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ABSTRACT Examining the neutralizing capacity of monoclonal antibodies (MAbs) used
to treat COVID-19, as well as antibodies recovered from unvaccinated, previously vaccinated,
and infected individuals, against severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) variants of concern (VOCs) remains critical to study. Here, we report on a SARS-CoV-2
nosocomial outbreak caused by the SARS-CoV-2 R.1 variant harboring the E484K mutation
in a 281-bed psychiatric facility in New Jersey among unvaccinated inpatients and health
care professionals (HCPs). A total of 81 inpatients and HCPs tested positive for SARS-Cov-2
by reverse transcription (RT)-PCR from 29 October 9 to 30 November 2020. The R.1 variant
exhibits partial or complete resistance to two MAbs in clinical use, as well as 2 receptor
binding domain MAbs and 4 N-terminal domain (NTD) MAbs. NTD MAbs against pseudo-
virus harboring single characteristic R.1 mutations highlight the role of S255F in loss of activ-
ity. Additionally, we note dampened neutralization capacity by plasma from individuals with
previous SARS-CoV-2 infection or sera from vaccinated individuals. The relative resistance
of the R.1 variant is likely lower than that of B.1.351 and closer to that of P.1 and B.1.526.
The R.1 lineage has been reported in 47 states in the United States and 40 countries.
Although high proportions exhibited symptoms (26% and 61% among patients and
HCPs, respectively) and relative antibody resistance, we detected only 10 R.1 variants
from over 2,900 samples (;0.34%) collected from January to October 2021. Among
3 vaccinated individuals previously infected with R.1, we observed robust neutralizing anti-
body responses against SARS-CoV-2 wild type and VOCs.

IMPORTANCE The neutralizing capacities of monoclonal antibodies used to treat COVID-
19 and of those recovered from previously infected and vaccinated individuals against
SARS-CoV-2 variants of concern (VOCs) remain important questions. We report on a nosoco-
mial outbreak caused by a SARS-CoV-2 R.1 variant harboring an E484K mutation among 81
unvaccinated inpatients and health care professionals. We note high attack rates with symp-
toms in nearly 50% of infected individuals, in sharp contrast to an unrelated institutional
outbreak caused by the R.1 variant among a vaccinated population. We found little evidence
of significant community spillover. This variant exhibits partial or complete resistance to two
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monoclonal antibodies in clinical use and dampened the neutralization capacity of convales-
cent-phase plasma from individuals with previous infection or sera from vaccinated individu-
als. Among three vaccinated individuals previously infected with R.1, we observed robust
neutralizing antibody responses against SARS-CoV-2 wild type and VOCs. These findings
underscore the importance of vaccination for prevention of symptomatic COVID-19 disease.

KEYWORDS SARS-CoV-2, variants of concern, spike protein, vaccine

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern (VOC),
mutants that exhibit increased transmission, immune evasion, or both, have been reported

in different global regions, and predominate lineages have been genotyped. Three VOCs,
B.1.1.7 (Alpha) (1), B1.351 (Beta) (2), P.1 (Gamma) (3), and B.617.2 (Delta) (4), containing exten-
sive mutations in the spike protein, emerged in the United Kingdom, South Africa, Brazil, and
India, respectively, and have spread globally. Most recently, B.1.1.529 (Omicron) has dominated
worldwide incident infections at an alarming pace (5, 6). The mapping of specific mutations in
the spike protein has revealed strong evidence of convergent evolution, and in particular, the
E484K change (or L452R and T478K in the case of Delta and S371L, N440K, G446S, and Q493R
in the case of Omicron) (5, 7, 8), which enables evasion of monoclonal therapy and neutraliz-
ing antibodies, has been identified in discrete lineages in different geographic locations and
associated with variant clones with increased transmission. The extent to which these VOC
mutants diminish the efficacy of monoclonal therapy used to treat COVID-19 and the neutral-
izing capacity of antibodies recovered from unvaccinated, previously infected, and vaccinated
individuals remains critical to study. In this study, we report on a SARS-CoV-2 nosocomial out-
break caused by the SARS-CoV-2 R.1 variant harboring the E484Kmutation in a 281-bed psychi-
atric facility in New Jersey among unvaccinated inpatients and health care professionals (HCPs).
We assessed R.1 and its S protein mutations with respect to antibody neutralization against 18
monoclonal antibodies (MAbs), including 5 with emergency use authorization (EUA), 20 conva-
lescent-phase plasma samples, and 22 serum samples from vaccinated individuals.

