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The efficacy of COVID-19 mRNA vaccines is high, but breakthrough infections still occur. We compared the SARS-CoV-2
genomes of 76 breakthrough cases after full vaccination with BNT162b2 (Pfizer/BioNTech), mRNA-1273 (Moderna), or |NJ-
78436735 (Janssen) to unvaccinated controls (February-April 2021) in metropolitan New York, including their phylogenetic
relationship, distribution of variants, and full spike mutation profiles. The median age of patients in the study was 48 years;
7 required hospitalization and 1 died. Most breakthrough infections (57/76) occurred with B.1.1.7 (Alpha) or B.1.526 (lota).
Among the 7 hospitalized cases, 4 were infected with B.1.1.7, including 1 death. Both unmatched and matched statistical
analyses considering age, sex, vaccine type, and study month as covariates supported the null hypothesis of equal variant
distributions between vaccinated and unvaccinated in 3> and McNemar tests (P > 0.1), highlighting a high vaccine efficacy

variants and their spike mutations.

Introduction

The novel betacoronavirus SARS-CoV-2 arose as a new human
pathogen at the end of 2019, and rapidly spread to every corner of
the globe, causing a pandemic of enormous proportions, with 179
million cumulative infections and almost 4 million deaths counted
worldwide as of mid-June 2021 (1). As soon as the causative agent
was identified and sequenced (2), massive efforts to develop vac-
cines were initiated and tested simultaneously in multiple clinical
trials. These efforts led to the rapid deployment of several of these
vaccines by December 2020, less than a year after the first SARS-
CoV-2 viral sequence had been determined. In the United States,
vaccination started in December 2020, using 2 novel mRNA-
based vaccines, BNT162b2 (Pfizer/BioNTech) and mRNA-1273
(Moderna), both using the SARS-CoV-2 spike mRNA sequence of
the original Wuhan variant. The Janssen COVID-19 vaccine, JNJ-
78436735, was also deployed shortly after the mRNA vaccines,
and these vaccines were shown to have high efficacy in clinical
trials (3-5). With millions of people vaccinated in multiple coun-
tries, the vaccines have proven to be highly effective in the real
world (6-12). A very small percentage of breakthrough infections
have occurred, as expected (13-23). Contemporaneously with the
vaccination efforts in several countries, new SARS-CoV-2 variants
emerged, 4 of which were designated by the WHO as variants
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against B.1.1.7 and B.1.526. There was no clear association among breakthroughs between type of vaccine received and
variant. In the vaccinated group, spike mutations in the N-terminal domain and receptor-binding domain that have been
associated with immune evasion were overrepresented. The evolving dynamic of SARS-CoV-2 variants requires broad
genomic analyses of breakthrough infections to provide real-life information on immune escape mediated by circulating

of concern (VOCs), B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma),
and B.1.617.2 (Delta), which arose originally in the United King-
dom, South Africa, Brazil, and India, respectively (24, 25). VOCs
are classified as such if they are more transmissible, cause more
severe disease, or cause a significant reduction in neutralization
by antibodies generated via previous infection or after vaccina-
tion. In addition, there are variants of interest (VOIs), which car-
ry mutations that have been associated with changes to receptor
binding, reduced neutralization by anti-SARS-CoV-2 antibodies,
or may increase transmissibility or severity. One of these variants
is B.1.526 (Iota), which arose in New York City in late December
2020 (26, 27). Although it is not yet clear that any particular VOC
or VOI is associated with vaccine breakthrough, data from Israel
and from Washington, USA, suggest that there might be higher
vaccine breakthrough rates with VOCs (13, 28).

In addition, in vitro selection, deep-mutational scanning of
spike libraries, yeast display, and epidemiological and structur-
al studies have revealed critical spike mutations that can escape
monoclonal antibodies and convalescent sera (29-35). Thus, it
is possible that certain amino acid mutations in spike, irrespec-
tive of affiliation to a specific VOC or VOI, are critical for vaccine
breakthrough, but this has only been rudimentarily studied (18,
28). There is scarcity of data about determinants of vaccine break-
through. The few reported studies have included breakthrough
cases after first or second immunization; however, breakthrough
cases after full vaccination remained moderate or low (13-23).
Thus, comprehensive studies with site-specific mutation analy-
ses are needed on a larger number of fully vaccinated individuals
from different geographic regions. Here, we added such data from
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Figure 1. RT-qPCR Ct values in post-

\ vaccine breakthrough infections.
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full genome with sufficient coverage
to determine lineage and mutations
(QC passed: >23,000 bp and >4000x
coverage) compared with those

that failed (QC failed: <23,000 bp or
<4000x coverage). (B) Ct plots of all
samples that passed QC, by lineages,
B.1.1.7 (Alpha) and B.1.526 (lota),
compared with all others. Hospital-
ized cases are shown in larger sized
black symbols.
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the New York metropolitan area. We carried out full SARS-CoV-2
genome sequencing of SARS-CoV-2-positive individuals 14 days
after their completed vaccination series with mostly Pfizer and
Moderna vaccines in the multi-center NYU Langone Health Sys-
tem. Analyses included statistical comparison of variant distri-
bution as well as mutation rates at every residue in spike between
vaccinated and unvaccinated individuals.

Results

Alpha and Iota variants dominate vaccine breakthrough infections
in metropolitan New York. A total of 126,367 fully vaccinated indi-
viduals were recorded in our electronic health records by April
30, 2021, of whom the majority (123,511, 98%) were vaccinated
with mRNA vaccines (Pfizer/BioNTech = 103,166 and Moderna
=20,345), and the rest (2856) with the adenovirus-based Janssen
COVID-19 vaccine, administered as a single dose. We recorded
101 cases of vaccine breakthrough infection (77 Pfizer/BioNTech,
17 Moderna, and 7 Janssen) between February 1 and April 30,2021,
representing 1.4% of the 7147 total SARS-CoV-2-positive cases in
our healthcare system and 0.08% of the fully vaccinated popula-
tion in our medical records. Out of the 101 cases, 76 cases (75%)
yielded full SARS-CoV2 genomes (61 Pfizer/BioNTech, 11 Mod-
erna, and 4 Janssen) that passed quality control (QC) and allowed
us to determine the Pango lineage and mutations across the viral
genome, including the spike gene. The median cycle threshold
(Ct) value for the 101 breakthroughs was 27 (range 13-42). As
expected, the 25 excluded breakthrough cases with low genome
coverage and failed QC had significantly higher Ct values (medi-
an: 34, range: 27-42) than the 76 samples with full viral genome
coverage (P < 0.0001, Mann Whitney test), which had Ct values
below 36 (median: 24, range: 13-36) (Figure 1A).

Although B.1.1.7 (Alpha) infection has been associated with over-
all higher viral load and lower Ct values (36, 37), the Ct values in our
recorded breakthrough infections were not significantly different for
B.1.1.7 compared with B.1.526 (Iota) or all other variants (Figure 1B).

Among the 76 COVID-19 cases after vaccination with ade-
quate SARS-CoV-2 genome coverage, the median age was 48
years, 37 were male and 39 were female. Seven required hospi-
talization for COVID-19, among whom there was one death in an
elderly patient with multiple comorbidities who already was on

B.1.1.7 Others
n=26 n=19

@A Hospitalizations

in-home oxygen previous to post-vaccination COVID-19 infection
and had a lengthy stay at the ICU (Tables 1 and 2 and Supplemen-
tal Table 1; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI152702DS1).

