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Increased small particle aerosol transmission
of B.1.1.7 compared with SARS-CoV-2 lineage A
in vivo

Julia R. Port"?3, Claude Kwe Yinda"?3, Victoria A. Avanzato'?, Jonathan E. Schulz'?,
Myndi G. Holbrook®'2, Neeltje van Doremalen®'2, Carl Shaia®'?, Robert J. Fischer'? and
Vincent J. Munster® 22

The major transmission route for SARS-CoV-2 is airborne. However, previous studies could not elucidate the contribution
between large droplets and aerosol transmission of SARS-CoV-2 and its variants. Here, we designed and validated an opti-
mized transmission caging setup, which allows for the assessment of aerosol transmission efficiency at various distances. At
a distance of 2 m, only particles of <5 um traversed between cages. Using this setup, we investigated the relative efficiency of
aerosol transmission between the SARS-CoV-2 Alpha variant (B.1.1.7) and lineage A in Syrian hamsters. Aerosol transmission
of both variants was confirmed in all sentinels after 24 h of exposure as demonstrated by respiratory virus shedding and sero-
conversion. Productive transmission also occurred after 1h of exposure, highlighting the efficiency of this transmission route.
Interestingly, after donors were infected with a mix of both variants, the Alpha variant outcompeted the lineage A variant in an
airborne transmission chain. Overall, these data indicate that a lower infectious dose of the Alpha variant, compared to lineage
A, could be sufficient for successful transmission. This highlights the continuous need to assess emerging variants and the

development for pre-emptive transmission mitigation strategies.

infection with SARS-CoV-2 is via airborne and large

droplet transmission'~. Respiratory aerosols range from 0.1
to 100 um (aerodynamic diameter), with the fraction of particles
<5um being referred to as ‘fine aerosols™. Fine aerosols remain
suspended for longer periods and can penetrate all the way
down into the alveolar space of the human respiratory tract’. For
influenza A virus, studies have elucidated the airborne potential
and relative contribution of large droplets versus aerosols and the
site of viral exposure and shedding®''. Data for SARS-CoV-2 is
currently unavailable.

Variants of concern (VOCs) are defined by phenotypic changes
including enhanced transmission'>". Transmissibility is a function
of infectiousness, susceptibility, contact patterns between individu-
als and environmental stress on the pathogen during transmission'".
No study so far has demonstrated the potential of SARS-CoV-2 for
fine aerosol transmission. In this study, we specifically designed
cages to model aerosol transmission over a 2-m distance, at which
only particles <5um traverse. We showed highly efficient aerosol
transmission of SARS-CoV-2 at 2m within 1h of exposure. Lastly,
we demonstrated increased airborne transmission competitiveness
of B.1.1.7 over a lineage A variant.

Epidemiological data suggest that the principal mode of

Design and validation of hamster aerosol transmission cages
Demonstration of true aerosol transmission of SARS-CoV-2 should
only include particles <5um over short and longer distances and
in the absence of any other potential transmission routes such as
fomite or direct contact. We designed and validated a caging sys-
tem to study the relationship between particle size and distance.

The design consisted of two rodent cages connected via a con-
nection tube that allowed airflow but no direct animal contact.
The distance between donor and sentinel cage could be varied
(16.5, 106 or 200cm) (Supplementary Fig. 1a,b). The air velocity
generated by the airflow through the connection tube averaged at
327, 370 and 420 cmmin™" for the 16.5, 106 and 200 cm distances,
respectively (Supplementary Table 1). This allowed for 30 cage air
changes per hour.

We next validated the caging design using an aerodynamic par-
ticle sizer spectrometer (TSI) to analyse the aerodynamic size of
particles (dynamic range <0.5-20pm) traversing from donor to
sentinel cage". The aerodynamic particle size of a particle is the
particle size regardless of shape and material density that has the
same settling rate as a spherical droplet of water. It is the princi-
pal parameter used for characterizing respiratory deposition’.
Therefore, a 5 um aerodynamical particle will act similarly to a 5pm
spherical droplet of water whether it is a from a 20% glycerol solu-
tion or a mucus-filled respiratory droplet. A 20% glycerol solution
has a density of 1.05gcm™; therefore, the geometrical diameter of
the glycerol droplets is determined by multiplying the aerodynamic
particle diameter by a correction factor of 0.98 (ref. '°). Droplets
and aerosols were generated in the donor cage and the particle size
profile was determined at the beginning and end of the connect-
ing tube to study the size exclusion of the respective cage set-ups.
The reduction of particles was size- and distance-dependent. At a
distance of 16.5 cm, relatively limited size exclusion of the generated
particles was observed; >6.9% of particles 5-10um and >42.8% of
particles >10um did not travel into the sentinel cage (Fig. la,d).
At 106cm between cages, an increased reduction of number of

'Laboratory of Virology, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton, MT,
USA. 2Rocky Mountain Veterinary Branch, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National Institutes of
Health, Hamilton, MT, USA. 3These authors contributed equally: Julia R. Port, Claude Kwe Yinda. ®™e-mail: vincent.munster@nih.gov

NATURE MICROBIOLOGY | VOL 7 | FEBRUARY 2022 | 213-223 | www.nature.com/naturemicrobiology 213


mailto:vincent.munster@nih.gov
http://orcid.org/0000-0003-2376-2633
http://orcid.org/0000-0003-4368-6359
http://orcid.org/0000-0001-8907-8821
http://orcid.org/0000-0002-2288-3196
http://crossmark.crossref.org/dialog/?doi=10.1038/s41564-021-01047-y&domain=pdf
http://www.nature.com/naturemicrobiology

ARTICLES NATURE MICROBIOLOGY

100
<
s
'§ 50
3 Donor cage Sentinel cage
o [ 30.4 0.5<>1 ym [ 28.8 0.5<>1 um
[ 40.31<3 um [ 37.91<=3 um
H H [ 15.7 35 um [ 14.8 3<5 um
[I:I];ﬂitn 0.0c0-0.000000 U 3 10.0 510 ym [ 8.6 5<>10 um
0 ! ! ! ! 3 1.4 10<20 um = 0.6 10<>20 um
2 4 6 8 10
b 00 _ €
[ 0 O % 106 cm )
90 A0
§ \g\ — { , 2 )
T 80 T =Ly
o
©
5 704 )
3 Donor cage Sentinel cage
o [ 61.1 0.5<1 um [ 39.7 0.5<>1 uym
60 [ 25.4 1<>3 um [ 441 1<3um
HHHH [ 6.43<>5um [ 11.23<5um
H 1 4.0 5<>10 um 1 2.1 5<>10 um
50 T T T T
2 4 6 8 10 = 0.9 10<>20 pm
c f
100 i 200 om
90 _ ] 1 | @
~ ; &
&
= 80
K]
g
5 70 Donor cage )
& £ 67.1 0.5<1 um Sentinel cage
60 03 21.9 1<3um [ 52.1 0.5<1 um
3 5.2 3<5 um [ 37.31<3um
50 ‘ ‘ ‘ 3 3.1 510 ym £17.13<=5um
2 4 6 8 10 3 0.4 10<>20 um B 0.55<10pm

