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Summary

Beginning in the summer of 2020, a variant of SARS-CoV-2, the cause of the COVID-19
pandemic, emerged in the United Kingdom (UK). This B.1.1.7 variant increased rapidly in
prevalence among sequenced strains, attributed to an increase in infection and/or transmission
efficiency. The UK variant has 19 nonsynonymous mutations across its viral genome including 8
substitutions or deletions in the spike protein, which interacts with cellular receptors to mediate
infection and tropism. Here, using a reverse genetics approach, we show that, of the 8 individual
spike protein substitutions, only N501Y exhibited consistent fithess gains for replication in the
upper airway in the hamster model as well as primary human airway epithelial cells. The N501Y
substitution recapitulated the phenotype of enhanced viral transmission seen with the combined
8 UK spike mutations, suggesting it is a major determinant responsible for increased transmission
of this variant. Mechanistically, the N501Y substitution improved the affinity of the viral spike
protein for cellular receptors. As suggested by its convergent evolution in Brazil and South Africa,

our results indicate that N501Y substitution is a major adaptive spike mutation of major concern.

Introduction

Since the emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
in 2019%, >100 million infections have occurred worldwide with >2.2 million fatalities. Despite some
genetic proofreading during viral replication?, coronaviruses mutate at high frequencies?, leading
to hundreds of mutations among SARS-CoV-2 strains. The trimeric spike protein consists of two
subunits: the S1 subunit contains the receptor-binding domain (RBD) for angiotensin-converting
enzyme 2 (ACE2), and the S2 subunit contains a peptide for membrane fusion®. Substitutions in
the spike protein responsible for virus binding to ACE2 can strongly influence host range, tissue

tropism, transmission, and pathogenesis®.


https://doi.org/10.1101/2021.03.08.434499
http://creativecommons.org/licenses/by-nc-nd/4.0/

45

50

55

60

65

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434499; this version posted March 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

The first dominant mutation observed in SARS-CoV-2 encoded the spike protein D614G
substitution®, which enhances viral replication in human airway epithelial cells and viral
transmission in animal models”°. Since then, additional spike mutations have been identified,
including an N501Y spike substitution that occurred convergently in the United Kingdom (UK),
South Africa, and Brazil. The UK variant B.1.1.7, which also contains 7 other spike substitutions,
emerged in September, 2020. It was estimated to be 70-80% more transmissible than the
ancestral lineage! and has spread to more than 30 countries, including the United States'#*3.
Although B.1.1.7 variant strains and key mutants appear to be effectively neutralized by vaccine-
induced antibodies!*1, their increased transmissibility could counteract increasing herd immunity
due to vaccination and natural infections. Thus, B.1.1.7 threatens to exacerbate the COVID-19

pandemic as it continues to spread and displace earlier variants.

To investigate potential mechanisms of increased transmission of the B.1.1.7 variant, we
used reverse genetics, the hamster model, and primary human airway epithelial cell cultures to
probe the impact of the spike mutations found in B.1.1.7. We determined the phenotypes of
individual spike mutations, as well as that of the 8 combined mutations (UK-8x), using competition
fithess assays to compare mutants to the ancestral G614 strain. Our results suggest that,
consistent with its convergent evolution, the N501Y substitution is a critical spike protein

determinant of enhanced infection of the upper airway and transmission.

Results

To investigate phenotypes of the 8 spike amino acid changes found in the UK B.1.1.7
variant, we infected golden Syrian hamsters intranasally with SARS-CoV-2 mutants encoding
each of the individual spike substitutions, as well as the combination of all 8 (UK-8x; Extended
Data Fig. 1a,b). These mutations were engineered into the USA-WA1/2020 strain'’ containing the

D614G spike substitution that has become dominant worldwide due to its increased transmission
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efficiency®; the resulting SARS-CoV-2 strain [USA-WA1/2020-G614, hereafter called wild-type
(wt)], was generated using site-directed mutagenesis of a cDNA clone'®. There was no major
effect of the mutations on plaque phenotypes on Vero cells (Extended Data Fig. 1c¢). Each
individual mutant and the combination UK-8x were tested in an in vivo competition assay by
mixing an approximately 1:1 ratio of mutant:wt prior to intranasal infection of hamsters (Fig. 1a).
This competition assay has major advantages compared to individual strain infections: the
replication of each virus in the competition is internally controlled, eliminating host-to-host
variation that can reduce experimental power, and the ratios of the virus strains can be assayed
with more precision than individual virus titers. Thus, competition assays have been used for
many studies of microbial fitness!®?? including SARS-CoV-28, due to their precision and

reproducibility?2.

Hamsters were first sampled 4 days post-infection after the peak of viral loads®, using
nasal washes and necropsied tracheae and lungs (Fig. 1a). One day after infection, the animals
were co-housed with recipient hamsters for 8 hr of direct contact to assess transmission. The
recipients were held an additional 4 days for equivalent sampling. For the inocula and hamster
samples, RT-PCR reactions with primers spanning the mutations were performed, and the
amplicon DNAs underwent Sanger sequencing and electropherogram peak analyses to
determine mutant:wt ratios. Ratio changes in the hamster samples compared to the inoculum

reflect of the relative fitness advantage for the winner of the competition.

