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Rapidly emerging SARS-CoV-2 variants jeopardize antibody-based countermeasures.
Although cell culture experiments have demonstrated a loss of potency of several
anti-spike neutralizing antibodies against variant strains of SARS-CoV-2', the in vivo
importance of these results remains uncertain. Here we report the in vitro and in vivo
activity of a panel of monoclonal antibodies (mAbs), which correspond to many in
advanced clinical development by Vir Biotechnology, AbbVie, AstraZeneca,
Regeneron and Lilly, against SARS-CoV-2 variant viruses. Although some individual
mAbs showed reduced or abrogated neutralizing activity in cell culture against
B.1.351,B.1.1.28, B.1.617.1 and B.1.526 viruses with mutations at residue E484 of the
spike protein, low prophylactic doses of mAb combinations protected against
infection by many variants in K18-hACE2 transgenic mice, 129S2 immunocompetent
mice and hamsters, without the emergence of resistance. Exceptions were LY-CoV555
monotherapy and LY-CoV555 and LY-CoV016 combination therapy, both of which lost
all protective activity, and the combination of AbbVie 2B04 and 47D11, which showed
apartial loss of activity. When administered after infection, higher doses of several
mAb cocktails protected in vivo against viruses with a B.1.351 spike gene. Therefore,
many—but not all-of the antibody products with Emergency Use Authorization
should retain substantial efficacy against the prevailing variant strains of SARS-CoV-2.

Variant strains of SARS-CoV-2 have been detected in the UK (B.1.1.7,
also known as Alpha), South Africa (B.1.351, also known as Beta),
Brazil (B.1.1.28 (also known as P.1, also known as Gamma)) and else-
where that contain substitutions in the N-terminal domain and the
receptor-binding motif of the receptor-binding domain (RBD).
Cell-based assays suggest that neutralization by many antibodies may
be diminished against variants that express spike mutations, especially
at position E484'°. However, the in vivoimplications of this loss of mAb
neutralizing activity remains uncertain, particularly forcombination
mADb therapies.

To evaluate the effects of SARS-CoV-2 strain variation on mAb pro-
tection, we assembled a panel of infectious SARS-CoV-2 strains with

sequence substitutionsin the spike gene (Fig.1a,b) including aB.1.1.7
isolate from the UK, a B.1.429 isolate from California (USA), aB.1.617.1
isolate (of aclade identified inIndia) and two B.1.526 isolates from New
York (USA). We also used SARS-CoV-2 strains from Washington (USA)
with aD614G substitution (WA1/2020 D614G) or with both N501Y and
D614G substitutions (WA1/2020 N501Y/D614G) as well as chimeric
SARS-CoV-2 strains with B.1.351 or B.1.1.28 spike genes in the Wash-
ington strain background (denoted Wash-B.1.351 and Wash-B.1.1.28,
respectively)'®. All viruses were propagated in Vero cells expressing
transmembrane protease serine 2 (Vero-TMPRSS2 cells) to prevent
the emergence of mutations at or near the furin cleavage site in the
spike protein that affect virulence’. All viruses were deep-sequenced
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Fig.1|Neutralization of SARS-CoV-2 variant strains by clinically relevant
mAbs. a,b, Amino acid substitutionsin SARS-CoV-2 variants mapped onto the
structure of the spike protein. Schematic layout of the spike protein monomer
isdepicted at the top. Structure of spike monomer (Protein Data Bank code
(PDB) 7C2L, with RBD from PDB 6W41) is depicted as acartoon, with the
N-terminaldomain (NTD), RBD, receptor-binding motif (RBM) and S2 coloured
inorange, green, magentaand light blue, respectively. Substitutions for each
variant are shown as spheres and coloured according to the legend.
Substitutions showninblack are shared between several variants. The purple
triangle, pink square, purple hexagon and black pentagon represent
approximate locations of L5, S13, D253 and P681, respectively, which were not

to confirm the presence of expected mutations before use (Supple-
mentary Table1).

We first assessed the effect of SARS-CoV-2 spike variation on antibody
neutralization (Fig. 1c, d). We tested individual mAbs and cocktails
of mAbs in clinical development that target the RBD, including 2B04
and 47D11 (AbbVie), S309 and S2E12 (Vir Biotechnology), COV2-2130
and COV2-2196 (Vanderbilt University Medical Center, with deriva-
tives being evaluated by AstraZeneca), REGN10933 and REGN10987
(synthesized on the basis of casirivimab and imdevimab sequences
from Regeneron), and LY-CoV555 (synthesized on the basis of bam-
lanivimab sequences from Lilly). Allindividual mAbs tested efficiently
neutralized the WA1/2020 D614G, WA1/2020 N501Y/D614G and B.1.1.7
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modelledintheoriginal structures. CH, central helix; FP, fusion peptide; HR,
heptadrepeat; TM, transmembrane domain. The structural figure in awas
generated using UCSF ChimeraX™®. b, Viruses used with indicated coloured
mutations in the spike protein. ¢, Summary of ECs, values (ng ml™) of
neutralization of SARS-CoV-2 viruses performed in Vero-TMPRSS2 cells. Blue
shading of cellsindicates a partial (ECs,>1,000 ngml™) or complete
(EC5,>10,000 ng ml™) loss of neutralizing activity. d, Neutralization curves
comparingthe sensitivity of SARS-CoV-2 strains to the indicated individual or
combinations of mAbs. Dataare representative of two to five experiments,
each performedintechnical duplicate.

strains, and several mAbs (COV2-2130, COV2-2196, S309, S2E12 and
47D11) showed little change in potency against the Wash-B.1.351,
Wash-B.1.1.28, B.1.429 and B.1.526 strains (Fig. 1c, d). By comparison,
REGN10987 and LY-CoV555 showed an approximately 10-fold and com-
pleteloss, respectively, in inhibitory activity against the B.1.429 and
B.1.617.1 strains, which is consistent with previous studies that have
identified L452 and adjacent residues as interaction sites for these
mAbs® (Supplementary Table 2). Moreover, REGN10933, LY-CoV555
and 2B04 exhibited a substantial or complete loss of neutralizing activ-
ity against Wash-B.1.351, Wash-B.1.1.28, B.1.617.1 and B.1.526 (E484K)
viruses that contain mutations at residue E484 (Fig. 1c, d, Extended
Data Fig. 1), which corresponds with structural and mapping studies



