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SUMMARY
The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants threatens efforts to
contain thecoronavirusdisease2019 (COVID-19)pandemic. ThenumberofCOVID-19casesanddeaths in India
has risen steeply, andaSARS-CoV-2variant,B.1.617, isbelieved tobe responsible formanyof thesecases. The
spike protein of B.1.617 harbors twomutations in the receptor binding domain, which interacts with the angio-
tensin converting enzyme 2 (ACE2) receptor and constitutes the main target of neutralizing antibodies. There-
fore,weanalyzewhetherB.1.617 ismore adept in enteringcells and/or evadesantibody responses.B.1.617 en-
ters two of eight cell lines tested with roughly 50% increased efficiency and is equally inhibited by two entry
inhibitors. In contrast, B.1.617 is resistant against bamlanivimab, an antibody used for COVID-19 treatment.
B.1.617evadesantibodies inducedby infectionorvaccination, although lessso than theB.1.351variant.Collec-
tively, our study reveals that antibody evasion of B.1.617 may contribute to the rapid spread of this variant.
INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) is the causative agent of the devastating coronavirus dis-

ease 2019 (COVID-19) pandemic, which more than one year af-

ter its emergence is associated with record numbers in cases

and deaths (WHO, 2021). Effective antivirals are largely lacking,

although recombinant antibodies targeting the viral spike (S) pro-

tein can significantly reduce viral load and have received emer-

gency use authorization (EUA) (Chen et al., 2021a; Gottlieb

et al., 2021). Drugs that target the dysregulated cytokine re-

sponses characteristic for COVID-19 are available, but their clin-

ical benefit is limited (Tomazini et al., 2020; Sterne et al., 2020).

Although progress in treatment development is moderate,

mRNA- and vector-based vaccines are available that provide

efficient protection against disease (Baden et al., 2021; Polack

et al., 2020). As a consequence, vaccination is viewed as the

key instrument in combating and ultimately ending the COVID-

19 pandemic.

Strategies to fight the COVID-19 pandemic either by vaccines

or non-pharmaceutical interventions have been threatened by
This is an open access article under the CC BY-N
the emergence of SARS-CoV-2 variants of concern (VOCs). These

variants harbor mutations that confer increased transmissibility or

immune evasion (Plante et al., 2021). Studies ofmutations present

in VOCs have mainly focused on the viral S protein. The S protein

is incorporated into the viral membrane and facilitates viral entry

into target cells. For this, the surface unit, S1, of the S protein first

binds to the cellular receptor angiotensin converting enzyme 2

(ACE2) (Hoffmann et al., 2020; Zhou et al., 2020) via its receptor

binding domain (RBD). Subsequently, the S protein is activated

by TMPRSS2 (transmembrane protease serine 2) or related

cellular proteases (Hoffmann et al., 2020, 2021b), and the trans-

membrane unit, S2, of the S protein facilitates fusion of the viral

and a cellular membrane, allowing delivery of the viral genome

into the host cell. These processes are essential for SARS-CoV-

2 infection and are targeted by drugs and neutralizing antibodies.

The prototypic VOC with increased fitness is variant B.1.1.7,

which emerged in the United Kingdom and is spreading in

many countries. B.1.1.7 replicates to higher levels in patients

and is more efficiently transmitted between humans compared

with the previously circulating viruses (Frampton et al., 2021;

Graham et al., 2021; Leung et al., 2021). The increased
Cell Reports 36, 109415, July 20, 2021 ª 2021 The Authors. 1
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transmissibility might be linked to mutation N501Y in the RBD

that might increase binding to ACE2 (Ali et al., 2021; Luan

et al., 2021). However, the exact mechanisms underlying more

robust transmission of B.1.1.7 remain to be elucidated. In

contrast, differences in antibody-mediated neutralization be-

tween previously circulating viruses and variant B.1.1.7 are mi-

nor, with B.1.1.7 being slightly less sensitive to neutralization

(Chen et al., 2021b; Collier et al., 2021; Hoffmann et al., 2021a;

Kuzmina et al., 2021; Muik et al., 2021; Planas et al., 2021;

Shen et al., 2021; Supasa et al., 2021; Wang et al., 2021a; Xie

et al., 2021). Altogether, B.1.1.7 shows increased fitness and

will outcompete previously circulating viruses in an immunolog-

ically naive population.

