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SUMMARY
Transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from humans to farmed
mink has been observed in Europe and the US. In the infected animals, viral variants arose that harbored mu-
tations in the spike (S) protein, the target of neutralizing antibodies, and these variants were transmitted back
to humans. This raised concerns that mink might become a constant source of human infection with SARS-
CoV-2 variants associated with an increased threat to human health and resulted in mass culling of mink.
Here, we report that mutations frequently found in the S proteins of SARS-CoV-2 from mink are mostly
compatible with efficient entry into human cells and its inhibition by soluble angiotensin-converting enzyme
2 (ACE2). In contrast, mutation Y453F reduces neutralization by an antibody with emergency use authoriza-
tion for coronavirus disease 2019 (COVID-19) therapy and sera/plasma from COVID-19 patients. These re-
sults suggest that antibody responses induced upon infection or certain antibodies used for treatment might
offer insufficient protection against SARS-CoV-2 variants from mink.
INTRODUCTION

The pandemic spread of severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) and the associated disease coro-

navirus disease 2019 (COVID-19) has resulted in 105 million

diagnosed infections and 2.3 million deaths (World Health Orga-

nization, 2021). The virus was introduced into the human popu-

lation in China in the winter season of 2019, with the first cases

detected in the city of Wuhan, Hubei province (Zhou et al.,

2020). Bats and pangolins harbor viruses closely related to

SARS-CoV-2 and are discussed as sources for SARS-CoV-2

(Lam et al., 2020; Xiao et al., 2020; Zhou et al., 2020). However,

it is conceivable that other animals contributed to the spillover of

the virus from animals to humans, considering that SARS-CoV

has been shown to be transmitted from bats to humans via civet

cats and raccoon dogs (Guan et al., 2003; Lau et al., 2005; Li

et al., 2005).

The American mink (Neovison vison) is farmed in Denmark, the

Netherlands, and many other countries for its fur. In April 2020,

mink in individual farms in the Netherlands developed a respira-
This is an open access article under the CC BY-N
tory disease and SARS-CoV-2 was detected in the afflicted an-

imals (Molenaar et al., 2020; Oreshkova et al., 2020). Whole-

genome sequencing provided evidence that SARS-CoV-2 was

initially introduced into mink from humans and that farm workers

subsequently acquired the virus from infected animals (Oude

Munnink et al., 2021). Further, the data suggested that viruses

acquired from infected mink were capable of human-to-human

transmission (Oude Munnink et al., 2021; see comments in

Koopmans, 2021; Lesté-Lasserre, 2020). SARS-CoV-2 infection

of farmed mink and transmission of the virus from infected ani-

mals to humans was subsequently also detected in Denmark

and led to the culling of 17 million animals. Finally, apart from

the Netherlands and Denmark, also other countries reported

SARS-CoV-2 infections of farmed and free-ranging mink,

including several European countries (ProMed-mail, 2020a,

2020b, 2020d, 2020e, 2020f; Figure 1A), Canada (ProMed-

mail, 2020g), and the US (ProMed-mail, 2020c, 2020h).

The SARS-CoV-2 spike (S) protein is incorporated into the viral

envelope and facilitates viral entry into host cells. For this, the S

protein binds to the cellular receptor angiotensin-converting
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Figure 1. Mink-specific spike (S) protein variants are robustly expressed, proteolytically processed, and incorporated into viral particles

(A) European countries that have reported SARS-CoV-2 infection in mink. The mink-specific S protein mutations under study are highlighted.

(B) Location of the mink-specific S protein mutations in the context of the three-dimensional structure of the S protein.

(C) Summary of mink-specific S protein mutations found in human andmink SARS-CoV-2 isolates. Sequenceswere retrieved from the GISAID (global initiative on

sharing all influenza data) database. Legend: a = reference sequences, b = 36/219 sequences carry additional L452Mmutation; Abbreviations:H. sapiens,Homo

sapiens (human), N. vison, Neovison vison (American mink), M. lutreola, Mustela lutreola (European mink). See also Table S1.

(D) Schematic illustration of the S protein variants under study and their transmission history. Abbreviations: RBD, receptor-binding domain, S1/S2, border

between the S1 and S2 subunits; TD, transmembrane domain.

(legend continued on next page)
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enzyme 2 (ACE2) via its receptor-binding domain (RBD) and em-

ploys the cellular serine protease TMPRSS2 for S protein priming

(Hoffmann et al., 2020; Zhou et al., 2020). The S protein of SARS-

CoV-2 from farmed mink in Denmark and the Netherlands

harbors different combinations of mutations relative to SARS-

CoV-2 circulating in humans (Oude Munnink et al., 2021; Figures

1B and 1C): a deletion of H69 (H69D) and V70 (V70D) in the S pro-

tein N terminus and amino acid exchanges Y453F in the RBD,

I692V located downstream of the furin motif, S1147L in the S2

subunit, and M1229I in the transmembrane domain (Figures 1B

and 1C). Moreover, SARS-CoV-2 containing a combination of

five mutations (H69D/V70D/Y453F/I692V/M1229I) in their S pro-

tein have been observed, which gave rise to the designation

cluster 5 variant. Here, we investigated whether S proteins

harboring Y453F either alone or in conjunction with other muta-

tions showed altered expression, host cell interactions, and sus-

ceptibility to antibody-mediated neutralization.