RESULTS
Outbreak investigation. On 30 October 2020, the Hackensack Meridian Health (HMH)

occupational health department in New Jersey was notified of 3 SARS-CoV-2-positive HCPs
in the older adult unit (OAU), a 29-bed unit in an inpatient psychiatric 281-bed facility. All 29
OAU patients were subject to active screening for COVID-19 by reverse transcription (RT)-
PCR. Active screening occurred daily and included all inpatients and HCPs. Rapid infection
control, screening, and cohorting procedures were employed. Additionally, the OAU was
closed for new admissions, inpatients were put on isolation precautions, visitation was
changed to virtual only, congregate dining and group therapy were put on hold, and HCPs
were assigned to only one unit (i.e., they did not attend multiple units). Over the next 4
weeks, 27/29 (93%) patients and 51/114 (45%) HCPs associated with the unit, including the
electroconvulsive therapy and intensive care units, tested positive for SARS-CoV-2 by RT-
PCR. In total, from 30 October 2020 until 30 November 2020, a total of 81 patients and HCPs
tested positive (Fig. 1). Interestingly, asymptomatic infections occurred in 20/27 (74%) of the
infected patients in the OAU, where the median age was 70 years, whereas only 20/51 (39%)
were asymptomatic among the HCPs, where the median age was significantly lower, 38 years.

WGS analyses indicate outbreak caused by SARS-CoV-2 R.1 lineage subvariant. We
next assessed whether the epidemiology of the outbreak was supported by genomic
data. Eleven retrospective viral samples from 11 HCPs in the OAU sampled between 6
November and 9 November were available for whole-genome sequencing (WGS).
Analysis indicated closely related genomes (differing by 0 to 2 single nucleotide poly-
morphisms [SNPs]) consistent with transmission. Using established nomenclature, all
11 strains were classified as R.1 lineage, sublineage of B.1.1.316, and belonging to GR
clade (GISAID) and 20B clade (Nextstrain). These strains had 15 or 16 amino acid substi-
tutions and one nucleotide deletion (nt 28271A deletion) in comparison to the Wuhan-Hu-1
genome (GenBank accession no. MN908947.3). All strains had a set of common mutations in
the spike protein: W152L, S255F, E484K, D614G, and G769V (Fig. 2). W152L and S255F reside in
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the antigenic supersite within the N-terminal domain (NTD) (9), which is a target for neutralizing
antibodies, whereas E484K is situated at the receptor binding domain (RBD) interface with the
cellular receptor ACE2. The G769V mutation is near the furin cleavage site (Fig. 2). In compari-
son to other global R.1 strains, the outbreak strains all have three unique nucleotide changes:
T7685G (ORF1a:S2474A), A16569G (synonymous mutation), and C22326T (S:S255F). We sus-
pected that most of the strains involved in this outbreak could be R.1. The rarity of R.1 and
strains harboring E484K in New Jersey, the epidemic curve (Fig. 1), and finding 11 genomes
from one facility are highly suggestive of extensive transmission. In addition, case findings
initiated by infection control procedures (described above) and the high attack rate support
the epidemiological linkage of COVID-19 cases suggestive of an outbreak.

