptible to neutralization by plasma fromindividuals who had recovered from
SARS-CoV-2infection or serum from vaccinated individuals, posing amodest
antigenic challenge. The presence of the B.1.526 lineage has now been reportedinall
50 states in the United States and in many other countries. B.1.526 rapidly replaced
earlier lineages in New York, with an estimated transmission advantage of 35%. These
transmission dynamics, together with the relative antibody resistance of its E484K
sub-lineage, are likely to have contributed to the sharp rise and rapid spread of B.1.526.
Although SARS-CoV-2 B.1.526initially outpaced B.1.1.7 in the region, its growth
subsequently slowed concurrently with the rise of B.1.1.7 and ensuing variants.

Evolution of SARS-CoV-2 was slow at the beginning of the global pan-
demic®; however, multiple major variants of concern have emerged
over the past year'>’. These lineages are characterized by mutations
inthe spike protein, raising concerns that they may escape from thera-
peutic monoclonal and vaccine-induced antibodies. The hallmark
mutation of B.1.1.7—a SARS-CoV-2 variant of concern first identified
in the UK—is N501Y, located in the receptor-binding domain (RBD) of
spike!. This mutation appears to render the virus more transmissible
and virulent®'°, perhaps owing to a higher binding affinity of N501Y
for the ACE2 receptor or a greater propensity to evade host innate
immune responses™. Two other variants of concern, B.1.351>and P.1?,
alsoharbour the N501Y mutation, in addition to an E484K substitution
in the RBD?*?. P.1 was identified as part of a second surge in Manaus,
Brazil, despite a high pre-existing SARS-CoV-2 seroprevalence in the
population™*, Reinfections with P.1and another related Brazilian vari-
antP.2 harbouring E484K have been documented™". A previous study
onB.1.351demonstrated that this variantis refractory to neutralization
by anumber of monoclonal antibodies directed to the top of the RBD,
including several that have received emergency use authorization®.
B.1.351 was markedly moreresistant to neutralization by plasma from
individuals who had recovered from SARS-CoV-2 infection and sera
from vaccinated individuals. Of note, these effects were mediated in
part by the E484K mutation. These finding are concerning in light of

recent reports that three vaccine trials in South Africa showed a sub-
stantial drop in efficacy™®, Similarly, P.1 was also relatively resistant to
antibody neutralization, although to alesser degree®. In this study, we
haveimplemented rapid molecular screening for signature mutations
implicated in the success of these early variants of concern.

Rapid screening for SARS-CoV-2 mutations

We developed rapid PCR-based single-nucleotide-polymorphism
(SNP) assays (Extended Data Fig.1) toidentify N501Y and E484K muta-
tionsin SARS-CoV-2-positive clinical samples stored at the Columbia
University Biobank. We genotyped 1,533 samples between 1 Novem-
ber 2020 and 15 March 2021; 169 (11%) contained E484K, 43 (2.8%)
contained N501Y and 1 sample contained both mutations. The earli-
est sample containing E484K was collected in mid-November 2020.
The proportion of samples containing E484K increased substantially
from1.8%between1and 15 December 2020 to 26.1% between1land 15
March 2021 (Fig.1a). Targeted PCR genotyping was continued through
1 May 2021 but was supplemented and subsequently replaced by
whole-genome sequencing beginning in mid-March 2021. The fre-
quency of viruses harbouring N501Y also increased over time, from
the earliest detection in mid-January to 5.3% of screened isolates by
the beginning of March.
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Fig.1|Prevalence of E484K-harbouring SARS-CoV-2and B.1.526.

a, Detection of viruses with key signature mutations in spike protein over
time. The earliest detected variant with the E484K mutation was collected
inmid-November 2020. The prevalence of E484K (samples with E484K/total
PCR-genotyped samples) subsequently increased over time, from 1.8%
betweenland15December2020to26.1%betweenland15March2021.
Throughout late 2020 and early 2021, we identified fewer isolates with
N501Y than with E484K, with amaximum of 5.9% of isolates containing

Genomic surveillance of SARS-CoV-2

We next performed untargeted whole-genome nanopore sequenc-
ing of nasopharyngeal swab samples collected throughout the study
period witha cycle threshold (C,) < 35. We obtained 1,507 SARS-CoV-2
whole genomes (59% of samples with C, < 35; Extended Data Fig. 2).
Sequencing results verified the E484K and N501Y substitutions in all
samplesidentified by PCR screening. Of the sequenced N501Y isolates,
31outof 41(76%) were consistent with the B.1.1.7 lineage. Samples that
harboured both N501Y and E484K were genotyped as P.1(n = 6), B.1.351
(n=1) and B.1.623 (n =1). However, unexpectedly, the large majority
of PCR-screened cases with E484K (98 out of 128 (77%)) were from the
B.1.526 lineage®.

Analysis of this genomic collection (Fig. 1b) showed that by May 2021,
SARS-CoV-2 variants (including B.1.526, B.1.1.7 and, more recently,
P.1) comprised two-thirds of all sequenced isolates, replacing the
vast majority of earlier lineages (Fig. 1b). The proportion of infec-
tions caused by B.1.526 rose rapidly from late 2020 to February 2021,
and remained at approximately 40-50% of all sequenced cases from
March to May 2021, despite a concurrent increase in B.1.1.7. Indeed,
during December and January, when the prevalence of B.1.1.7 was still
negligible (Fig. 1b), the frequency of all viruses in the B.1.526 lineage
increased from less than 5% to 50%, while the frequency of other line-
ages declined from more than 95% to 50% (Fig. 1b, where white blank
spacerepresents other lineages). Calculations using these numbersin
ahead-to-head comparison and an established mathematical method*
indicate that B.1.526 has a growth advantage of approximately 5% per
day. Similarly, fitting alogistic regression model to 478 individual obser-
vations from the extended timeframe of November 2020 to January
2021 shows that B.1.526 had a similar growth advantage of 4.6% per
day (95% confidence interval 2.8-6.5% per day). Given that the serial
interval for SARS-CoV-2 transmission is about 7 daysin the absence of
anyintervention?, these results suggest that B.1.526 is about 35% more
transmissible than non-variant viruses.