RESULTS

We employed previously described vesicular-stomatitis-virus-

based reporter particles bearing the SARS-CoV-2 S protein to

study whether mutations observed in infected mink modulate

cell entry and its inhibition (Hoffmann et al., 2020). The S protein

from SARS-CoV-2 isolate hCoV-19/Wuhan/Hu-1/2019, which

harbors an aspartic acid at amino acid position 614 (D614),

was used as control and is subsequently referred to as wild

type (WT). Further, an S protein of identical amino acid sequence

but harboring a glycine at position 614 (D614G) was used as a

reference for S protein variants containing the dominant

D614G mutation (Figure 1D) (Korber et al., 2020). Finally, S pro-

teins with mutations found in SARS-CoV-2 from mink were

analyzed as shown in Figure 1D.

Immunoblot analysis of S protein-bearing particles revealed

that all mutations were compatible with robust particle incorpo-

ration of the S protein and cleavage at the furin motif located at

the S1/S2 cleavage site (Figure 1E). Similarly, all S proteins effi-

ciently utilized human ACE2 upon directed expression in other-

wise non-susceptible BHK-21 cells (Figure 2A). Further, all

tested S proteins mediated entry into cell lines commonly used

for SARS-CoV-2 research (Figure 2B), which were also readily

transduced by control particles bearing vesicular stomatitis virus

glycoprotein (VSV-G) (Figure S1). Substitution D614G, which is

dominant in SARS-CoV-2 from humans (Korber et al., 2020)

andwas also found in viruses frommink, increased the efficiency

of S-protein-driven entry, as expected (Korber et al., 2020;

Plante et al., 2021). Combination of D614G with the mink-spe-

cific mutation Y453F (mutant D614G+Y453F) or Y453F in

conjunction with H69D, H70D (mutant D614G+H69D/H70D/

Y453F) did not modulate entry efficiency when compared to

D614G alone (Figure 2B). Finally, mutation D614G+cluster 5

reduced entry into several cell lines but was compatible with

robust entry into the human intestinal cell line Caco-2 and the
(E) Rhabdoviral pseudotypes bearing the indicated S protein variants (equipped w

subjected to SDS-PAGE under reducing conditions and immunoblot in order to inv

stomatitis virusmatrix protein (VSV-M) served as loading control. Black and gray c

proteins, respectively. Similar results were obtained in four separate experiment
lung cell line Calu-3 (Figure 2B). Thus, mutations detected in

the S proteins of SARS-CoV-2 from mink were compatible with

robust viral entry into human intestinal and lung cells.

We next investigated whether mutations observed in SARS-

CoV-2 infected mink altered susceptibility of viral entry to inhibi-

tion by soluble ACE2 (Monteil et al., 2020) and camostat, a pro-

tease inhibitor active against TMPRSS2 (Hoffmann et al., 2020).

Preincubation of particles bearing S protein with soluble ACE2

and preincubation of Calu-3 lung cells with camostat efficiently

blocked entry driven by all S proteins analyzed (Figures 2C and

2D), with mutant D614G+cluster 5 being particularly sensitive

to inhibition by soluble ACE2 (Figure 2C). In contrast, entry driven

by VSV-G was not affected (Figures 2D and 2E). Thus, mutations

acquired inminkmay not compromise SARS-CoV-2 inhibition by

camostat and soluble ACE2.

A high fraction of convalescent COVID-19 patients exhibits a

neutralizing antibody response directed against the S protein

that may render most of these patients at least temporarily im-

mune to symptomatic reinfection (Rodda et al., 2021; Wajnberg

et al., 2020). Similarly, mRNA-based vaccines induce neutral-

izing antibodies that play an important role in protection from

COVID-19 (Polack et al., 2020; Sahin et al., 2020). Finally,

neutralizing monoclonal antibodies are currently being devel-

oped for COVID-19 therapy, and two have received an emer-

gency use authorization (EUA) for COVID-19 therapy (Baum

et al., 2020a, 2020b; Hansen et al., 2020). Therefore, we asked

whether S protein mutations found in mink compromise SARS-

CoV-2 inhibition by serum or plasma from convalescent

COVID-19 patients and neutralizing monoclonal antibodies.

We focused our analysis on mutation Y453F, since this muta-

tion is located in the RBD, which constitutes the primary target

for neutralizing antibodies. Serum from a control patient failed

to inhibit VSV-G or S-protein-driven entry (negative serum 1),

as expected. In contrast, 13 out of 14 serum or plasma samples

from COVID-19 patients (positive samples 1–3 and 5–14)

potently inhibited S protein, but not VSV-G-driven entry, while

the remaining serum (positive serum 4) only showed moderate

neutralization of S-protein-driven entry (Figure 3A). Importantly,

mutation Y453F reduced inhibition by most serum/plasma sam-

ples tested, albeit with variable efficiency (median increase of

serum/plasma titer required for 50% neutralization [NT50] =

1.62x, range = 1.02x to 3.43x), indicating that this RBD mutation

may compromise SARS-CoV-2 control by preexisting neutral-

izing antibody responses (Figures 3A and S2). Similarly, the mu-

tation Y453F reduced inhibition by one (casirivimab/

REGN10933) out of a cocktail of two antibodies with EUA for

COVID-19 therapy (REGN-COV2), while an unrelated, non-

neutralizing antibody was inactive (immunoglobulin G1 [IgG1])