Aerodynamic diameter (um)

Fig. 1| Design and validation of aerosol transmission cages. Transmission cages were designed to model airborne transmission between Syrian hamsters
at16.5, 106 and 200 cm distances. Droplets were generated by spraying a 20% glycerol/water solution into the donor cage. The size of particles travelling
between donor and sentinel cages was determined. a-c, Particle reduction by aerodynamic diameter between donor and sentinel cages at 16.5 (a), 106 (b)
and 200 cm distances (€). The dotted line represents 95% reduction in particles. The aerodynamic diameter was 1-10 pm. d-f, Schematic visualization of
the transmission cages at 16.5 (d), 106 (e) and 200 cm distances (f) and corresponding particle distribution detected in each donor and sentinel cage.

particles and size exclusion was observed; >70% of particles >5pum
did not traverse into the sentinel cage and no particles >10 um were
detected. Hence, while in the donor cage 4.86% of detected par-
ticles were >5um, in comparison the particle profile in the senti-
nel cage contained only 2% particles >5um (Fig. 1b,e). At 200cm,
we observed an almost complete size exclusion of particles >5um;
>95% of particles 5-10 um did not traverse and no particles >10 um
were detected in the sentinel cage. The composition profile of par-
ticles in the sentinel cage comprised only 0.5% particles >5um
(Fig. 1c,f). These results demonstrate that we have developed a cag-
ing system to effectively investigate the impact of distance and par-
ticle size exclusion on the transmission of SARS-CoV-2. The overall
absence of particles >10um and extensive reduction of particles
5-10pm indicate that the caging system with a distance of 200 cm
is suitable to study true aerosol transmission, whereas the 16.5 and
106 cm set-ups are suitable to study airborne transmission occur-
ring via droplet, aerosols or a combination thereof.

SARS-CoV-2 aerosol transmission over 2m
Using the validated caging system, we first investigated

short-distance airborne transmission. For each distance, 4 donor

214

animals were inoculated intranasal with 8 10* median tissue cul-
ture infectious dose (TCID;,) SARS-CoV-2 lineage A. After 12h,
the infected animals were placed into the donor (upstream) side of
the cages and 4 sentinels were placed into the downstream cages
(2:2 ratio) and were exposed for 72 h.

At 16.5cm, SARS-CoV-2 was successfully transmitted to all sen-
tinels at 12h post-exposure (Fig. 2a—c). Genomic and subgenomic
RNA, a marker for replicating virus, and infectious virus were found
in the oropharyngeal swabs of all sentinels at 72h post-exposure.
At 106cm, SARS-CoV-2 genomic and subgenomic RNA were
detected in the oropharyngeal swabs of 1 sentinel as early as 12h
post-exposure. At 48 h post-exposure, all sentinels were positive for
genomic and subgenomic RNA in oropharyngeal swabs and at 72h
post-exposure for infectious virus (Fig. 2d-f). At 200 cm, no respira-
tory shedding was detectable in any sentinel 12 h post-exposure, but
at 48 h post-exposure all sentinels were positive for genomic RNA,
subgenomic RNA and infectious virus in oropharyngeal swabs
(Fig. 2g-i). Additionally, at 14d post-exposure, all sentinels from
all three groups had seroconverted, as demonstrated by high anti-
body titres against SARS-CoV-2, measured by anti-spike enzyme-
linked immunosorbent assay (ELISA) (Supplementary Table 2).
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Fig. 2 | The SARS-CoV-2 lineage A variant transmits efficiently over a 200 cm distance. Donor Syrian hamsters were inoculated with 8 x10% TCIDs,
SARS-CoV-2. After 12 h, donors were introduced to the upstream cage and sentinels (2:2 ratio) into the downstream cage. Exposure was continued for
3d. To demonstrate transmission, sentinels were monitored for start and continuation of respiratory shedding. a-¢, Viral load in the oropharyngeal swabs
of sentinels was measured by genomic RNA (a), subgenomic RNA (b) and infectious virus (¢) collected at 12, 24 and 48 h post-exposure to the donors.
Exposure at 16.5cm distance. d-f, Exposure at 106 cm distance. Viral load in the oropharyngeal swabs of sentinels was measured by genomic RNA (d),
subgenomic RNA (e) and infectious virus (f) collected at 12, 24 and 48 h post-exposure to the donors. g-i, Exposure at 200 cm distance. Viral load in
the oropharyngeal swabs of sentinels was measured by genomic RNA (g), subgenomic RNA (h) and infectious virus (i) collected at 12, 24 and 48 h
post-exposure to the donors. The truncated violin plots depict the median, quantiles and individuals, n=4.

These data demonstrate the ability of SARS-CoV-2 to transmit over
long and short distances.

Increased cellular entry and respiratory shedding of B.1.1.7
variant in hamsters

We then compared the airborne transmission kinetics of the B.1.1.7
variant with the prototype lineage A virus. First, we assessed the
suitability of the Syrian hamster to compare SARS-CoV-2 variant
transmission'’. Differences in the amino acid sequence were visual-
ized by mapping onto a structure of the SARS-CoV-2 spike protein
in complex with human angiotensin-converting enzyme 2 (ACE2;
Protein Data Bank (PDB) ID: 6MO0J). At position 501 of the B.1.1.7
spike receptor-binding domain (RBD), the asparagine residue is
substituted by tyrosine. This substitution has been proposed to
increase binding affinity to (human) ACE2 via increased interac-
tions with residues on ACE2 by stacking of aromatic side chains
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and hydrogen bond interactions'®. A sequence alignment between
human and hamster ACE2 reveals that two residues differ in the
interface with SARS-CoV-2 RBD. At positions 34 and 82, histidine
and methionine are replaced by glutamine and asparagine, respec-
tively in the hamster ACE2 (Fig. 3a,b). It is possible that subtle
changes resulting from these substitutions in hamster ACE2, not
captured in this visualization, could affect the binding interactions
with the B.1.1.7 variant. Interestingly, the substitution to asparagine
at position 82 introduces an N-linked glycosylation sequon (NYS).
This residue is located at the periphery of the interface and makes
minor contributions in the human complex. To evaluate whether
these sequence differences in hamster ACE2 may affect viral entry,
we also directly compared viral entry using a vesicular stomatitis
virus (VSV) pseudotype entry assay. No significant difference in
entry between human and hamster ACE2 with either lineage A or
B.1.1.7 was observed. For both human and hamster ACE2, B.1.1.7
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Fig. 3 | B.1.1.7 infection in Syrian hamsters is comparable to lineage A variant infection. a, Differences between hamster and human ACE2 and between
lineage A and B.1.1.7 SARS-CoV-2 RBD are shown on the structure of the human ACE2-RBD complex (PDB ID: 6M0J°>?). Representation of human ACE2