Global distribution of SARS-CoV-2 R.1 lineage.We assessed the global and U.S. distribu-
tion of the R.1 lineage uploaded to the GISAID database. As of 1 July 2022, there were 11,566
R.1 genomes reported from 40 countries, with Japan (n = 7,811, 67.5%) and the United
States (n = 2,714, 23.5%) accounting for nearly 91% of all genomes. The R.1 lineage emerged
in the middle of 2020, peaking around March 2021 in Japan, the United States, and other
countries (see Fig. S1 in the supplemental material). Within the United States, 47 states have
reported at least one case of R.1 infection. The outbreak strains (namely, outbreak cluster)
were clustered with an additional ;600 strains, mostly from the United States (New York,
New Jersey, Pennsylvania, Massachusetts, Connecticut, Florida, North Carolina, and Texas,
etc.), as well as Canada (n = 47), Germany (n = 4), Japan (n = 2), Ghana (n = 1), and Finland
(n = 1), in the GISAID database, and they all carry the S:S255F mutation. The time-resolved
phylogeny of R.1 variants suggests that the outbreak cluster emerged and separated with
other R.1 strains approximately 1 month prior to detection (Fig. 3). In addition, various R.1
sublineages, emerging almost at the same time as the outbreak cluster, were spreading
globally in over 40 countries and in different U.S. states, suggesting that the ancestral strain

FIG 2 Schematic of SARS-CoV-2 spike protein primary structure of the R.1 outbreak strain. Different domains
are shown by different colors. SP, signal peptide; NTD, N-terminal domain; RBD, receptor binding domain; S1,
subdomain 1; S2, subdomain 2; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, connector
domain; HR2, heptad repeat 2; TM, transmembrane domain; C, cytoplasmic tail. The five S protein mutations
and positions are illustrated below the S protein scheme.

FIG 1 Epidemic curve of number of symptomatic and asymptomatic COVID-19 cases among health care
professionals and patients detected over time at a clinic in New Jersey. Active screening for COVID-19 by
RT-PCR occurred daily and included all inpatients and health care professionals regardless of symptoms.
Dates on the x axis are given in month/day/year.
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acquired independent mutations within this short time span, followed by local transmission.
Interestingly, the R.1 lineages gradually disappear from the middle of 2021, and the latest R.1
strain in the GISAID database was collected in November 2021.

R.1 and pseudovirus antibody neutralization studies indicate evasion from most
monoclonal antibodies.We next assessed the impact of the mutations in R.1 on antibody
neutralization by using vesicular stomatitis virus (VSV)-based pseudovirus containing all four
signature mutations (W152L, S255F, E484K, and G769V), termed NJD4. The mutant virus, in

FIG 3 Bayesian maximum clade credibility trees of global SARS-Cov-2 R.1 lineage strains. Branch lengths are shown in years according to the
scale bar at the top of each panel (dates given in month/day/year). Outbreak strains are colored in purple at the tips. The country and U.S.
state information is illustrated by color bars on the right. The outbreak cluster with the S:S255F mutation is highlighted by light blue shading.
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parallel with the wild-type (WT) (D614G) virus, was subjected to neutralization by 18 MAbs,
including 5 with emergency use authorization (EUA), 20 convalescent-phase plasma samples,
and 22 serum samples from vaccinated individuals. The specifics of these MAbs and clinical
specimens were previously reported (10, 11). As shown in Fig. 4A (left panel) and Fig. S2A, the
neutralizing activity of LY-CoV555 was completely abolished against R.1 and the activity of
REGN10933 was also impaired, while the other three MAbs (REGN10987, CB6, and S309) with
EUA retained their activities. We next tested the neutralizing activities of seven additional re-
ceptor binding domain (RBD) MAbs. The neutralizing activities of the two potent MAbs target-
ing the receptor binding motif, C121 and 2-15, were markedly or completely lost against R.1,
while others retained their activities (Fig. 4A, middle panel, and Fig. S2A). These findings on
R.1 mimic those observed for B.1.526 with the E484K mutation (12), indicating that the E484K
mutation contributed to the lost activities of these RBD-directed MAbs. We then assessed the
neutralizing activity of seven NTD MAbs against the R.1 pseudovirus (Fig. 4A, right panel, and
Fig. S2B) (13). R.1 was profoundly resistant to neutralization by four NTD antibodies: 4-8, 4-19,
4A8, and 5-7, while the other three, 5-24, 4-18, and 2-17, remained active against R.1. To
understand the specific mutations responsible for the observed pattern of neutralization, we
then tested these NTD MAbs against a panel of pseudoviruses, each containing only a single
NTD mutation found in R.1 (Fig. S2B). For the two NTD mutations, S255F contributed to the
loss of activity of 4-8, 4-19, and 5-7, while W152L only partially accounted for the loss of activity
of 4-19 and 5-7.