The distribution of Pango lineages in the 76 vaccine break-
throughs was as follows: 26 (34.2%) had B.1.1.7, 31 (40.7%) had
B.1.526 (including sublineages B.1.526.1 and B.1.526.2), 1 (1.3%)
had P.1, and 18 (23.7%) had other variants (Supplemental Figure
1). Among the 1046 sequences from the group of unvaccinat-
ed patients, 304 (29.0%) had B.1.1.7, 423 (40.4%) had B.1.526
(including sublineages B.1.526.1, B.1.526.2, and B.1.526.3), 12
(0.07%) had P.1, and 307 (29.3%) had other variants. Of the 7
COVID-19 hospitalizations, 4 were infected with B.1.1.7, including
the fatal case, 2 with B.1.526, and 1 with B.1 (containing P681H;
nota VOC or VOI). All hospitalizations due to COVID-19 occurred
in patients who got infected less than 60 days after completion of
the vaccination series (Table 1). There were no hospitalizations in
patients who were infected more than 60 days after completion of
the vaccination series (Table 2).

VOCs and VOIs are equally distributed in vaccinated and unvac-
cinated individuals with infections. To compare vaccinated break-
through infection cases with unvaccinated controls statistically,
we included 1046 unvaccinated individuals from the same study
cohort who became SARS-CoV-2 infected in the same study
months (February-April 2021) as the vaccine breakthrough cases.
A y? test for rejecting the null hypothesis of equal Pango lineage dis-
tributions (B.1.1.7, B.1.526, and other variants combined) between
vaccinated and unvaccinated patients resulted in a P value of 0.70.

To address confounding and other sources of bias arising from
the use of observational data, we estimated a propensity score for
the likelihood of full vaccination (38), and successfully matched
all 76 vaccinated patients to unvaccinated patients, including
age, sex, county of residence, and study month (February, March,
and April 2021) as covariates. The standardized mean difference
between the matched pairs was 0.0263, reduced by 96.9% from
0.738 prior to matching.

Supplemental Table 2 shows the distribution of variants
in the matched pairs. McNemar’s test of the null hypothesis
of equal distributions between vaccinated and unvaccinated
patients, assessing the 3 VOCs/VOIs separately, could not be
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Table 1. Vaccine breakthrough study population, less than 60 days after completion of vaccination

Sample ID Sex Age range Vaccine Days after completion of Hospitalization Ct Pango lineage
vaccination
P21-2331 F 81-90 Pfizer 17 Y (CovID) 23 B.1.526
P21-2383 M 41-50 Pfizer 17 N 33 B.1.526
P21-1948 F 81-90 Pfizer 18 Y (not COVID) 14 B.1.1.519
P21-1402 F 51-60 Janssen 20 Y (CovID) 25 B.1
P21-2378 M 61-70 Pfizer 20 N 18 B.11
P21-1234 M 71-80 Pfizer 21 N 25 B.1.526
P21-1038 F 71-80 Moderna 22 N 27 B.1.2
P21-1574 F 21-30 Pfizer 22 N 23 B.1
P21-2192 M 41-50 Janssen 23 Y (CoVID) 25 B11.7
P21-2580 M 61-70 Pfizer 23 N 27 B.1.2
P22-1140 M 61-70 Pfizer 23 Y (CovID) 15 B.1.526.2
P21-1989 M 21-30 Janssen 26 N 25 B.1.526
P21-2382 M 61-70 Pfizer 26 N 20 B11.7
P21-2376 F 21-30 Pfizer 27 N 19 B.1.526.1
P21-2764 F 51-60 Pfizer 27 Y (COVID) 31 B.1.1.7
P21-0524 M 21-30 Pfizer 28 N 33 B.1.526.2
P21-2765 M 81-90 Moderna 28 N 17 B.1.526
P21-2388 M 31-40 Pfizer 31 N 18 A.25.2
P21-1292 F 71-80 Pfizer 33 Y (COVID) 20 B117
P21-1296 F 41-50 Pfizer 40 N 31 B.1.526
P21-1415 M 61-70 Moderna 42 N 24 B117
P21-2563 F 61-70 Janssen 42 Y (not COVID) 23 B.1429
P21-1416 F 41-50 Pfizer 45 N 27 B.1.2
P21-2370 M 71-80 Pfizer 48 N 31 B.1.526
P21-1407 M 31-40 Pfizer 49 N 28 B.1.1.519
P21-2738 M 71-80 Moderna 49 N 24 B117
P21-1993 M 81-90 Moderna 50 Y (COVID) 23 B117
P21-2384 F 71-80 Moderna 50 N 24 B11.7
P21-2368 F 21-30 Pfizer 52 N 22 B.1.1.7
P21-1595 F 71-80 Pfizer 53 N 18 B11.7
P21-0852 F 21-30 Pfizer 54 N 22 B.1.17
P21-1411 F 51-60 Pfizer 54 N 30 B.1M
P21-2371 F 61-70 Moderna 54 N 20 B.1429
P21-2143 F 81-90 Pfizer 55 Y (not COVID) 20 B.1.526
P21-1596 M 71-80 Moderna 57 N 34 B.11
P21-2365 F 21-30 Pfizer 57 N 27 B.1.526.1
P21-2366 M 71-80 Pfizer 57 N 24 B.1.526.2
P21-1293 F 31-40 Pfizer 58 N 27 B.1.526.2
P21-1405 F 31-40 Pfizer 58 N 25 B.1.526
P21-2364 M 51-60 Pfizer 59 N 3 B11.7

Ct determined from real-time RT-PCR SARS-CoV-2 test.

calculated due to sparse data. When we collapsed the table to
reflect all VOCs/VOIs compared with other variants, McNemar’s
test resulted in a P value of 0.692 (Supplemental Table 3). Thus,
vaccinated and unvaccinated individuals in the metropolitan
New York area were similarly affected by the regionally circulat-
ing VOCs and VOIs. In addition, there was no clear association
among vaccinated patients between type of vaccine received and
Pango lineage () test, P= 0.63).

Widespread phylogenetic dispersal of vaccine breakthrough
sequences among unvaccinated controls. As a way to ascertain poten-
tial bias in our sampling, we carried out a phylogenetic analysis
of our 76 breakthrough sequences in the context of 1046 unvac-
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cinated SARS-CoV-2-positive controls (selected randomly as part
of our greater New York genomic surveillance area) together with
subsampled sequences from the United States as well as globally,
the latter 2 groups based on Nextstrain builds of GISAID sequenc-
es (Figure 2). The main variants circulating in the New York area
(purple) between the months of February and April 2021 were
B.1.1.7 and B.1.526. Accordingly, our vaccine breakthrough sam-
ples (orange branch symbols and gray rays) mostly engaged B.1.1.7
and B.1.526 clades and were interspersed among the unvaccinat-
ed controls as well as other United States sequences. There was
no evidence of extensive clustering that might indicate onward
transmissions or transmission chains of vaccine breakthrough
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Table 2. Vaccine breakthrough study population, more than 60 days after completion of vaccination