(Supplementary Table 2). Analysis of mAb cocktails showed that COV2-
2130 in combination with COV2-2196 (COV2-2130/C0OV2-2196), S309/
S2E12 and REGN10933/REGN10987 neutralized all of the virus strains we
tested; thelast of these combinations retained potency corresponding
tothe mAbwithinhibitory activity in the cocktail foragivenvirus. The
2B04/47D11 mAb combination efficiently neutralized WA1/2020 D614G,
WA1/2020 N501Y/D614G, B.1.1.7 and B.1.429 strains, whereas the activ-
ity of this combination against Wash-B.1.351, Wash-B.1.1.28, B.1.617.1
and B.1.526 (E484K) reflected the less-potent 47D11 mAb component
(half-maximal effective concentration (ECs,) of 384-2,187 ng ml™)
(Fig. 1c, d). Additional mutations in B.1.617.1 decreased the potency
of the 2B04/47D11 combination further. By contrast, almost all of the
mADbs retained neutralizing potency against B.1.526 (S477N).

Prophylactic efficacy against variants

To evaluate the efficacy of the mAb combinations in vivo, we initially
used K18-hACE2 mice in which human ACE2 expression is driven by
the cytokeratin 18 gene promoter®™°. In previous studies it was estab-
lished that low (2 mg per kg body weight (mg kg™)) doses of several
anti-RBD neutralizing human mAbs provide a threshold of protection
when administered as prophylaxis™. Accordingly, we gave K18-hACE2
mice a single 40-pg (about 2 mg kg™ total) dose of the mAb combina-
tions (2B04/47D11,S309/S2E12, COV2-2130/COV2-2196 or REGN10933/
REGN10987) or LY-CoV555 as monotherapy by intraperitoneal injection
one day before intranasal inoculation with SARS-CoV-2 (WA1/2020
N501Y/D614G, B.1.1.7, Wash-B.1.351 or Wash-B.1.1.28). For these in vivo
studies, we used a recombinant version of WA1/2020 that encodes
N501Y for direct comparison to B.1.1.7, Wash-B.1.351 or Wash-B.1.1.28
(allof which contain this residue). This substitutionincreases infection
in mice'*, but did not substantively affect neutralization of the mAbs
we tested (Fig. 1c).

Compared to a control human mAb, a single 40-pg prophylaxis
dose of the anti-SARS-CoV-2 mAbs conferred substantial protec-
tion against WA1/2020-N501Y/D614G-induced weight loss and viral
burden in the lungs, nasal washes, brain, spleen and heart in the
K18-hACE2 mice at 6 days after infection (Fig. 2a-c, Extended Data
Figs. 2, 3a). Although all of the anti-SARS-CoV-2 mAb cocktails pro-
tected against weight loss caused by B.1.1.7 (Fig. 2d), Wash-B.1.351
(Fig. 2g) or Wash-B.1.1.28 (Fig. 2j), LY-CoV555 monotherapy protected
onlyagainsttheB.1.1.7strain(Fig.2d,g,j). Someoftheantibodiesprovided
less virological protection against the B.1.1.7 (Fig. 2e, f), Wash-B.1.351
(Fig. 2h, i) or Wash-B.1.1.28 (Fig. 2k, 1) strains in specific tissues.
Whereas allmAb groups protected against B.1.1.7 infectionin the lung
(Fig.2e),2B04/47D110orLY-CoV555did not performaswellinnasal washes
(Fig. 2f), and LY-CoV555 showed reduced protection in the brain
(Extended Data Fig. 2). Sanger sequencing analysis of the RBD region
of viral RNA of brain, nasal wash and lung samples from mice treated
with these mAbs did not show evidence of neutralization escape (Sup-
plementary Table 3). Mice treated with 2B04/47D11 or LY-CoV555 also
showed greater virus breakthrough than those treated with the other
tested antibodies when challenged with Wash-B.1.351 (Fig. 2h, i) or
Wash-B.1.1.28 (Fig. 2k, 1) viruses: 2B04/47D11 reduced viral burden in
the lungs, nasal washes and brain much less efficiently than the other
mAb cocktails, and LY-CoV555 mAb treatment conferred virtually no
protectioninany tissue analysed (Fig. 2h, i, k, |, Extended Data Figs. 2,
3b). Compared to COV2-2130/COV2-2196 and S309/S2E12, REGN10933/
REGN10987 also showed less ability to reduce viral RNA levels in nasal
washes of mice infected with Wash-B.1.351 (Fig. 2i) or Wash-B.1.1.28
(Fig. 21) viruses. To confirm that our findings with Wash-B.1.351 are
similar toabonafide B.1.351strain, we tested mAbs from each cocktail
forneutralizationand the COV2-2130/COV2-2196 cocktail for protection
in K18-hACE2 mice. Equivalent levels of neutralization and viral burden
reduction were seen with B.1.351 and Wash-B.1.351 viruses (Extended
DataFig. 4).

Toevaluate further the extent of protection conferred by the differ-
entmAb groups against the SARS-CoV-2 variant viruses, we measured
pro-inflammatory cytokine and chemokines in lunghomogenates col-
lected at six days after infection (Extended DataFigs. 5, 6). This analysis
showed a strong correspondence with viral RNA levels in the lung: (1)
compared to the control mAb, S309/S2E12, COV2-2130/COV2-2196
and REGN10933/REGN10987 combinations showed markedly reduced
levels of pro-inflammatory cytokines and chemokines (G-CSF, IFNy,
IL-6, CXCL10, LIF, CCL2, CXCL9, CCL3 and CCL4) after infection with
WA1/2020 N501Y/D614G, B.1.1.7, Wash-B.1.351 or Wash-B.1.1.28; and
(2) prophylaxis with 2B04/47D11 or LY-CoV555 resulted in reduced
inflammatory cytokine and chemokine levels in mice infected with
WA1/2020 N501Y/D614G and B.1.1.7, with less improvement in mice
infected with Wash-B.1.351 or Wash-B.1.1.28.