FIG 4 Neutralization of NJD4 (R.1) pseudoviruses by monoclonal antibodies, convalescent-phase plasma, and
vaccinee sera. (A) Neutralization of NJD4 and WT (D614G) pseudoviruses by select MAbs. (B) Fold change in ID50 values
for convalescent-phase plasma and vaccine sera against pseudoviruses of NJD4 relative to that of the WT. Data from 20
convalescent patients or 22 vaccinated individuals were averaged and are represented as the arithmetic mean 6
standard error of the mean (SEM).
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Neutralizing activity of sera from SARS-CoV-2 patients, vaccinated individuals,
and R.1-infected and vaccinated individuals against R.1. We also examined a panel
of convalescent-phase plasma samples obtained from 20 SARS-CoV-2 patients (collected
1 month after documented infection) and vaccinee sera obtained from 12 individuals
who had received the mRNA-1273 SARS-CoV-2 vaccine (collected on day 43; with two
doses) and 10 individuals who had received the BNT162b2 COVID-19 vaccine (collected
on day 28 or later; with two doses), as previously reported (10, 14, 15). Neutralizing activ-
ities of convalescent-phase plasma or vaccinee serum samples were lowered by 6.6-fold
or 2.1- to 2.7-fold, respectively, against R.1 (Fig. 4B; Fig. S3 and S4). When the magnitude
of resistance to R.1 of convalescent-phase plasma or vaccinee sera is compared with that
to other variants of concern (10, 11), the relative resistance of R.1 is likely lower than that
of B.1.351 and closer to that of P.1 and B.1.526.

We next assessed the neutralizing capacity of sera collected from four vaccinated HCPs
previously infected with SARS-CoV-2 linked to the R.1 outbreak against major variants of con-
cern, including B.1.1.7, P.1, and B.1.351 (Fig. 5). All four HCPs who were infected with the R.1
variant and had received two mRNA-1273 vaccinations displayed high titers against variants
harboring E484K as well as the wild-type virus (Fig. 5A). Conversely, one HCP (CC#5) who was
infected and symptomatic but not vaccinated failed to respond immunologically to either the
E484K mutants or to the wild-type virus. Importantly, we found high titers against the
wild type and major VOCs among those previously infected with the R.1 variant and

FIG 5 Pseudovirus neutralization by convalescent-phase sera. (A) Five patient serum samples were tested for neutralizing activity against
VSV-G pseudotyped viruses with characteristic mutations: wild-type SARS-CoV-2 (D614G), SARS-CoV-2 R.1 (NJD4), SARS-CoV-2 variants B.1.1.7
and B.1.351, SARS-CoV-2 E484K, and SARS-CoV. CC#1, CC#2, CC#3, and CC#6 are patients who were infected with the R.1 variant and then received
the Moderna vaccine (mRNA-1273). CC#5 is a patient only infected with the R.1 variant NJD4. ADARC09 and ADARC10 are serum samples from
healthy individuals pre-SARS-CoV-2 pandemic that were used as negative controls. (B) ID50 values as reciprocal serum dilutions for each serum or
antibody against different pseudoviruses are indicated. The limit of detection of this assay was 1:100 dilution.
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then vaccinated. This latter observation is strong anecdotal evidence that the combina-
tion of infection and vaccination results in robust neutralizing antibody responses, con-
sistent with recent studies (16, 17).