(Figures 3B and S3). Finally, the interference of Y453F with entry

inhibition by casirivimab/REGN10933 was in keeping with posi-

tion 453 being located at the interface of the S protein and the

antibody (Figure S3) and with results reported by a previous

study (Baum et al., 2020b). Thus, mutation Y453F that arose in
ith a C-terminal hemagglutinin [HA]-epitope tag) or no viral glycoprotein were

estigate S protein processing and particle incorporation. Detection of vesicular

ircles indicate bands for unprocessed and processed (cleavage at S1/S2 site) S

s.
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Figure 2. S protein variants found in mink enable robust entry into human cells and entry is blocked by soluble ACE2 and the protease in-

hibitor camostat

(A) Rhabdoviral pseudotypes bearing the indicated S protein variants, VSV-G, or no viral glycoprotein were inoculated onto BHK-21 cells previously transfected

with empty plasmid or human angiotensin-converting enzyme 2 (hACE2) expression vector.

(B) Rhabdoviral pseudotypes bearing the indicated S protein variants, VSV-G (see also Figure S1), or no viral glycoprotein were inoculated onto 293T, 293T

(ACE2), Calu-3, Calu-3 (ACE2), Caco-2, A549-ACE2, Huh-7 (all human), or Vero76 (non-human primate) cells.

(C) Rhabdoviral pseudotypes bearing the indicated S protein variants or VSV-G were preincubated with different dilutions of a soluble hACE2 form fused to the Fc

portion of human immunoglobulin G (sol-hACE2-Fc) and subsequently inoculated onto Vero76 cells.

(D) Rhabdoviral pseudotypes bearing the indicated S protein variants or VSV-G were inoculated onto Calu-3 cells that were preincubated with different con-

centrations of camostat.

(legend continued on next page)
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infected mink can compromise viral inhibition by human anti-

bodies induced upon SARS-CoV-2 infection or under develop-

ment for COVID-19 treatment.

DISCUSSION

It is believed that SARS-CoV-2 has been introduced into the hu-

man population from an animal reservoir, potentially bats or pan-

golins (Lam et al., 2020; Xiao et al., 2020; Zhou et al., 2020).

Furthermore, the virus can replicate in diverse animal species,

including cats, tigers, and minks, for which human-to-animal

transmission has been reported (Halfmann et al., 2020; McA-

loose et al., 2020; Molenaar et al., 2020; Oreshkova et al.,

2020; Oude Munnink et al., 2021; Segalés et al., 2020; Shi

et al., 2020). The virus is likely to acquire adaptive mutations

that ensure efficient viral spread in these species, for instance

by optimizing interactions with critical host cell factors like the

entry receptor ACE2. Indeed, mutation Y453F observed in

mink may be an adaptation to efficient use of mink ACE2 for en-

try, since amino acid 453 is known to make direct contact with

human ACE2 (Lan et al., 2020; Wang et al., 2020) and mutation

Y453F increases human ACE2 binding (Starr et al., 2020). More-

over, viruses bearing Y453F emerged during experimental infec-

tion of ferrets, and it has been speculated that Y453F might

reflect adaptation of the S protein to ferret ACE2 (Everett et al.,

2021). Alternatively, Y453F might be the result of viral evasion

of the antibody response, and a recent report on emergence of

Y453F in a patient with long-term COVID-19 supports this possi-

bility (Bazykin et al., 2021).

The presence of mutation Y453F alone or in combination with

H69D and V70D did not compromise S protein-mediated entry

into human cells and its inhibition by soluble ACE2. However, en-

try into certain cell lines was reduced when Y453F was com-

bined with H69D, V70D, I692V, and M1229I, as found in the S

protein of the SARS-CoV-2 cluster 5 variant. This could explain

why the cluster 5 variant did not efficiently spread among hu-

mans and vanished shortly after its introduction in the human

population. The cluster 5 variant S protein was also more sensi-

tive to inhibition by soluble ACE2, hinting toward changes in

ACE2 binding affinity when all five signature mutations are

present.

Y453F markedly reduced the neutralizing potential of an anti-

body with an EUA (casirivimab/REGN10933). Casirivimab/

REGN10933 is one out of two antibodies present in the REGN-

COV2 antibody cocktail. The other antibody, imdevimab/

REGN10987, targets a different region in the S protein and in-

hibited S protein-driven entry with high efficiency regardless of

the presence of Y453F. In keeping with this finding, a combina-

tion of casirivimab/REGN10933 and imdevimab/REGN10987

efficiently blocked SARS-CoV-2 with Y453F in cell culture

(Baum et al., 2020b). Maybe more concerning is that Y453F

diminished entry inhibition by human sera/plasma from conva-

lescent COVID-19 patients. This finding suggests that at least
For all panels, transduction efficiency was quantified at 16 h postinoculation by m

the normalized average (mean) data of three biological replicates, each perform

mean (SEM). Statistical significance was tested by one- (A and B) or two-way (C

0.05, *; p % 0.01, **; p % 0.001, ***).
in a fraction of patients antibody responses induced upon infec-

tion and potentially also vaccination might provide only incom-

plete protection against infection with SARS-CoV-2 amplified

in mink. In this context, it needs to be stated that most serum/

plasma samples analyzed completely inhibited entry at the

lowest dilution tested, suggesting that individuals that have

high antibody titers (induced upon infection or vaccination) might

be protected from infection with mink-derived SARS-CoV-2. The

transmission of SARS-CoV-2 to wild minks is another alarming

observation (ProMed-mail, 2020h), as such transmission events

might generate a permanent natural reservoir for such viruses

and new emerging variants that could represent a future threat

to wildlife and human health.