In populations with a high percentage of individuals with preex-

isting immune responses against SARS-CoV-2, viral variants that

can evade immune control have a selective advantage. Variant

B.1.351 that became dominant in South Africa (Tegally et al.,

2021) and variant P.1 that became dominant in Brazil (Faria

et al., 2021) are such variants (Chen et al., 2021b; Dejnirattisai

et al., 2021; Edara et al., 2021; Garcia-Beltran et al., 2021; Hoff-

mann et al., 2021a; Kuzmina et al., 2021; Planas et al., 2021;

Wang et al., 2021a; Zhou et al., 2021). These variants harbor mu-

tations in the S protein that reduce neutralization by antibodies,

including E484K, which is located in the RBD and is present in

both B.1.351 and P.1 (Li et al., 2021; Liu et al., 2021; Wang

et al., 2021c). At present, evasion from antibodies is most promi-

nent for variant B.1.351, but it is unclearwhether variants can arise

that exhibit increased or even complete neutralization resistance.

BetweenMarch andMay 2021, India has seen a steep increase

in COVID-19 cases and deaths (WHO, 2021). It is believed that

many cases result from infection with a novel variant, B.1.617,

that harbors eight mutations in the S protein, including mutations

L452R and E484Q within the RBD, which introduce changes at

amino acid positions known to modulate antibody-mediated

neutralization (Li et al., 2020, 2021). However, it is at present un-

knownwhether B.1.617 evades antibody-mediated neutralization.

Similarly, it is unknownwhether the variant exhibits altered depen-

dence on host cell factors for entry, which may alter cell tropism,

entry efficiency, and sensitivity to entry inhibitors.

Here, we report that the S protein of B.1.617 mediates moder-

ately enhanced entry into the human lung- and intestine-derived

cell lines Calu-3 and Caco-2, respectively, and that entry is in-

hibited by soluble ACE2 and camostat, the latter of which targets

TMPRSS2. In contrast, entry driven by the B.1.617 S protein was

fully resistant to neutralization by a monoclonal antibody with

EUA for COVID-19 treatment (bamlanivimab). Finally, B.1.617 S

protein-driven entry was partially resistant against neutralization

by antibodies elicited upon infection or vaccination with the

Comirnaty/BNT162b2 vaccine.

RESULTS

The S protein of variant B.1.617 mediates increased
entry into certain human intestinal and lung cell lines
The S protein of SARS-CoV-2 variant B.1.617 (GISAID accession

ID: EPI_ISL_1360382) harbors eight mutations, a significant num-

ber compared with the S proteins of the viruses sampled at the

start of the pandemic (Figure 1). Seven mutations are located
2 Cell Reports 36, 109415, July 20, 2021
within the S1 subunit: three are in the N-terminal domain (R21T,

E154K, and Q218H), two are in the RBD (L452R and E484Q),

and two are between the RBD and the S1/S2 border (D614G

and P681R). One additional mutation is located within the S2 sub-

unit (H1101D) (Figure 1). Because the rapid spread of variant

B.1.617 in Indiamight result from an increased ability to enter cells

or to infect a broader range of target cells, we analyzed the cell

tropism and entry efficiency of variant B.1.617. For this, we

employed vesicular stomatitis virus (VSV) particles pseudotyped

with the S protein either of wild-type (WT) SARS-CoV-2 (Wuhan-1

isolate with D614G exchange) or of variant B.1.617 or variant

B.1.351. These pseudotyped particles faithfully mimic cell entry

of SARS-CoV-2 and have been previously used to identify host

factors required for SARS-CoV-2 cell entry and to study neutrali-

zation of SARS-CoV-2 by antibodies (Hoffmann et al., 2020,

2021a; Riepler et al., 2020; Schmidt et al., 2020).

We analyzed eight cell lines—Vero, Caco-2, Calu-3, Calu-3

(ACE2), 293T, A549 (ACE2), A549 (ACE2+TMPRSS2), and Huh-

7—most of which are commonly used as cell culture models

for various aspects of SARS-CoV-2 replication. Calu-3 (ACE2),

A549 (ACE2), and A549 (ACE2+TMPRSS2) cells were engi-

neered to express ACE2 or ACE2 in conjunction with TMPRSS2.

For most cell lines, we did not observe significant differences

in cell entry efficiency between theWT and the variant S proteins

(Figure 2A; Figure S1). The only exceptions were Caco-2 and

Calu-3 cells (and 293T cells in the case of B.1.351), which are

derived from human intestine and lung, respectively, and for

which the S protein of B.1.617 (and B.1.351) mediated entry

with moderately increased efficiency (Figure 2A; Figure S1).