Genomic screening for R.1 lineage reveals limited community spread. To further
investigate whether the R.1 variant outbreak was limited to the health care facility, we
used a high-throughput molecular beacon assay to screen for E484K mutations in the RBD
region (see Materials and Methods). From January 2021 to October 2021, nearly 2,900 posi-
tive COVID-19 swabs were stored and available for further testing. Overall, we detected
420 E484K mutants (420/2,879, 14.6%) (Fig. S5). The prevalence from January to May for
E484K was 3.2% to 26.2% but decreased from June (18.1%) to August (0%). From August
to October, all tested samples harbored L452R T478K double mutations, consistent with
the genotype of the Delta variant.

To determine the phylogenetic background of E484K mutants, we conducted whole-ge-
nome sequencing on 112/401 E484K-positive but N501Y-negative mutants. Unlike with
Japan, where R.1 has caused considerable community transmission (18), we detected only
10 R.1 variants, collected in February and March 2021, including 9 with the S255F mutation
and belonging to the outbreak clusters from 6 different hospitals. Of the 112 E484K variants,
92% were of B.1.526 and related genetic backgrounds, consistent with the regional epidemi-
ology in the Northeast during this time period (12). Since then, SARS-CoV-2 populations
have been dominated by B.1.1.7 (with the N501Y mutation), which has since been displaced
by Delta (B.617.2) and now Omicron (B.1.1.529).

DISCUSSION

While health care institutions have experienced extensive SARS-CoV-2 transmission
and high attack rates, they can also rapidly introduce effective infection control measures for
containment. The R.1 outbreak in New Jersey, which occurred 2 months prior to vaccine avail-
ability, displayed an aggressive attack rate of 93% in residents and 34% in HCPs. Despite the
extensive institutional spread, involving multiple medical units, patients, and HCPs, further
transmission was limited. Prompt and responsive infection control measures (e.g., active
case finding using SARS-CoV-2 PCR screening of all HCPs and patients, contact precautions,
and restricted visitation, etc.) likely reduced further nosocomial transmission and dispersal
into the community, evidenced by a sharp drop in incident infections at the health care facil-
ity and very few isolate (R.1 variant) cases detected in the community. In contrast, phylogeo-
graphic analysis of SARS-CoV-2 R.1 variants indicates wide geographic dispersal, including re-
gional and coast-to-coast spread within the United States (Fig. 3). Of note, the acquisition of
NTD mutation S255F, which is associated with loss of neutralization (Fig. S2B), is a key fea-
ture of the outbreak cluster and continental spread of SARS-CoV-2 R.1 variants in the United
States and elsewhere.

More recently, the R.1 variant caused a large outbreak in a skilled nursing facility
involving 46 residents and HCPs in Kentucky (19). This R.1 variant, harboring 4 of the 5
same spike protein mutations as the New Jersey variant (E484K, D614G, G769V, and
W152L), spread among a population with 90% and 56% fully vaccinated residents and
HCPs, respectively. Although estimation of vaccine effectiveness against infection is
prone to study design effects, full vaccination afforded approximately 87% effective-
ness for COVID-19-associated symptom prevention. Critically, high levels of COVID-19
symptom prevention were recorded despite R.1 variants harboring spike protein muta-
tions (i.e., E484K and W152L). The New Jersey outbreak, in sharp contrast, registered
symptoms in nearly 50% of SARS-CoV-2-positive, unvaccinated individuals.