Limitations of study
The following limitations of our study need to be considered. We

employed pseudotyped particles instead of authentic SARS-

CoV-2, and we did not determine whether Y453F affects viral in-

hibition by T cell responses raised against SARS-CoV-2. Further,

we did not investigate whether presence of Y453F in the SARS-

CoV-2 S protein increases binding to mink ACE2. Nevertheless,

our results suggest that the introduction of SARS-CoV-2 into

mink allows the virus to acquire mutations that may compromise

viral control by the humoral immune response in humans. As a

consequence, infection of mink and other animal species should

be prevented, and it should be continuously monitored whether

SARS-CoV-2 amplification in other wild or domestic animals oc-

curs and changes critical biological properties of the virus.
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Figure 3. Y453F reduces neutralization by convalescent sera and monoclonal antibodies

(A) Rhabdoviral pseudotypes bearing the indicated S protein variants or VSV-G were preincubated with different dilutions of serum (positive samples 1–6) or

plasma (positive samples 7–14) from convalescent COVID-19 patients (serum from a healthy individual served as control, negative sample) before being

inoculated onto Vero76 cells. Transduction efficiency was quantified at 16 h postinoculation by measuring the activity of virus-encoded luciferase in cell lysates.

The top left panel indicates the serum/plasma titers that lead to a 50% reduction in transduction efficiency (neutralizing titer 50 [NT50]), which was calculated by a

non-linear regression model. Data points from identical serum/plasma samples are connected by lines (gray bars indicate the mean NT50 values for all positive

samples). Statistical significance of differences in NT50 values between SARS-CoV-2 S harboring D614G alone or in conjunction with Y453F was analyzed by

paired Student’s t test (p = 0.0212). See also Figure S2.

(legend continued on next page)
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-HA antibody produced in mouse Sigma-Aldrich Cat.#: H3663;

RRID: AB_262051

Monoclonal anti-VSV-M (23H12) antibody KeraFast Cat.#: EB0011;

RRID:AB_2734773

Monoclonal anti-mouse, peroxidase-coupled Dianova Cat.#: 115-035-003

RRID: AB_10015289

Anti-VSV-G antibody (I1, produced from

CRL-2700 mouse hybridoma cells)

ATCC Cat.#: CRL-2700;

RRID: CVCL_G654

Bacterial and virus strains

VSV*DG-FLuc Laboratory of Gert Zimmer N/A

One Shot OmniMAX 2 T1R Chemically Competent E. coli Thermo Fisher Scientific Cat.#: C854003

Biological samples

Patient Serum (NEG) Laboratory of Joachim Riggert N/A

Patient Serum (POS#1) Laboratory of Joachim Riggert N/A

Patient Serum (POS#2) Laboratory of Joachim Riggert N/A

Patient Serum (POS#3) Laboratory of Joachim Riggert N/A

Patient Serum (POS#4) Laboratory of Joachim Riggert N/A

Patient Serum (POS#5) Laboratory of Joachim Riggert N/A

Patient Serum (POS#6) Laboratory of Joachim Riggert N/A

Patient Plasma (POS#7) Laboratory of Martin Sebastian

Winkler

N/A

Patient Plasma (POS#8) Laboratory of Martin Sebastian

Winkler

N/A

Patient Plasma (POS#9) Laboratory of Martin Sebastian

Winkler

N/A

Patient Plasma (POS#10) Laboratory of Martin Sebastian

Winkler

N/A

Patient Plasma (POS#11) Laboratory of Martin Sebastian

Winkler

N/A

Patient Plasma (POS#12) Laboratory of Martin Sebastian

Winkler

N/A

Patient Plasma (POS#13) Laboratory of Martin Sebastian

Winkler

N/A

Patient Plasma (POS#14) Laboratory of Martin Sebastian

Winkler

N/A

Chemicals, peptides, and recombinant proteins

Camostat mesylate Sigma-Aldrich Cat.#: SML0057

Casirivimab Laboratory of Hans-Martin Jäck N/A

Imdevimab Laboratory of Hans-Martin Jäck N/A

REGN10989 Laboratory of Hans-Martin Jäck N/A

hIgG Laboratory of Hans-Martin Jäck N/A

Critical commercial assays

Beetle-Juice Kit PJK Cat.#: 102511

(Continued on next page)
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Deposited data

N/A N/A N/A

Experimental models: cell lines

293T DSMZ Cat.#: ACC-635;

RRID: CVCL_0063

Freestyle 293-F Thermo Fisher Scientific Cat.#: R79007;

RRID: N/A

293T (ACE2) This study N/A

BHK-21 Laboratory of

Georg Herrler

ATCC Cat.#: CCL-10;

RRID: CVCL_1915

Calu-3 Laboratory of

Stephan Ludwig

ATCC Cat.#: HTB-55;

RRID: CVCL_0609

Calu-3 (ACE2) This study N/A

Caco-2 Laboratory of

Stefan Pöhlmann

ATCC Cat.#: HTB-37;

RRID: CVCL_0025

A549 (ACE2) This study N/A

Huh-7 Laboratory of

Thomas Pietschmann

JCRB Cat.#: JCRB0403;

RRID: CVCL_0336

Vero76 Laboratory of

Andrea Maisner

ATCC Cat.#: CRL-1586;