This increase was less prominent when Calu-3 cells were engi-

neered to overexpress ACE2. In addition, we investigated S pro-

tein-driven cell entry into BHK-21 cells, which were transfected

with either empty plasmid or ACE2 expression plasmid. As ex-

pected, BHK-21 cells transfected with empty plasmid did not

allow entry driven by the S proteins tested but were efficiently

entered by particles bearing the VSV glycoprotein (VSV-G) (Fig-

ure 2B). In contrast, directed ACE2 expression rendered these

cells susceptible to S protein-driven entry, and entry efficiency

was comparable among theWT, B.1.351, and B.1.617 S proteins

(Figure 2B). Altogether, we demonstrate that the S protein of

SARS-CoV-2 B.1.617 allows moderately enhanced entry into

certain cells of the respiratory and digestive tracts.

Soluble ACE2 and camostat inhibit cell entry driven by
the S protein of variant B.1.617
Wenext examinedwhether entry of B.1.617 can be blocked by in-

hibitors targeting the RBD (soluble ACE2) and proteolytic activa-

tion (camostat) of the S protein. Soluble ACE2 binds to the RBD

and blocks subsequent engagement of membrane-bound

ACE2. It inhibits SARS-CoV and SARS-CoV-2 cell entry and is be-

ing developed for COVID-19 treatment (Kuba et al., 2005; Monteil

et al., 2020). Soluble ACE2blockedCaco-2 cell entry driven by the

WT, B.1.351, and B.1.617 S proteins with comparable efficiency

but did not interferewith entry driven byVSV-G (Figure 3A). Similar

results were obtained for camostat, a clinically proven serine pro-

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

(Figure 3B). These results indicate that soluble ACE2 and camo-

stat will be active against the B.1.617 variant.



Figure 1. Schematic overview of the S pro-

teins from SARS-CoV-2 variants B.1.617

and B.1.351

The location of the mutations in the context of the

B.1.617 or B.1.351 S protein domain organization

is shown in the upper panel. RBD, receptor bind-

ing domain; TD, transmembrane domain. The

location of the mutations in the context of the

trimeric S protein is shown in the lower panels.

Color code: light blue, S1 subunit with RBD in dark

blue; gray, S2 subunit; orange, S1/S2 and S20

cleavage sites; red, mutated amino acid residues.

Article
ll

OPEN ACCESS
Resistance against the therapeutic antibody
bamlanivimab
Theneutralizingmonoclonal antibodiescasirivimab (REGN10933),

imdevimab (REGN10987), bamlanivimab (LY-CoV555), and

etesevimab (LY-CoV016) (Figure S2) have received EUA for

COVID-19 therapy. We analyzed whether these antibodies

were able to inhibit host cell entry driven by the S protein of

variant B.1.617. An irrelevant control antibody (hIgG, human

immunoglobulin G) failed to block entry mediated by all viral gly-

coproteins tested (Figure 4), as expected. Casirivimab inhibited

host cell entry mediated by the S protein of B.1.351 with reduced

efficiency, in keeping with published data (Hoffmann et al.,

2021a), and inhibition of B.1.617 S protein-driven entry was

diminished (Figure 4), in keeping with the presence of mutations

in the antibody binding site (Figure S2). In contrast, B.1.351 and

B.1.617 S protein-mediated entry was efficiently inhibited by im-

devimab and by a cocktail of casirivimab and imdevimab,

termed REGN-COV (Figure 4). Furthermore, bamlanivimab failed

to inhibit entry driven by the S protein of variant B.1.351, as ex-

pected (Hoffmann et al., 2021a), and was unable to block entry

driven by the S protein of variant B.1.617 (Figure 4). Bamlanivi-

mab resistance of B.1.617 is in agreement with mutations in

the epitope recognized by the antibody (Figure S2). Etesevimab

blocked entry driven by the WT and B.1.617 S proteins with
comparable efficiency but failed to inhibit

B.1.351 S protein-driven cell entry (Fig-

ure 4). Finally, a cocktail of bamlanivimab

and etesevimab was less effective in

inhibiting B.1.617 S protein-driven cell

entry compared with the WT SARS-

CoV-2 S protein and failed to block entry

driven by the B.1.351 S protein (Figure 4).

These results suggest that casirivimab

and particularly bamlanivimab monother-

apy may not be suitable for treatment of

patients infected with variant B.1.617.