These findings, along with serologic studies showing robust protection against
VOCs among previously infected and vaccinated individuals, underscore the impor-
tance of vaccination for prevention of symptomatic COVID-19 disease. Most recently,
the rapid expansion of Omicron is largely attributable to high transmissibility and anti-
body evasion potential among previously infected and vaccinated individuals (6, 20).
However, previously infected and vaccinated groups appear to elicit neutralization
capacity against Omicron consistent with our results (20).
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MATERIALS ANDMETHODS
Clinical samples. This observational study took place at a large hospital network in New Jersey.

Nasopharyngeal swabs obtained as part of routine clinical care were tested by the clinical microbiology labora-
tory, and positive specimens were transferred to the Hackensack Meridian Health (HMH) BioRepository for stor-
age. The study was reviewed and approved by the HMH Institutional Review Board (IRB) (Pro2020-0414). The
IRB waived consent for the collection and sequencing of the viral samples as well as the abstraction of the epi-
demiologic metadata, as this 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 car-
ried out without the waiver. Under the IRB protocol (Pro2020-0414; approved 26 April 2020), health care work-
ers were consenting to serology studies, including 10-mL whole-blood draws.

Population sampling and screening of SARS-CoV-2. SARS-CoV-2-positive swabs collected from
seven HMH network hospitals were shipped to Center for Discovery and Innovation (Nutley, NJ) on a
weekly basis and stored at 280°C. A total of ;2,879 swabs collected between January and October
2021 were subjected to a molecular beacon-based real-time asymmetric PCR and melting curve analysis
to identify the SARS-CoV-2 E484K/Q, N501Y, L452R, and T478K mutations, by use of a previously
described method (21).

Whole-genome sequencing and phylogenetic analysis. SARS-CoV-2-targeted assay libraries were
prepared using the QIAseq FX DNA library (Qiagen) or AmpliSeq library plus and cDNA synthesis kits
(Illumina) in accordance with the manufacturers’ recommendations. Briefly, 20 ng of RNA was reverse
transcribed, followed by amplification of cDNA targets using the QIAseq or AmpliSeq SARS-CoV-2
research panel. Libraries were quantified using fluorescence-based assays, including PicoGreen (Life
Technologies), a Qubit fluorometer (Invitrogen), and a fragment analyzer (Advanced Analytics). The final
libraries were sequenced on a NovaSeq 6000 sequencer (v1 chemistry) with 2 � 150 bp.

Short-read data were filtered and processed prior to alignment. Read pairs that did not contain a sin-
gle 19-bp seed k-mer in common with the SARS-CoV-2 genome reference (NC_045512.2) were dis-
carded. Adapter sequences and low-quality (Phred quality score [Q] , 20) bases were trimmed from the
remaining reads by using Cutadapt v2.10 (22). Processed reads were then mapped to the SARS-CoV-2
genome reference by using BWA-MEM v0.7.172 (23), and only read pairs with at least one alignment
spanning a minimum of 42 bp in the reference and starting before position 29862 (to exclude polyade-
nine-only alignments) were kept. Genome sequences were determined by alignment pileup consensus
calling with a minimum support of 20 reads and 95% breadth of coverage using Samtools v1.11 and
bcftools v1.11 (23).

The resulting SARS-CoV-2 viral genome sequences were characterized by Nextclade CLI (v1) (https://clades
.nextstrain.org/) to assign Nextstrain clades (24). SARS-CoV-2 lineage was determined using Pangolin v3.1.17
(https://github.com/cov-lineages/pangolin). The R.1 lineage genomes and metadata were downloaded from
the GISAID website (n = 11,566, as of 1 July 2022). To conduct the phylogenetic analysis, only genomes marked
as “complete” and “high coverage” in the GISAID metadata file and without ambiguous nucleotides (Ns) were
included (n = 8,207). The genomes were aligned using Nextalign v1.10.0 (https://github.com/neherlab/
nextalign), using the default setting, followed by removal of the 59- and 39-UTR regions. A maximum likelihood
phylogenetic tree was constructed using IQ-TREE v2.1.2 (25) with automatic model selection and 1,000-boot-
strap replicates. The tree was then reduced using Treemmer v0.3 (26) by keeping 50% relative tree length and
at least one strain from each country and each U.S. state (n = 1,221). Further clock phylogenetic dating was
conducted using treedater v0.5.0 (27). The resulting tree was annotated using ITOL v6 (28).