Demographic and clinical features, including clinical outcomes,
were largely similar in patients infected with viruses containing E484K
versus those without the signature E484K or N501Y mutations, and
between patients with B.1.526-E484K versus those with non-variant line-
ages? (Extended Data Table 1). However, significantly lower C, values
were associated with both E484K (29.49 versus 30.71, P=0.013) and
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N501Y in mid-February 2021. b, Distribution of different viral lineages
identified by whole-genome sequencing. Within our collection of
SARS-CoV-2genomes (n=1,507), the B.1.526 lineage rapidly increased in
prevalencein early 2021, replacing the majority of other lineages (the blank
space) present during this timeframe. This was followed by asteady rise in
B.1.1.7 by mid-2021. The line below the x axis denotes the time period used
tocalculate the growth advantage of B.1.526 over other viruses that
appeared earlier.

B.1.526-E484K (27.65 versus 28.81 in non-variant lineages, P= 0.015),
indicating amodestly higher viralload in these variant samples. A sig-
nificantly higher proportion of patients infected with B.1.526-E484K
were admitted to hospital or presented to the emergency department
(P=0.037).

Signature B.1.526 lineage mutations

We identified signature spike protein mutations in the B.1.526 lin-
eage by comparing all genomes generated in this study (Extended
Data Fig. 3). Phylogenetic examination showed that the B.1.526
lineage comprises two closely related sub-lineages harbouring
either E484K (B.1.526-E484K; defined as Pangolin lineage B.1.526)
or S477N (B.1.526-S477N; Pangolin lineage B.1.526.2), and the addi-
tional sub-lineage B.1.526.1, harbouring the L452R substitution
(B.1.526-L452R). B.1.526-E484K and B.1.526-S477N share the charac-
teristic spike protein mutations L5F, T951, D253G, D614G and either
A701V or Q957R, along with either E484K or S477N. Non-spike muta-
tions widely shared by B.1.526-E484K and B.1.526-S477N isolates
include: T851in ORFla-nsp2; L438P in ORFla-nsp4, a 9-base pair (bp)
deletion (A106-108) in ORFla-nsp6; P323L in ORF1b-nsp12; Q88H in
ORF1b-nsp13; Q57Hin ORF3a; and P199L and M234lin the N gene. While
B.1.526-L452R isolates shared anumber of mutations across the genome
in ORF-1ab, ORF-3ab, ORF-8 and N, they did not share characteristic
spike mutations with B.1.526-E484K and B.1.526-S477N.

To further investigate the evolutionary history of B.1.526, we per-
formed phylogenetic analyses on genomes in this collection and in
the GISAID collection harbouring the ORFla-nsp6 deletion A106-108,
along with the mutation A20262G that uniquely defines the parent
clade containing B.1.526 and related viruses (Fig. 2a). We observed a
stepwise emergence of the key lineage-defining mutations, with T95I,
D253G and L5F appearing in the earliest phylogenetic nodes. Isolates
subsequently branched into four sub-lineages, with two major groups
B.1.526-E484K and B.1.526-S477N containing A701V, and a smaller
sub-lineage B.1.526-S477N containing Q957R. The B.1.526-L452R
lineage—whichemergedinparallelwiththese—isrelatedtoB.1.526-E484K
and B.1.526-S477N, but forms a distinct phylogenetic branch (Extended
DataFig. 3).

Fig. 2b shows the localization of signature B.1.526-E484K and
B.1.526-S477N mutations within the spike protein. D253G resides in
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Fig.2|Spike proteinamino acid substitutions and structural changes
representedinsequencedisolates. a, Maximum-likelihood phylogenetictree
0f2,309 SARS-CoV-2viruses coloured according to spike protein haplotype.
Spike proteinmutations are labelled on the tree, showing the stepwise
accumulation of signature B.1.526 mutations T951,D253G and L5F, and
branching of B.1.526-E484K (orange) and two B.1.526-S477N sub-lineages

the antigenic supersite in the N-terminal domain®, which is a target
for neutralizing antibodies”, whereas E484K is situated at the RBD
interface with the cellular receptor ACE2. The A701V mutation near
the furin cleavage site is also shared with variant B.1.351.

Antibody neutralization of B.1.526

The effects of the signature spike protein mutations in B.1.526 on anti-
body neutralization were first assessed using vesicular stomatitis virus
(VSV)-based pseudoviruses, as previously described*?. Pseudoviruses
were constructed containing S477N or E484K alone, or containing all
five signature mutations (L5F, T951, D253G, A701V and E484K or S477N)
(NYA5(E484K) or NYA5(S477N)), and analysed in a neutralization assay
with12 monoclonal antibodies (including 5 withemergency use authori-
zation), 20 plasma samples from patients who had recovered from
SARS-CoV-2 infection and 22 sera from vaccinated individuals*. The
neutralizing activities of 12 monoclonal antibodies covering a range
of epitopes on RBD were essentially unaltered against the S477N and
NYA5(S477N) pseudoviruses (Extended Data Fig. 4a), showing that
this mutation has no discernible antigenic impact, as was validated
using convalescent plasmaand vaccinee sera (Extended DataFig. 4b).
However, the activities of several antibodies—including REGN10933
and LY-CoV555, which are already in clinical use—were either impaired
or lost when tested against E484K and NYA5(E484K) pseudoviruses
(Fig. 3a). Similarly, neutralizing activities of convalescent plasma or
vaccinee serawerereduced by 4.1-fold or 3.3- to 3.6-fold, respectively,
against NYA5(E484K) (Fig. 3b). Neutralization studies on the authentic
B.1.526-E484K virus yielded similar results, although the magnitudes of
resistance to convalescent plasma and vaccinee serawere slightly lower
at 2.6-fold and 1.8- to 2.0-fold, respectively (Fig. 3b). A comparative
analysis with other variants of concern (Fig. 3c) showed that antibody
resistance of B.1.526-E484K is probably lower than that of B.1.351 and
closer to that of P.1. Overall, these results demonstrate the need to

(yellow, blue). The B.1.526-L452R sub-lineage (green) emerged in parallel. An
interactive version of this figure is available at https://nextstrain.org/groups/
blab/ncov/ny/B.1.526.b,Key mutations of B.1.526 displayed on the spike trimer.
TheD253G mutation resides in the antigenic supersite within the N-terminal
domain (NTD), atarget for neutralizing antibodies, E484K and S477N at the RBD
interface withthe cellular receptor ACE2, and A701V near the furin cleavage site.

modify the antibody therapies currently in use and to monitor the
efficacy of current vaccinesinregions where B.1.526-E484K is prevalent.