is coloured black and RBD is coloured grey. Side chains of the differing residues and surrounding residues involved in the interface are shown as sticks.
The boxes show close-up views highlighting residues that differ between the two RBDs and between human and hamster ACE2 within the interface. The
side chains of residues at the N501Y substitution in the B.1.1.7 variant RBD, as well as the hamster ACE2 H34Q and M82N substitutions, are coloured

red and shown superposed to the side chain of the original residue. b, Amino acid sequence alignments of human ACE2 (BAB40370.1), hamster ACE2
(XP_005074266.1) and SARS-CoV-2 RBD from the A lineage strain and B.1.1.7 variant (bottom). Residues involved in the RBD-ACE2 interaction are
coloured orange. Residues that participate in intermolecular hydrogen bonding or salt bridges are shown as black dots. ACE2 residues that differ between
hamster and human within the interface are outlined with a box and highlighted in (a). RBD residue 501 has been highlighted with a red box. ¢, The relative
entry of lineage A and B.1.1.7 variant to no-spike control for human and hamster ACE2 is shown. The truncated violin plots depict the median, quantiles and
individuals, n=14, Mann-Whitney U-test, two-tailed, P=<0.0001 (human ACE2) and P=0.0030 (hamster ACE2). d, Relative weight loss in hamsters
after lineage A or B.1.1.7 variant inoculation. The graph shows the median and 95% CI, n=10. e, Viral load as measured by genomic and subgenomic RNA
in lungs collected at day 5 post-inoculation. The truncated violin plots depict the median, quantiles and individuals, n=5, ordinary two-way ANOVA
followed by Sidak’s multiple comparisons test, P=0.0045 (subgenomic). f, Infectious virus determined by titration in the lungs. The truncated violin plots
depict the median, quantiles and individuals, n=5. g, Binding antibodies against the spike protein of SARS-CoV-2 in serum obtained 14 d post-inoculation.
The truncated violin plots depict the median, quantiles and individuals, n=5, two-tailed Mann-Whitney U-test, P=0.0397. ELISA was performed once.

h, Viral load as measured by subgenomic RNA in oropharyngeal swabs. The truncated violin plots depict the median, quantiles and individuals, n=10.

i, AUC analysis of cumulative respiratory shedding. The truncated violin plots depict the median, quantiles and individuals, n=5, two-tailed
Mann-Whitney U-test, P=0.0079. Blue, lineage A; red, B.1.1.7, n=5. P values are indicated were appropriate.
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demonstrated significantly increased entry compared to the lineage
A varjant (human ACE2 median lineage A B.1.1.7=156.8 out of
256 (relative entry to no-spike), P <0.0001; hamster ACE2 median
lineage A B.1.1.7=144.6 out of 197.5 (relative entry to no-spike),
P=0.003, n=14, Mann-Whitney U-test) (Fig. 3¢).

We next investigated if infection of hamsters with the B.1.1.7
variant translated to differences in viral replication and shedding
dynamics in vivo.

Hamsters (n=10) were inoculated intranasally with 10> TCIDj,
of SARS-CoV-2 lineage A or B.1.1.7. variant. Regardless of vari-
ant, weight loss was observed in all animals with a maximum at
7 d post-inoculation, after which animals began to recover (Fig. 3d,
n=5, median weight loss lineage A/B.1.1.7=7.5/8.2%). Five out
of ten hamsters per group were euthanized at 5d post-inoculation
and lung tissue was collected to assess viral replication in the lower
respiratory tract. The lung tissue of animals inoculated with B.1.1.7
contained higher levels of genomic RNA and significantly higher
levels of subgenomic RNA (Fig. 3e, n=5, two-way analysis of vari-
ance (ANOVA) followed by Sidak’s multiple comparisons test,
median lineage A/B.1.1.7=9.9/10.5 log,, copiesg™' and P=0.0614;
median lineage A/B.1.1.7=9.2/10 log,, copiesg™ and P=0.0045,
respectively). Infectious virus titres in the lungs were not signifi-
cantly different between variants (Fig. 3f, #=5 median lineage
A/B.1.1.7=6.3/6.5 log,, TCID;,g™"). At 14d post-inoculation, all
remaining animals had seroconverted. Anti-spike immunoglobulin
G (IgG) ELISA titres were significantly increased in animals inocu-
lated with B.1.1.7 (Fig. 3g, n=5, Mann-Whitney U-test, median lin-
eage A/B.1.1.7=102,400/204,800 and P=0.0394). Next, we studied
differences in shedding from the upper respiratory tract. Subgenomic
RNA was detected in 2 animals at 12 h post-inoculation with the lin-
eage A variant and in 1 animal inoculated with the B.1.1.7. variant.
Subgenomic RNA was detected at similar levels for both groups at
24h post-inoculation (Fig. 3h). At 3d post-inoculation, a signifi-
cant increase in subgenomic RNA was seen in animals inoculated
with B.1.1.7. In both groups, subgenomic RNA levels from oropha-
ryngeal swabs started to drop at 5d post-inoculation; levels in the
B.1.1.7 animals remained somewhat higher (3d post-inoculation
median lineage A/B.1.1.7=6.9/7.6 and 5d post-inoculation median
lineage A/B.1.1.7=6.0/6.5 copiesml™ (log,,)). This translated to
a significant difference when comparing the cumulative shedding
until 5d post-inoculation (Fig. 3i, area under the curve (AUC),
n=5, Mann-Whitney U-test, median lineage A/B.1.1.7=726/770
cumulative copiesml™ (log,,) and P=0.0079).

Efficient aerosol transmission with B.1.1.7

We repeated the aerosol transmission experiment at 106 and 200 cm
as described above for B.1.1.7. Aerosol transmission of B.1.1.7 was
equally as efficient as for lineage A; all sentinels demonstrated
respiratory shedding and seroconversion (Fig. 4a-f and
Supplementary Table 1).

We next set out to determine the transmission efficiency within a
limited exposure window of either 1 or 4h at 200 cm distance. First,
four donor animals were inoculated intranasally with 8 X 10* TCID;,
SARS-CoV-2 lineage A and four donors with B.1.1.7. Sentinels were
exposed in a 2:2 ratio at 12 h post-inoculation for 4 h. Transmission
via aerosols occurred even when time of exposure was limited for
both variants. Both genomic and subgenomic RNA shedding were
detected 24h after exposure in oropharyngeal swabs of 3 out of 4
sentinel animals exposed to B.1.1.7 and lineage A (Fig. 4g,h). At
3d post-exposure, all sentinels displayed genomic and subgenomic
RNA shedding; infectious virus was detected in all sentinels exposed
to lineage A and 3 out of 4 exposed to B.1.1.7 (Fig. 4i).