Given that a 40-pg dose of the S309/S2E12, COV2-2130/COV2-2196
and REGN10933/REGN10987 combinations prevented infection and
inflammation caused by the different SARS-CoV-2 strains, we tested a
tenfold-lower (4 pg) dose (about 0.2 mg kg™) to assess for possible dif-
ferencesin protection. Prophylaxis with COV2-2130/COV2-2196,S309/
S2E12, REGN10933/REGN10987 or 2B04/47D11 protected K18-hACE2
mice against weight loss caused by all four viruses (Extended Data
Fig. 7a-d). Whereas the COV2-2130/COV2-2196, S309/S2E12 and
REGN10933/REGN10987 mAb combinations reduced viral RNA lev-
elsinthelung at six days after infection in K18-hACE2 mice infected
with WA1/2020 N501Y/D614G, B.1.1.7, Wash-B.1.351 or Wash-B.1.1.28,
the 2B04/47D11 treatment conferred protection against B.1.1.7 and
WA1/2020 N501Y/D614G but not against Wash-B.1.351 or Wash-B.1.1.28
viruses at this lower dose (Extended Data Fig. 7e-h). By comparison,
in nasal washes, all four mAb cocktails resulted in relatively simi-
lar reductions in viral RNA levels at six days after infection of mice
inoculated with WA1/2020 N501Y/D614G, B.1.1.7, Wash-B.1.351 or
Wash-B.1.1.28 (Extended Data Fig. 7i-I). Even at this low treatment
dose, withthe exception of some breakthrough events (>6 log,,(copies
of N per mg): COV2-2130/COV2-2196 (2 of 24 mice); S309/S2E12 (6 of
24 mice); REGN10933/REGN10987 (10f 24 mice); and 2B04/47D11 (6 of
24 mice)), the mAb combinations generally prevented infection of the
brain (Extended DataFig. 7m-p, Supplementary Table 3). Overall, the
neutralization activity of mAbs in vitro against SARS-CoV-2 variants
correlated with lung viral burden after prophylactic administration
(Extended Data Fig. 8).

Asanalternative model for evaluating mAb efficacy, we tested immu-
nocompetent, inbred 129S2 mice, which are permissive to infection
by SARS-CoV-2 strains that encode an N501Y substitution without
human ACE2 expression'**; presumably, the N501Y adaptive muta-
tion enables engagement of mouse ACE2. We administered a single
40-pg (about 2mg kg™) dose of mAb cocktails (COV2-2130/COV2-2196,
S309/S2E12 or REGN10933/REGN10987) or a control mAb via intra-
peritoneal injection one day before intranasal inoculation with 10*
focus-forming units (FFU) of WA1/2020 N501Y/D614G, Wash-B.1.351
or Wash-B.1.1.28,and 10°FFU of B.1.1.7 (Extended Data Fig. 9). A higher
inoculating dose of B.1.1.7 was required to obtain equivalent levels of
viralRNAinthe lung compared to the other three viruses. At three days
after infection, we collected tissues for viral burden analyses; at this
time point, reproducible weight loss was not observed. All three mAb
cocktails tested (COV2-2130/COV2-2196,S309/S2E12 and REGN10933/
REGN10987) protected 129S2 mice against infection in the lung by all
of the SARS-CoV-2 strains (Extended Data Fig. 9a-d); despite some
variability, we observed a trend towards less complete protectionin
mice infected with Wash-B.1.351 and Wash-B.1.1.28 strains (Extended
DataFig.3c-f). Whenwe evaluated the nasal washes, reductionsin viral
RNA levels were diminished with the Wash-B.1.351 virus, especially for
the COV2-2130/C0OV2-2196 and REGN10933/REGN10987 combinations
(Extended DataFig. 9e-h). Sequencing analysis of lung samples from
the infected 12952 mice also did not reveal evidence of acquisition of
mutations in the RBD (Supplementary Table 3).
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Fig.2|Antibody prophylaxis against SARS-CoV-2 variantsin K18-hACE2
mice. a-1, Eight-to-ten-week-old female and male K18-hACE2 transgenic mice
received 40 pg (about2mgkg™) of the indicated mAb treatment by
intraperitoneal injection one day before intranasal inoculation with 10> FFU of
the SARS-CoV-2N501Y/D614G (a-c), B.1.1.7 (d-f), Wash-B.1.351 (g-i) or
Wash-B.1.1.28 (j-1) strains. Tissues were collected at six days after infection.
a,d,g,j, Weightchange after infection with SARS-CoV-2 (mean ts.e.m.;
n=6-12mice per group, two experiments; one-way analysis of variance
(ANOVA) with Dunnett’s test of area under the curve. NS, not significant;

Theimmunocompetent Syrian golden hamster has previously been
used to evaluate mAb activity against SARS-CoV-2 infection', We used
this model to assessindependently the inhibitory activity and possible
emergence of resistance of one of the mAb combinations (COV2-2130/
COV2-2196) against viruses containing the B.1.351 spike protein. One
day before intranasal inoculation with 5 x 10° FFU of Wash-B.1.351 or
WA1/2020 D614G, we treated hamsters with a single 800-pg (about
10 mgkg™) or 320-pg (about 4 mg kg™) dose of the COV2-2130/COV2-
2196 cocktail or isotype control mAb by intraperitoneal injection
(Extended Data Fig. 10). Weights were followed for four days, and tis-
sues were collected for virological and cytokine analysis. At the 800-pg
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O LY-CoV555

****P<0.0001).ViralRNAlevelsinthelung (b, e, h, k) and nasal washes (c, f,i,1)
were measured (lineindicates median;in order fromleft toright,n=9,6,7,6,6
and 6 (a);n=11,5,5,6,6and6(b);n=9,5,5,6,6and 6 (c);n=12,6,6,6,5and 6
(d-f);n=12,6,6,6,6and 6 (g, h,j,k);n=12,6,6,6,6 and 5(i); n=10, 6, 6,6, 6 and
5(I) mice per group, two experiments; one-way ANOVA with Dunnett’s test with
comparisonto control mAb. NS, not significant, ****P<0.0001; *P=0.026 (c);
**P=0.0016,***P=0.0002 (I)). Dotted line indicates the limit of detection of the
assay.