The spread of B.1.526 across New York and the US

Prevalence of the novel variant B.1.526 surged rapidly in the CUIMC
catchment area (Fig. 4a) and throughout New York state (Fig. 4b) fol-
lowingits emergenceinlate 2020, replacing other lineages and initially
outpacingB.1.1.7. Amultinomial logistic regression model describing
the concurrent growth rates of these two lineages shows that starting
inmid-April 2021, B.1.1.7 surpassed B.1.526 owing to a slightly higher
fitness, with estimated growth ratesin New York state of 5.3% per day for
B.1.1.7 (95% confidence interval 5.0-5.7%) and 3.4% per day for B.1.526
(95% confidence interval 3.2-3.6%) (Fig. 4b). These estimates suggest
afitness advantage of B.1.526 over existing non-variant lineages®? of
22-25% over a serial interval of 7 days during a period when multiple
variants were competing simultaneously. Furthermore, the estimates
alsosuggest afitness advantage of B.1.1.7 over existing non-variant line-
ages of 35-40%, as well as a fitness advantage of B.1.1.7 over B.1.526 of
12-15%. Both lineages grew quickly (Fig.4a, b), but once they reached
ahigh frequency of circulating viruses, the competition between them
caused the growth of B.1.1.7 to slow and that of B.1.526 to decline.
Trajectories of the frequencies of B.1.1.7 and B.1.526 across states
(Fig. 4c, Extended Data Fig. 5) show two general patterns: (1) an initial
rapid increase of both lineages until the proportion of other lineages
had been eclipsed, followed by a decline of B.1.526, as seen in New York
and in several neighbouring states; and (2) rapid growth and resulting
dominance of B.1.1.7, preventing the further rise of B.1.526. The dynamics
betweenthesetwolineagesis described furtherinFig.4d, whichplotsthe
logistic growth rate of B.1.526 against the frequency of B.1.1.7,again at the
statelevel. Atlower frequencies of B.1.1.7, all states show asimilarly rapid
growth of B.1.526 asit replaces non-variant lineages. However, as B.1.1.7
increasesin frequency, the growth of B.1.526 slows, againindicative of the
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Fig.3|Neutralizationstudies of B.1.526-E484K and comparative analyses.
a, Neutralizing activities of 12 monoclonal antibodies against pseudoviruses
containing E484K alone or all five signature B.1.526 mutations (L5F, T95I,
D253G, A701V and E484K) (NYA5(E484K)), as well as against the authentic
B.1.526-E484K. Antibodies withemergency use authorization are shown with
boldsolidlines. Dataare mean +s.e.m. of technical triplicates and represent
oneoftwoindependent experiments. ICs,, half-maximalinhibitory
concentration; WT, wild type. b, Fold change in virus-neutralizing activity of
plasma from patients who have recovered from SARS-CoV-2 infection
(convalescent plasma) (n =20) and sera from vaccinated individuals (vaccinee
sera) (n=22) against the NYA5(E484K) pseudovirus compared with wild-type

slightly higher fitness of B.1.1.7. Ataminimum, the proportion of B.1.526
increased rapidly where B.1.1.7 was not already dominant and continued
togrowatasimilar pace asB.1.1.7 in several states (Extended Data Fig. 5).

Phylogeographic analysis of the B.1.526 lineage revealed ancestral
viruses originating in New York in August 2020, diversifying within the
state, and then dispersing to other states (Fig. 4e, f). State-level genomic
data showed that B.1.526 was concentrated primarily in New York and
surrounding states, including New Jersey and Rhode Island (Extended
DataFig.5). Thissuggeststhat B.1.526—and B.1.526-E484K in particular—
becamewidespreadintheregion, the original epicenter of COVID-19inthe
United States?*¥, although the lineage has also grown instates outside the
northeastern United States (for example, North Carolina). By the end of
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pseudovirus, as well as against authentic B.1.526-E484K and wild-type virus
(WA1) (numbers shown above P-values). IDs,, antibody dose required to reduce
viral countby 50%. ¢, Fold change in neutralization IDs, for plasma from
patients who have recovered from SARS-CoV-2infectionand sera from
vaccinated individuals against different variant pseudoviruses and live viruses
compared with wild-type counterparts. The datafor B.1.1.7,B.1.351and P.1were
derived from previous studies*'*. Data from 20 recovered patients or 22
vaccinated individuals were averaged and are presented as arithmetic

mean +s.e.m. (individual data points are also shown). Statistical comparisons
were made using the Wilcoxon matched-pairs signed rank test; two-tailed
P-valuesarereported.

April2021, B.1.526 was widely distributed within the United States, and the
lineage had emerged and expanded in multiple states across the country
(Fig. 4f). This ability of B.1.526 to spread rapidly across the United States
(Extended DataFig. 5) and internationally is notable.