Exposure time was limited to 1h. Genomic RNA was detected
24h post-exposure in oropharyngeal swabs of 3 out of 4 sentinels
exposed to B.1.1.7 and 2 out of 4 sentinels exposed to lineage A
(Fig. 4j-1). Subgenomic RNA was detected in the oropharyngeal
swabs of two out of four sentinels exposed to B.1.1.7 and two out
of four sentinels for lineage A. At 3d post-exposure, while all senti-
nels exposed to B.1.1.7 were positive for genomic RNA, subgenomic
RNA and infectious virus, viral RNA was only detected in 2 of 4
sentinels exposed to lineage A. Viral loads in swabs did not differ
significantly between the two variants. To ensure the differences
observed in transmission were not due to increased donor shed-
ding, we compared viral loads in oropharyngeal swabs taken from
donor animals after exposure. B.1.1.7 did not significantly impact
the respiratory shedding of the donors at this time point (Fig. 4m-o,
n=4, two-way ANOVA followed by Sidak’s multiple comparisons
test; 4h: genomic RNA P=0.8737, subgenomic RNA P=0.1049
and infectious virus P=0.3038; l1h: genomic RNA P=0.6853,
subgenomic RNA P=0.2450 and infectious virus P=0.0793). The
same experiment was repeated on day 3 after inoculation of donors.
No transmission occurred at this time point; we did not observe
genomic RNA in oropharyngeal swabs of any sentinel on consecu-
tive days and no subgenomic RNA was detected in any swab taken
during 3d post-exposure (Supplementary Fig. 2). These data sug-
gest that aerosol transmission for B.1.1.7 may be more efficient
compared to lineage A and may be independent of the amount of
virus shed by the donor.

B.1.1.7 variant demonstrates increased airborne
transmission competitiveness

We then employed the 16.5cm cage system to conduct a transmis-
sion chain study. Donor animals (n=8) were inoculated intra-
nasally with 1x10*> TCID,, SARS-CoV-2 (1:1 lineage A:B.1.1.7
mixture). Dual infection presented with comparable weight loss and
shedding profile to inoculation with either variant (Supplementary
Fig. 3a,b). After 12h, donors were cohoused with 8 sentinels (senti-
nels 1) (2:2 ratio) for 24 h (Fig. 5a). Immediately after, the 8 sentinels
were cohoused with 8 new sentinels (sentinels 2) (2:2 ratio) for 24h
and donor animals were relocated to normal caging. This sequence

>

>

Fig. 4 | B.1.1.7 aerosol transmission efficiency is increased. Comparison of the aerosol transmission efficiency of the lineage A and B.1.1.7 SARS-CoV-2
variants in the Syrian hamster. a-c, Exposure at 106 cm distance. Donor Syrian hamsters were inoculated with 8 x 104 TCID, SARS-CoV-2 B.1.1.7

variant. After 12h, donors were introduced to the upstream cage and sentinels (2:2 ratio) into the downstream cage. Exposure was continued for 3d. To
demonstrate transmission, sentinels were monitored for the start and continuation of respiratory shedding. The viral load in the oropharyngeal swabs

of sentinels was measured by genomic RNA (a), subgenomic RNA (b) and infectious virus (€) collected at 12, 24 and 48 h post-exposure to the donors.
d-f, Exposure at 200 cm distance. The viral load in the oropharyngeal swabs of sentinels was measured by genomic RNA (d), subgenomic RNA (e) and
infectious virus (f) collected at 12, 24 and 48 h post-exposure to the donors. g-i, Donor Syrian hamsters were inoculated with 8 x 10* TCID5, SARS-CoV-2
B.1.1.7 variant or lineage A (n=4, respectively). After 12 h, donors were introduced to the upstream cage and sentinels (2:2 ratio) into the downstream
cage. Exposure was limited to 4 h. Genomic RNA (g), subgenomic RNA (h) and infectious virus (i) in oropharyngeal swabs were collected at 24, 48 and
72 h post-exposure to the donors. j-1, Exposure was limited to Th for B.1.1.7 and lineage A (n=4, respectively). Genomic RNA (j), subgenomic RNA (k) and
infectious virus () in the oropharyngeal swabs were collected at 24, 48 and 72 h post-exposure to the donors. m-o, The viral load in the oropharyngeal
swabs of donors was measured by genomic RNA (m), subgenomic RNA (n) and infectious virus (o) collected 24 h post-inoculation. The truncated

violin plots depict the median, quantiles and individuals; blue, lineage A, red, B.1.1.7, n=4 for each variant, two-way ANOVA followed by Sidak's multiple

comparisons test. P values are indicated were appropriate.
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was repeated for sentinels 3. For each round, the previous sentinels  (log,,), median subgenomic RNA=7.0 copiesml™ (log,)) and
were housed in the upstream cage and were the new donors. We  all sentinels 1 (median genomic RNA=7.0 copiesml™ (log,,),
assessed transmission by measuring viral RNA in oropharyngeal —median subgenomic RNA=6.8 copiesml™ (log,,)) demonstrated
swabs taken from all animals at 2d post-infection/post-exposure.  robust shedding, viral RNA could only be detected in 4 out of 8
While all donor animals (median genomic RNA=7.3 copiesml™ sentinels 2 (median genomic RNA =2.5 copiesml™* (log,,), median
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Fig. 5 | B.1.1.7 variant has increased airborne transmission competitiveness. Donor animals (n=_8) were inoculated with both lineage A and B.1.1.7 variant
with 102 TCIDy, via the intranasal route (1:1 ratio) and three groups of sentinels (sentinels 1, 2 and 3) were exposed subsequently at a 16.5cm distance.

a, Schematic visualization of the transmission chain design. Animals were exposed at a 2:2 ratio; exposure occurred on consecutive days and lasted for
24 h for each chain link. b,c, Respiratory shedding measured by viral load in oropharyngeal swabs, measured by genomic (b) and subgenomic RNA (c)