Sample ID Sex Age range Vaccine Days after completion of Hospitalization ct Pango lineage
vaccination
P21-1362 F 41-50 Pfizer 61 N 20 B.1.526.1
P21-2057 M 71-80 Pfizer 61 N 16 B.1.526
P21-2124 F 21-30 Pfizer 61 N 24 B.1.526
P21-1412 F 51-60 Pfizer 62 N 29 B.1.526.1
P21-2381 M 71-80 Moderna 64 N 22 B.1.575
P21-1406 F 31-40 Pfizer 65 N 13 B.1.526.1
P21-2379 F 41-50 Pfizer 65 N 22 B117
P21-2372 M 21-30 Pfizer 66 N 2 B.1.526
P21-1413 M 31-40 Pfizer 67 N 17 B.1.526
P21-2137 F 31-40 Moderna 67 N 18 B.1.526
P21-2191 M 31-40 Pfizer 68 N 18 B.1.526
P21-1394 F 21-30 Pfizer 70 N 32 B117
P21-1396 F 31-40 Pfizer 70 N 27 B117
P21-2380 M 31-40 Pfizer 70 N 23 B.1.526.1
P21-1970 F 31-40 Moderna n N 27 B.1.1.7
P21-1403 F 21-30 Pfizer 72 N 27 B.1.526
P21-2385 M 51-60 Pfizer 72 N 29 B.11.7
P21-1404 F 41-50 Pfizer 3 N 17 B117
P21-1984 M 51-60 Pfizer 76 N 19 B.1.526.2
P21-1985 M 21-30 Pfizer 76 N 23 B117
P21-1992 M 41-50 Pfizer 76 N 33 B117
P21-2567 F 71-80 Pfizer 77 N 20 B117
P21-1964 M 51-60 Pfizer 78 N 21 B117
P21-2373 M 31-40 Pfizer 78 N 33 B.117
P21-1556 M 41-50 Pfizer 85 N 19 B.1.526.2
P21-2096 F 31-40 Pfizer 88 N 33 B.1.575
P21-1976 M 31-40 Pfizer 89 hN 22 B.1.526.1
P21-2577 F 31-40 Pfizer 92 N 25 B117
P21-2193 F 41-50 Pfizer 94 N 25 P
P21-2105 M 21-30 Pfizer 97 N 25 B11.7
P21-3585 M 61-70 Pfizer 98 Y (not COVID) 36 AV1
P21-2592 F 21-30 Pfizer 99 N 25 B.1.526
P21-2573 F 31-40 Pfizer 100 N 19 B11.7
P21-2594 F 31-40 Pfizer 102 N 18 B.1
P21-2375 M 51-60 Pfizer 105 N 30 B.1.526
P21-2535 M 51-60 Pfizer 108 N 14 B.1.301

infections. Instead, they were widely distributed and appeared to
mostly involve independent clusters of infections.

Enrichment of N-terminal domain deletions and receptor bind-
ing domain escape mutations in vaccine breakthrough compared
with unvaccinated control sequences. To screen whether vaccine
breakthrough preferentially occurred with distinct vaccine escape
mutations, we performed a comparative analysis of spike muta-
tions between case and control groups. In our aligned data set of
76 vaccine breakthrough and 1046 unvaccinated control sequenc-
es, spike mutations (compared with Wuhan-Hu-1) occurred at 230
amino acid residues. While most of these sites were more frequent-
ly mutated in control cases (182 sites), and with 1 site (D614) being
equally mutated in both groups (100% D614G), 47 sites exhibited
increased mutation rates in the vaccine breakthrough group (Fig-
ure 3A). Interestingly, the degree of enrichment (A mut) was higher
at the 47 breakthrough-enriched sites compared with the 182 sites
enriched in controls. Contributing factors presumably included

random mutations in the absence of immune pressure in controls,
adaptive selection of immune escape mutations in vaccine break-
throughs, but also uneven case numbers in both groups. When
we disregarded unique mutations per data set in our calculations,
the mutation analysis yielded 23 distinct spike sites with enriched
mutations in breakthrough infections (Figure 3B and Supplemen-
tal Table 4). Although individual sites did not achieve significance
in Fisher’s exact tests, the array of sieved mutation sites drew a
striking pattern of N-terminal domain (NTD) deletions (AY144
and AV69-H70), receptor binding domain (RBD) mutations
(E484K, N501Y, and K417N/T), an S1 mutation known to modu-
late the RBD up or down positioning (A570D/V) (39), a mutation
right in front of the furin binding site known to affect/improve S1/
S2 cleavage (P681H/R) (40), and also C-terminal mutations in S2
(T7161,S982A, T10271, and D1118H), all of which have been asso-
ciated with enhanced immune evasion, ACE2 receptor binding,
and/or recurrence in VOCs/VOIs (24, 41). The overrepresentation
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Figure 2. Maximum likelihood tree of SARS-CoV-2 vaccine breakthrough, unvaccinated matched control,
and global reference sequences. |Q tree of 4923 SARS-CoV-2 full-genome sequences (base pairs 202-29,657
according to Wuhan-Hu-1 as reference), including 76 vaccine breakthrough (orange) and 1046 unvaccinated
control SARS-CoV-2 sequences from our NYU cohort (greater NYC area) (purple) together with 1361 other US
(cyan) and 2440 non-US global reference sequences (black). The tree was generated with a GTR+I+G substitu-
tion model and 1000 bootstrap replicates. The substitution scale of the tree is indicated at the bottom right.
The branches of the tree are colored as indicated. Vaccine breakthrough sequences are highlighted by orange
triangles as branch symbols and gray rays radiating from the root to the outer rim of the tree. Hospitalizations
due to COVID-19 among the vaccine breakthrough infections are indicated by black triangles (h). The variants
responsible for most vaccine breakthrough infections in our study cohort are labeled with respective Pango

lineages (WHO classification in parenthesis).

was most pronounced for E484K, followed by A570D/V, P681H/R,
and AY144, which surpassed background spike mutation levels in
unvaccinated controls (compared with Wuhan-Hu-1) by more than
12-fold. Higher levels of NTD deletion AY144 as well as S1 muta-
tion A570D/V were based on the (nonsignificant) overrepresenta-
tion of the B.1.1.7 variant in breakthrough cases (34.2%) compared
with nonvaccinated controls (29.0%), and, in the case of AY144,
were supported by a slight difference in frequencies of sublineage
B.1.526.1 with its characteristic AY144 deletion in breakthrough
(9.2%) versus control cases (8.4%; Supplemental Figure 1). Higher
levels of P681H/R mutations in breakthrough cases traced back to
infections with B.1.1.7 but also other viruses carrying this mutation
(e.g., within lineage B.1.575 and B.1.1.519). RBD E484K mutations
were found in different B.1.526 subsets (Iota and B.1.526.2 sublin-
eage) and occurred more frequently in breakthrough compared
with control cases (Supplemental Figure 1).
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Tree scale: 0.001

is maintained against several
circulating variants including
VOCs and VOIs. Compared
with the large number of SARS-
CoV-2 infections among unvac-
cinated individuals, the record-
ed breakthrough cases between
February and April 2021 (n =
76) remained at approximately
1% of total infections, with the
caveat that both breakthrough
cases as well as unvaccinated
controls were not exhaustively
screened and covered.