Discussion

Here wereportthe emergence of the SARS-CoV-2 lineage B.1.526 and the
surge of B.1.526 infections in New York during the second wave of the
COVID-19 pandemic. Neutralization studies on B.1.526-E484K demon-
strate that the activities of several antibodies are either impaired or lost
withthis variant, including two antibodies (Ly-CoV555 and REGN10933)
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right,asB.1.1.7and B.1.526 increase in frequency. The trajectory for New York
stateis highlightedin purple.d, The same data presentedin c, except

thatarealreadyinclinical use. Furthermore, neutralizing activities of
plasmafromindividuals who have recovered from SARS-CoV-2infection
orserafromvaccinated individuals were lower against B.1.526-E484K.
By contrast, the S477N mutation, a key signature of another B.1.526
sub-lineage, did not have animpact on antibody neutralization.

This study has several limitations. This was a single-centre genomic
survey of patients attending hospital and may not have fully captured
patients with milder disease. However, our results are comparable to
genomic datareleased by public health laboratoriesinthe regionand
incorporate all publicly available data for phylogeographic context
and growth rate calculations. As in all genomic surveillance studies,
we predominantly sequenced samples with a C, less than 30, but this
included a high proportion of samples throughout the study period.
Inaddition, our PCR screen enabled us to obtain unbiased estimates of
E484K and N501Y prevalence early onin the study. PCR approaches may
beincreasingly warranted for continued surveillance during non-surge
periods, during which C, values trend higher. Finally, transmissibility
estimates based on observed prevalence areimperfect as they reflect
observed growth rates rather thanintrinsic transmissibility of the virus.

Together, our findings underscore the importance of the E484K
mutation, which has emerged in at least 246 different lineages® of
SARS-CoV-2,apowerfulillustration of convergent evolution. This high-
lights that E484K can rapidly emerge in multiple clonal backgrounds
and may warrant targeted screening for this key mutation in addition
to robust genomic surveillance programs. However, B.1.526 is one of
the few lineages with E484K that hasrisento prominence. The greatest
threat of B.1.526 appears to be the ease with which it spreads, with an
estimated transmissibility approximately 35% higher than non-variant
viruses when competing head to head. Despite the notable transmis-
sibility of B.1.1.7,B.1.526 was able to spread rapidly in the United States,

80% 100%

frequency of B.1.1.7 is plotted against logistic growth rate of B.1.526.

e, Phylogenetic tree of 933 B.1.526 samples fromacross the United States.
Branchtips are coloured on the basis of location of sampling and branches are
colouredby inferred ancestrallocation. f, Phylogeographic view of datafrome.
Eachsamplinglocationisrepresented asacircle witharea proportional to
sample countand eachinferred transition event across the phylogenyis drawn
asanarc connectingtheinferred origin and destination. Most migration events
areinferred tobedirectdispersalsfrom New York state. Dataine, fwere
visualized using NextStrain (https://nextstrain.org) and made available
through a CC-BY-4.0license.

replacing other lineages and continuing to increase in frequency in
several states where both B.1.526 and B.1.1.7 were predominant. Simi-
larly, although B.1.351 may pose the greatest antigenic challenge to
antibodies and vaccines, the B.1.526-E484K sub-lineage also exhibits
resistance to antibody neutralization. Our findings present a clear-cut
example of SARS-CoV-2 evolution in real time. B.1.526, with its higher
transmissibility, appeared suddenly and rose to dominance, only to
wane asvariants (B.1.1.7and, morerecently, B.1.617.2) with even higher
fitness emerged. These observations are astark reminder thatincreas-
ingly concerning variants are expected to emerge if SARS-CoV-2 is
allowed to continue its spread.
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Methods

Clinical cohort

This observational study took place at an academic quaternary care
centre in New York City. Nasopharyngeal swabs obtained as part of
routine clinical care were tested by the Clinical Microbiology labora-
tory, and positive specimens were transferred to the Columbia Uni-
versity Biobank for inactivation and storage. Electronic health records
data extracted for this analysis included demographics, laboratory
results, admission, discharge and transfer dates, current and histori-
cal international classification of disease codes (ICD 9 and ICD 10)
extracted from the clinical data warehouse. The study was reviewed
and approved by the Columbia University Institutional Review Board
(IRB) (AAATO0123). The IRB waived consent for the entirety of this
observational study, including for the collection and sequencing of
the viral samples as well as the abstraction of the clinical metadata,
as this observational study met the requirements for this exception.
These include minimal risks to subjects, not adversely affecting the
rights and welfare of the subjects, and that the research could not be
carried out without the waiver.

PCRscreening

Extended DataFig.1describes the overall protocol for variant screening.
To enable rapid PCR-based screening, we prepared RNA using the heat
inactivationmethod in place of RNA-isolation methods®. First, 50 pl of
nasal swab sampleinviral transport mediumwas transferred to 96-well
PCR plates, covered with an adhesive aluminium foil (VWR 60941-076)
and incubated at 95 °C for 5 min using the PCR instrument. After the
centrifugation of the plate at >2,100g for 5min, 5 pl of the supernatant
fromeachsample, which contains viral RNA, was used for the SNP assay.

The SNP assay consists of four steps as follows: reverse transcription
of'viral RNA, pre-read of the SNP assay, real-time PCR and post-read of
the SNP assay. 5 pl of RNA from the supernatant was added to 15 pl of
the single step quantitative PCR with reverse transcription (RT-qPCR)
reaction mix, which consists of 5 pl of TaqPath 1-step RT-qPCR Master
Mix, CG (4x) (ThermoFisher Scientific), 500 nM of forward and reverse
primers, 120 nM of VIC-MGB probe, 50 nM of FAM-MGB probe, 1/2000
volume of ROX Reference Dye (Invitrogen) as the final concentration,
and nuclease-free water to adjust the total reaction volume of 20 pl.
Eachreaction plate included 8 control wells, 5 x 10°and 5 x 10° copies
of WA-1 (wild type), B.1.1.7 and B.1.351, which were generated by PCR
to match the variant sequences, and 2 wells with water as no template
controls (NTC).