on day 2 post-exposure. The truncated violin plots depict the median, quantiles and individuals, n=8. d, Corresponding infectious virus in oropharyngeal
swabs, measured by titration. The truncated violin plots depict the median, quantiles and individuals, n= 8. e, Corresponding infectious virus in lungs
sampled 5d post-exposure, measured by titration. The truncated violin plots depict the median, quantiles and individuals, n=38. f, Gross pathology of
lungs at day 5 post-exposure. g, Percentage of B.1.1.7 detected in oropharyngeal swabs taken at day 2 post-exposure for each individual donor and sentinel,
determined by deep sequencing. The pie charts depict individual animals. Red, B.1.1.7; blue, lineage A; grey, no viral RNA present in sample; transparent
colour, duplex RT-gPCR confirmed viral RNA presence in the sample but sequencing was unsuccessful due to low RNA quality. h, Percentage of B.1.1.7
detected in lungs taken at day 5 post-exposure for each individual donor and sentinel, determined by deep sequencing. The pie charts depict individual
animals. Red, B.1.1.7; blue, lineage A; grey, no viral RNA present in the sample.
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subgenomic RNA =1.8 copiesml™ (log,,)) and in 1 sentinels 3 ani-
mal (Fig. 5b,c). We compared infectious virus titres in the swabs.
While all donor animals (median=4.25 TCIDj, (log,,)) and all sen-
tinels 1 had high infectious virus titres (median = 4.5 TCID,, (log,,)),
infectious virus could only be detected in 4 sentinels 2 (median=0.9
TCID,, (log,,)) and no sentinels 3 (Fig. 5d). We then compared
the viral loads in the lungs of these animals at 5d post-exposure.
While all donor animals (median subgenomic RNA=10.0 cop-
iesg™ (log,,)) and all sentinels 1 had high subgenomic RNA lev-
els in the lung (median subgenomic RNA=9.7 copiesml™ (log,,)),
viral RNA could be detected in sentinels 2 at a lower level (median
subgenomic RNA=7.1 copiesml™ (log,,)) and no subgenomic
RNA was detected in any sentinels 3 (Fig. 5e). Grossly, lungs from
sentinels 1 demonstrated SARS-CoV-2 infection associated pathol-
ogy as described previously'®. Pathological lesions were only
seen in three sentinels 2 and no sentinels 3 (Fig. 4f, Supplementary
Table 3 and Supplementary Fig. 3c). This suggests that transmis-
sion very early after exposure may be restricted and that not all ani-
mals were able to efficiently transmit the virus to the next round of
naive sentinels.

To determine the competitiveness of the variants, we analysed
the relative composition of the two viruses in the swabs using
next-generation sequencing (NGS) and compared the percentage of
B.1.1.7/lineage A at 2d post-exposure in oral swab samples and at
5d post-exposure in lungs (Fig. 5g,h). We observed 1 donor with
increased amounts of lineage A variant (55%), while in the remain-
ing 7 animals the B.1.1.7 variant was increased (range 54-74%).
After the first airborne transmission sequence, 2 sentinels shed
increased amounts of lineage A variant (55 and 84%), while the
remaining 6 shed more B.1.1.7, five of which shed nearly exclusively
B.1.1.7 (>96%). After the second round of the airborne transmission
sequence, three out of four sentinel animals shed exclusively B.1.1.7
and one animal shed exclusively lineage A. Due to low amounts of
viral RNA, two sentinels in the sentinels 2 and one sentinel in the
sentinels 3 groups could not be successfully sequenced. We analysed
these samples by duplex quantitative PCR with reverse transcription
(RT-qPCR) applying a modified 2~24¢" method (Supplementary
Table 4). One animal in the sentinels 2 group only shed B.1.1.7 (no
lineage A PCR positivity). The other shed nearly exclusively lineage
A (0.0007-fold increase of B.1.1.7), while, interestingly, the trans-
mission event of this animal to the sentinels 3 animal was exclusively
B.1.1.7. We sequenced viral RNA extracted from lung samples col-
lected at 5d post-exposure for all donors, sentinels 1 and sentinels
2. One donor had increased amounts of lineage A variant (82%),
while in the remaining 7 animals the B.1.1.7 variant was increased
in the lungs (range 73-85%). In the sentinels 1 group, increased
amounts of lineage A variant were found in 2 animals (72 and 99%),
while B.1.1.7 was increased in the others (65-100%). In the sentinels
2 group, viral RNA sequences in two animals were 100% lineage
A and in the remaining 4 animals exclusively B.1.1.7 (99-100%).
Taken together, B.1.1.7 demonstrated increased competitiveness.
After 10 out of 13 airborne transmission events, B.1.1.7 outcom-
peted lineage A in the upper respiratory tract (swab samples); only
in 3 events infection with lineage A was established as the dominant
variant. In the lower respiratory tract, B.1.1.7 outcompeted lineage
A'in 10 out of 14 events.

Discussion

Epidemiological studies in humans and experimental studies in fer-
rets strongly suggest that aerosol transmission occurs and plays a
major role in driving the SARS-CoV-2 pandemic*-*. Yet conclusive
experimental proof of aerosol transmission with a particle diameter
<5um” in the absence of other transmission routes has not been
provided?. In this study, we demonstrated efficient transmission of
SARS-CoV-2 between Syrian hamsters via particles <5pm over a
200 cm distance. Additionally, we present qualitative analyses of the
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efficiency of transmission, showing that even within 1h transmis-
sion can occur at a distance of 200 cm between Syrian hamsters.

Whereas several SARS-CoV-2 airborne transmission studies in
hamsters and ferrets have been performed, none of these studies
were able to differentiate between large and small droplet transmis-
sion'®*#*%-%*. Within the currently described transmission caging,
only 2% and 0.5% of particles found in the sentinel side were >5um
at the 106 and 200cm distances, respectively, strongly suggesting
that the transmission observed in these cages occurs by true aero-
sols. This is an important finding since droplets <5 um are expected
to reach the respiratory bronchioles and alveoli. While respirable
aerosol (<2.5um), thoracic aerosol (<10 um) and inhalable aerosol
in general® may be relevant to infection with SARS-CoV-2 (ref. *%),
it has been suggested that direct deposition into the lower respira-
tory tract may decrease the necessary infectious dose in humans®.
Indeed, previously we demonstrated that aerosol inoculation in the
Syrian hamster is highly efficient (25 TCID,, particles <5um®*) and
is linked to increased disease severity due to direct deposition into
the lower respiratory tract'.

Experimentally, animals were exposed to a unidirectional air-
flow at time points chosen for optimal donor shedding, which likely
contributed to the high efficiency of aerosol transmission. However,
this approximates human exposure settings, such as restaurants or
office spaces.