mADb cocktail dose, hamsters treated with COV2-2130/COV2-2196 and
infected with WA1/2020 D614 G or Wash-B.1.351 showed protection
against weight loss and reduced viral burden levels in the lungs, but
not nasal swabs, compared to theisotype controlmAb (Extended Data
Fig.10a-d). Correspondingly, quantitative PCR with reverse transcrip-
tion analysis of a previously described set of cytokines and inflamma-
tory genes" showed reduced mRNA expression in the lungs of hamsters
treated with COV2-2130/COV2-2196 (Extended Data Fig. 10e-h). Con-
sensus sequencing of the RBD region of viral RNA samples from the
lungs of hamsters treated with COV2-2130/COV2-2196 did not show
evidence of mutation or escape (Supplementary Table 3). When the



lower 320-pg dose of COV2-2130/COV2-2196 was administered, we
observed a trend towards protection against weight loss in hamsters
infected with WA1/2020 D614 G and Wash-B.1.351. Consistent with a
partially protective phenotype, hamsters treated with the lower 320-pug
dose of COV2-2130/C0OV2-2196 and inoculated with either WA1/2020
D614G or Wash-B.1.351 showed a trend towards reduced viral RNA in
the lungs at 4 days after infection and markedly diminished (about
10*-to10°-fold) levels of infectious virus as determined by plaque assay
(Extended DataFig.10j, k). Thereductionin lung viralload conferred by
the lower dose of COV2-2130/COV2-2196 corresponded with diminished
inflammatory gene expression after infection with either WA1/2020
D614G or Wash-B.1.351 (Extended Data Fig. 10m-p). In contrast to the
protectionseeninthelung, differencesin viral RNA were not observed
in nasal washes between COV2-2130/COV2-2196 and isotype control
mAb-treated hamsters, regardless of the infecting strain (Extended Data
Fig.101). Sequencing of the RBD of viral RNA from the lungs of COV2-
2130/COV2-2196 orisotype mAb-treated hamsters also did not detect
evidence of escape mutation selection after infection (Supplementary
Table 3). Overall, these studies in hamsters with near-threshold dosing
ofthe COV2-2130/COV2-2196 mAb cocktail establish protectionand an
absence of rapid escape against SARS-CoV-2 containing spike proteins
from historical or variant strains.

Therapeutic efficacy against variants

As mAbs are being developed clinically as therapeutic agents, we
assessed their post-exposure efficacy against the SARS-CoV-2 strain
expressing the B.1.351 spike protein using K18-hACE2 mice. We admin-
istered asingle, higher (200-pug; about10 mgkg™) dose of COV2-2130/
COV2-2196, S309/S2E12, REGN10933/REGN10987 or 2B04/47D11 by
intraperitoneal injection one day after inoculation with WA1/2020
N501Y/D614G (Fig. 3a-c) or Wash-B.1.351 (Fig. 3d-f). Compared to
the control mAb-treated mice, which lost at least 15% of their starting
weight over the 6 days of the experiment, each of these mAb cock-
tails prevented weight loss induced by WA1/2020 N501Y/D614G or
Wash-B.1.351 infection (Fig. 3a, d). Histopathological analysis of lung
sections from control mAb-treated mice showed interstitial oedema,
immune cellinfiltrationand collapsed alveolar spaces, consistent with
the inflammation induced by SARS-CoV-2 infection (Extended Data
Fig.11). By contrast, COV2-2130/COV2-2196-,S309/S2E12-, REGN10933/
REGN10987- and 2B04/47D11-treated mice showed reduced or minimal
lung pathology. COV2-2130/COV2-2196,S309/S2E12 and REGN10933/
REGN10987 mAbD cocktail treatments resulted in reduced infectious
virusand viral RNA levels in lunghomogenates, and viralRNA levelsin
nasal washes and brain homogenates from mice infected with either
WA1/2020 N501Y/D614G or Wash-B.1.351 (Fig.3b, c, e, f, Extended Data
Figs.3g, h,12). By comparison, although the 2B04/47D11 mAb cocktail
reduced viral RNA levels in the lungs, it showed less protection in the
nasal washes of WA1/2020-N501Y/D614G- or Wash-B.1.351-infected
mice. Although neutralizing capacity correlated with lung viral burden
when mAbs were administered as prophylaxis, this association was less
direct when mAbs were given in the post-exposure setting (Extended
DataFig. 8). This result was not entirely unexpected, as effector func-
tions of some mAbs are required for optimal activity when given as
post-exposure therapy'¢. Indeed, recent studies with influenza and
SARS-CoV-2neutralizing antibodies suggest that Fc engagement miti-
gates inflammation, improves respiratory mechanics and promotes
viral clearance in the lung™".

With the emergence of several SARS-CoV-2 variants, it remains uncer-
tain whether vaccines and antibody-based therapies will lose efficacy'®.
Cell-culture-based studies have shown that several of the mutations
in variant strains (especially those at positions 452 and 484) result in
reduced neutralization by antibodies derived from infected or vac-
cinated individuals'>'*?°, Here we evaluated antibodies forming the
basis of five mAb therapiesin clinical development for in vivo efficacy
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Fig.3|Post-exposure antibody therapy against SARS-CoV-2 variantsin
K18-hACE2 mice. a-f, Eight-to-ten-week-old female and male K18-hACE2
transgenic mice were administered 10> FFU of the SARS-CoV-2N501Y/D614G
(a-c) or Wash-B.1.351 (d-f) strains by intranasal inoculation. One day later,
mice received 200 pg (about 10 mgkg™) of theindicated mAb treatment by
intraperitonealinjection. Tissues were collected at six days after infection.
a,d, Weight change after infection with SARS-CoV-2 (mean +s.e.m.; inorder
fromlefttorightn=15,6,6,6,6,7and7 (a,d) mice per group, two experiments;
one-way ANOVA with Dunnett’stest of area under the curve. NS, not significant,
****P<0.0001). ViralRNAlevelsinthe lung (b, €) and nasal wash (c, f) (line
indicates median;inorder fromlefttorightn=7,6,6,6,6,7and7(b);n=9,6,6,
6,6,7and 7 (c, e, f) mice per group, 2 experiments; one-way ANOVA with
Dunnett’s test with comparison to control mAb. NS, not significant,