The primer pairs and probes used are as follows. For the SNP assay
for position 501, a primer pair of 501.F: 5-GGT TTTAAT TGT TACTTT
CCTTTACA-3’and 501.R: 5-AGT TCAAAA GAAAGT ACTACTACTCTG
TAT G-3’ were used with two TagMan probes (ThermoFisher Scientific),
one forwild type, VIC.N501IMGB: [VIC]-AA CCCACT AAT GGT-MGBNFQ
and the other for variant type, FAM.Y50IMGB: [FAM]-AAC CCACTT
ATG GT-MGBNFQ. For position 484, a primer pair of 484.F: 5-AGA
GAGATATTT CAA CTG AAATCT ATCAGG-3’ and 484.R: 5'-GAA ACC
ATATGATTG TAAAGG AAA GTA AC-3’ were used with two probes, one
for wild type, VIC.E484MGB: [VIC]-ATG GTG TTG AAG GT-MGBNFQ
and the other for variant type, FAM.K484MGB: [FAM]-ATG GTG TTA
AAG GT-MGBNFQ.

Thereaction plate was subjected to: (1) reverse transcription reac-
tionat 25 °Cfor2min,50 °Cfor15minandaholdat4 °C; (2) SNP assay
(pre-read) at 60 °Cfor30s; (3) real-time PCR at 95 °C for 20 s followed
by 50 cycles of two-step PCR, at 95 °C for 3s and at 60 °C for 30 s with
the fast 7500 mode; followed by (4) SNP assay (post-read) at 60 °C
for 30 s using ABI 7500 Fast Dx real-time PCR instrument with SDS
Software (ThermoFisher Scientific). The genotype at each key position
for each sample was determined by reading the component signal of
the amplification and the allelic discrimination analysis software in
the program.

Whole-genome sequencing

Extended Data Fig. 2 displays a flowchart outlining samples avail-
able for this study. Isolates with C, values below 35 were selected for
sequencing using the ARTIC v3 low-cost protocol targeting 400-bp
amplicons®® or Rapid Barcodingkit protocol targeting 1,200-bp ampli-
cons’. In brief, RNA was extracted using the Qiagen RNeasy Mini kit
or Zymo DNA/RNA Mini kit. Reverse transcription was performed
using LunaScript RT SuperMix (NEB). Tiling PCR was performed on
the cDNA, and amplicons were barcoded using the Oxford Nanopore
Native Barcoding Expansion 96 kit. Pooled barcoded libraries were then
sequenced on an Oxford Nanopore MinlON sequencer using R9.4.1
flow cells. Base calling was performed in MinKNOW software v21.02.1.
Sequencing runs were monitored in real time using RAMPART (https://
artic-network.github.io/rampart/) to ensure sufficient genomic cov-
erage with minimal runtime. Consensus sequence generation was
performed using the ARTIC bioinformatics pipeline (https://github.
com/artic-network/artic-ncov2019). Genomes were manually curated
by visually inspecting sequencing alignment files for verification of
key residues in Geneious v10.2.6.

Phylogenetic analysis

Phylogenetic reconstruction of amino acid changes (Fig. 2a) was con-
ducted using the Nextstrain®* workflow at https://github.com/next-
strain/ncov, which aligns sequences against the Wuhan Hu-1reference
using nextalign (https://github.com/nextstrain/nextclade), constructs a
maximum-likelihood phylogenetic tree viaIQ-TREE®, estimates molecu-
lar clock branch lengths via TreeTime** and reconstructs nucleotide
and amino acid changes (also via TreeTime). This workflow was applied
t0 2,309 SARS-CoV-2 genomes with the 9-bp deletion A106-108 in
ORFla-nsp6 along with mutation A20262G, which demarcates the par-
entcladetolineage B.1.526 alongside 688 global reference viruses. This
analysis was conducted on data downloaded™ from GISAID (https://
gisaid.org/) on 5 April 2021. Phylogeographic reconstruction of spread
from New York state (Fig. 4e, f) was similarly conducted using the same
Nextstrain workflow with the addition of performing ancestral trait
reconstructionofthe geographic ‘division’ attribute of 933 SARS-CoV-2
genomes downloaded from GISAID on 6 Jun 2021.

Neutralization studies of pseudoviruses

We assayed the neutralizing activity of monoclonal antibodies,
convalescent plasma and vaccinee sera against E484K, S477N and
wild-type (D614G) pseudoviruses, as well as pseudovirus NYAS contain-
ing all five signature mutations of B.1.526-E484K (L5F, T951, D253G,
E484K, D614G and A701V), as previously described®. We examined
four monoclonal antibodies with emergency use authorization (CB6,
REGN10987, REGN10933 and LY-CoV555), and eight additional RBD
monoclonal antibodies, including from our own collection (2-15, 2-7,
1-57 and 2-36) as well as S309%, COV2-2196 and COV2-2130%, and
C121%%. We also examined convalescent plasma collected in March
and April 2020 (n =20 patients), and sera from individuals who had
received Moderna or Pfizer vaccine* (n=22). In brief, Vero E6 cells
(ATCC) were seeded in 96-well plates (2 x 10* cells per well). Cell lines
were negative for Mycoplasma, as assessed using the Mycoplasma PCR
ELISA (Sigma). Pseudoviruses were incubated with serial dilutions
of the test samples in triplicate for 30 min at 37 °C. The mixture was
added to cultured cells and incubated for an additional 24 h. Lumi-
nescence was measured using a Britelite plus Reporter Gene Assay
System (PerkinElmer), and IC,, was defined as the dilution at which
the relative light units were reduced by 50% compared with the virus
control wells (virus + cells) after subtraction of the background in
the control groups with cells only. The IC,, values were calculated using
nonlinear regression in GraphPad Prism 8.0. Statistical analysis was
performed using a Wilcoxon matched-pairs signed rank test. Two-tailed
P-values are reported.
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Neutralization of infectious SARS-CoV-2
Infectious SARS-CoV-2 isolate hCoV-19/USA/NY-NP-DOH1/2021 was
isolated at the Aaron Diamond AIDS Center (Columbia University
Medical Center) from a nasopharyngeal swab and propagated for
one passage in Vero E6 cells (ATCC). Infectious titre of the resulting
virus was determined by an end-point dilution and cytopathic effect
(CPE) assay on Vero-E6 cells as described previously®. The virus has
sincebeen deposited at BEIResources (catalogue (cat.) no. NR-55359).
SARS-CoV-2virus USA-WA1/2020 (WA1), obtained from BEIResources
(cat.no. NR-52281) served as the control in experiments.
Anend-pointdilutionmicroplate neutralization assay was performed to
measure the neutralization activity of twenty convalescent patient plasma
samples and twelve purified monoclonal antibodies. In brief, plasmasam-
ples were subjected to successive fivefold dilutions starting from 1:100.
Similarly, antibodies were serially diluted (fivefold dilutions) starting at
50 pg ml™. Triplicates of each dilution were incubated with SARS-CoV-2
atanmultiplicity ofinfection of 0.1in Eagle’s minimum essential medium
(EMEM; ATCC) with 7.5% inactivated fetal calf serum (FCS) for 1hat 37 °C.
Afterincubation, the virus-antibody mixture was transferred to amon-
olayer of Vero-E6 cells grown overnight. The cells were incubated with
the mixture for about 70 h. CPE of viral infection was visually scored for
eachwellinablinded fashionby twoindependent observers. Theresults
were then converted into percentage neutralization at a given sample
dilution or antibody concentration, and the mean + s.e.m. was plotted
using a five-parameter dose-response curve in GraphPad Prism v8.4.