Increased risk of airborne transmission is an important concern
in the context of VOCs. VOC B.1.1.7 has been shown to exhibit
increased transmission with significantly increased reproduction
number and attack rates™*. In addition, B.1.1.7. was detected in
higher concentration in fine aerosols (<5um) but not in coarse
aerosols (>5um) compared to other lineages in human respira-
tory samples”*. Transmission efficiency is a function of donor
shedding, exposure time, sentinel susceptibility and potential
environmental factors effecting stability during transmission. Our
entry data shows increased entry of B.1.1.7 over lineage A ham-
ster ACE2. Our data suggest that the increased transmission effi-
ciency of B.1.1.7 may not be a direct result of shedding magnitude
but that a lower dose of B.1.1.7 may be sufficient for transmission.
Under the applied experimental restrictions (200cm, 1h) both
lineage A and B.1.1.7 transmitted equally as efficiently. However,
B.1.1.7 displayed an increased airborne transmission competitive-
ness in a dual infection experiment both in the lower and upper
respiratory tract. In three transmission events, we could not con-
firm full viral sequences in oral swab samples. However, given all
other events for which complete sequencing was done, it is very
likely that the variant, and not a recombinant, was selected. This
has also previously been shown for D614G over the lineage A vari-
ant* and for B.1.1.7 over D614G**"**; however, these studies did
not look at airborne transmission. The additional N501Y muta-
tion is specifically predicted to increase affinity for human ACE2,
partially explaining the dominance of B.1.1.7 and other new vari-
ants containing both mutations’*'. We observed that the variant
profiles in the upper and lower respiratory tract were not always
similar. Additional studies are needed to understand the differ-
ential tropism and determine the location of virus in the respira-
tory tract involved in transmission. Additional work is required to
demonstrate conclusively if the increased airborne competitiveness
of B.1.1.7 in the hamster model is truly a result of increased sus-
ceptibility. The increase in aerosol transmission potential of B.1.1.7
underscores the continuous need for development and implementa-
tion of non-pharmaceutical pre-emptive interventions. This is fur-
ther supported by an analogous result obtained with influenza A
virus, which showed than the pandemic strain of A (subtype HIN1)
was much more efficient at aerosol transmission than the seasonal
A (subtype HIN1) it replaced®. In the light of limited global vaccine
coverage and the potential emergence of escape mutants, ventila-
tion, air disinfection**", face masks and social distancing'*** should
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still be considered essential tools in preventing COVID-19 exposure
and mitigating transmission risk.

Methods

Ethics. All animal experiments were conducted in an American Association for
Accreditation of Laboratory Animal Care internationally accredited facility and
were approved by the Rocky Mountain Laboratories Institutional Care and Use
Committee according to the guidelines put forth in the Guide for the Care and Use
of Laboratory Animals, 8th edition, the Animal Welfare Act, U. S. Department of
Agriculture and the U. S. Public Health Service Policy on the Humane Care and
Use of Laboratory Animals. Work with infectious SARS-CoV-2 virus strains under
biosafety level 3 conditions was approved by the Institutional Biosafety Committee
(IBC). For removal of specimens from high containment areas, virus inactivation
of all samples was performed according to IBC-approved standard operating
procedures.

Cells and virus. SARS-CoV-2 variant B.1.1.7 (hCoV320 19/
England/204820464/2020, EPI_ISL_683466) was obtained from Public Health
England via BEL. SARS-CoV-2 strain nCoV-WA1-2020 (lineage A, MN985325.1)
was provided by the Centers for Disease Control and Prevention. Virus
propagation was performed in VeroE6 cells (University of North Carolina;
provided by R. Baric) in DMEM supplemented with 2% foetal bovine serum (FBS),
1 mM L-glutamine, 50 Uml " penicillin and 50 pgml~' streptomycin (DMEM2).
VeroE6 cells were maintained in DMEM supplemented with 10% FBS, 1 mM
L-glutamine, 50 Uml~! penicillin and 50 pg ml~ streptomycin. Mycoplasma

testing was performed at regular intervals. No Mycoplasma and no contaminants
were detected. For sequencing from viral stocks, sequencing libraries were
prepared using the Stranded Total RNA Prep Ligation with Ribo-Zero Plus Kit
according to the manufacturer’s protocol (Illumina) and sequenced on an Illumina
MiSeq at 2 X 150 base pair (bp) reads. No nucleotide change was found >5% for
nCoV-WA1-2020. For VOC B.1.1.7, Supplementary Table 6 summarizes the
mutations obtained.

Plasmids. The spike coding sequences for SARS-CoV-2 lineage A
(nCoV-WA1-2020) and variant B.1.1.7 (hCoV320 19/England/204820464/2020,
EPI_ISL_683466) were truncated by deleting 19 amino acids at the C terminus.
The S proteins with the 19 amino acid deletion of coronaviruses were previously
reported to show increased efficiency regarding incorporation into virions of
VSV** These sequences were codon-optimized for human cells, then appended
with a 5" kozak expression sequence (GCCACC) and 3’ tetra-glycine linker
followed by nucleotides encoding a FLAG-tag sequence (DYKDDDDK). These
spike sequences were synthesized and cloned into pcDNA3.1* (GenScript). Human
and hamster ACE2 (Q9BYF1.2 and GQ262794.1) were synthesized and cloned into
pcDNA3.1* (GenScript). All DNA constructs were verified by Sanger sequencing
(ACGT).

Receptor transfection. BHK cells (provided by M. Bloom) were seeded in black
96-well plates and transfected the next day with 100 ng of plasmid DNA encoding
human or hamster ACE2, using polyethylenimine (Polysciences). All downstream
experiments were performed 24 h post-transfection.

Pseudotype production and luciferase-based cell entry assay. Pseudotype
production was carried as described previously®. Briefly, plates precoated with
poly-L-lysine (Sigma-Aldrich) were seeded with 293T cells (provided by S. Best)
and transfected the following day with 1,200 ng of empty plasmid and 400 ng

of plasmid encoding coronavirus spike or no-spike plasmid control (green
fluorescent protein (GFP)). After 24 h, transfected cells were infected with VSVAG
seed particles pseudotyped with VSV-G, as described previously’"*. After 1h

of incubation with intermittent shaking at 37 °C, cells were washed 4 times and
incubated in 2ml DMEM supplemented with 2% FBS, penicillin-streptomycin
and L-glutamine for 48 h. Supernatants were collected, centrifuged at 500g for
5min, aliquoted and stored at —80 °C. BHK cells previously transfected with ACE2
plasmid of interest were inoculated with equivalent volumes of pseudotype stocks.
Plates were then centrifuged at 1,200g at 4°C for 1h and incubated overnight

at 37°C. Approximately 18-20h post-infection, Bright-Glo luciferase reagent
(Promega Corporation) was added to each well, 1:1, and luciferase was measured.
Relative entry was calculated normalizing the relative light unit (RLU) for spike
pseudotypes to the plate RLU average for the no-spike control. Each figure shows
the data for two technical replicates.

Structural interaction analysis. Structure modelling was performed using

the human ACE2 and SARS-CoV-2 RBD crystal structure (PDB ID 6MO0J)**.
Mutagenesis to model the residues that differed in the B.1.1.7 RBD and hamster
ACE2 was performed in COOT v.0.9.4.1**. The structure figure was generated
using the PyMOL Molecular Graphics System (https://www.schrodinger.com/
pymol). Amino acid sequence alignments of human (BAB40370.1) and hamster
ACE2 (XP_005074266.1) and of SARS-CoV-2 RBD from the linage A strain and
B.1.1.7 variant were generated using Clustal Omega v.1.2.4 (http://europepmc.org/

article/MED/). Residues participating in the SARS-CoV-2-ACE2 interface were
noted as described by Lan et al..