Convalescent-phase serum samples and vaccinees. Plasma samples were obtained from patients
convalescing from documented SARS-CoV-2 infection approximately 1 month after recovery or later (10,
11). 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. The study protocol was
approved by the Institutional Review Board (IRB), and all participants provided written informed con-
sent. From their documented clinical profiles, 20 convalescent-phase plasma samples were selected for
this study. Serum samples were obtained from 22 participants receiving either the mRNA-1273 SARS-
CoV-2 vaccine at the NIH under an IRB-approved protocol or the Pfizer BNT162b2 COVID-19 vaccine as a
part of the vaccine rollout among hospital employees (10, 11). These cases were then enrolled in an IRB-
approved protocol to assess immunological responses to SARS-CoV-2.

Monoclonal antibodies. The monoclonal antibodies tested in this study were constructed and pro-
duced at Columbia University, except for REGN10933, REGN10987, COV2-2196, and COV2-2130, which
were provided by Regeneron Pharmaceuticals, Inc., and CB6, which was provided by Baoshan Zhang
and Peter D. Kwong (10).

Construction and production of variant pseudoviruses. The original pCMV3-SARS-CoV-2-spike
plasmid was kindly provided by Peihui Wang of Shandong University in China. Plasmids encoding the
D614G variant, all the single-mutation variants found in the R.1 variant, the 4-mutation combination var-
iant (NJD4), and 8- and 9-mutation combination variants for B.1.1.7 and B.351, respectively, were gener-
ated by use of the QuikChange II XL site-directed mutagenesis kit (Agilent). Recombinant Indiana VSV
(rVSV) expressing different SARS-CoV-2 spike variants was generated as previously described (10, 11).
HEK293T cells were grown to 80% confluence before transfection with the spike gene using Lipofectamine
3000 (Invitrogen). Cells were cultured overnight at 37°C with 5% CO2, and VSV-G pseudotyped DG-luciferase
(G*DG-luciferase; Kerafast) was used to infect the cells in Dulbecco’s modified Eagle’s medium (DMEM) at a
multiplicity of infection (MOI) of 3 for 2 h before washing the cells with 1� Dulbecco’s phosphate-buffered
saline (DPBS) three times. The next day, the transfection supernatant was harvested and clarified by centrifuga-
tion at 300 � g for 10 min. Each viral stock was then incubated with 20% I1 hybridoma (anti-VSV-G; ATCC CRL-
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2700) supernatant for 1 h at 37°C to neutralize contaminating VSV-G pseudotyped DG-luciferase virus before
measuring titers and making aliquots to be stored at280°C.

Pseudovirus neutralization assays. Neutralization assays were performed by incubating pseudovi-
ruses with serial dilutions of MAbs or heat-inactivated plasma or serum and scored by the reduction in
luciferase gene expression. In brief, Vero E6 cells were seeded in a 96-well plate at a concentration of
2 � 104 cells per well. Pseudoviruses were incubated the next day with serial dilutions of the test sam-
ples in triplicate for 30 min at 37°C. The mixture was added to cultured cells and incubated for an addi-
tional 24 h. The luminescence was measured using the luciferase assay system (Promega). IC50 was
defined as the dilution at which the relative light units were reduced by 50% compared to that of the vi-
rus control wells (virus plus cells) after subtraction of the background in the control groups with cells
only (10, 11, 13). The IC50 values were calculated using nonlinear regression in GraphPad Prism.

Data availability. The SARS-CoV-2 genomes sequenced in this study were deposited in GISAID
(https://www.gisaid.org). Sequences can be accessed by searching records from both the originating lab
at Hackensack Medical Center and the submitting lab at the New York Genome Center.
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