Growth dynamics

Growth dynamics of B.1.1.7and B.1.526 were obtained through by down-
loading ‘metadata’ from GISAID on 6 June 2021 for all 422,760 viruses
sampled from the United States collected after 1January 2021. These
metadata have PANGO lineages™ already assigned to each genome
sequence. Daily state-level frequencies (and frequencies for CUIMC)
were extracted for plotting using seven-day sliding window averages
of the prevalence of B.1.1.7 and B.1.526, calculated as the number of
sequence-verified samples fromeach strain divided by the total num-
ber of positive samples with C, values below 35, as this threshold value
was used for sequencing. Separately, amultinomial logistic regression
model was fitdirectly to the observation data consisting of individual
genomes, their dates of sampling (independent variable Xin days since
1January 2021) and their category labels (dependent variable Y, “B.1.1.7",
“B.1.526” and “other”). This results in a4-parameter model where both
B.1.1.7and B.1.526 have parameters specified for frequency at day O (1
January 2021) and logistic growth rate. This model was fit to the data
using the Classify package of Mathematica v12.2.

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

Data availability

Allgenomes and associated metadata generated as a part of this study
have been uploaded to GISAID (https://gisaid.org) and NCBI GenBank
(BioProject Accession PRJNA751551). Biological materials (that s, vari-
ant pseudoviruses) generated as a part of this study will be made avail-
able but may require execution of a materials transfer agreement.

Code availability

Data processing and visualization were performed using publicly
available software and packages, primarily RStudio v1.2.5033, Graph-
Pad Prism v8.4, andiTOL (https://itol.embl.de/). The exact workflows
used for phylogenetic (Fig. 2a) and phylogeographic analysis of pub-
lic GISAID data (Fig. 4e, f) are available at https://github.com/blab/
ncov-ny. Frequency dynamics were modelled using Mathematicain
notebooks also available at https://github.com/blab/ncov-ny.
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assay, which entails four steps: the reverse transcription (RT) reaction, pre-PCR
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Article

132,934 tests from
76,318 patients

9,174 positive tests
from 6,680 patients

I

3,433 swabs available |pataset available
from 2,848 patients |for this stud
PCR-Based P ortis S Whole-Genome
Genotyping . | I . Sequencing
| i
1 Eligible for sequencing [~ |
2,345 of 3,433 2,533 of 3,433 with Ct < 35 (74%) 900 of 3,433 (26%)

screened (68%)

Non-typeable: 743
of 2,345 (32%)

- 1,626 with Ct < 30
- 907 with 30 < Ct < 35

with Ct > 35 or
unknown Ct

Ineligible for sequencing

{

Wildtype: 1,349 of
1,602 typed (84%)

1,507 of 2,533 sequenced (59%)
-1,333 of 1,626 with Ct < 30 (70%)
-174 of 907 with 30 < Ct < 35 (14%)

- |E484K: 182 of 1,602
typed (11%)

|_ B.1.526: 98 of 128
sequenced (77%)

N501Y: 63 of 1,602
typed (3.9%)

|_ B.1.1.7: 31 of 41
sequenced (76%)

Note: 8 swabs identified with both E484K and N501Y were

sequence-verified as P.1 (n=6); B.1.351 (n=1); and B.1.623 (n=1)

Extended DataFig. 2| Flowchartfor SARS-CoV-2-positive nasopharyngeal
swabs included in this study. Top, during the study period of 1 November
2020to1May 2021, 6,680 patients tested positive for SARS-CoV-2 at our
hospital centre and affiliated hospitals. From these 9,174 positive
nasopharyngeal swabs, 3,433 swabs were stored as part of the Columbia
University Biobank COVID-19 sample repository and available for this study.
Left, PCR-based genotyping assays for E484K and N501Y (see Extended Data

B.1.526 (and all sub-lineages):
477/1,507 (32%)

B.1.1.7:
113/1,507 (7.5%)

Fig.1) were performed on 2,345 samples. Weidentified a significant proportion
of samples with E484K (11%), later confirmed through sequencing to primarily
fall within the B.1.526 lineage, and anumber of samples with N501Y (3.9%),
primarily within the B.1.1.7 lineage. Right, we performed whole-genome
sequencingon1,507 samples. Of these, 32% belonged to B.1.526 and the
sublineages B.1.526.1and B.1.526.2, while B.1.1.7 constituted amuch smaller
proportion of samples at our centre (7.5%).
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Extended DataFig.3|Unique patterns of spike gene mutations.