The competition results assessed from nasal washes indicated that, of the 8 mutations
examined, only the deletion of codons 69-70 (A69-70), N501Y, S982A, and the combined UK-8x
conferred significant fithess advantages, with other substitutions showing slightly but
inconsistently reduced fithess or no difference from wt (Fig. 1b). In recipient samples, the same
overall fitness trends were observed (Fig. 1c). Examination of the tracheal samples showed

similar results (Fig. 1d), except that A69-70 no longer impacted fitness, while A570D increased
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and two other mutations (S982A and D1118H) decreased fitness. Following transmission, the

95 same overall fitness effects were maintained in the tracheae (Fig. 2e), consistent with findings
from nasal washes (Fig. 1c). Notably, results from lung samples collected at day 4 were distinct

from those in the upper airway (nasal washes and tracheae), with only slight fitness effects of the

spike mutations; even the combination UK-8x did not increase fitness significantly for donor
replication in the lungs (Fig. 1f). Yet, significant fithess gains were observed in recipients for

100 N501Y and A570D as well as UK-8x, suggesting more efficient transmission of these variants,
and significant losses were maintained only for S982A (Fig. 1g). Overall, these experiments
demonstrated that only the N501Y substitution conferred a consistent, significant, major fitness

benefit in the upper airway, comparable to UK-8x.

In the subsequent study, we found that N501Y also conferred an advantage across both

105 early and late times of nasal shedding. Evaluating nasal washes on days 1-4, N501Y conferred a
significant fitness advantage beginning on day 3 in the donors, and this advantage was
maintained in day 1-4 recipient washes (Fig. 2a,b). Evaluation of the other substitutions in nasal
washes collected 1-4 days after infection or following transmission demonstrated that only A69-

70 and UK-8x showed consistent fithess gains (Extended Data Fig. 2). Total viral loads in hamster

110 samples were similar in donor and recipient animals (Extended Data Fig. 3), although nasal
washes were consistently lower in recipients on day 1, probably reflecting a lower infection dose
reaching recipients from intra-cage transmission than from direct intranasal inoculation via
donors. Altogether, these results demonstrate a clear fithess advantage conferred by N501Y for

shedding in the upper airway, including after transmission.

115 Because it conferred the major phenotype among the 8 spike gene mutations, we next
examined N501Y in tracheal necropsies sampled on days 2 and 4 days in both donors and
recipients. Similar to nasal washes, the tracheal samples showed a consistent fithess advantage

of N501Y at both timepoints (Fig. 2c,d). Calculations of fitness in the recipient hamsters after
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transmission were also performed using the donor day 1 nasal wash ratio, representing the
120  population transmitted, as the starting ratio rather than the original donor inoculum; this had little
effect on fitness estimates (Fig. 2g-i). The UK-8x mutant also showed a consistent, significant
fithess advantage over the wt after transmission in both nasal washes (Extended Data Fig. 4a)
as well as tracheae and lungs harvested on day 4 after infection (Extended Data Fig. 4b). Overall,
our in vivo experiments revealed a consistent fithess advantage of N501Y and UK-8x, and to a

125 lesser extent A69-70, for replication in the upper hamster airway.

To examine the fitness effect of the UK spike substitutions on human and other primate
cell lines, we performed both replication kinetics with individual SARS-CoV-2 mutants, and
competition assays using Vero E6 and Calu-3 cells. In Vero cells sampled 12-48 hr post-infection,
UK-8x and N501Y consistently replicated to higher titers than the wt as measured using infectious

130 plaque assays (Extended Data Fig. 5a). There were no major differences among the 3 strains in
Calu-3 cells, although N501Y and UK-8x had a trend of faster replication that was not statistically
significant (Extended Data Fig. 5b). Measurement of viral titers with RT-gPCR gave similar results
(Extended Data Fig. 5c,d). Only in Vero cells were there consistent differences in genomic
RNA:plaque-forming unit (PFU) ratios, with the wt higher at several time points (Extended Data

135  Fig. 5e,f).

In primary human airway epithelial (HAE) cultures (Fig. 3a), the N501Y and UK-8x mutants
replicated significantly faster in early stages of infection, as measured in PFU (Fig. 3c), but there
was little difference when measured in RNA copies (Fig. 3d). The RNA:PFU ratios were
significantly lower for N501Y and UK-8x compared to wt on days 1-3, suggesting greater specific

140 infectivity of these mutants. In mixed competition infections, N501Y showed significantly higher
fitness at nearly all time points in Vero and Calu-3 cells (Fig. 3e,f). In HAE cells, both N501Y (Fig.

3g) and UK-8x (Extended Data Fig. 6) showed major fithess advantages over wt (Fig. 39),
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consistent with our in vivo data, suggesting that this substitution is a major determinant of the

fithess advantage of the UK variant over wt SARS-CoV-2.

145 To assess potential effects on virulence, individual mutant infections of hamsters were
examined for weight loss, with no significant differences observed between wt, N501Y and the
UK-8x mutant (Extended Data Fig. 7a,b). This suggests that the UK spike mutations may not
affect virulence. Nasal washes of these infected animals showed consistently higher titers on days
1-3 and 5 for both N501Y and UK-8x, but only when measured in PFU. However, these
150 differences were significant on only on day 1 (Extended Data Fig. 7c,d), again reflecting the lesser
sensitivity of individual infections compared to competition assays to detect small fithness
differences. Genomic RNA:PFU ratios were consistently higher for the wt than the mutants
(Extended Data Fig. 7e), again suggesting greater specific infectivity of the latter. Trachea and
lung samples showed no significant titer differences when measured as PFU or RNA copies
155  (Extended Data Fig. 7f,g), and the RNA:PFU ratio was higher for wt on day 1 (Extended Data Fig.
7h). Together, these results again suggest a fithess benefit for N501Y replication and

transmission from the upper airways in the hamster model of COVID-19.

As the SARS-CoV-2 pandemic has progressed, several mutations have been

convergently selected in variant lineages; of the 8 spike substitutions seen in the UK variant, only

160  A69-70 and N501Y have evolved convergently in other variants, consistent with our fitness results
(Fig. 4a). The frequency of the N501Y mutation worldwide has increased dramatically since
October, 2020 (Fig. 4b). Coupled with our in vivo and in vitro competition results, these data
indicate that the N501Y substitution provides a major fithess advantage to variants that maintain

it.