Despite the overall effec-
tiveness of vaccination, our full
spike mutation analysis revealed
a broad set of spike mutations
(n=23) to be elevated in the vac-
cine breakthrough group. The
analysis indicates that adaptive
selection is in progress that may
subsequently come into full
effect. At this point, the break-
through cases and differences
in mutation rates between case
and control groups are still too
low to draw meaningful con-
clusions. However, the modest
overrepresentation of func-
tionally important spike muta-

tions including NTD deletions
AH69-V70 and AY144 together
with RBD mutations E484K and N501Y as well as A570D/V (S1
mutation modulating RBD up/down positioning) and P681H/R
(next to the S1/S2 interface tuning cleavage) may indicate a starting
sieve effect at individual or combinations of functional mutations.
Spike mutations and deletions reported to confer neutralization
escape in vitro (25, 29, 30), or regulation of biological processes of
the virus (39, 40), might thus be responsible for a sieve effect in a
real-life situation (i.e., among vaccinated individuals).
During the time of our sample and data collection, there were
2 major variants arising in the New York City metro area consti-
tuting about two-thirds of all cases, B.1.1.7, which was first report-
ed in the United Kingdom (42), and B.1.526, which arose in New
York City around December of 2020 (26, 27). B.1.1.7 was deemed
a VOC by the WHO and CDC and was associated with higher
viral loads in infected individuals (36, 37), enhanced epidemio-
logical spread (42-44), an extended window of acute infection
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Figure 3. Site-specific spike mutation analysis in SARS-CoV-2 vaccine breakthrough sequences compared with unvaccinated matched controls. (A)
Comparison of site-specific amino acid mutation (mut) frequencies in spike in 76 vaccine breakthrough sequences (Vacc) compared with 1046 unvaccinat-
ed matched controls (Unvacc) from the same cohort. The Wuhan-Hu-1 sequence served as reference to call mutations per site, and all spike mutation sites
of the study sequences are shown along the x axis according to their spike position (n = 230). The mirror plot displays differences of mutation frequencies
between Vacc and Unvacc groups; orange bars (top) refer to higher mutation rates in Vacc sequences, whereas black bars (bottom) refer to higher muta-
tion rates in Unvacc matched controls. (B) Enrichment of spike mutations in SARS-CoV-2 vaccine breakthrough sequences. All sites with greater spike
mutation rates in Vacc compared with Unvacc controls are shown; sites with unique occurrences of mutations in breakthrough cases were disregarded.
Mutation sites in the spike NTD, RBD, the C-terminal S1region affecting RBD, and S1/S2 interface region that have been associated with VOCs, neutral-
ization immune escape, and/or affecting important biological functions of the virus are highlighted. The dashed black line indicates the average mutation
frequency across all spike residues in the unvaccinated control data set compared with Wuhan-Hu-1 as reference (n = 1046).

(45), less effective innate and adap’tive immune clearance (46),
and increased death rates in elderly patients and/or individuals
with comorbidities (47-50).

The B.1.1.7 variant (e.g., through the RBD N501Y mutation
but also through NTD deletions) acquired an enhanced affinity to
ACE2, higher infectivity and virulence (51-54), while maintaining
sensitivity to neutralization though with slightly impaired nAb
titers (51, 55-57). The B.1.526 variant and its derivatives were des-
ignated VOIs because of the presence of RBD mutations such as
E484K or S477N that favor immune evasion (25, 27).

To study whether the more transmissible B.1.1.7 or B.1.526,
because of its critical RBD mutations and prevalence/place of
origin in our city, were overrepresented in the breakthrough cas-
es, we performed a comparative statistical analysis. Extending a
few other studies reported so far (13-21), we focused on a strict
threshold of more than 14 days after last dose of vaccination and
we performed both unmatched and matched analyses side-by-
side. We adjusted for the confounding factors of sex, age, study
month, and residence area, though we are aware that other
confounding factors resulting from differences in sampling or
behavioral factors between groups might also play a role. There-
fore, we cannot guarantee a representative set of breakthrough
infections; it is possible that infected individuals had milder
symptoms after vaccination and were less likely to seek testing,

narrowing down the pool of breakthrough infections to more
severe cases including VOCs/VOls.

These caveats reinforce our finding that B.1.1.7 and B.1.526 are
not preferentially represented in the vaccine breakthrough group
but distributed at similar proportions as other variants in case and
control groups, implying that the studied mRNA vaccines are com-
parably effective against these predominant variants in the NYC
area. This is in agreement with recent data from Israel evaluating
B.1.1.7 in this context (13). A sieve effect of the B.1.526 variant has
not been studied in this detail, except for 2 studies with small sam-
ple sizes of n = 2 and n = 11 that did not allow strong conclusions
(15, 19). A recent CDC study reported a total number of 10,262
SARS-CoV-2vaccine breakthrough infections across the USA as of
the end of April 2021, causing hospitalization in 10% of cases (n =
995) (20), a rate identical to our study.

Interestingly, the median Ct of our breakthrough infections,
including those yielding an inadequate genome, was 26, with 50%
of them (51 samples) exhibiting Ct values of 25 or less. It implies
a moderate to high viral load in many of our breakthrough cases,
at least in the nasopharynx from where our samples were collect-
ed. These moderate to high viral loads suggest the possibility of
transmission to others (58, 59). Although our phylogenetic anal-
ysis does not provide evidence of transmission to others from our
breakthrough cases at this time, this should be expected with the
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growing number of breakthrough cases in the next months. This
may have significant epidemiologic and clinical significance if
transmissible breakthrough infections carry specific spike muta-
tions associated with immune evasion.

In conclusion, our data indicate that vaccine breakthrough
in fully mRNA-vaccinated individuals is not more frequent with
the VOC Alpha or the VOI Iota, which underlines the high effi-
cacy of mRNA COVID-19 vaccines against different variants.
The increased presence of mutations in key regions of the spike
protein in the vaccine breakthrough group is of potential concern
and requires continued monitoring. Genomic surveillance of vac-
cine breakthrough cases should be carried out on a broader scale
throughout the United States and the entire world to achieve high-
er case numbers and the inclusion of different VOCs and VOIs.

Methods

Study design and sample collection. The design is an observational case
control study of SARS-CoV-2 vaccine breakthrough infections in the
NYU Langone Health system, a large healthcare system in the New
York City metro area, with primary care hospitals located in Manhattan
(New York County), Brooklyn (Kings County), and Mineola and Lake
Success (Nassau County). The case group consisted of individuals who
tested positive by real-time RT-PCR for SARS-CoV-2 RNA regardless
of Ct, any time after 14 days of inoculation with the second dose of
BNT162b2 (Pfizer/BioNTech) or mRNA-1273 (Moderna) vaccines,
or with the single-dose Janssen vaccine, according to our electronic
health records. The control group consisted of randomly selected full
genome-sequenced SARS-CoV-2-positive cases in our health system
and which had a Ct of 30 or less and were collected in the same time
period as the breakthrough infections. Nasopharyngeal swabs were
sampled from individuals suspected to have an infection with SARS-
CoV-2 as part of clinical diagnostics or hospital admittance. Samples
were collected in 3 mL viral transport medium (VTM; universal trans-
port medium or equivalent; Copan). Clinical testing was performed
using various FDA emergency use authorization-approved platforms
for detection of SARS-CoV-2 (i.e., the Roche Cobas 6800 SARS-CoV-2
[90% of the samples in this study] and Cepheid Xpert SARS-CoV-2 or
SARS-CoV-2/Flu/RSV assays).

RNA extraction, cDNA synthesis, and library preparation and
sequencing. RNA was extracted from 400 uL of each nasopharyngeal
swab specimens using the MagMAX Viral/Pathogen Nucleic Acid Iso-
lation Kit on the KingFisher flex system (Thermo Fisher Scientific) fol-
lowing the manufacturer’s instructions. Total RNA (11 uL) was convert-
ed to first-strand cDNA by random priming using the Superscript IV
first-strand synthesis system (Invitrogen, catalog 180901050). Librar-
ies were prepared using Swift Normalase Amplicon Panel (SNAP) for
SARS-CoV-2 and a SARS-CoV-2 additional Genome Coverage Panel
(catalog SN-5X296 core kit, 96rxn), using 10 pL first-strand cDNA fol-
lowing the manufacturer’s instructions (60). Final libraries were run
on Agilent TapeStation 2200 with high-sensitivity DNA ScreenTape
to verify the amplicon size of about 450 bp. Normalized pools were
run on the Illumina NovaSeq 6000 system with the SP 300 cycle flow
cell. Run metrics consisted of 150 paired-end cycles with dual index-
ing reads. Typically, 2 pools representing 2 full 96-well plates (192
samples) were sequenced on each SP300 NovaSeq flow cell.