Phylogenetic tree based on whole-genome alignment of genomes sequenced
from our hospital centre with atleast one mutation of interest or concern

(E484K,N501Y,S477N, or L452R) and unique spike protein mutation

mutation aredisplayed above the S-protein schematic. Residues highlighted in

colour represent mutations when compared to the Wuhan-Hu-1strain.
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Extended DataFig. 4 |Neutralization studies of B.1.526-S477N. independent experiments. b, Neutralizing activities of convalescent plasma
a, Neutralizing activities of 12 monoclonal antibodies against pseudoviruses (n=20) against NYA5(S477N) as well as against the authentic B.1.526 virus with
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represented as mean = s.e.m. of technical triplicates and represent one of two two-tailed P-values are reported.
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Extended DataFig.5|State-level growth dynamics of B.1.526 and B.1.1.7.
Daily state-level frequencies of B.1.526 (inyellow) and B.1.1.7 (in blue), based on
GISAID datadownloaded on 6 June 2021, were used to plot 7-day sliding window
averages of the prevalence of each lineage (shownas dotsin the figure). A
4-parameter multinomial logistic regression model was fit directly to the

observationdata,inwhichbothB.1.1.7 and B.1.526 have parameters specified
for frequency atday O (1January 2021) and logistic growth rate (shown aslines
inthefigure).Statesare ordered accordingto frequency of B.1.526 at the final
timepoint of 8 May 2021.
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Extended Data Table 1| Clinical characteristics of patients infected with SARS-CoV-2 based on viral genotype

Non-VOI/VOC
Wildtype 1 B.1.526-E484K' lineages '
Clinical Characteristic E484K (n=170)1 (n=1,180) P2 (n=232) (n=790) P2
Demographics
Male sex, n (%) 80 (47.1) 539 (45.7) 0.806 97 (41.8) 373 (47.3) 0.159
Age, years (median [IQR]) 56 [36, 68] 55[33, 70] 0.9653( 51[32,69] 51[30, 68] 0.7433
Race and ethnicity, n (%) 0.288 0.117

Hispanic/Latino 87 (51.2) 548 (46.5) 122 (52.6) 357 (45.3)

Black 11 (6.5) 131 (11.1) 27 (11.6) 89 (11.3)

White 24 (14.1) 172 (14.6) 23(9.9) 119 (15.1)

Other 48 (28.2) 328 (27.8) 60 (25.9) 223 (28.3)

Place of residence, n (%) 0.008 0.002

NYC 151 (88.8) 959 (81.3) 204 (87.9) 627 (79.4)

Yonkers 7(4.1) 34 (2.9) 9(3.9) 23 (2.9)

Outside NYC and Yonkers 12(7.1) 187 (15.8) 19 (8.2) 140 (17.7)
Comorbidities
BMI, kg/m2 (median [IQR]) 28.9[25.0,33.1] 27.1[23.5,31.3] 0.013 |28.6[24.7,33.1] 26.6[23.1,30.5] 0.0013
Hypertension, n (%) 70 (41.7) 444 (41.2) 0.981 86 (38.4) 291 (40.6) 0.602
Diabetes mellitus, n (%) 51(30.4) 265 (24.6) 0.134 63 (28.1) 166 (23.2) 0.157
Chronic kidney disease, n (%) 21 (12.5) 126 (11.7) 0.864 18 (8.0) 93 (13.0) 0.059
Coronary artery disease, n (%) 13(7.7) 108 (10.0) 0.428 16 (7.1) 72 (10.1) 0.240
Solid organ transplant, n (%) 7(4.2) 42 (3.9) 1.00 7(3.1) 41 (5.7) 0.171
Cycle threshold value (mean (SD)) 4  29.49 (5.64) 30.71 (5.66) 0.013 | 27.65(4.88) 28.81(4.93) 0.015
Severity of care and outcomes
Highest level of care, n (%) 0.175 0.037

Admitted 50 (29.6) 417 (35.4) 81 (35.1) 228 (29.0)

Emergency Department 64 (37.9) 339 (28.8) 83 (35.9) 243 (31.0)

ICU 13(7.7) 86 (7.3) 15 (6.5) 54 (6.9)

Outpatient 42 (24.9) 335(28.4) 52 (22.5) 259 (33.0)
Supplemental oxygen, n (%) 48 (85.7) 348 (77 5) 0.217 67 (81.7) 187 (73.9) 0.199
Outcome, n (%) 0.454 0.565

Deceased or discharged to hospice 8(4.7) 87 (7.4) 10 (4.4) 45 (5.7)

Further care at external facility 16 (9.5) 85(7.2) 16 (7.0) 44 (5.6)

Discharged to home 145 (85.8) 1003 (85.4) 202 (88.2) 693 (88.5)

'Wildtype isolates are defined as those without E484K or N501Y mutations. For comparisons based on lineage, B.1.526-E484K was compared with non-variant of interest (VOI) and non-variant of
concern (VOC) lineages (i.e. B.1.526.1, B.1.526.2, B.1.1.7, P1, P.2 and B.1.351 were excluded). Comparisons were made using the first genotyped sample per patient to exclude multiple measures.

?T-tests (two-sided) were performed for continuous variables and chi-squared tests for categorical variables, unless otherwise indicated as below.
30wing to non-normal distribution, a Kruskal-Wallis non-parametric test was used.
“Cycle threshold value as determined through our rapid gPCR-based screening assay on heat-inactivated nasopharyngeal swab samples.
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Data collection  PCR-based genotyping of nasopharyngeal swabs was performed on an ABI 7500 Fast Dx Real-Time PCR Instrument with SDS Software
(ThermofFisher Scientific). Genomic sequencing was performed on an Oxford MinlON and Oxford GridION and basecalling was performed
using MinKNOW v21.02.1. For pseudovirus neutralization assays, SoftMax Pro v7.0.2 (Molecular Devices) was used to measure luminescence.