165 We next examined the mechanism for this fithess advantage, focusing on the impact of

N501Y on receptor binding. Located in the spike RBD (Fig. 4c), the change of asparagine to
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tyrosine is expected to increase interactions with the human ACE2 receptor at residue 353,
leading to increased binding affinity. To address this hypothesis, we conducted binding assays
using recombinant spike RBD and human ACE2 proteins on a Bio-Layer Interferometry (BLI)
170  system (Fig. 4d). The N501Y substitution increased the RBD/ACE2 binding, as indicated by the
>350-fold and >819-fold improved Kp and Ko, respectively. These results suggest that the N501Y
substitution improves viral fitness for replication in the upper airway, resulting in enhanced

transmission, via an enhanced spike/receptor interaction.

Discussion

175 To corroborate epidemiologic findings that the UK B.1.1.7 SARS-CoV-2 variant is more
efficiently transmitted!!, and to identify genetic determinants of this phenotype, we performed
experimental infections of hamsters, cell lines, and primary human airway epithelial cells with
each of the 8 individual spike gene mutations. Only the N501Y substitution and a deletion of
codons 69-70 showed consistent fithess advantages for replication in the upper airway in the

180 hamster model, with higher shedding in nasal secretions, as well as in primary human airway
epithelial cells. The N501Y substitution alone had a phenotype similar to that of the combined 8
mutations, suggesting it is the major spike determinant driving increased transmission of the UK
variant. This substitution, also present in the South African and Brazilian variants, is likely a result
of convergent evolution, suggesting that N501Y is a major adaptive spike mutation of current

185 concern. The mechanism of enhanced fitness is likely related to increased replication and
shedding in the nasal cavity, leading to more efficient air-borne and/or fomite-mediated
transmission. Fortunately, tests to date with N501Y substitution indicate minimal changes in
susceptibility to in PRNTs values#® suggesting little or no resistance to neutralization elicited by
vaccines now in widespread use. These along with our data suggest UK variant adaptation for

190 more efficient receptor binding rather than antibody escape..
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Although A69-70 has also been found in a Denmark mink variant (Fig. 4a) as well as in wt
SARS-CoV-2 strains in several locations, it has not evolved convergently in the major variants
with putative enhanced transmission. Furthermore, in the United States, despite its presence
since October, 2020, it has not increased dramatically in frequency (Larsen and Worobey,

195 https://virological.org/t/identification-of-a-novel-sars-cov-2-spike-69-70-deletion-lineage-

circulating-in-the-united-states/577). This finding corroborates our results indicating that this

mutation has less impact on transmission potential than N501Y, as indicated by our in vivo and
in vitro models. However, the frequent co-occurrence of this deletion®® with N501Y suggests

possible epistasis, which should be further examined.

200 Considering that only 2 of the 8 spike substitutions conferred fithess advantages for
infection of the upper airway and transmission, the origins and roles of the other 6 deserve
consideration. The first of these to appear in sequenced strains were the two deletions (69-70
and 145), followed by all of the substitutions except S982A by March, 2020 (Extended Data Table
1). However, beginning in September, 2020, all 8 mutations, but especially N501Y (Extended

205 Table 1 and Fig. 4b), began increasing dramatically in prevalence and almost simultaneously in
frequency. Combined with our data indicating that none except A69-70 and N501Y has a
consistent phenotype, and some even show reduced fitness in our experimental results at certain
timepoints, this suggests many if not all of the remaining mutations were not directly selected;
these mutations probably occurred through drift mechanisms such as founder and hitchhiking

210 effects, followed by maintenance via linkage to A69-70 and N501Y, or possibly via recombination,
which occurs frequently during SARS-CoV-2 replication®. Other possibilities include epistatic
interactions among these mutations that were not revealed via our analysis of individual mutations
or the combination of all 8. It is also possible that mutations in other parts of the genome contribute

to the overall fitness of the UK variant for replication and transmission.
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215 Another limitation of our study is the models used. The hamster may be the best rodent
model available®, but its ACE2 receptors differ slightly from those of humans?. Although we
combined the hamster model with infection of primary human airway cells to address this

limitation, the use of a primate model would be ideal to confirm our findings.

In conclusion, we have used authentic SARS-CoV-2 to demonstrate that only 2 of 8 spike

220  substitutions in the UK B.1.1.7 variant are mainly responsible for the enhanced transmission of
this strain. Although mutations in other parts of the genome could also contribute to this
transmission phenotype, the N501Y substitution in the spike protein in particular appears to be a

major determinant of efficient transmission. This mutation is present in several regions of the

world and should be closely monitored to anticipate public health measures needed to control

225  SARS-CoV-2 spread.

Methods

Ethics statement. Hamster studies were performed in accordance with the guidance for
the Care and Use of Laboratory Animals of the University of Texas Medical Branch (UTMB). The
protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at UTMB.

230  All the hamster operations were performed under anesthesia by isoflurane to minimize animal

suffering.

Animals and Cells. The Syrian golden hamsters (HsdHan:AURA strain) were purchased

from Envigo (Indianapolis, IN). African green monkey kidney epithelial Vero E6 cells (provided by

R. Baric) were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco/ThermoFisher,

235  Waltham, MA, USA) with 10% fetal bovine serum (FBS; HyClone Laboratories, South Logan, UT)
and 1% antibiotic/streptomycin (Gibco). Human lung adenocarcinoma epithelial Calu-3 cells
(ATCC, Manassas, VA, USA) were maintained in a high-glucose DMEM containing sodium

pyruvate and GlutaMAX (Gibco) with 10% FBS and 1% penicillin/streptomycin at 37°C with 5%

10
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CO.. The EpiAirway system is a primary human airway 3D tissue model purchased from MatTek
240 Life Science. This EpiAirway system was maintained with the provided culture medium at 37 °C
with 5% CO, following the manufacturer’s instruction. All other culture medium and supplements
were purchased from ThermoFisher Scientific (Waltham, MA). All cell lines were verified and

tested negative for mycoplasma.