P <0.0001; **P=0.0014 (left) and 0.0088 (right), ***P=0.0007 (left) and
0.0003 (right) (b); **P=0.0026 (left), 0.0041 (middle) and 0.0049 (right) (c);
**P=0.0049,***P=0.0004 (e); **P=0.0094,***P=0.0005, *P=0.0442 (f)).
Dotted lineindicates the limit of detection of the assay.

againstinfection by SARS-CoV-2 variants. Monotherapy with LY-CoV555,
an antibody that corresponds to bamlanivimab?, showed complete
neutralization escape in cell culture and did not confer protection
against viruses containing E484 substitutions. By contrast, all cocktails
of two neutralizing mAbs conferred protection to varying degrees,
evenifoneof the constituent mAbs showed reduced activity owing to
resistance. Moreover, the higher doses of mAbs used in patients (for
example, about 35 mg kg™ for casirivimab and imdevimab (correspond-
ing to the REGN mAbs)) could compensate for loss in neutralization
potency. Generally, in mice and hamsters, mAb-mediated protection
wasbetterinthe lung thaninnasal washes, possibly becauseIgG levels
in the respiratory mucosa are lower than in plasma*?,

In our study, combination therapy with several mAbs was protec-
tivein mice and hamsters against variant strains, which highlights the
importance of using multiple mAbs that recognize distinct epitopes
(rather than monotherapy) to control SARS-CoV-2 infection. Indeed,
the Emergency Use Authorization for bamlanivimab (LY-CoV555) as
monotherapy wasrevoked, asthe antibody does not reduce SARS-CoV-2
infection of several variants of concern*?*%; instead, a combination
of bamlanivimab (LY-CoV555) and etesevimab (LY-CoV016) is recom-
mended, even though strains that contain E484 and K417 mutations
(suchasB.1.351,B.1.1.28, B.1.617.1and B.1.526) will probably have resist-
ance to both mAb components*?® (Extended Data Fig. 13). Indeed, in
K18-hACE2 mice, we found that LY-CoV555/LY-CoV016 had therapeutic
activity against WA1/2020 N501Y/D614G (Fig. 3a—c) but not against
Wash-B.1.351 (Fig. 3d-f). This failure of protection occurred because
both of the mAbs in the cocktail lost neutralizing activity. Other cock-
tails may fare better against variants of concern as long as one of the
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mAbs ineach pair retains substantial inhibitory activity. Beyond aloss
of potency against already circulating resistant variants, antibody
monotherapy can be compromised withinanindividual by rapid selec-
tion of escape mutations. Consistent with this idea, in other animal
experiments with SARS-CoV-2, we observed the emergence of resist-
ance against antibody monotherapy, resulting in the accumulation
of mutations at RBD residues 476, 477, 484, or 487 (ref.?, and M.S.D.,
unpublished data). Despite amplifying sequences from 99 brain, nasal
wash and lung samples from mice and hamsters treated with the differ-
entmAb combinations in this study, we did not detect a single escape
mutant. Combination mAb treatment may prevent escape through
synergisticinteractionsinvivo or by driving selection of mutants with
compromised fitness.

At the lower doses of the mAbs we tested, we observed some differ-
encesin mAb cocktail efficacy between rodent models, which could be
due to host variation, viral variation or small differences in antibody
levels. For example, mutations inthe RBD can affect mAb binding as well
as ACE2 binding®. Mutation at position 501 of the spike is of particular
interest, as it enables mouse adaptation’>** and is present in several
variants of concern. The N501Y change associated with infection of
conventional laboratory mice could facilitate virus engagement with
mouse ACE2 or possibly other putative receptors. Beyond this, poly-
morphisms in or differences of expression of host receptors on key
target cells also could affect SARS-CoV-2 infection in different hosts
and the inhibitory effects of neutralizing antibodies. This complexity
of antibody-spike protein-receptor interactions probably explains
some of the variation in protection between K18-hACE2 mice, 129S2
mice and hamsters. Alternatively, the pharmacokinetics of human
antibodies could vary between animals and affect efficacy. We observed
small differences in serum antibody levels in the context of viral chal-
lenge that could affect relative protection (Supplementary Table 4).

Previous studies with pseudoviruses and authentic SARS-CoV-2
containing variant substitutions have suggested that adjustments to
therapeutic antibody regimens might be necessary">*-, Although
our studies with variant strains in vivo suggest that this conclusion
probably holds for mAb monotherapy, four different mAb combina-
tions performed well even when a virus was fully resistant to one mAb
component. Thus, our results suggest that—as previously described
for the historical WA1/2020 strain*>—many, but not all, combination
therapies with neutralizing mAbs should retain efficacy against emerg-
ing SARS-CoV-2 variants.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Cells

Vero-TMPRSS2** and Vero cells expressing human ACE2 and TMPRRS2
(Vero-hACE2-TMPRRS2)! cells were cultured at 37 °C in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 10 mM HEPES pH 7.3, 1 mM sodium pyruvate,
1x non-essential amino acids and 100 U ml™ of penicillin-streptomycin.
Vero-TMPRSS?2 cells were supplemented with 5 ug ml™ of blasticidin.
Vero-hACE2-TMPRSS?2 cells were supplemented with 10 pg ml™ of
puromycin. All cells routinely tested negative for mycoplasma using
aPCR-based assay.