Sequenced read processing. Sequencing reads were demultiplexed
using the Illumina bcl2fastq2 Conversion Software v2.20 and adapt-
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ers and low-quality bases were trimmed with Trimmomatic v.0.36
(61). The Burrows-Wheeler Alignment tool v.0.7.17 (62) was used for
mapping reads to the SARS-CoV-2 reference genome (NC_045512.2,
wuhCorl) and mapped reads were soft-clipped to remove SNAP
tiled primer sequences using Primerclip v.0.3.8 (63). BCFtools v.1.9
(64) was used to call mutations and assemble consensus sequences,
which were then assigned phylogenetic lineage designations accord-
ing to Pango nomenclature (65). Sequences that did not yield a
near-complete viral genome (< 23,000 bp, < 4000x coverage) were
discarded from further analysis. All sequences are publicly available
in the Sequence Read Archive (BioProject PRINA751078) and were
deposited in GISAID (GISAID accession numbers are provided in
Supplemental Table 1).

Phylogenetic analyses. SARS-CoV-2 full-genome sequences were
aligned using MAFFT v.7 (66). The alignment was cropped to base
pairs 202-29657 according to the Wuhan-Hu-1 reference to remove
N- and C-terminal regions with unassigned base pairs. Maximum
likelihood IQ trees were performed using the IQ-TREE XSEDE tool,
multicore version 2.1.2, on the Cipres Science gateway v.3.3 (67).
GTR+I+G was chosen as the best-fit substitution model. Support val-
ues were generated with 1000 bootstrap replicates and the ultrafast
bootstrapping method. Phylogenetic trees were visualized in Interac-
tive Tree Of Life (iTOL) v.6 (68). The tree was constructed using 76
vaccine breakthrough and 1046 unvaccinated control SARS-CoV-2
sequences from our NYU cohort (greater NYC area) together with
3801 global reference sequences for a total of 4923 SARS-CoV-2
genomic sequences. The reference sequences were retrieved from
a Nextstrain build with North America-focused global subsampling
(41) and included 1361 other US sequences.

Mutation analysis. Spike amino acid counts and calculations of
site-specific mutation frequencies compared with Wuhan-Hu-1 as ref-
erence were done on MAFFT-aligned SARS-CoV-2 sequences using R
(69) and R Studio (70) with scripts based on the seqinr and tidyverse
(dplyr, lubridate, magrittr) packages. The calculations exclusively
considered residues that were accurately covered by sequencing (i.e.,
nonambiguous characters and gaps). Fisher’s exact tests and multi-
plicity corrections (Benjamini-Hochberg) were done in Program R/
RStudio. Multiplicity corrected P values (g) less than 0.05 were con-
sidered significant. Highlighter analyses were performed on MAFFT-
aligned SARS-CoV-2 amino acid sequences of the spike genomic
region. SARS-CoV-2 vaccine breakthrough sequences were compared
with Wuhan-Hu-1 as master using the Highlighter tool provided by the
Los Alamos HIV sequence database (71).

Statistics. To address confounding and other sources of bias aris-
ing from the use of observational data, we estimated a propensity
score for the likelihood of full vaccination, and matched vaccinated
tounvaccinated patients, including age, sex, county of residence, and
study month (February, March, April 2021) as covariates (38). Pro-
pensity-score matching was implemented using the nearest neigh-
bor strategy and a 1:1 ratio without replacement, with the MatchlIt
algorithm in RStudio v.1.4.1106 (72). Before and after matching, we
evaluated the presence of 3 Pango lineages, B.1.1.7, B.1.526, and P.1,
compared with all other lineages combined. On unmatched data, we
calculated a Pearson y? test statistic; on matched data we calculat-
ed McNemar’s test. The tables used for these calculations are in the
Supplemental Material (Supplemental Tables 1 and 2). Comparisons
of Ct values and mutation counts between groups were made using
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nonparametric Mann-Whitney tests or Kruskal-Wallis tests with
Dunn’s multiplicity correction.

Study approval. This study was approved by the NYU Langone
Health Institutional Review Board, protocol number i21-00493.

Author contributions

RD designed the study, analyzed data and wrote the manuscript;
DD generated sequencing data; CM analyzed genomic data; PZ
generated sequencing data; GW collected samples and performed
clinical SARS-CoV-2 detection; JL reviewed clinical informa-
tion; BE monitored epidemiological data and generated lists of
breakthrough infections; ABT performed statistical analyses; AH
designed the study, generated genomic data, and wrote the manu-
script. All authors reviewed and edited the manuscript.

Acknowledgments

The authors wish to thank Vincent Setang and NYU Langone
Health DataCore for support extracting the data for this study from
clinical databases, and Maria Agliero-Rosenfeld and the clinical
laboratory technicians for assistance in testing, saving, and retriev-

The Journal of Clinical Investigation

ing specimens, especially Joanna Fung for her assistance with RNA
extraction project. We also thank Joan Cangiarella for her continu-
ous support of genomic surveillance for SARS-CoV-2 at NYU Lan-
gone Health, including providing institutional funding for this study.
We are grateful to the authors and submitting laboratories who
deposited data in GISAID, in particular to those whose sequences
we used to create the phylogenetic tree. These are all named in Sup-
plemental Table 5. The NYU Langone Health Genome Technology
Center is partially supported by the Cancer Center Support Grant
P30CA016087 at the Laura and Isaac Perlmutter Cancer Center.

Address correspondence to: Ralf Duerr, Department of Microbi-
ology, NYU Grossman School of Medicine, Alexandria Center for
Life Science (ACLS), West Tower, 430 East 29th Street, Room 323,
New York, New York 10016, USA. Phone: 212.263.4159; Email:
ralf.duerr@nyulangone.org. Or to: Adriana Heguy, Department of
Pathology, NYU Grossman School of Medicine, Genome Technol-
ogy Center, NYU Langone Health, 550 First Avenue, MSB 294A,
New York, New York 10016, USA. Phone: 212.263.8048; Email:
adriana.heguy@nyulangone.org.

:

1. Worldometer. COVID-19 Coronavirus Pandemic.

https://www.worldometers.info/coronavirus/.
Updated August 6,2021. Accessed June 15,2021.

2. WuF, et al. A new coronavirus associated with
human respiratory disease in China. Nature.
2020;579(7798):265-269.

3.Baden LR, et al. Efficacy and safety of the
mRNA-1273 SARS-CoV-2 vaccine. N Engl ] Med.
2021;384(5):403-416.

4. Polack FP, et al. Safety and efficacy of the
BNT162b2 mRNA Covid-19 vaccine. N Engl |
Med. 2020;383(27):2603-2615.

5. Sadoff ], et al. Safety and efficacy of single-dose
Ad26.COV2.S vaccine against Covid-19. N Engl J
Med. 2021;384(23):2187-2201.

6. Dagan N, et al. BNT162b2 mRNA Covid-19 vac-
cine in a nationwide mass vaccination setting.

N Engl ] Med. 2021;384(15):1412-1423.

7. Daniel W, et al. Early evidence of the effect of
SARS-CoV-2vaccine at one medical center.

N Engl ] Med. 2021;384(20):1962-1963.