Generation of SARS-CoV-2 mutant viruses. Individual point mutations in the spike gene

245 (A69-70, A145, N501Y, A570D, P681H, T7161, S982A, D1118H and UK-8x) were introduced into
an D614G infectious cDNA clone of the 2019n-CoV/USA_WA1/2020 (WA1/2020) strain as
described previously?®. Briefly, the nucleotide substitutions were introduced into a subclone
puc57-CoV-2-F5-7 containing the spike gene of the SARS CoV-2 wild-type infectious clone!® by
overlap fusion PCR. The full-length infectious cDNA clones of the variant SARS-CoV-2 viruses

250 were assembled by in vitro ligation of contiguous cDNA fragments following the protocol
previously described*®. In vitro transcription was then preformed to synthesize full-length genomic

RNA. For recovering the mutant viruses, the RNA transcripts were electroporated into Vero E6

cells. The viruses from electroporated cells were harvested at 40 h post-electroporation and
served as pO stocks. All viruses were passaged once on Vero E6 cells for subsequent

255  experiments and subjected to sanger sequencing after RNA extraction to confirm the introduction
and stability of substitutions (Extended Data Table 2).Viral titers were determined by plaque assay

on Vero E6 cells. All virus preparation and experiments were performed in a biosafety level 3
(BSL-3) facilities. Viruses and plasmids are available from the World Reference Center for

Emerging Viruses and Arboviruses at the University of Texas Medical Branch.

260 RNA extraction, RT-PCR, and Sanger sequencing. Cell culture supernatants or clarified
tissue homogenates were mixed with a five-fold excess of TRIzol™ LS Reagent (Thermo Fisher
Scientific, Waltham, MA). Viral RNAs were extracted according to the manufacturer’s instructions.

The extracted RNAs were dissolved in 20 ul nuclease-free water. Two microliters of RNA samples

11
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were used for reverse transcription by using the SuperScript™ IV First-Strand Synthesis System
265 (ThermoFisher Scientific) with random hexamer primers. Nine DNA fragments flanking the entire
viral genome were amplified by PCR. The resulting DNAs were cleaned up by the QIAquick PCR
Purification Kit, and the genome sequences were determined by Sanger sequencing at GENEWIZ

(South Plainfield, NJ).

The quantify viral RNA samples, quantitative real-time RT-PCR assays were performed

270 using the iTag SYBR Green One-Step Kit (Bio-Rad) on the LightCycler 480 system (Roche,
Indianapolis, IN) following the manufacturers 'protocols. Primers are listed in Extended Data Table

2. The absolute quantification of viral RNA was determined by a standard curve method using an

RNA standard (in vitro transcribed 3,480 bp containing genomic nucleotide positions 26,044 to

29,883 of SARS-CoV-2 genome).

275 To quantify mutant ratios for competition assays, RT-PCR products were amplified from
extracted RNA using a SuperScript™ Il One-Step RT-PCR kit (Invitrogen, Carlsbad, CA, USA).
A 20 pl reaction was assembled in PCR 8-tube strips through the addition of 10 pl 2x reaction
mix, 0.4 ulSuperScript Il RT/Platinum Taq Mix, 0.8 pl Forward Primer (10 uM) (Extended Data
Table 2), 0.8 pl reverse primer (10 uM), 4 yl RNA, and 6 pl Rnase-free water. Reverse
280 transcription and amplification was completed using the following protocol: (i) 55°C, 30 min; 94°C,
2 min; (ii) 94°C, 15s; 60°C, 30s; 68°C, 1min; 40 cycles; (iii) 68°C, 5 min; (iv) indefinite hold at 4°C.
The presence and size of the desired amplicon was verified with 2 ul of PCR product on an
agarose gel. The remaining 18 pl were purified by a QIAquick PCR Purification kit (Qiagen,

Germantown, MD) according to the manufacturer’s protocol.

285 Sequences of the purified RT-PCR products were generated using a BigDye Terminator
v3.1 cycle sequencing kit (Applied Biosystems, Austin, TX, USA). The sequencing reactions were

purified using a 96-well plate format (EdgeBio, San Jose, CA, USA) and analyzed on a 3500

12
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Genetic Analyzer (Applied Biosystems, Foster City, CA).The peak electropherogram height
representing each mutation site and the proportion of each competitor was analyzed using the

290  QSVanalyser program?’.

Plaque assay. Approximately 1.2x10° Vero E6 cells were seeded to each well of 6-well
plates and cultured at 37°C, 5% CO: for 16 h. Virus was serially diluted in DMEM with 2% FBS
and 200 pl diluted viruses were transferred onto the monolayers. The viruses were incubated with
the cells at 37°C with 5% CO;for 1 h. After the incubation, overlay medium was added to the

295 infected cells per well. The overlay medium contained DMEM with 2% FBS, 1%
penicillin/streptomycin and 1% sea-plague agarose (Lonza, Walkersville, MD). After a 2-days
incubation, plates were stained with neutral red (Sigma-Aldrich, St. Louis, MO) and plagues were

counted on a light box.

Viral infection of cell lines. Approximately 3x10° Vero E6 or calu-3 cells were seeded

300 onto each well of 12-well plates and cultured at 37°C, 5% CO, for 16 h. The infection titers for
Vero E6 and calu-3 cells were 0.01 and 0.1 MOI, respectively. The virus was incubated with the

cells at 37°C for 2 h. After infection, the cells were washed with DPBS 3 times to remove any un-
attached virus. One milliliter of culture medium was added into each well for the maintenance of

the cells. At each time point, 150 pl of culture supernatants were harvested for the real-time gPCR

305 detection and plaque assay, and 150 ul fresh medium was added into each well to replenish the
culture volume. The cells were infected in triplicate for each virus. All samples were stored at -

80°C until plaque or RT-PCR analysis.