RRID: CVCL_0574

Experimental models: organisms/strains

N/A N/A N/A

Oligonucleotides

ACE2 (NotI) F (AAGGCCGCGGCCGCGCCACCATGTCAA

GCTCTTCCTGGCTCC)

Sigma-Aldrich N/A

ACE2 (PacI) R (AAGGCCTTAATTAACTAAAAG

GAGGTCTGAACATCATC)

Sigma-Aldrich N/A

ACE2 (PacI) F (AAGGCCTTAATTAAGCCACCATGTCAA

GCTCTTCCTGGCTCC)

Sigma-Aldrich N/A

solACE2 (SalI) R (AAGGCCGTCGACAGGG

GGCTGGTTAGGAGGTCC)

Sigma-Aldrich N/A

SARS-2-S (BamHI) F (AAGGCCGGATCCGCCACCATG

TTCGTGTTTCTGGTGCTGC)

Sigma-Aldrich N/A

SARS-2-SD18 (XbaI) R (AAGGCCTCTAGACTACTTG

CAGCAGCTGCCACAG)

Sigma-Aldrich N/A

SARS-2-S-HA (XbaI) R (AAGGCCTCTAGATTACGCATAA

TCCGGCACATCATACGGATAGGTG

TAGTGCAGTTTCACGCCCTTC)

Sigma-Aldrich N/A

SARS-2-S (D614G) F (CTGTACCAGG

GCGTGAACTGTACCGAAG)

Sigma-Aldrich N/A

SARS-2-S (D614G) R (GGTACAGTTCAC

GCCCTGGTACAGCACTG)

Sigma-Aldrich N/A

SARS-2-S (H69D/V70D) F (CCACGCCATCT

CCGGCACCAATGGCACCAAG)

Sigma-Aldrich N/A

SARS-2-S (H69D/V70D) R

(TGGTGCCGGAGATGGCGTGGAACCAGGTCAC)

Sigma-Aldrich N/A

SARS-2-S (Y453F) F (CAATTACCTGTTCC

GGCTGTTCCGGAAGTCCAATC)

Sigma-Aldrich N/A

SARS-2-S (Y453F) R (GAACAGCCG

GAACAGGTAATTGTAGTTGC)

Sigma-Aldrich N/A

SARS-2-S (I692V) F (CAGCCAGAGCGTC

ATTGCCTACACAATGTCTC)

Sigma-Aldrich N/A

(Continued on next page)
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SARS-2-S (I692V) R (TAGGCAATGACGC

TCTGGCTGGCCACAGATC)

Sigma-Aldrich N/A

SARS-2-S (M1229I) F (CCATCGTGATAGTCA

CAATCATGCTGTGTTG)

Sigma-Aldrich N/A

SARS-2-S (M1229I) R (TGATTGTGACTATC

ACGATGGCAATCAGTC)

Sigma-Aldrich N/A

Recombinant DNA

Plasmid: pCG1 Laboratory of

Roberto Cattaneo

N/A

Plasmid: pCAGGS-VSV-G Laboratory of

Stefan Pöhlmann

N/A

Plasmid: pQCXIP-ACE2 This study N/A

Plasmid: pCG1-solACE2-Fc This study N/A

Plasmid: pCG1-SARS-2-SD18 (WT), codon-optimized Laboratory of

Stefan Pöhlmann

N/A

Plasmid: pCG1-SARS-2-S-HA (WT), codon-optimized Laboratory of

Stefan Pöhlmann

N/A

Plasmid: pCG1-SARS-2-SD18 (D614G), codon-optimized This study N/A

Plasmid: pCG1-SARS-2-S-HA (D614G), codon-optimized This study N/A

Plasmid: pCG1-SARS-2-SD18 (Y453F), codon-optimized This study N/A

Plasmid: pCG1-SARS-2-S-HA (Y453F), codon-optimized This study N/A

Plasmid: pCG1-SARS-2-SD18 (D614G+Y453F),

codon-optimized

This study N/A

Plasmid: pCG1-SARS-2-S-HA (D614G+Y453F),

codon-optimized

This study N/A

Plasmid: pCG1-SARS-2-SD18 (D614G+H69D/

V70D/Y453F), codon-optimized

This study N/A

Plasmid: pCG1-SARS-2-S-HA

(D614G+H69D/V70D/Y453F), codon-optimized

This study N/A

Plasmid: pCG1-SARS-2-SD18

(D614G+H69D/V70D/Y453F/I692V/M1229I), codon-optimized

This study N/A

Plasmid: pCG1-SARS-2-S-HA

(D614G+H69D/V70D/Y453F/I692V/M1229I), codon-optimized

This study N/A

Plasmid: pWHE469-SARS-CoV2 Laboratory of Hans-

Martin Jäck

N/A

Plasmid: pCMC3-untagged-NCV Sino Biological Cat.#: CV011

Plasmid: pCMC3-Casirivimab Laboratory of Hans-

Martin Jäck

N/A

Plasmid: pCMC3-Imdevimab Laboratory of Hans-

Martin Jäck

N/A

Plasmid: pCMC3-REGN10989 Laboratory of Hans-

Martin Jäck

N/A

Plasmid: pCMC3-hIgG Laboratory of Hans-

Martin Jäck

N/A

Software and algorithms

Hidex Sense Microplate Reader Software Hidex Deutschland

Vertrieb GmbH

https://www.hidex.de

ChemoStar Imager Software (version v.0.3.23) Intas Science Imaging

Instruments GmbH

https://www.intas.de/

YASARA (version 19.1.27) YASARA Biosciences GmbH http://www.yasara.org

UCSF Chimera (version 1.14) University of California https://www.cgl.ucsf.edu/chimera/