Viruses

The WA1/2020 recombinant strains with substitutions (D614G or N501Y/
D614G) were obtained from aninfectious cDNA clone of the 2019n-CoV/
USA_WAL1/2020 strain, as previously described®. The B.1.351- and
B.1.1.28-variant spike genes were introduced into the WA1/2020 back-
bone as previously described to create chimeric SARS-CoV-2'. The
B.1.1.7, B.1.429, B.1.351 and B.1.526 (S477N or E484K variant) isolates
were obtained from nasopharyngealisolates. The B.1.617.1 variant was
plaque-purified from a midturbinate nasal swab and passaged twice
on Vero-TMPRSS2 cells, as previously described*®. All viruses were pas-
saged once in Vero-TMPRSS2 cells and subjected to next-generation
sequencing as previously described' to confirm the introduction and
stability of substitutions (Supplementary Table 1). Substitutions for
eachvariant were as follows: B.1.1.7: deletion of 69 and 70 and 144 and
145,N501Y, A570D, D614G, P681H, T7161, S982A, and D1118H; B.1.351:
D8O0A, T951, D215G, deletion of 242-244,K417N, E484K, N501Y, D614G,
and A701V; B.1.1.28: L18F, T20N, P26S, D138Y, R190S, K417T, E484K,
N501Y, D614G, H655Y, and T10271; B.1.429: S131, W152C, L452R, and
D614G;B.1.617.1: G142D, E154K, L452R, E484Q, D614G, P681R, Q1071H,
and H1101D; and B.1.526 (S477N or E484K variant): L5F, T95I, D253G,
S477N,E484K,D614G,and A701V or Q957R. All virus experiments were
performed in an approved biosafety level 3 facility.

mAD purification

The mAbs studied in this paper (COV2-2196, COV2-2130, S309, S2E12,
2B04,47D11, REGN10933, REGN10987,LY-CoV555and LY-CoVO016) have
previously been described®**, COV2-2196 and COV2-2130 mAbs were
produced after transient transfection using the Gibco ExpiCHO Expres-
sion System (ThermoFisher Scientific) following the manufacturer’s
protocol. Culture supernatants were purified using HiTrap MabSelect
SuRe columns (Cytiva, (formerly GE Healthcare Life Sciences)) on an
AKTA Pure chromatographer (GE Healthcare Life Sciences). Purified
mAbs were buffer-exchanged into PBS, concentrated using Amicon
Ultra-4 50-kDa centrifugal filter units (Millipore Sigma) and stored at
-80 °Cuntil use. Purified mAbs were tested for endotoxin levels (found
to beless than 30 EU per mg IgG). Endotoxin testing was performed
using the PTS201F cartridge (Charles River), with a sensitivity range
from10 to 0.1 EU per ml, and an Endosafe Nexgen-MCS instrument
(Charles River). S309, S2E12, REGN10933, REGN10987, LY-CoVO016
and LY-CoV555 mAb proteins were produced in CHOEXPI cells and
affinity-purified using HiTrap Protein A columns (GE Healthcare, HiTrap
mADb select Xtrano. 28-4082-61). Purified mAbs were suspended into
20 mM histidine, 8% sucrose, pH 6.0. The final products were sterilized
by filtration through 0.22-um filters and stored at 4 °C.

Mouse experiments
Animal studies were carried outinaccordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the

National Institutes of Health. The protocols were approved by the Insti-
tutional Animal Care and Use Commiittee at the Washington University
School of Medicine (assurance number A3381-01). Virus inoculations
were performed under anaesthesia that was induced and maintained
with ketamine hydrochloride and xylazine, and all efforts were made
to minimize animal suffering.

Heterozygous K18-hACE2 C57BL/6) mice (strain: 2B6.
Cg-Tg(K18-ACE2)2PrImn/J) and 129 mice (strain: 129S2/SvPasCrl) were
obtained from The Jackson Laboratory and Charles River Laboratories,
respectively. Mice were housed ingroups and fed standard chow diets.
Six-to-ten-week-old mice of both sexes were administered 10° or 10°
FFU of the respective SARS-CoV-2 strain by intranasal administration.
In vivo studies were not blinded, and mice were randomly assigned
to treatment groups. No sample-size calculations were performed to
power each study. Instead, sample sizes were determined on the basis
of previous in vivo virus challenge experiments.

For antibody prophylaxis and therapeutic experiments, mice were
administered theindicated mAb dose by intraperitoneal injection one
day before or afterintranasalinoculation with theindicated SARS-CoV-2
strain.

Hamster experiments

Six-month-old male Syrian hamsters were purchased from Charles
River Laboratories and housed in microisolator units. Allhamsters were
allowed free access to food and water and cared for under United States
Department of Agriculture (USDA) guidelines for laboratory animals.
Hamsters were administered by intraperitoneal injection mAbs COV2-
2130 and COV2-2196 or isotype control (4 or 10 mg kg™, depending
on the experiment). One day later, hamsters were given 5 x 10° FFU of
indicated SARS-CoV-2 strain by the intranasal route in a final volume
of100 pl. Allhamsters were monitored for body weight loss until being
humanely euthanized at four days after infection. Nasal swabs were
collected at three days after infection. All procedures were approved
by the Washington University School of Medicine (assurance number
A3381-01). Virusinoculations and antibody transfers were performed
under anaesthesia that wasinduced and maintained with 5% isoflurane.
All efforts were made to minimize animal suffering.

Focus reduction neutralization test

Serial dilutions of mAbs (starting at 10 pg ml™ dilution) were incu-
bated with 10> FFU of different strains or variants of SARS-CoV-2 for
1hat37°C. Antibody-virus complexes were added to Vero-TMPRSS2
cell monolayers in 96-well plates and incubated at 37 °C for 1 h. Sub-
sequently, cells were overlaid with 1% (w/v) methylcellulose in MEM.
Plates were collected 30 h later by removing overlays and fixed with
4%PFAin PBS for 20 min atroom temperature. Plates were washed and
sequentially incubated with an oligoclonal pool of SARS2-2, SARS2-11,
SARS2-16, SARS2-31, SARS2-38, SARS2-57 and SARS2-71** anti-S anti-
bodies and HRP-conjugated goat anti-mouse IgG (Sigma, 12-349) in
PBS supplemented with 0.1% saponin and 0.1% bovine serum albumin.
SARS-CoV-2-infected cell foci were visualized using TrueBlue peroxi-
dase substrate (KPL) and quantitated on an ImmunoSpot microanalyzer
(Cellular Technologies).