Viral infection in a primary human airway cell culture model. The EpiAirway system
is a primary human airway 3D mucociliary tissue model consisting of normal, human-derived
310 tracheal/bronchial epithelial cells. For viral replication kinetics, WT, N501Y or UK-8x mutant

viruses were inoculated onto the culture at a MOI of 5 in DPBS respectively. After 2 h infection at
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37 °C with 5% COg, the inoculum was removed, and the culture was washed three times with
DPBS. The infected epithelial cells were maintained without any medium in the apical well, and
medium was provided to the culture through the basal well. The infected cells were incubated at
315 37 °C, 5% CO.. From 1-5 days, 300 pl of DPBS were added onto the apical side of the airway
culture and incubated at 37 °C for 30 min to elute the released viruses. All virus samples in DPBS

were stored at —80°C.

Spike RBD and ACE2 binding. The human ACE2 protein was purchased from Sino

Biological (Beijing, China; Cat# 10108-H08H) and the human IgG1 Fc-tagged RBD proteins were

320 made in-house using a method as previously described®. The affinity measurement was
performed on the Forte bio Octet RED 96 system (Sartorius, Goettingen, Germany). Briefly, wt or
N501Y mutant RBD proteins (20ug/ml) were captured onto protein A biosensors for 300s. The
loaded biosensors were then dipped into the kinetics buffer for 10s for adjustment of baselines.
Subsequently, the biosensors were dipped into serially diluted (1.23~300nM) human ACE2

325  protein for 200s to record association kinetics and then dipped into kinetics buffer for 400s to
record dissociation kinetics. Kinetic buffer without ACE2 was used to correct the background. The

Octet Data Acquisition 9.0 software was used to collect affinity data. For fitting of Kp values, Octet

Data Analysis software V11.1 was used to fit the curve by a 1:1 binding model and use of the

global fitting method.

330 Hamster infections. Four- to six-week-old male golden Syrian hamsters, strain
HsdHan:AURA (Envigo, Indianapolis, IN), were inoculated intranasally with 100 ul SARS-CoV-2.
For transmission competition assays, five donor animals received a mixture containing 5 x 10*
PFU of G614 virus (wt) and an equal amount of variant virus. One day later, one infected donor
animal was co-housed with one naive animal for 8 hours (10 pairs for N501Y group, 5 pairs for
335 the other groups) and the donors were returned to their cages. For virus replication assays, the

animals received DMEM with 2% FBS and 1% penicillin/streptomycin (Mock, n=4), wt G614 virus

14
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(n=9), N501Y mutant virus (n=9), UK-8x mutant virus (n=9) at a dose of 10* PFU/hamster. The
infected animals were weighed and monitored for signs of illness daily. Nasal washes were
collected in 400 pl sterile DPBS at indicated time points. Animals were humanely euthanized for
340 organ collections at 2- or 4 days post-inoculation (donors) or post-contact (recipients) for the
transmission competition study. In the virus replication study, 4 hamsters in each group were
sacrificed for organ collection 2 days post-infection and others were euthanized 7 days post-
infection. The harvested tracheae and lungs were placed in a 2-ml homogenizer tube containing
1 ml of maintenance media (DMEM supplemented with 2% FBS and 1% penicillin/streptomycin)
345 and stored at -80°C. Samples were subsequently thawed, lung or tracheae were homogenized
for 1 min at 26 sec-1, and debris was pelleted by centrifugation for 5 min at 16,100xg. Infectious
titers were determined by plaque assay. Genomic RNAs were quantified by quantitative RT-PCR
(primers in Extended Data Table 2). Ratios of mutant:wt RNA were determined via RT-PCR with

guantification of Sanger peak heights.

350 Competition assays. For the competition assay on Vero EB6, calu-3 and primary human
epithelial airway cells, WT and mutant viruses were mixed and inoculated onto the cells at a final
MOI of 0.01, 0.01 and 5 respectively. For the competition in hamsters, 100 pl mixtures of wt and
variant viruses (total 1x10° PFU per hamster) were inoculated intranasally into 4-6-week-old
Syrian hamsters. On 1-4 days post-inoculation (donors) or post-contact (recipients), the infected
355 hamsters were sampled for competition detection. An aliquot of the inoculum used for both
hamster and cell infections was back-titered to confirm the initial ratio of viruses. All samples were

stored in -80°C freezer prior to analysis.

Statistics. Male hamsters were randomly allocated into different groups. The investigators
were not blinded to allocation during the experiments or to the outcome assessment. No statistical
360 methods were used to predetermine sample size. Dead animals were excluded from sample

collections and data analysis. Descriptive statistics have been provided in the figure legends. For
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in vitro replication kinetics, Kruskal-Wallis analysis of variance was conducted to detect any
significant variation among replicates. If no significant variation was detected, the results were
pooled for further comparison. Differences between continuous variables were assessed with a
365 non-parametric Mann—-Whitney test. The PFU, genomic copies and RNA:PFU ratios were
analyzed using non-transformed values. The weight loss data are shown as mean + standard
deviation and statistically analyzed using two-way ANOVA Turkey's multiple comparison.

Analyses were performed in Prism version 9.0 (GraphPad, San Diego, CA).