Adobe Photoshop CS5 Extended (version 12.0 3 32) Adobe https://www.adobe.com/
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GraphPad Prism (version 8.3.0(538)) GraphPad Software https://www.graphpad.com/

Microsoft Office Standard 2010 (version 14.0.7232.5000) Microsoft Corporation https://www.microsoft.com/

microsoft-365

Other

N/A N/A N/A
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RESOURCE AVAILABILITY

Lead contact
Requests for material can be directed to Markus Hoffmann (mhoffmann@dpz.eu) and the lead contact, Stefan Pöhlmann

(spoehlmann@dpz.eu).

Materials availability
All materials and reagents will be made available upon installment of a material transfer agreement (MTA).

Data and code availability
The study did not generate unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
All cell lines were incubated at 37�C in a humidified atmosphere containing 5%CO2. 293T (human, female, kidney; ACC-635, DSMZ;

RRID: CVCL_0063), Huh-7 (human, male, liver; JCRB0403, JCRB; RRID: CVCL_0336, kindly provided by Thomas Pietschmann,

TWINCORE, Centre for Experimental and Clinical Infection Research, Hannover, Germany), BHK-21 (Syrian hamster, male, kidney;

ATCC Cat# CCL-10; RRID: CVCL_1915, kindly provided by Georg Herrler, University of Veterinary Medicine, Hannover, Germany)

and Vero76 cells (African green monkey, female, kidney; CRL-1586, ATCC; RRID: CVCL_0574, kindly provided by Andrea Maisner,

Institute of Virology, Philipps University Marburg, Marburg, Germany) were cultivated in Dulbecco’s modified Eagle medium (DMEM)

containing 10% fetal bovine serum (FCS, Biochrom), 100 U/ml of penicillin and 0.1 mg/ml of streptomycin (PAN-Biotech). Caco-2

(human, male, intestine; HTB-37, ATCC; RRID: CVCL_0025) and Calu-3 cells (human, male, lung; HTB-55, ATCC; RRID:

CVCL_0609, kindly provided by Stephan Ludwig, Institute of Virology, University of M€unster, Germany) were cultivated in minimum

essential medium supplemented with 10% FCS, 100 U/ml of penicillin and 0.1 mg/ml of streptomycin (PAN-Biotech), 1x non-essen-

tial amino acid solution (from 100x stock, PAA) and 1 mM sodium pyruvate (Thermo Fisher Scientific). A549 cells (human, male, lung;

CRM-CCL-185, ATCC) were cultivated in DMEM/F-12 medium with Nutrient Mix (Thermo Fisher Scientific) supplemented with 10%

FCS, 100 U/ml of penicillin and 0.1 mg/ml of streptomycin (PAN-Biotech). In order to obtain 293T, A549 and Calu-3 cells stably ex-

pressing human ACE2, cells were transduced with murine leukemia virus-based transduction vectors and subsequently transduced

cells were selected with puromycin (Invivogen). Authentication of cell lines was performed by STR-typing, amplification and

sequencing of a fragment of the cytochrome c oxidase gene, microscopic examination and/or according to their growth character-

istics. Further, cell lines were routinely tested for contamination by mycoplasma.

METHOD DETAILS

Expression plasmids and transfection of cell lines
Expression plasmids for vesicular stomatitis virus glycoprotein (VSV-G) (Brinkmann et al., 2017), severe acute respiratory syndrome

coronavirus 2 spike glycoprotein (SARS-2-S) containing either a C-terminal HA-epitope tag (SARS-2-S-HA, used for detection in

immunoblot) or a truncated cytoplasmic domain (deletion of last 18 amino acid residues at the C terminus, SARS-2-SD18, used

for transduction experiments) (Hoffmann et al., 2020) have been described before. Mink-specific mutations were introduced into

the expression plasmids for wild-type SARS-2-SD18 and SARS-2-S-HA by overlap-extension polymerase chain reaction (PCR)

and the resulting PCR products were inserted into the pCG1 expression plasmid (kindly provided by Roberto Cattaneo, Mayo Clinic

College of Medicine, Rochester, MN, USA) making use of BamHI and XbaI restriction sites.

In order to obtain the expression plasmid for delivering ACE2 into cell lines via retroviral transduction, the coding sequence for hu-

man ACE2 (GenBank: NM_001371415.1) was inserted into the pQCXIP plasmid (Brass et al., 2009) making use of NotI and PacI re-

striction sites. Further, we generated an expression plasmid for soluble ACE2 fused to the Fc-portion of human immunoglobulin G

(sol-hACE2-Fc). For this, the sequence coding for the ACE2 ectodomain (amino acid residues 1-733) was PCR-amplified and inserted
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into the pCG1-Fc plasmid (Sauer et al., 2014) (kindly provided by Georg Herrler, University of Veterinary Medicine, Hannover, Ger-

many) making use of PacI and SalI restriction sites. Sequence integrity was verified by sequencing using a commercial sequencing

service (Microsynth Seqlab). 293T cells were transfected by calcium-phosphate precipitation, whereas for transfection of BHK-21

cells Lipofectamine LTX with Plus reagent (Thermo Fisher Scientific) was used.