Diminished neutralization by
plasma from COVID-19
convalescent patients
SARS-CoV-2 infection induces the gener-

ation of neutralizing antibodies in most

infected patients, and it is believed

that these antibody responses are impor-
tant for protection from reinfection (Rodda et al., 2021; Wajnberg

et al., 2020). Therefore, we determined whether variant B.1.617

evades inhibition by antibodies, which might contribute to its

increasing transmission dynamics. For this, we analyzed anti-

body-mediated neutralization using plasma samples obtained

from 15 COVID-19 patients at the intensive care unit of Göttingen

University Hospital (Table S1). These plasma samples were pre-

screened for neutralizing activity and tested for their ability to

block host cell entry driven by the WT S protein and the S protein

of variant B.1.617. The S protein of variant B.1.351 served as con-

trol, because this S protein efficiently evades antibody-mediated

neutralization (Hoffmann et al., 2021a). Inhibition of entry driven

by theB.1.351Sproteinwas almost 6-fold less efficient compared

with the WT S protein (Figure 5A; Figure S3A). Neutralization of

particles bearing the S protein of variant B.1.617 was also

reduced, but the reduction was less prominent (�2-fold) (Fig-

ure 5A; Figure S3A). These results suggest that variant B.1.617

might evade antibody-mediated control in COVID-19 convales-

cent patients, although with moderate efficiency.

Diminished neutralization by plasma from Comirnaty/
BNT162b2-vaccinated patients
Vaccination with Comirnaty/BNT162b2 has been shown to be

safe and to protect against COVID-19 with high efficiency
Cell Reports 36, 109415, July 20, 2021 3



Figure 2. The S protein of SARS-CoV-2 variant B.1.617 drives efficient entry into human cell lines

(A) S protein of the SARS-CoV-2 variant B.1.617 mediates robust entry into cell lines. The indicated cell lines were inoculated with pseudotyped particles bearing

the S proteins of the indicated SARS-CoV-2 variants or the wild-type (WT) SARS-CoV-2 S protein. Transduction efficiency was quantified by measuring virus-

encoded luciferase activity in cell lysates 16–18 h after transduction. Presented are the average (mean) data from three biological replicates (each conducted with

technical quadruplicates) for which transduction was normalized against SARS-CoV-2 WT S protein (= 100%). Error bars indicate the standard error of the mean

(SEM). Statistical significance of differences between the WT and the variant S proteins was analyzed by one-way analysis of variance (ANOVA) with Dunnett’s

posttest (p > 0.05, not significant [ns]; *p % 0.05; **p % 0.01; ***p % 0.001). See also Figure S1.

(B) BHK-21 cells transfected with empty plasmid or ACE2 plasmidwere inoculated with pseudotyped particles bearing the indicated S proteins, VSV-G, or no viral

glycoprotein (control; data not shown). Presented are the average (mean) data from three biological replicates (each conducted with technical quadruplicates) for

which transductionwas normalized against the background (signal obtained for particles without viral glycoprotein = 1, as indicated by the dashed line). Error bars

indicate the SEM. Statistical significance of differences between empty vector and ACE2-transfected cells was analyzed by multiple t test with correction for

multiple comparison (Holm-Sidak method; p > 0.05, ns; ***p % 0.001).
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(Polack et al., 2020). The vaccine is based on an mRNA that en-

codes the SARS-CoV-2 S protein. The vaccine induces antibody

and T cell responses (Grifoni et al., 2020; Peng et al., 2020), and

the neutralizing antibodies triggered by vaccination are believed

to be important for vaccine-induced protection against SARS-

CoV-2 infection. Therefore, we analyzed whether cell entry

driven by the S protein of variant B.1.617 can be efficiently in-

hibited by plasma from Comirnaty/BNT162b2-vaccinated indi-
4 Cell Reports 36, 109415, July 20, 2021
viduals (Table S2). To address this question, we analyzed

neutralization by 15 plasma samples obtained from vaccinees

two to three weeks after they had received the second vaccine

dose. All sera efficiently inhibited entry driven by the WT S pro-

tein (Figure 5B; Figure S3B). Inhibition of entry driven by the

B.1.351 S protein was more than 11-fold reduced compared

with WT (Figure 5B), in keeping with expectations (Hoffmann

et al., 2021a). Entry mediated by the S protein of variant



Figure 3. Entry driven by the S protein of

SARS-CoV-2 variant B.1.617 can be blocked

with soluble ACE2 and camostat mesylate

(A) S protein-bearing particles were incubated with

different concentrations of soluble ACE2 (sol-ACE2)

for 30 min at 37�C before the mixtures were inocu-

lated onto Caco-2 cells.

(B) Caco-2 target cells were preincubated with

different concentrations of the serine protease in-

hibitor camostat mesylate for 1 h at 37�C before S

protein-bearing particles were added.