Data analysis Basecalling was performed in the MinKNOW software v21.02.1. Sequencing runs were monitored in real-time using RAMPART (https://artic-
network.github.io/rampart/) v1.2.0 or v1.2.1 to ensure sufficient genomic coverage with minimal runtime. Consensus sequence generation
was performed using the ARTIC bioinformatics pipeline (https://github.com/artic-network/artic-ncov2019). Genomes were manually curated
by visually inspecting sequencing alignment files for verification of key residues in Geneious v10.2.6. RStudio v1.2.5033, GraphPad Prism v8.4,
and Mathematica v.12.2 were used for data representation and statistical analysis. Phylogenetic analyses utilized MAFFT v1.4.0 and IQ-TREE
v2.0.3. The exact workflow used for phylogenetic analysis of public GISAID data (Fig. 2a, Fig. 4e-f) and frequency dynamic modeling is
available at https://github.com/blab/ncov-ny.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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All genomes and associated metadata generated as a part of this study have been uploaded to GISAID (gisaid.org) and NCBI GenBank (BioProject Accession
PRJNA751551). Biological materials (i.e. variant pseudoviruses) generated as a part of this study will be made available but may require execution of a materials
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Sample size All samples available to us at the initiation of this study were screened using our PCR-based genotyping assay (n=2,345 of 3,433 in the
Columbia University Biobank repository). We selected samples with a SARS-CoV-2 cycle threshold value Ct<=35 for sequencing, due to the
limitations of genomic approaches for samples with low viral load (n=1,210). For pseudovirus and B.1.526-E484K live virus assays, we obtained
convalescent plasma from 20 patients, vaccinee sera from 12 Moderna SARS-Co-2 mRNA-1273 vaccine participants, and sera from 10 Pfizer
BNT162b2 Covid-19 vaccine participants. This sample size is appropriate within technical capability to compare the difference between
groups, as we have previously published. Phylogenetic analysis of the emergence of B.1.526 and its sublineages included 2,997 publicly
available genomes from GISAID; phylogeographic analysis included 933 B.1.526 genomes from the GISAID database. Growth rate calculations
per state included in total data from 422,760 genomes collected between January 1, 2021 and June 1, 2021. No statistical methods were used
to predetermine sample size. All neutralization assays were performed at least in triplicate (as described below). Phylogenetic and growth
dynamic analyses utilized all publicly available genomic data released at the time of this study.

Data exclusions  Genomes with greater than 8% ambiguous bases (3000 Ns) were excluded from phylogenetic analyses, based on standard criteria used in
NextStrain bioinformatics pipelines and based on GISAID genome upload quality criteria.

Replication All neutralization assays were performed with replicate measurements as indicated in the methods section and figure legends. Pseudovirus
experiments in this manuscript were performed in three successful replicates prior to reporting. For the B.1.526-E484K live virus experiments,
a minimum of three successful replicates were used. Neutralization assays for variants not performed in this manuscript but reported here,
were performed successfully in at least triplicates and the detailed summary of those experiments have been reported in Wang et al., 2021.

Randomization  This observational study was not randomized.

Blinding This observational study was not blinded.
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Antibodies

Antibodies used

Validation

Monoclonal antibodies tested in this study were generously provided by Regeneron Pharmaceuticals (REGN10933, REGN10985,
COV2-2196, and COV2-2130), Brii Biosciences (Brii-196 and Brii-198), Eli Lily (LY-CoV-555), and the Vaccine Research Center at the
National Institutes of Health (CB6 - through Baoshan Zhang and Peter D. Kwong). S309 (Pinto, D. et al. Cross-neutralization of SARS-
CoV-2 by a human monoclonal SARS-CoV antibody. Nature 583, 290-295 (2020)) and C121 (Robbiani, D. F. et al. Convergent antibody
responses to SARS-CoV-2 in convalescent individuals. Nature 584, 437-442 (2020)) were also provided. The remaining monoclonal
antibodies used in this study (1-57, 2-7, 2-15, 2-36) were produced at Columbia University as described in Liu et al. 2020 (Ref#27).
Monoclonal antibodies were serially diluted (5-fold dilutions), primarily starting at 10 ug/mL, though some clinical antibodies were
tested from starting concentrations of 1 pug/mL.

All of the SARS-CoV?2 spike antigen-specific monoclonal antibodies obtained from commercial sources and produced in house have
been thoroughly validated by epitope mapping and binding analysis to SARS-CoV-2 spike protein and neutralization experiments to
SARS-CoV-2 pseudoviruses and described in our previous publications cited in this paper (Wang et al. 2021, Ref#4; Liu et al. 2020,
Ref#27).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Vero E6 (ATCC, Cat#f CRL-1586) cell lines were used.

Cell lines were obtained from authenticated vendors; additional authentication was not performed. Cells were recovered as
healthy logarithmically growing cells within 4 to 7 days after thawing. Viability was measured and found to be >90%.

Mycoplasma contamination All cell lines were negative for Mycoplasma, as assessed using the Mycoplasma PCR ELISA (Sigma Catalog No. 11663925910)

Commonly misidentified lines  None

(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Demographic and clinical characteristics for patients whose nasopharyngeal swab samples were included in this study are
shown in Extended Data Table 1. Plasma samples were obtained from patients (median age 51.5; IQR 48-60; 13 males (65%)
and 7 females (35%)) convalescing from documented SARS-CoV-2 infection approximately one month after recovery or later.

Nasopharyngeal swabs obtained as part of routine clinical care were tested by the Clinical Microbiology laboratory, and
positive specimens were transferred to the Columbia University Biobank for inactivation and storage; participants were not
recruited for this study. Convalescing patients volunteered for the cohort study. These cases were enrolled into an
observational cohort study of convalescent patients followed at the Columbia University Irving Medical Center starting in the
Spring of 2020. From their documented clinical profiles, plasma samples from ten with severe Covid-19 were selected, along
with plasma from 10 with non-severe infection, for this study, as described in Wang et al. (Ref #4) and Liu et al. (Ref #27).

This study was reviewed and approved by the Columbia University Institutional Review Board (protocol number AAAT0123)
and deidentified viral samples were obtained under a waiver of consent. Sera and plasma was obtained from patients after
informed consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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