Sequence analysis and protein models
Spike protein sequences from a total of 742 SARS-CoV-2 isolates were retrieved from the GISAID (global initiative on sharing all influ-

enza data) database (https://www.gisaid.org/) and analyzed regarding the presence of mink-specific mutations. A summary of the

selected S protein sequences, including their GISAID accession numbers, is given in Table S1. Sequence alignments were performed

using the Clustal Omega online tool (https://www.ebi.ac.uk/Tools/msa/clustalo/). Protein models were designed using the YASARA

(http://www.yasara.org/index.html) and UCSF Chimera (version 1.14, developed by the Resource for Biocomputing, Visualization,

and Informatics at the University of California, San Francisco) software packages, and are either based on PDB: 6XDG (Hansen

et al., 2020) or on a template generated by modeling the SARS-2-S sequence on a published crystal structure (PDB: 6XR8, Cai

et al., 2020) with the help of the SWISS-MODEL online tool (https://swissmodel.expasy.org/).

Patient serum and plasma samples
Serum samples were obtained by the Department of Transfusion Medicine of the University Medical Center Göttingen, Göttingen,

Germany. Written consent was obtained from all individuals and the study was approved by the local ethics committee (14/8/20).

Collection of plasma samples from COVID-19 patients treated at the intensive care unit was approved by the Ethic committee of

the University Medicine Göttingen (SeptImmun Study 25/4/19 Ü). Serum and plasma samples were pre-screened for neutralizing ac-

tivity using SARS-2-S WT pseudotypes, as described below.

Production of recombinant human monoclonal antibodies against SARS-CoV-2 spike
VH and VL sequences of Regeneron antibodies Casirivimab/REGN10933, Imdevimab/REGN10987 and REGN10989 (Hansen et al.,

2020) were cloned in pCMC3-untagged-NCV (SINO Biologics, Cat: CV011) and produced in 293T cells by SINO Biological (Beijing,

China). The human IgG1 isotype control antibodies IgG1/k and IgG1/l were produced by transfecting FreeStyle 293-F or 293T cells

(Fisher Scientific, Schwerte, Germany, Cat. no. R790-07) with the respective plasmids using the protocol provided with the FreeStyle

293 Expression System (Thermo Fisher Scientific, Cat. no. K9000-01). The isotypes contain human V regions from hybridomas that

were established from a human HHKKLL Trianni mouse (Patent US 2013/0219535 A1). Antibodies were affinity-purified from filtered

cultured supernatant on a High-Trap protein G column (GE Healthcare, Chicago, USA, Cat.Nr 17-0404-01).

The binding of recombinant antibodies to SARS-2-S was determined by flow cytometry with 293T cells stably transfected with

plasmid pWHE469-SARS-CoV2 containing the ORF of the spike protein of SARS-CoV-2 isolate Wuhan-Hu-1 (position 21580 –

25400 from GenBank NC_045512) and a GFP reporter plasmid under the control of a doxycycline-inducible promotor (Krueger

et al., 2006). Briefly, 293T cells were stained with the recombinant human IgG1 antibodies in FACS buffer (PBS with 0.5% bovine

serumalbumin and 1 nmol sodium azide) for 20minutes in ice, washed, incubatedwith an Alexa Fluor 647-labeledmousemonoclonal

antibody against the human IgG1-Fc (Biolegend, San Diego, USA, cat #409320) and analyzed in a Gallios flow cytometer (Beckman

Coulter, Brea, California, USA respectively).

Production of rhabdoviral pseudotype particles and transduction of target cells
Rhabdoviral pseudotype particles bearing WT or mutant SARS-2-S, VSV-G or no viral protein (negative control) were prepared ac-

cording to a published protocol (Kleine-Weber et al., 2019) based on a replication-deficient VSV vector that lacks the genetic infor-

mation for VSV-G and instead codes for two reporter proteins, enhanced green fluorescent protein and firefly luciferase (FLuc), VSV*-

DG-FLuc (kindly provided by Gert Zimmer, Institute of Virology and Immunology, Mittelhäusern, Switzerland) (Berger Rentsch and

Zimmer, 2011). In brief, 293T cells expressing the desired viral glycoprotein following transfection were inoculated with VSV*DG-

FLuc and incubated for 1 h at 37�C before the inoculum was removed and cells were washed. Finally, culture medium was added

that was supplemented with anti-VSV-G antibody (culture supernatant from I1-hybridoma cells; ATCC no. CRL-2700; not added

to cells expressing VSV-G). Following an incubation period of 16-18 h, pseudotype particles were harvested by collecting the culture

supernatant, pelleting cellular debris through centrifugation (2,000 x g, 10 min, room temperature) and transferring aliquots of the

clarified supernatant into fresh reaction tubes. Aliquoted pseudotypes were stored at �80�C until further use.