Duplex RT-qPCR variant detection. The duplex RT-qPCR primers and probe
were designed to distinguish between lineage A SARS-CoV-2 and the B.1.1.7
variant (Supplemental Table 5) in a duplex assay. The forward and reverse primers
were designed to detect both variants while two probes were designed to detect
either variant. Five microlitres of RNA were tested with the TagMan Fast Virus
One-Step Master Mix (Applied Biosystems) using the QuantStudio 3 Real-Time
PCR System (Applied Biosystems) according to the manufacturer’s instructions.
The relative fold change difference between both variants was calculated by
applying the 2~44¢ method with modifications.

Inoculation experiments. Four-to-six-week-old female and male Syrian
hamsters (ENVIGO) were inoculated (10 animals per virus) intranasally with
either the SARS-CoV-2 strain nCoV-WA1-2020 (lineage A) or hCoV320 19/
England/204820464/2020 (B.1.1.7) or a 1:1 mixture of both viruses. Intranasal
inoculation was performed with 40 ul of sterile DMEM containing 1x 10> TCID,,
SARS-CoV-2. At 5d post-inoculation, 5 hamsters from each route were euthanized
and tissues were collected. The remaining 5 animals from each route were
euthanized at 14 d post-inoculation for disease course assessment and shedding
analysis. Hamsters were weighed daily and oropharyngeal swabs were taken on
days 1, 2, 3 and 5. Swabs were collected in 1 ml DMEM with 200 U ml™" penicillin
and 200 ug ml~! streptomycin. Hamsters were observed daily for clinical signs

of disease. Necropsy and tissue sampling were performed according to
IBC-approved protocols.

Aerosol cages. The aerosol transmission system consisted of two 17.78 x 27.04
x22.86 cm (7'x 11'x 9') plastic hamster boxes (Lab Products) connected with a
7.62 cm (3') diameter tube (Supplementary Fig. 1). The boxes were modified to
accept a 7.62 cm (3') plastic sanitary fitting (McMaster-Carr), which enabled the
length between the boxes to be changed. The nominal tube lengths were 16.5, 106
and 200 cm. Airflow was generated with a vacuum pump (Vacuubrand) attached

to the box housing the naive animals and was controlled with a float-type metre/
valve (McMaster-Carr). The airflow was adjusted for each tube length to be 30 cage
changes per hour and the flow was validated before starting the experiments by
timing a smoke plume through the tubes. The airflow of the original boxes was in
through a filtered top and out through an exhaust port in the side of the box. To
ensure proper airflow from the donor box to the naive box, the top of the naive box
was sealed while the filter top of the donor box remained open.

To ensure the system contained aerosols, the airtightness of the system was
validated with a negative pressure smoke test and a positive pressure leak test
before moving into a containment laboratory. To perform the negative pressure
test, the airflow was adjusted to exhaust the system at 30 cage changes per hour;
smoke was generated in the donor cage with a WizardStick and escaped particulate
was measured with a DustTrak DRX (TSI). To test the system under pressure, the
air flow was reversed and the joints were tested using a gas leak detector.

Particle sizing. Transmission cages were modified by introducing an inlet on

the side wall of the infected hamster side and sample ports on each end of the
connection tube to measure particles in the air under constant airflow conditions.
Particles were generated by spraying a 20% (v/v) glycerol solution with a standard
spray bottle through the donor cage inlet. Particle size was measured using a Model
3321 aerodynamic particle sizer spectrometer (TSI). First, the donor cage was
coated with three sprays at an interval of 30s. The sample port was opened and a
sample was analysed. Every 30s a new spray followed and 5 samples were analysed
(5 runs, each 60s) for both donor side (primary infected side) and sentinel side.
Data were collected using Aerosol Instrument Manager v.10.3 (TSI).

Aerosol transmission experiments. Transmission studies were conducted at

a 2:2 ratio between donor and sentinels for each transmission scenario and
virus variant with 2 separate transmission cages (1 =4 donors or 4 sentinels).
Four-to-six-week-old female and male Syrian hamsters were used. To prevent
cross-contamination, donor and the sentinel cages were never opened at the
same time, sentinel hamsters were not exposed to the same handling equipment
as donors and after each sentinel the equipment was disinfected with either 70%
ethanol or 5% Microchem.

Initially, transmission was studied assessing distance. Donor hamsters were
infected intranasally as described above with 8 x 10* TCID;, SARS-CoV-2 (lineage
A or B.1.1.7 variants). After 12h, donor animals were placed into the donor cage
and sentinels were placed into the sentinel cage (2:2). Airflow was generated
between the cages from the donor to the sentinel cage at 30 changesh™'. Hamsters
were cohoused at a 16.5, 106 or 200 cm distance. ALPH-dri bedding was used to
avoid generation of dust particles. Oropharyngeal swabs were taken for donors
at 1d post-inoculation and for sentinels daily after exposure began. Swabs were
collected in 1 ml DMEM with 200 Uml™" penicillin and 200 ug ml™" streptomycin.
Exposure continued until respiratory shedding was confirmed in sentinels on three
consecutive days. Then, donors were euthanized and sentinels were monitored
until 14 d post-exposure for seroconversion.
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Second, transmission was studied by assessing the duration of exposure.
Donor hamsters were infected intranasally as described above with 8 x 10* TCID;,
SARS-CoV-2. After 24 (1d post-inoculation) or 72h (3d post-inoculation), donor
animals were placed into the donor cage and sentinels were placed into the sentinel
cage (2:2). Hamsters were cohoused at a 200 cm distance for 1 or 4h at an airflow
rate of 30 changesh~'. Oropharyngeal swabs were taken for donors on the day of
exposure and for sentinels 3 d after exposure.

Variant competitiveness transmission chain. Four-to-six-week-old female and
male Syrian hamsters were used. Donor hamsters (1 =8) were infected intranasally
as described above with 1x 10? TCID,, SARS-CoV-2 (as confirmed by back
titration of the inoculum) at a 1:1 ratio of lineage A and B.1.1.7 mixture (54.7%
B.1.1.7 as confirmed by full genome sequencing of the inoculum). After 12h,
donor animals were placed into the donor cage and sentinels (sentinels 1, n=28)
were placed into the sentinel cage (2:2) at a 16.5cm distance at an airflow of 30
changesh™!. Hamsters were cohoused for 24 h. The following day, donor animals
were rehoused into regular rodent caging and sentinels 1 were placed into

the donor cage of new transmission set-ups. New sentinels (sentinels 2,

n=8) were placed into the sentinel cage (2:2) at a 16.5cm distance at an

airflow of 30 changesh™'. Hamsters were cohoused for 24 h. Then, sentinels 1 were
rehoused into regular rodent caging and sentinels 2 were placed into the donor
cage of new transmission set-ups. New sentinels (sentinels 3, n=8) were placed
into the sentinel cage (2:2) at a 16.5cm distance at an airflow of 30 changesh™".
Hamsters were cohoused for 24 h. Then, both sentinels 2 and 3 were rehoused

to regular rodent caging and monitored until 5d post-exposure. Oropharyngeal
swabs were taken for all animals at 2 d post-inoculation/post-exposure.