Measurement of viral burden

Tissues were weighed and homogenized with zirconiabeadsinaMagNA
Lyser instrument (Roche Life Science) in 1000 pl of DMEM medium
supplemented with 2% heat-inactivated FBS. Tissue homogenates were
clarified by centrifugationat 10,000 rpm for 5Smin and stored at 80 °C.
RNA was extracted using the MagMax mirVana Total RNA isolation
kit (Thermo Fisher Scientific) on the Kingfisher Flex extraction robot
(Thermo Fisher Scientific). RNA was reverse-transcribed and amplified
using the TagMan RNA-to-CT 1-Step Kit (Thermo Fisher Scientific).
Reverse transcription was carried out at 48 °C for 15 min followed by
2 min at 95 °C. Amplification was accomplished over 50 cycles as
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follows: 95 °Cfor15sand 60 °C for Lmin. Copies of SARS-CoV-2 Ngene
RNAinsamples were determined using a previously published assay®.
In brief, a TagMan assay was designed to target a highly conserved
region of the N gene (forward primer: ATGCTGCAATCGTGCTACAA;
reverse primer: GACTGCCGCCTCTGCTC; probe: /56-FAM/TCAA-
GGAAC/ZEN/AACATTGCCAA/3IABKFQ/). Thisregion was included in
an RNA standard to allow for copy number determination down to 10
copies per reaction. The reaction mixture contained final concentra-
tions of primers and probe of 500 and 100 nM, respectively.

Plaque assay

Vero-hACE2-TMPRSS2 cells were seeded at a density of 1x 10° cells per
well in 24-well tissue culture plates. The following day, medium was
removed and replaced with 200 pl of material to be titrated diluted
serially in DMEM supplemented with 2% FBS. One hour later, 1 ml of
methylcellulose overlay was added. Plates were incubated for 72 h, then
fixed with 4% paraformaldehyde (final concentration) in PBS for 20 min.
Plates were stained with 0.05% (w/v) crystal violetin20% methanoland
washed twice with distilled, deionized water.

Cytokine and chemokine protein measurements

Lung homogenates were incubated with Triton-X-100 (1% final con-
centration) for 1 h at room temperature to inactivate SARS-CoV-2.
Homogenates then were analysed for cytokines and chemokines by
Eve Technologies using their Mouse Cytokine Array/Chemokine Array
31-Plex (MD31) platform.

Lung histology

Animals were euthanized before harvest and fixation of tissues. Lungs
were inflated with about 2 ml of 10% neutral buffered formalin using
a3-mlsyringe and catheter inserted into the trachea and kept in fixa-
tive for 7 days. Tissues were embedded in paraffin, and sections were
stained with haematoxylin and eosin. Images were captured using the
Nanozoomer (Hamamatsu) at the Alafi Neuroimaging Core at Wash-
ington University.

Statistical analysis

Allstatistical tests were performed as described in the indicated figure
legends using Prism 8.0. Statistical significance was determined using
anordinary one-way ANOVA with Dunnett’s post-test when comparing
three or more groups. The number of independent experiments used
areindicated in the relevant figure legends.

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

Data availability

All data supporting the findings of this study are available within
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Extended DataFig.3|Reducedinfectious virusinthelungs of antibody-
treated mice. a, b, Eight-to-ten-week-old female and male K18-hACE2
transgenic mice received 40 pg (about2mgkg™) of theindicated mAb
treatmentby intraperitoneal injection one day beforeintranasalinoculation
with10®FFU of the indicated SARS-CoV-2 strain. Tissues were collected at six
days afterinfection. c-f, Six-to-seven-week-old female and male
immunocompetent129S2 mice received 40 pg (about 2 mgkg™) of the
indicated mAb treatment by intraperitoneal injection one day before
intranasalinoculation with 10° FFU of WA1/2020 N501Y/D614G, Wash-B.1.351 or
Wash-B.1.1.28 and 10°FFU of B.1.1.7. Tissues were collected at three days after
infection. g, h, Eight-to-ten-week-old female and male K18-hACE2 transgenic

mice were administered 10° FFU of theindicated SARS-CoV-2 strain by
intranasal inoculation. One day later, mice received 200 pg (about 10 mgkg™)
oftheindicated mAb treatmentby intraperitonealinjection. Tissues were
collected at six days after infection. For all panels, infectious virusinlung
homogenates was determined by plaque assay using Vero-hACE2-TMPRSS2
cells (lineindicates median;in order fromlefttorightn=5,5,5,6,6 and 6 (a);
n=6,6,6,6,6and6 (b-h)mice per group, one-way ANOVA with Dunnett’s test
with comparison to control mAb: ns, not significant, ****P<0.0001;
**P=0.0012,**P=0.0003 (c); **P=0.0048,***P=0.0005 (e); **P=0.0031,
0.0019 and 0.0020 (f, from left to right)). Dotted lines indicate the limit of
detection of the assay.
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micereceived 40 pg (about 2 mgkg™) of control mAb or COV2-2130/COV2-2196

by intraperitonealinjection one day before intranasal inoculation with 10° FFU
of B.1.351. b, Weight change following infection (mean = s.e.m.; n=6 mice per
group, two experiments; one-way ANOVA with Dunnett’s test ofarea under the
curve:ns, not significant, ***P<0.0001). ViralRNA levelsin the lung (c), nasal
wash (d) and brain (e) (line indicates median; n = 6 mice per group, two
experiments; Mann-Whitney test: **P=0.002 (c-e)). Dotted lineindicates the
limit of detection of the assay.
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Extended DataFig. 6 | Cytokine and chemokine induction following
SARS-CoV-2infection. Individual plots for cytokine and chemokine protein
levelsinthelungs of antibody-treated K18-hACE2 transgenic mice at 6 days
afterinfection with theindicated SARS-CoV-2strain (lineindicatesmean;n=3
naive, n=>5forall other groups of B.1.1.7-and N501Y-infected mice; n=3 naive,
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mice; one-way ANOVA with Dunnett’s test with comparison to control mAb: ns,
notsignificant, ****P<0.0001; all other Pvalues are listed in Supplementary
Table5).Select cytokines and chemokines were used to generate the heat map
inExtended DataFig.5.
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Extended DataFig.7|Low-dose antibody prophylaxis against SARS-CoV-2 or brain (m-p) were measured (line indicates median;in order fromleft to right