For virus competition experiments, relative replicative fithess values for mutant virus

370 compared to G614 wt virus were analyzed according to w=(f0/i0), where i0 is the initial mutant:wt
ratio and fO is the final mutant:wt ratio after competition. Sanger sequencing (initial timepoint TO)
counts for each virus strain being compared were based upon average counts over three replicate
samples of inocula per experiment, and post-infection (timepoint T1) counts were taken from
samples of individual subjects. For the primary human airway samples, multiple experiments were

375  performed, so that f0/i0 was clustered by experiment. To model f0/i0, the ratio TO/T1 was found
separately for each subject in each strain group, log (base-10) transformed to an improved
approximation of normality, and modeled by analysis of variance with relation to group, adjusting

by experiment when appropriate to control for clustering within experiment. Specifically, the model

was of the form Log10_CountT1overCountTO ~ Experiment + Group. Fitness ratios between the

380 two groups [the model's estimate of w=(f0/i0)] were assessed per the coefficient of the model's
Group term, which was transformed to the original scale as 10”coefficient. This modeling
approach compensates for any correlation due to clustering within experiment similarly to that of
corresponding mixed effect models, and is effective since the number of experiments was small.
Statistical analyses were performed using R statistical software (R Core Team, 2019, version

385  3.6.1). In all statistical tests, two-sided alpha=.05. Catseye plots?®, which illustrate the normal

distribution of the model-adjusted means, were produced using the “catseyes” package®.

16


https://doi.org/10.1101/2021.03.08.434499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434499; this version posted March 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Data availability.

Extended Data and source data for generating main figures are available in the online version of

the paper. Any other information is available upon request.
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Figure 1. The screening of the SARS-CoV-2 UK variant spike substitutions in hamsters by

competition assay.

a, Design of the hamster competition fitness studies. The mutant viruses were mixed with wild
495  type G614 virus and inoculated into donor hamsters intranasally (I.N.) at a total titer of 10° PFU

per hamster. The donor hamsters were co-housed with recipient hamsters 1 day post-infection.

After 8 hours of contact, the donors were removed. All hamsters were subjected to nasal washes
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daily 1-4 days after infection and sacrificed for organ collections 4-days post-inoculation or post-
contact. b-g, The competition of different UK variants with wild-type (wt) G614 virus. b,d,f,

500 Finaliinoculum ratios of 8 individual UK variants and the UK-8x variant (containing all 8 spike
mutations) with the wt in nasal washes (b), tracheae (d) and lungs (f) of donor hamsters 4 days
post-inoculation. c,e,g, Final:donor inoculum ratios of 8 individual UK mutations and UK-8x variant
with the wt in nasal washes (c), tracheae (e) and lungs (g) of recipient hamsters 4-days post-
contact. b-g, Red dots represent individual animals (n = 5), the horizontal lines in each catseye

505 represent the mean, shaded regions represent standard error of the mean; y-axes use a logio
scale. Black numbers above each set of values (catseye) indicate the relative fithess estimates.
P values are calculated for the group (strain) coefficient for each linear regression model. *p<0.05;
**p<0.01; ***p<0.001.

510
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Figure 2. The SARS-CoV-2 spike N501Y mutant has a consistent advantage in competitions
with wt during the upper airway replication and transmission between hamsters.

a,b, Results of the competition between spike N501Y mutant and the wt assessed by sampling
nasal washes of both donor (a) and recipient hamsters (b) from 1-4 days post-inoculation (donors)
or post-contact (recipients). ¢,d, Results of the competition between the N501Y mutant and the
wt in the tracheae of both donor (c) and recipient hamsters (d) at 2- or 4-days post-inoculation or
post-contact. e,f, Results of the competition between the N501Y mutant and the wt in the lungs
of both donor (e) and recipient hamsters (f) sampled 2- or 4-days post-inoculation or post-contact.
g-i, The ratios in the competitors in the nasal washes (g), tracheae (h) and lungs (i) of recipient
hamsters were compared to the ratio of N501Y:wt measured from the day 1 nasal wash of donor
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hamsters (representing the virus population transmitted) to assess changes corresponding to
transmission versus replication in the recipient hamsters. a-i, The fithess advantage of the N501Y

525  substitution against wt both during infection (donor data) and after transmission of the virus to
recipients is shown by the significant changes in ratios between the harvested samples and
inocula. Red dots represent individual animals (n=5), the horizontal lines in each catseye
represent the mean, shaded regions represent standard error of the mean; y-axes use a logio
scale. Black numbers above each set of values (catseye) indicate the relative fithess estimates.

530 P values are calculated for the group (strain) coefficient for each linear regression model. *p<0.05;
**p<0.01; ***p<0.001.
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Figure 3. The spike N501Y mutation enhances viral replication in primary human airway
535 cells and has advantages in the competition against wt virus in vitro.
a, The experimental scheme of primary human airway cell infections. The wt, N501Y and UK-8x
mutants were inoculated onto human airway epithelial (HAE) cells at a MOI of 5. After a 2 h
incubation, the culture was washed with DPBS and maintained for 5 days. The secreted viruses
were collected in DPBS after 30 min incubation at 37°C every day. b-d, The replication kinetics of
540 the N501Y and UK-8x mutants compared to the wt on HAE cells. The amounts of infectious virus
(b) and genomic RNA (c) were quantified by plaque assay and RT-gPCR, respectively. The
genomic RNA:PFU ratio (d) was calculated as an indication of virion infectivity. The detection
limitation of the plaque assay was 10 PFU/mI. Dots represent individual biological replicates (n=6)
pooled from two independent experiments. The values in the graph represent the mean *
545 standard error of the mean. A non-parametric Mann-Whitney test was used to determine
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significant differences. P values were adjusted using the Bonferroni correction to account for
multiple comparisons. Differences were considered significant if *p<0.025; **p<0.005. e-g, The
Competition assay between N501Y variant and wt virus on Vero E6 (e), calu-3 (f) and HAE (g)
cells. The Vero EB6, calu-3 and HAE cells were infected at a MOI of 0.01, 0.1 and 5, respectively.
550 Red dots represent individual animals (n=5), the horizontal lines in each catseye represent the
mean, shaded regions represent standard error of the mean; y-axes use a logio scale. Black
numbers above each set of values (catseye) indicate the relative fithess estimates. P values are
calculated for the group (strain) coefficient for each linear regression model. ***p<0.001.
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Figure 4. The spike N501Y substitution spread quickly and increases spike protein binding
affinity for the human ACEZ2 receptor.
a, The frequencies of the spike protein amino acid substitutions found among UK B.1.1.7 isolates
560 and other variants. The amino acid substitutions in the UK B.1.1.7 variant refers to the
USA_WA1/2020 SARS-CoV-2 sequence (GenBank accession No. MT020880). b, The frequency
of the N501Y substitution over time in all genomic SARS-CoV-2 sequences available from the
GISAID database worldwide. The blue bars represent the total numbers of SARS-CoV-2 genomes
sequenced worldwide. The red line indicates the percentage of N501Y variant in total SARS-CoV-
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565 2 genomes. ¢, The predicted binding site of the N501 and Y501 residues to the human ACE2
receptor. d, The binding affinities of the wt and N501Y mutant to the human ACE2 receptor.
Binding affinity-related parameters, including association (Kon), dissociation (Kex), and affinity (Kp)
are shown. The affinity of ACE2 to the N501Y mutant RBD is below the detection limit and is
presented as <1072,
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Extended Data Figure 1. The construction of mutants and their plaque morphologies.