For transduction experiments, target cells were seeded into 96-well plates. The following experimental set-ups were used: (i) In

case of experiments comparing the efficiency of cell entry driven by WT and mutant SARS-2-S, target cells were inoculated with

100 ml/well of the respective pseudotype particles; (ii) For investigation of inhibition of SARS-2-S-driven cell entry by the serine pro-

tease inhibitor Camostat mesylate, Calu-3 cells were preincubated for 1 h with medium (50 ml/well) containing either increasing con-

centrations of Camostat (0.5, 5 or 50 mM; Tocris) or dimethyl sulfoxide (solvent control) before the respective pseudotype particles

were added on top. In order to assess the ability of sol-hACE2-Fc, patient sera andmonoclonal antibodies to block SARS-2-S-driven

cell entry, pseudotype particles were preincubated for 30minwithmedium containing different dilutions of either sol-hACE2-Fc (1:20,

1:200, 1:2,000) or patient serum/plasma (serum: 1:50, 1:100, 1:200, 1:400, 1:800; plasma: 1:25, 1:100, 1:400, 1:1600, 1:6400), or with

different concentrations of monoclonal antibody (5, 0.5, 0.05, 0.005, 0.0005 mg/ml), before being inoculated onto Vero76 cells. Pseu-
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dotype particles incubated with medium alone served as controls. In all cases, transduction efficiency was analyzed at 16-18 h post-

inoculation. For this, the culture supernatant was removed and cells were lysed by incubation for 30 min at room temperature with

Cell Culture Lysis Reagent (Promega). Next, lysates were transferred into white 96-well plates and FLuc activity was measured using

a commercial substrate (Beetle-Juice, PJK) and a Hidex Sense plate luminometer (Hidex).

Production of sol-hACE2-Fc
293T cells were grown in a T-75 flask and transfected with 20 mg of sol-hACE2-Fc expression plasmid. At 10 h posttransfection, the

mediumwas replaced and cells were further incubated for 38 h before the culture supernatant was collected and centrifuged (2,000 x

g, 10 min, 4�C). Next, the clarified supernatant was loaded onto Vivaspin protein concentrator columns with a molecular weight cut-

off of 30 kDa (Sartorius) and centrifuged at 4,000 x g, 4�C until the sample was concentrated by a factor of 20. The concentrated sol-

hACE2-Fc was aliquoted and stored at �80� until further use.

Analysis of S protein expression, processing and particle incorporation by immunoblot
A total volume of 1mL of culture medium containing rhabdoviral pseudotypes bearingWT or mutant SARS-2-S-HAwere loaded onto

a 20% (w/v) sucrose cushion (50 ml) and subjected to high-speed centrifugation (25.000 x g,120 min, 4�C). As controls, particles

bearing no S protein or culturemedium alonewere used. Following centrifugation, 1mL of supernatant was removed and the residual

volume was mixed with 50 mL of 2x SDS-sample buffer (0.03 M Tris-HCl, 10% glycerol, 2% SDS, 0.2% bromophenol blue, 1 mM

EDTA) and incubated at 96�C for 15 min. Next, samples were subjected to SDS-polyacrylamide gel electrophoresis and proteins

were blotted onto nitrocellulose membranes using the Mini Trans-Blot Cell system (Bio-Rad). Following blocking of the membranes

by incubation in 5% skimmilk solution (skim milk powder dissolved in PBS containing 0.05% Tween-20, PBS-T) for 1 h at room tem-

perature, the membranes were cut in half around the 55 kDa marker band of the protein marker (PageRuler Prestained Protein Lad-

der, Thermo Fisher Scientific). The upper portion of the membrane was probed with anti-HA tag antibody (mouse, Sigma-Aldrich,

H3663) diluted 1:1,000 in 5% skim milk solution, while the lower portion of the membrane was probed with anti-VSV matrix protein

antibody (Kerafast, EB0011; loading control) diluted 1:2,500 in 5% skim milk solution. Following incubation over night at 4�C, mem-

branes were washed three times with PBS-T, before being probed with peroxidase-conjugated anti-mouse antibody (Dianova, 115-

035-003, 1:5,000) for 1 h at room temperature. Thereafter, the membranes were washed again three times with PBS-T, incubated

with an in house-prepared developing solution (1 mL of solution A: 0.1 M Tris-HCl [pH 8.6], 250 mg/ml luminol sodium salt; 100 ml

of solution B: 1 mg/ml para-hydroxycoumaric acid dissolved in dimethyl sulfoxide [DMSO]; 1.5 ml of 0.3%H2O2 solution) and imaged

using the ChemoCam imager along with the ChemoStar Imager Software version v.0.3.23 (Intas Science Imaging Instruments

GmbH).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using Microsoft Excel as part of the Microsoft Office software package (version 2019, Microsoft Cor-

poration) and GraphPad Prism 8 version 8.4.3 (GraphPad Software). Data normalization was done as follows: (i) In order to assess

enhancement of S protein-driven pseudotype entry in BHK-21 cells following directed overexpression of hACE2, transduction was

normalized against the assay background (which was determined by using rhabdoviral pseudotypes bearing no viral glycoprotein,

set as 1); (ii) To compare efficiency of cell entry driven by the different S protein variants under study, transduction was normalized

against SARS-2-S WT (set as 100%); (iii) For experiments investigating inhibitory effects exerted by sol-hACE2-Fc or Camostat Me-

sylate, patient serum/plasma samples or monoclonal antibodies, transduction was normalized against a reference sample (control-

treated cells or pseudotypes, set as 100%). Statistical significance was tested by one- or two-way analysis of variance (ANOVA) with

Dunnett’s or Sidak’s post hoc test or by paired Student’s t test. Only P values of 0.05 or lower were considered statistically significant

(p > 0.05, not significant [ns]; p % 0.05, *; p % 0.01, **; p % 0.001, ***). Specific details on the statistical test and the error bars are

indicated in the figure legends. NT50 (neutralizing titer 50) values, which indicate the serum/plasma titers that lead to a 50% reduction

in transduction efficiency, were calculated using a non-linear regression model.
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