8. Thompson MG, et al. Interim estimates of vac-
cine effectiveness of BNT162b2 and mRNA-1273
COVID-19 vaccines in preventing SARS-CoV-2
infection among health care personnel, first
responders, and other essential and frontline
workers - eight U.S. locations, December 2020-
March 2021. MMWR Morb Mortal Wkly Rep.
2021;70(13):495-500.

9. Rossman H, et al. COVID-19 dynamics after a
national immunization program in Israel. Nat
Med. 2021;27(6):1055-1061.

10. Haas EJ, et al. Impact and effectiveness of
mRNA BNT162b2 vaccine against SARS-CoV-2
infections and COVID-19 cases, hospitalisa-
tions, and deaths following a nationwide vac-
cination campaign in Israel: an observational
study using national surveillance data. Lancet.
2021;397(10287):1819-1829.

11. Chodick G, et al. The effectiveness of the TWO-
DOSE BNT162b2 vaccine: analysis of real-world
data [published online May 17, 2021]. Clin Infect

Dis. https://doi.org/10.1093/cid /ciab438.

12. Pilishvili T, et al. Interim estimates of vaccine
effectiveness of Pfizer-BioNTech and Moderna
COVID-19 vaccines among health care person-
nel - 33 U.S. sites, January-March 2021. MMWR
Morb Mortal Wkly Rep. 2021;70(20):753-758.

13. Kustin T, et al. Evidence for increased break-

in BNT162b2-mRNA-vaccinated individuals
[published online June 14, 2021]. Nat Med.

14. Vanker A, et al. Adverse outcomes associated with

Canada [published online June 6,2021]. Clin

15. Thompson CN, et al. Rapid emergence and epi-

gations team. COVID-19 vaccine breakthrough
infections reported to CDC - United States, Jan-
uary 1-April 30, 2021. MMWR Morb Mortal Wkly
Rep.2021;70(21):792-793.

21. Cavanaugh AM, et al. COVID-19 outbreak asso-
ciated with a SARS-CoV-2 R.1lineage variantin a
skilled nursing facility after vaccination program
through rates of SARS-CoV-2 variants of concern — Kentucky, March 2021. MMWR Morb Mortal
Wkly Rep. 2021;70(17):639-643.
22. Brosh-Nissimov T, et al. BNT162b2 vaccine
https://doi.org/10.1038/s41591-021-01413-7. breakthrough: clinical characteristics of 152 fully
vaccinated hospitalized COVID-19 patients in
SARS-CoV-2 variant B.1.351 infection in vaccinat- Israel [published online July 6, 2021]. Clin
ed residents of a long term care home, Ontario, Microbiol Infect. https://doi.org/10.1016/
j.cmi.2021.06.036.
Infect Dis. https://doi.org/10.1093/cid /ciab523. 23. Bergwerk M, et al. Covid-19 breakthrough infec-
tions in vaccinated health care workers [pub-
demiologic characteristics of the SARS-CoV-2 lished online July 28, 2021]. N Engl ] Med. https://
B.1.526 variant — New York City, New York, Jan- doi.org/10.1056/nejmoa2109072.
uary 1-April 5, 2021. MMWR Morb Mortal Wkly 24. Duerr R, et al. SARS-CoV-2 portrayed against

Rep. 2021;70(19):712-716.

16. Teran RA, et al. Postvaccination SARS-CoV-2
infections among skilled nursing facility res-
idents and staff members - Chicago, Illinois,
December 2020-March 2021. MMWR Morb Mor-
tal Wkly Rep. 2021;70(17):632-638.

17. Pollett SD, et al. The SARS-CoV-2 mRNA
vaccine breakthrough infection phenotype
includes significant symptoms, live virus shed-
ding, and viral genetic diversity [published
online June 12. 2021]. Clin Infect Dis. https://
doi.org/10.1093/cid /ciab543.

18. Jacobson KB, et al. Post-vaccination SARS-CoV-2
infections and incidence of the B.1.427/B.1.429
variant among healthcare personnel at a north-
ern California academic medical center [pre-
print]. https://doi.org/10.1101/2021.04.14.21255
431. Posted on medRxiv April 24, 2021.

19. Hacisuleyman E, et al. Vaccine breakthrough
infections with SARS-CoV-2 Variants. N Engl ]
Med.2021;384(23):2212-2218.

20. CDC Covid-vaccine breakthrough case investi-

HIV: contrary viral strategies in similar disguise.
Microorganisms.2021;9(7):1389.

25. Wang R, et al. Analysis of SARS-CoV-2 vari-

ant mutations reveals neutralization escape
mechanisms and the ability to use ACE2
receptors from additional species. Immunity.
2021;54(7):1611-1621.

26. West AP, et al. SARS-CoV-2 lineage B.1.526

emerging in the New York region detected
by software utility created to query the spike
mutational landscape [preprint]. https://doi.
0rg/10.1101/2021.02.14.431043. Posted on
bioRxiv February 23, 2021.

27. Annavajhala MK, et al. A novel SARS-CoV-2 vari-

28.

ant of concern, B.1.526, identified in New York
[preprint]. https://doi.org/10.1101/2021.02.23.2
1252259. Posted on medRxiv June 12, 2021.
McEwen AE, et al. Variants of concern are
overrepresented among post-vaccination break-
through infections of SARS-CoV-2 in Washington
State [published online June 24, 2021]. Clin Infect
Dis. https://doi.org/10.1093/cid /ciab581.

J Clin Invest. 2021;131(18):e152702 https://doi.org/10.1172/JC1152702


https://www.jci.org
https://doi.org/10.1172/JCI152702
https://www.jci.org/articles/view/152702#sd
https://www.jci.org/articles/view/152702#sd
mailto://ralf.duerr@nyulangone.org
mailto://adriana.heguy@nyulangone.org
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1056/NEJMoa2101765
https://doi.org/10.1056/NEJMoa2101765
https://doi.org/10.1056/NEJMoa2101765
https://doi.org/10.1056/NEJMc2102153
https://doi.org/10.1056/NEJMc2102153
https://doi.org/10.1056/NEJMc2102153
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.1038/s41591-021-01337-2
https://doi.org/10.1038/s41591-021-01337-2
https://doi.org/10.1038/s41591-021-01337-2
https://doi.org/10.1016/S0140-6736(21)00947-8
https://doi.org/10.1016/S0140-6736(21)00947-8
https://doi.org/10.1016/S0140-6736(21)00947-8
https://doi.org/10.1016/S0140-6736(21)00947-8
https://doi.org/10.1016/S0140-6736(21)00947-8
https://doi.org/10.1016/S0140-6736(21)00947-8
https://doi.org/10.1016/S0140-6736(21)00947-8
https://doi.org/10.1093/cid/ciab438
https://doi.org/10.15585/mmwr.mm7020e2
https://doi.org/10.15585/mmwr.mm7020e2
https://doi.org/10.15585/mmwr.mm7020e2
https://doi.org/10.15585/mmwr.mm7020e2
https://doi.org/10.15585/mmwr.mm7020e2
https://doi.org/10.1038/s41591-021-01413-7
https://doi.org/10.1093/cid/ciab523
https://doi.org/10.15585/mmwr.mm7019e1
https://doi.org/10.15585/mmwr.mm7019e1
https://doi.org/10.15585/mmwr.mm7019e1
https://doi.org/10.15585/mmwr.mm7019e1
https://doi.org/10.15585/mmwr.mm7019e1
https://doi.org/10.15585/mmwr.mm7017e1
https://doi.org/10.15585/mmwr.mm7017e1
https://doi.org/10.15585/mmwr.mm7017e1
https://doi.org/10.15585/mmwr.mm7017e1
https://doi.org/10.15585/mmwr.mm7017e1
https://doi.org/10.1093/cid/ciab543
https://doi.org/10.1101/2021.04.14.21255431
https://doi.org/10.1101/2021.04.14.21255431
https://doi.org/10.1056/NEJMoa2105000
https://doi.org/10.1056/NEJMoa2105000
https://doi.org/10.1056/NEJMoa2105000
https://doi.org/10.15585/mmwr.mm7021e3
https://doi.org/10.15585/mmwr.mm7021e3
https://doi.org/10.15585/mmwr.mm7021e3
https://doi.org/10.15585/mmwr.mm7021e3
https://doi.org/10.15585/mmwr.mm7021e3
https://doi.org/10.15585/mmwr.mm7017e2
https://doi.org/10.15585/mmwr.mm7017e2
https://doi.org/10.15585/mmwr.mm7017e2
https://doi.org/10.15585/mmwr.mm7017e2
https://doi.org/10.15585/mmwr.mm7017e2
https://doi.org/10.1056/nejmoa2109072
https://doi.org/10.3390/microorganisms9071389
https://doi.org/10.3390/microorganisms9071389
https://doi.org/10.3390/microorganisms9071389
https://doi.org/10.1016/j.immuni.2021.06.003
https://doi.org/10.1016/j.immuni.2021.06.003
https://doi.org/10.1016/j.immuni.2021.06.003
https://doi.org/10.1016/j.immuni.2021.06.003
https://doi.org/10.1016/j.immuni.2021.06.003
https://doi.org/10.1101/2021.02.14.431043
https://doi.org/10.1101/2021.02.23.21252259
https://doi.org/10.1101/2021.02.23.21252259
https://doi.org/10.1093/cid/ciab581