a, The reverse genetic construction design of all the individual and combined mutations on the wt

D614G backbone. Numbers on the upper genome map refer to open reading frames (ORFs). E,
575 envelope glycoprotein gene; L, leader sequence; M, membrane glycoprotein gene; N,

nucleocapsid gene; UTR, untranslated region. b, The location of all 8 UK B.1.1.7 substitutions

and D614G on the SARS-CoV-2 spike protein trimer. ¢, The morphologies of all the rescued

mutant SARS-CoV-2 variants. The plaques were stained 2.5 days post-infection of Vero E6 cells.
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Extended Data Figure 2. The competition of other SARS-CoV-2 mutants with wt in hamsters.
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a-h, Eight SARS-CoV-2 spike mutants: A69-70 (a), A145 (b), A570D (c), P681H (d), T716l (e),
S982A (f), D1118H (g) and UK-8x (h) were mixed with wt virus at a ratio of approximately 1:1.
The mixture was then inoculated intranasally into donor hamsters and transmitted to the recipient

585  hamsters following the scheme in Figure 1a. The total titer for infection was 10° PFU per hamster.
The ratios of the mutant:wt in the nasal washes of hamsters sampled 1-4 days after infection were
estimated by Sanger sequencing. Red dots represent individual animals (n = 5), the horizontal
lines in each catseye represent the mean, shaded regions represent standard error of the mean;
y-axes use a logio scale. Black numbers above each set of values (catseye) indicate the relative

590 fithess estimates. P values are calculated for the group (strain) coefficient for each linear
regression model. *p<0.05; **p<0.01; ***p<0.001.
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595 Extended Data Figure 3. The replication kinetics of N501Y/wt mixed viruses in the
competition assay in hamsters.
a-c, The N501Y variant was mixed with wt virus and inoculated intranasally into hamsters. The
replication kinetics of the mixed viruses in the nasal washes (a), tracheae (b) and lungs (c) from
both donor and recipient hamsters were measured by real-time gPCR. The nasal wash samples

600 were collected from 1-4 days post-inoculation (donors) or post-contact (recipients). The organ
titers in tracheae and lungs from donors and recipients were determined at 2- or 4-days post-
inoculation or post-contact. Dots represent individual hamsters (n=10 for nasal wash, n=5 for
organ titers). The values in the graph represent the mean + standard error of the mean.

605
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Extended Data Figure 4. The advantage of the UK-8x mutant during the transmission from
donor to recipient hamsters.
a,b, The ratios of mixed viruses in the nasal washes (a), tracheae and lungs (b) of recipient
610 hamsters were compared to the ratios of N501Y:wt measured on the day 1 nasal wash of donor
hamsters to assess fitness for transmission to and early replication in the recipient hamsters. The
total infection titer of the mixed viruses was 10° PFU per hamster. Red dots represent individual
animals (n=5), the horizontal lines in each catseye represent the mean, shaded regions represent
standard error of the mean; y-axes use a logio scale. Black numbers above each set of values
615 (catseye) indicate the relative fithess estimates. P values are calculated for the group (strain)
coefficient for each linear regression model. ***p<0.001.
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620 Extended Data Figure 5. The replication kinetics of the N501Y and UK-8x mutants on Vero
E6 and calu-3 cells.
a-f, The wt, N501Y and UK-8x mutant viruses were inoculated on Vero E6 (a,c,e) and calu-3
cells (b,d,f) respectively. The amounts of infectious virus (a,b) and genomic RNA (c,d) were
guantified by plaque assay and RT—-qPCR, respectively. The genomic RNA:PFU ratio (e,f) was

625 calculated as an indication of virion infectivity. The Vero E6 and calu-3 were infected at a MOI of
0.01 and 0.1, respectively. The detection limit of the plague assay was 10 PFU/mI. Dots
represent individual biological replicates (n=6) pooled from two independent experiments. The
values in the graph represent the mean * standard error of the mean. A non-parametric Mann-
Whitney test was used to determine significant differences. P values were adjusted using the

630  Bonferroni correction to account for multiple comparisons. Differences were considered
significant if *p<0.025; **p<0.005.
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Extended Data Figure 6. The competition assay of UK-8x against wt on primary human
airway epithelial cells.