All animals were euthanized at 5d post-inoculation/post-exposure for collection
of lung tissue.

Viral RNA detection. A total of 140 ul of swab sample was utilized for RNA
extraction using the QIAamp Viral RNA Kit (QIAGEN) using the QIAcube HT
automated system (QIAGEN) according to the manufacturer’s instructions with
an elution volume of 150 pl. For tissues, RNA was isolated using the RNeasy Mini
Kit (QIAGEN) according to the manufacturer’s instructions and eluted in 60 pl.
Subgenomic viral RNA and genomic RNA was detected by RT-qPCR™. RNA was
tested with TagMan Fast Virus One-Step Master Mix using the QuantStudio 6

or 3 Flex Real-Time PCR System (Applied Biosystems). SARS-CoV-2 standards
with known copy numbers were used to construct a standard curve and calculate
copy numbers ml~! or copy numbers g~'. Data were analysed using QuantStudio
Software v.2.3.

Viral titration. Infectious virus in tissue and swab samples was determined

as described previously™. Briefly, lung tissue samples were weighed then
homogenized in 1 ml DMEM (2% FBS). VeroES6 cells were inoculated with tenfold
serial dilutions of homogenate or swab media, incubated for 1 h at 37°C and the
first 2 dilutions washed twice with 2% DMEM. After 6 d, cells were scored for
cytopathic effect. TCID,, ml™" was calculated using the Spearman-Karber method.

Serology. Serum samples were analysed as described previously”. Briefly, Nunc
MaxiSorp plates were coated with 50 ng spike protein (generated in house) per
well. Plates were incubated overnight at 4°C. Plates were blocked with casein

in PBS (Thermo Fisher Scientific) for 1 h at room temperature. Serum was
diluted twofold in blocking buffer and samples (duplicate) were incubated for
1h at room temperature. Secondary goat anti-hamster IgG Fc (horseradish
peroxidase-conjugated, 1:2,500 dilution) spike-specific antibodies were used for
detection and visualized with the KPL TMB 2-Component Microwell Peroxidase
Substrate Kit (catalogue no. 5120-0047; SeraCare). The reaction was stopped with
KPL stop solution (SeraCare) and plates were read at 450 nm. The threshold for
positivity was calculated as the average plus 3X the s.d. of negative control
hamster sera.

NGS of virus. For sequencing from swabs and lungs, total RNA was depleted

of ribosomal RNA using the Ribo-Zero Gold rRNA Removal Kit (Illumina).
Sequencing libraries were constructed using the KAPA RNA HyperPrep Kit
according to the manufacturer’s protocol (Roche). To enrich for the SARS-CoV-2
sequence, libraries were hybridized to myBaits Expert Virus biotinylated
oligonucleotide baits according to the manufacturer’s manual v.4.01 (Arbor
Biosciences). Enriched libraries were sequenced on the Illumina MiSeq
instrument as paired-end 2 X 150 bp reads. Raw FASTQ reads were trimmed

of Illumina adaptor sequences using cutadapt v.1.1227 and then trimmed and
filtered for quality using the FASTX-Toolkit v.0.0.14 (Hannon Lab, Cold Spring
Harbor Laboratory). The remaining reads were mapped to the SARS-CoV-2
2019-nCoV/USA-WA1/2020 (MN985325.1) using Bowtie2 v.2.2.928 with the
parameters --local--no-mixed -X 1500. PCR duplicates were removed using Picard
MarkDuplicates v.2.26.9 (Broad Institute) and variants were called using GATK
HaplotypeCaller v.4.1.2.029 with the parameter -ploidy 2. Variants were filtered for
quality > 500 and depth > 20 using bcftools v.1.13-25-g41093eb+. We assessed the
presence of N501Y, D614G and P681H and calculated the average to inform on the
frequency of B.1.1.7 sequences in the sample.

Statistics and reproducibility. Power analysis was used to predetermine animal
group size to allow statistical significance with 99% confidence intervals for
assuming a fivefold difference in virus replication. Animals were randomly
assigned to the experimental groups; investigators were not blinded to allocation
during the experiments but were blinded during outcome assessment. Data
distribution was assumed to be non-normal and non-parametric test were

applied where appropriate. No data or animals were excluded from the analysis.
Significance tests were performed as indicated where appropriate using Prism 8
(GraphPad Software). Statistical significance levels were determined as follows: NS,
P>0.05;*P<0.05; **P<0.01; **P<0.001; ***P<0.0001.

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

Data availability

All data are available on request from the corresponding authors. All material
requests should be sent to V.J.M., vincent.munster@nih.gov. Source data are
provided with this paper.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Power-analysis, animal group size determined to allow statistical significance with 99% CI for assuming 5-fold difference in virus replication
Data exclusions  No data was excluded

Replication Animal study was done n=4 per group, representing biological replicates. For the in vitro assays n = 7, repeated twice. All replications were
successful.

Randomization  Animals were randomly assigned to groups. Analysis were performed on data collected from these animals. For experiments other than those
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[X] Animals and other organisms
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D Clinical data
Antibodies
Antibodies used KPL Affinity-purified antibody peroxidase-labeled goat-anti-hamster IgG Cat.No. 5220-0371 Lot. 10492253 seracare
Validation Each lot is tested to assure specificity and lot-to-lot consistency using an in-house ELISA assay. Reference number: 14-22-06

(https://
www.seracare.com/AntiHamster-1gG-HL-Antibody-PeroxidaselLabeled-5220-0371/)

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) VeroE6 UNC, Ralph Baric provided. Also available as VERO C1008 from ATCC (CRL-1586, https://www.atcc.org/products/all/
crl-1586.aspx).

BHK, Marshal Bloom provided. Also available from ATCC (CCL-10, https://www.atcc.org/products/ccl-10).
293T, provided by Sonja Best. Also available from ATCC (CRL-3216 https://www.atcc.org/products/crl-3216),
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Commonly misidentified lines  no commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Syrian Golden hamster, female and male, 4-6 weeks old, Hsd Han AURA

Wild animals No wild animals were used in study.

Field-collected samples No field collected samples were used in the study.

Ethics oversight All animal experiments were conducted in an AAALAC International-accredited facility and were approved by the Rocky

Mountain Laboratories Institutional Care and Use Committee following the guidelines put forth in the Guide for the Care and Use
of Laboratory Animals 8th edition, the Animal Welfare Act, United States Department of Agriculture and the United States Public
Health Service Policy on the Humane Care and Use of Laboratory Animals. Work with infectious SARS-CoV-2 virus strains under
BSL3 conditions was approved by the Institutional Biosafety Committee (IBC). For the removal of specimens from high
containment areas virus inactivation of all samples was performed according to IBC-approved standard operating procedures.

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