The Journal of Clinical Investigation

29. Greaney AJ, et al. Complete mapping of muta-
tions to the SARS-CoV-2 spike receptor-binding
domain that escape antibody recognition. Cell
Host Microbe. 2021;29(1):44-57.

30. McCarthy KR, et al. Recurrent deletions in the
SARS-CoV-2 spike glycoprotein drive antibody
escape. Science. 2021;371(6534):1139-1142.

31. Weisblum Y, et al. Escape from neutralizing anti-
bodies by SARS-CoV-2 spike protein variants.
eLife.2020;9:e61312.

32. Starr TN, et al. Prospective mapping of viral
mutations that escape antibodies used to treat
COVID-19. Science. 2021;371(6531):850-854.

33. Harvey WT, et al. SARS-CoV-2 variants, spike
mutations and immune escape. Nat Rev Microbi-
0l.2021;19(7):409-424.

34. Liu Z, et al. Identification of SARS-CoV-2 spike
mutations that attenuate monoclonal and serum
antibody neutralization. Cell Host Microbe.
2021;29(3):477-488.

35. Baum A, et al. Antibody cocktail to SARS-

CoV-2 spike protein prevents rapid mutational
escape seen with individual antibodies. Science.
2020;369(6506):1014-1018.

36. Kidd M, et al. S-variant SARS-CoV-2 lineage B1.1.7
is associated with significantly higher viral load
in samples tested by TagPath polymerase chain
reaction. ] Infect Dis. 2021;223(10):1666-1670.

37. Frampton D, et al. Genomic characteristics and
clinical effect of the emergent SARS-CoV-2
B.1.1.7 lineage in London, UK: a whole-
genome sequencing and hospital-based cohort
study [published online April 12, 2021]. Lancet
Infect Dis. https://doi.org/10.1016/s1473-
3099(21)00170-5.

38. D’Agostino RB Jr. Propensity score methods for
bias reduction in the comparison of a treatment
to a non-randomized control group. Stat Med.
1998;17(19):2265-2281.

39. Gobeil SMC, et al. Effect of natural mutations
of SARS-CoV-2 on spike structure, conforma-
tion, and antigenicity [preprint]. https://doi.
org/10.1101/2021.03.11.435037. Posted on
bioRxiv March 15, 2021.

40. Frazier L, et al. Spike protein cleavage-
activation mediated by the SARS-CoV-2
P681R mutation: a case-study from its first
appearance in variant of interest (VOI) A.23.1
identified in Uganda [preprint]. https://doi.
org/10.1101/2021.06.30.450632. Posted on
bioRxiv July 27 2021.

41. McCormick KD, et al. The emerging plasticity of
SARS-CoV-2. Science. 2021;371(6536):1306-1308.

42. Washington NL, et al. Emergence and rapid
transmission of SARS-CoV-2 B.1.1.7 in the United

J Clin Invest. 2021;131(18):e152702 https://doi.org/10.1172/)C1152702

43.

44.

45.

46.

47.

4

o]

49.

50.

5

—

52.

53.

54.

55.

56.

States. Cell. 2021;184(10):2587-2594.

Davies NG, et al. Estimated transmissibility and
impact of SARS-CoV-2 lineage B.1.1.7 in England.
Science. 2021;372(6538):eabg3055.

Volz E, et al. Assessing transmissibility of
SARS-CoV-2lineage B.1.1.7 in England. Nature.
2021;593(7858):266-269.

Kissler S, et al. Densely sampled viral trajectories
suggest longer duration of acute infection with
B.1.1.7 variant relative to non-B.1.1.7 SARS-CoV-2
[preprint]. https://doi.org/10.1101/2021.02.16.2
1251535. Posted on medRxiv July 1, 2021.
Ratcliff ], et al. Virological and serological charac-
terization of critically ill patients with COVID-19
in the UK: Interactions of viral load, antibody
status and B.1.1.7 variant infection [published
online May 24. 2021]. ] Infect Dis. https://doi.
org/10.1093/infdis/jiab283.

Davies NG, et al. Increased mortality in commu-
nity-tested cases of SARS-CoV-2 lineage B.1.1.7.
Nature. 2021;593(7858):270-274.

. Tacobucci G. Covid-19: new UK variant may be

linked to increased death rate, early data indi-
cate. BMJ. 2021;372:n230.

Challen R, et al. Risk of mortality in patients
infected with SARS-CoV-2 variant of con-
cern 202012/1: matched cohort study. BMJ.
2021;372:n579.

Grint DJ, et al. Case fatality risk of the SARS-
CoV-2variant of concern B.1.1.7 in England,
16 November to 5 February. Eurosurveillance.
2021;26(11):2100256.

. Collier DA, et al. Sensitivity of SARS-CoV-2

B.1.1.7 to mRNA vaccine-elicited antibodies.
Nature. 2021;593(7857):136-141.

Starr TN, et al. Deep mutational scanning of
SARS-CoV-2receptor binding domain reveals
constraints on folding and ACE2 binding. Cell.
2020;182(5):1295-1310.

Gu H, et al. Adaptation of SARS-CoV-2in
BALB/c mice for testing vaccine efficacy. Science.
2020;369(6511):1603-1607.

Meng B, et al. Recurrent emergence of SARS-
CoV-2 spike deletion H69/V70 and its role in
the variant of concern lineage B.1.1.7. Cell Rep.
2021;35(13):109292.

Shen X, et al. SARS-CoV-2 variant B.1.1.7 is
susceptible to neutralizing antibodies elicited
by ancestral spike vaccines. Cell Host Microbe.
2021;29(4):529-539.