635 The UK-8x variant was mixed with wt virus and inoculated on the human airway epithelial (HAE)
cells at a total MOI of 5. The ratios of UK-8x mutant to the wt virus were measured by Sanger
sequencing. Red dots represent individual biological replicates (n=6), pooled from 2 independent
experiments. The horizontal lines in each catseye represent the mean, shaded regions represent
standard error of the mean; y-axes use a logio scale. Black numbers above each set of values

640 (catseye) indicate the relative fitness estimates. P values are calculated for the group (strain)
coefficient for each linear regression model. *p<0.05; **p<0.01.
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645

Extended Data Figure 7. The spike N501Y substitution benefits viral infection of hamster
upper airways.
a, Design of the hamster infection kinetic studies. The wt, N501Y and UK-8x viruses were
650 intranasally inoculated into hamsters at a titer of 10* PFU per hamster. Nine hamsters were
utilized for the initial infection in each group. At 2 days-post infection, 4 hamsters were sacrificed
for organ collections. The nasal washes of the hamsters were collected on days 1, 3 and 5 post-
infection or before sacrifice. b, Weight change in hamsters following infection by the N501Y (n=5)
and UK-8x (n=5) mutants compared to the wt (n=5). MOCK group (n=4) served as the negative
655  (uninfected) control. The body weights were measured form 1-7 days post-infection. The weight
loss data are shown as mean * standard deviation and statistically analyzed using two-way
ANOVA Turkey's multiple comparison. No significant differences were seen between the
N501Y/UK-8x and wt groups. c-h, The infection of N501Y and UK-8x mutants compared to the
wt in the nasal washes (c-e) collected 1, 2, 3, or 5 days post-infection and in the organs (f-h) 2
660  days post-infection. The amounts of infectious virus (c,f) and genomic RNA (d,g) were quantified
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by plague assay and RT—gPCR, respectively. The genomic RNA:PFU ratio (e,h) was calculated
as an indication of virion infectivity. The detection limitation of the plaque assay was 10 PFU/ml.
The values in the graph represent the mean + standard error of the mean. A non-parametric
Mann-Whitney test was used to determine significant differences. P values were adjusted using

665  the Bonferroni correction to account for multiple comparisons. Differences were considered
significant if *p<0.025; ***p<0.0005.

37


https://doi.org/10.1101/2021.03.08.434499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434499; this version posted March 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Extended Data Table 1. Total numbers of the 8 UK spike substitutions in sequenced SARS-
CoV-2 genomes.

670
MothMma“D"s A69 70  A145 N501Y A570D  P681H  T7161  S982A  D1118H TOtQa(L r?g‘mgg”g
Jan 2020 2 1 0 0 1 0 0 0 612
Feb 2020 1 0 0 0 0 0 0 0 1569
Mar 2020 13 39 0 0 10 12 0 1 47490
Apr 2020 10 61 2 2 14 0 1 44836
May 2020 1 35 0 0 0 10 0 0 22527
Jun 2020 8 51 32 0 14 13 0 0 24524
Jul 2020 2 41 6 0 53 12 0 0 23964
Aug 2020 313 13 4 0 237 1 0 0 26773
Sep 2020 759 17 26 6 246 15 6 6 32571
Oct 2020 1754 101 304 70 441 91 70 72 54192
Nov 2020 4449 2237 2748 2206 2820 2240 2196 2203 67805
Dec 2020 20442 17195 18402 17896 19468 18000 17842 17850 90493
Jan 2021 63864 60859 63498 62386 65750 62603 62026 61950 149415
Feb 2021 49307 48542 50750 49739 52062 50129 49474 49367 89304
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Extended Data Table 2. Primer list used for mutation construction, RT-PCR, qPCR and
sanger seqguencing.

Construction of

Forward primer Reverse primer

mutations
AB9-70 ttggttccatgctatctctgggaccaat attggtcccagagatagcatggaaccaa
A145 gatccatttttgggtgtttaccacaa ttgtggtaaacacccaaaaatggatc
N501Y aacccactTatggtgttggttaccaaccatac gttggtaaccaacaccatAagtgggtiggaaacc
A570D ggcagagacattgAtgacactactgatg catcagtagtgtcaTcaatgtctctgcc
P681H gactaattctcAtcggcgggcacgtagt actacgtgcccgccgaTgagaattagtc
T716I tgccatacccaTaaattttactattag ctaatagtaaaatttAtgggtatggca
S982A tgatatccttGeacgtcttgacaaagt actttgtcaagacgtgCaaggatatca
D1118H atcattactacaCacaacacatttgtg cacaaatgtgttgtGtgtagtaatgat
RT-PCR Forward primer Reverse primer
AB9-70 tgttatttctagtgatgttcttg ctacagcatctgtaatggttcca
A145 tgttatttctagtgatgttcttg ctacagcatctgtaatggttcca
N501Y tccacttttaagtgttatggag gttaaagcacggtttaattgtg
A570D tccacttttaagtgttatggag gttaaagcacggtttaattgtg
P681H tccacttttaagtgttatggag gttaaagcacggtttaattgtg
T716I tccacttttaagtgttatggag gttaaagcacggtttaattgtg
S982A gtacaatcacttctggttgg caatcaagccagctataaaacc
D1118H gtacaatcacttctggttgg caatcaagccagctataaaacc
UK-8x tccacttttaagtgttatggag gttaaagcacggtttaattgtg
gPCR Forward primer Reverse primer
CoV19-N ttacaaacattggccgcaaa gcgcgacattccgaagaa
seiszggirng Forward primer
AB9-70 tgttatttctagtgatgttcttg
A145 gctatacatgtctctgggacca
N501Y gattgctgattataattata
A570D gtaatggtgttgaagagtttt
P681H aggatgttaactgcacaga
T716I aggatgttaactgcacaga
S982A gtacaatcacttctggttgg
D1118H gctatcatcttatgtccttc
UK-8x gattgctgattataattata
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