variantsin K18-hACE2 mice. a-p, Eight-to-ten-week-old female and male n=11,6,6,6and7(e);n=10,6,6,5and 7 (f,n);n=10,6,6,7and 7 (g-i,k, m, 0);
K18-hACE2 transgenic micereceived 4 ug (about 0.2 mgkg™) of the indicated n=8,6,6,5and 6 (j);n=10, 6, 6,6 and 7 (I, p) mice per group, two experiments;
mAb treatment by intraperitoneal injection one day before intranasal one-way ANOVA with Dunnett’s test with comparison toisotype control mAb:
inoculation with 10 FFU of the indicated SARS-CoV-2 strain. Tissues were ns, not significant, ****P<0.0001); *P=0.034 (e); *P=0.0422,***P=0.0004 (g);
collected at six days after infection. a-d, Weight change following infection **P=0.0080 (h); *P=0.0209 (left), 0.0365 (right) (j); *P=0.0124 (left), 0.0497

with SARS-CoV-2 (mean+s.e.m.;inorder fromlefttorightn=11,6,6and 7,7 (a); (right), ***P=0.0001 (k); **P=0.0069 (I); **P=0.0087 (left), 0.0061 (right),
n=10,6,6,5and7(b);n=10,6,6,7and 7 (c,d) mice per group, twoexperiments;  *P=0.0264 (n); *P=0.0378 (left), 0.0446 (right), ***P=0.0004 (0); **P=0.0045
one-way ANOVA with Dunnett’s test of areaunder the curve withcomparisonto  (left),0.0035 (right), ***P=0.0002,* =0.0107 (p)). Dotted line indicates the
control mAb: ****P<0.0001). ViralRNA levelsin the lung (e-h), nasal wash (i-1) limit of detection of the assay.
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Extended DataFig.10|COV2-2130/COV2-2196 antibody cocktail protects
hamsters against historical and variant SARS-CoV-2 strains. Six-week-old
male Syriangolden hamsters received asingle 800 pug (about10 mgkg™) (a-h)
or320 pg (about 4 mgkg™) dose (i-p) of COV2-2130/COV2196 mAb cocktail or
controlmAb by intraperitoneal injection one day before intranasalinoculation
with 5x10°FFU of WA1/2020 D614 G or Wash-B.1.351 viruses. Nasal swabs and
lungtissues were collected at three and four days after infection, respectively.
a, i, Weight change following infection with SARS-CoV-2 (line indicates mean;

Syrian Golden Hamster

n=>5hamsters per group, one experiment). Infectious virusin the lung (b, j) or

viral RNAlevelsinthe lung (c, k) and nasal swabs (d, I) were determined (line
indicates median; n=5hamsters per group, one experiment). Dotted line
indicates the limit of detection of the assay. e-h, m-p, Cytokine and
inflammatory gene expressioninlunghomogenates collected at 6 days after
infection fromindicated groups (lineindicates mean; n=5hamsters per
group). Values were calculated using the AAC,method compared to a naive
control group. Because datawere obtained fromasingle experiment (even
with multiple hamsters), statistical analysis was not performed.
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10°FFU of Wash-B.1.351 SARS-CoV-2. At six days after infection, mice werekilled 100 pm. Representative images from n=3 mice per group.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
2N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

5 A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | No software was used in this study to collect data

Data analysis Prism 8.0 was used to perform all statistical analysis. BWA4 v0.7.17-r1188 (http://bio-bwa.sourceforge.net). DeepVariant4 v1.1.0 (https://
github.com/google/deepvariant) was used to call variants with an allele frequency >= 50%. Variants were annotated using SNPEff4 5.0c
(https://sourceforge.net/projects/snpeff/). Structural figures were generated using UCSF ChimeraX (https://www.cgl.ucsf.edu/chimerax/)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The authors declare that all data supporting the findings of this study are available within the paper and its Supplementary information. All data supporting the
findings of this study are available from the corresponding author upon request.
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Life sciences study design

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

Sample size No sample sizes were chosen a priori. All experiments with statistical analysis were repeated at least two independent times, each with
multiple technical replicates. Experimental size of cohorts was determined based on prior experience performing studies in mice.

Data exclusions  No data was excluded.
Replication All experiments had multiple biological and/or technical replicates and are indicated the Figure legends.
Randomization  For animal studies, mice were randomly assigned to treatment groups in an age and sex-matched distribution.

Blinding No blinding was performed although several key studies were performed independently by different members of the laboratory.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used MAbs: hWNV-E16, COV2-2196, COV2-2130, S309, S2E12, 2B04, 47D11, REGN10933, REGN10987, CB6 [LY-CoV016], and LY-CoV555;
Also: pool of SARS2-2, SARS2-11, SARS2-16, SARS2-31, SARS2-38, SARS2-57, and SARS2-71 for focus assays; None of these mAbs are
available commercially and were either generated in the Diamond laboratory (SARS2-2, SARS2-11, SARS2-16, SARS2-31, SARS2-38,
SARS2-57, and SARS2-71 ), Crowe laboratory (COV2-2130 and COV2-2196), Vir (S309 and S2E12), Abbvie (2B04 and 47D11) or
synthesized from published sequences. The antibodies were used at a range of concentrations as indicated in the Figures.

HRP-conjugated goat anti-mouse 1gG (Sigma 12-349, 1/1000)

Validation All primary mAbs were validated using purified SARS-CoV-2 RBD or S proteins using ELISA or BLI assays.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Vero-TMPRSS2, Diamond laboratory; Vero-hACE2-TMPRSS2, Graham laboratory, VRC/NIH;

Authentication These were obtained from academic laboratories and grew and performed as expected. Cells expressing TMPRSS2 and hACE2
were validated using monoclonal antibodies and flow cytometry.

Mycoplasma contamination All cell lines are routinely tested each month and were negative for mycoplasma.

Commonly misidentified lines  This study did not involve any commonly misidentified cell lines.
(See ICLAC register)
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Animals and other organisms

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

Laboratory animals K18-hACE2 transgenic mice (both sexes, 8-10-week-old), 12952 mice (both sexes, 6-7 week-old); Syrian Golden hamsters (male, 6

month-old). Mice were housed in groups of 4 to 5; Hamsters were housed alone. Photoperiod = 12 hr on:12 hr off dark/light cycle.

Ambient animal room temperature is 70° F, controlled within +2° and room humidity is 50%, controlled within +5%.
Wild animals No wild animals were used in this study.
Field-collected samples  No field collected samples were used in this study.

Ethics oversight All experiments were conducted with approval of the Institutional Animal Care and Use Committee at the Washington University
School of Medicine (Assurance number A3381-01)

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