Emary KRW, et al. Efficacy of ChAdOx1 nCoV-19
(AZD1222) vaccine against SARS-CoV-2 variant
of concern 202012/01 (B.1.1.7): an exploratory
analysis of a randomised controlled trial. Lancet.
2021;397(10282):1351-1362.

57.

58.

59.

60.

—

6

62.

63.

64.

6

ol

RESEARCH ARTICLE

Munitz A, et al. BNT162b2 vaccination effectively
prevents the rapid rise of SARS-CoV-2 variant
B.1.1.7 in high-risk populations in Israel. Cell Rep
Med. 2021;2(5):100264.

Marks M, et al. Transmission of COVID-19 in 282
clusters in Catalonia, Spain: a cohort study. Lan-
cet Infect Dis. 2021;21(5):629-636.

Harris R], et al. Effect of vaccination on house-
hold transmission of SARS-CoV-2 in England
[published online June 23,2021]. N Engl ] Med.
https://doi.org/10.1056/nejmc2107717.

Swift Biosciences. Swift normalase amplicon pan-
els (SNAP). https://swiftbiosci.com/wp-content/
uploads/2021/06/PRT-028-Swift-Normalase-
Amplicon-Panels-SNAP-SARS-CoV-2-Panels-
Rev-9.pdf. Updated June 2021. Accessed

August 6,2021.

. Bolger AM, et al. Trimmomatic: a flexible trim-

mer for Illumina sequence data. Bioinformatics.
2014;30(15):2114-2120.

Li H, Durbin R. Fast and accurate short read
alignment with Burrows-Wheeler transform. Bio-
informatics. 2009;25(14):1754-1760.

Primeclip. Version 3.8. Swift Biosciences;2019.
Accessed August 6, 2021. https://github.com/
swiftbiosciences/primerclip.

Li H, et al. The sequence alignment/map
format and SAMtools. Bioinformatics.
2009;25(16):2078-2079.

. Rambaut A, et al. A dynamic nomenclature propos-

al for SARS-CoV-2 lineages to assist genomic epi-
demiology. Nat Microbiol. 2020;5(11):1403-1407.

66. MAFFT. Version 7. Kazutaka Katoh; 2021. Accessed

67.

6

o]

69.

70.

7

=

72.

June 7,2021. https://mafft.cbrc.jp/alignment/
software/closelyrelatedviralgenomes.html.

Miller MA, et al. Creating the CIPRES science
gateway for inference of large phylogenetic trees.
Paper presented at: 2010 Gateway Computing
Environments Workshop (GCE), November 14,
2021; New Orleans, Louisiana, USA. https://
doi.org/10.1109/GCE.2010.5676129. Accessed
August 6,2021.

. Letunic I, Bork P. Interactive Tree Of Life iTOL)

v4: recent updates and new developments. Nucle-
ic Acids Res. 2019;47(w1):W256-W259.

R. Version 4.1. R Foundation; 2021. Accessed
August 6,2021. http://www.R-project.org/.
RStudio. Version 1.4. RStudio; 2021. Accessed
August 6,2021. http://www.rstudio.com/.

. Los Alamos National Laboratory tools. High-

lighter tool. https://www.hiv.lanl.gov/content/
sequence/ HIGHLIGHT/highlighter top.html.
Ho DE, et al. Matchlt: nonparametric preprocess-
ing for parametric causal inference. ] Stat Soft.
2011;42(8):1-28.



https://www.jci.org
https://doi.org/10.1172/JCI152702
https://doi.org/10.1016/j.chom.2020.11.007
https://doi.org/10.1016/j.chom.2020.11.007
https://doi.org/10.1016/j.chom.2020.11.007
https://doi.org/10.1016/j.chom.2020.11.007
https://doi.org/10.1126/science.abf6950
https://doi.org/10.1126/science.abf6950
https://doi.org/10.1126/science.abf6950
https://doi.org/10.1126/science.abf9302
https://doi.org/10.1126/science.abf9302
https://doi.org/10.1126/science.abf9302
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1126/science.abd0831
https://doi.org/10.1126/science.abd0831
https://doi.org/10.1126/science.abd0831
https://doi.org/10.1126/science.abd0831
https://doi.org/10.1093/infdis/jiab082
https://doi.org/10.1093/infdis/jiab082
https://doi.org/10.1093/infdis/jiab082
https://doi.org/10.1093/infdis/jiab082
https://doi.org/10.1016/s1473-3099(21)00170-5
https://doi.org/10.1016/s1473-3099(21)00170-5
https://doi.org/10.1002/(SICI)1097-0258(19981015)17:19<2265::AID-SIM918>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-0258(19981015)17:19<2265::AID-SIM918>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-0258(19981015)17:19<2265::AID-SIM918>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-0258(19981015)17:19<2265::AID-SIM918>3.0.CO;2-B
https://doi.org/10.1101/2021.03.11.435037
https://doi.org/10.1101/2021.06.30.450632
https://doi.org/10.1126/science.abg4493
https://doi.org/10.1126/science.abg4493
https://doi.org/10.1016/j.cell.2021.03.052
https://doi.org/10.1016/j.cell.2021.03.052
https://doi.org/10.1016/j.cell.2021.03.052
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1038/s41586-021-03470-x
https://doi.org/10.1038/s41586-021-03470-x
https://doi.org/10.1038/s41586-021-03470-x
https://doi.org/10.1101/2021.02.16.21251535
https://doi.org/10.1101/2021.02.16.21251535
https://doi.org/10.1093/infdis/jiab283
https://doi.org/10.1038/s41586-021-03426-1
https://doi.org/10.1038/s41586-021-03426-1
https://doi.org/10.1038/s41586-021-03426-1
https://doi.org/10.1038/s41586-021-03412-7
https://doi.org/10.1038/s41586-021-03412-7
https://doi.org/10.1038/s41586-021-03412-7
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1126/science.abc4730
https://doi.org/10.1126/science.abc4730
https://doi.org/10.1126/science.abc4730
https://doi.org/10.1016/j.celrep.2021.109292
https://doi.org/10.1016/j.celrep.2021.109292
https://doi.org/10.1016/j.celrep.2021.109292
https://doi.org/10.1016/j.celrep.2021.109292
https://doi.org/10.1016/j.chom.2021.03.002
https://doi.org/10.1016/j.chom.2021.03.002
https://doi.org/10.1016/j.chom.2021.03.002
https://doi.org/10.1016/j.chom.2021.03.002
https://doi.org/10.1016/S0140-6736(21)00628-0
https://doi.org/10.1016/S0140-6736(21)00628-0
https://doi.org/10.1016/S0140-6736(21)00628-0
https://doi.org/10.1016/S0140-6736(21)00628-0
https://doi.org/10.1016/S0140-6736(21)00628-0
https://doi.org/10.1016/j.xcrm.2021.100264
https://doi.org/10.1016/j.xcrm.2021.100264
https://doi.org/10.1016/j.xcrm.2021.100264
https://doi.org/10.1016/j.xcrm.2021.100264
https://doi.org/10.1016/S1473-3099(20)30985-3
https://doi.org/10.1016/S1473-3099(20)30985-3
https://doi.org/10.1016/S1473-3099(20)30985-3
https://doi.org/10.1056/nejmc2107717
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.18637/jss.v042.i08
https://doi.org/10.18637/jss.v042.i08
https://doi.org/10.18637/jss.v042.i08

RESEARCH ARTICLE The Journal of Clinical Investigation

10 J Clin Invest. 2021;131(18):e152702 https://doi.org/10.1172/JC1152702


https://www.jci.org
https://doi.org/10.1172/JCI152702