Transduction efficiency was quantified by

measuring virus-encoded luciferase activity in cell

lysates 16–18 h after transduction. For normaliza-

tion, SARS-CoV-2 S protein-driven entry in the absence of sol-ACE2 or camostat was set as 0% inhibition. Presented are the average (mean) data from three

biological replicates (each performed with technical quadruplicates. Error bars indicate the SEM. Statistical significance of differences between the WT and the

variant S proteins or VSV-G was analyzed by two-way ANOVA with Dunnett’s posttest (p > 0.05, ns [not significant, not indicated in the graphs]; ***p % 0.001).
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B.1.617 was also less efficiently inhibited, but evasion from anti-

body-mediated inhibition was less pronounced (�3-fold reduc-

tion) (Figure 5B). Thus, variant B.1.617 can partially evade

control by antibodies induced by vaccination with Comirnaty/

BNT162b2.

DISCUSSION

The recent surge in COVID-19 cases and deaths in India is par-

alleled by the spread of the novel SARS-CoV-2 variant B.1.617.
Figure 4. The S protein of SARS-CoV-2 variant B.1.617 is resistant to n

S protein-bearing particles were incubated with different concentrations of monoclo

cells. Transduction efficiency was quantified bymeasuring virus-encoded luciferase

2 S protein-driven entry in the absence ofmonoclonal antibodywas set as 0% inhibi

performedwith technical quadruplicates). Error bars indicate the SEM. Statistical sig

by two-way ANOVA with Dunnett’s posttest (p > 0.05, ns [not significant, not indic
This variant harbors mutations in the RBD and other parts of the

S protein that might alter important biological properties of the

virus, including the efficiency of entry into target cells and the

susceptibility to drugs and antibodies targeting the entry pro-

cess. The present study reveals that the B.1.617 S protein can

facilitate entry into Calu-3 lung and Caco-2 colon cells with

slightly increased efficiency and shows that entry can be blocked

by soluble ACE2 and camostat. In contrast, bamlanivimab, a re-

combinant antibody with EUA, did not inhibit entry driven by the

B.1.617 S protein, and evidence for moderate evasion of
eutralization by bamlanivimab

nal antibodies for 30min at 37�C before the mixtures were inoculated onto Vero

activity in cell lysates 16–18 h after transduction. For normalization, SARS-CoV-

tion. Presented are the average (mean) data from three biological replicates (each

nificance of differences between theWT and the variant S proteinswas analyzed

ated in the graphs]; *p % 0.05; **p % 0.01; ***p % 0.001). See also Figure S2.
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Figure 5. The S protein of SARS-CoV-2 variant B.1.617 evades

neutralization by antibodies induced upon infection or vaccination

with BNT162b2

The S protein of SARS-CoV-2 variant B.1.617 evades neutralization by

convalescent plasma (A) or plasma fromBNT162b2-vaccinated individuals (B).

S protein-bearing particles were incubated with different plasma dilutions

(derived from infected or vaccinated individuals) for 30 min at 37�C before the

mixtures were inoculated onto Vero cells. Transduction efficiency was quan-

tified by measuring virus-encoded luciferase activity in cell lysates 16–18 h

after transduction and used to calculate the plasma/serum dilution factor that

leads to 50% reduction in S protein-driven cell entry (neutralizing titer 50

[NT50]). Presented are the average (mean) data from a single biological

replicate (performed with technical quadruplicates). Error bars indicate the

standard deviation. Identical plasma samples are connected with lines, and

the numbers in brackets indicate the average (mean) reduction in neutraliza-

tion sensitivity for the S proteins of the respective SARS-CoV-2 variants.

Statistical significance of differences between the WT and the variant S pro-

teins was analyzed by paired two-tailed Student’s t test (p > 0.05, ns; **p %

0.01; ***p % 0.001). See also Figure S3 and Tables S1 and S2.
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antibodies induced by infection and Comirnaty/BNT162b2

vaccination was obtained.

The spread of variant B.1.617 in India might partially result

from increased fitness of this variant, i.e., an increased ability

to amplify in patients and to be transmitted between patients.

Augmented fitness has been documented for SARS-CoV-2

variant B.1.1.7 (Frampton et al., 2021; Graham et al., 2021;

Leung et al., 2021), but the underlying mechanism is unclear.

Increased host cell entry because of more efficient ACE2 binding

or more robust proteolytic activation of the S protein might

contribute to augmented fitness. Host cell entry driven by the

B.1.617 S protein was not increased when cell lines were exam-

ined that expressed moderate levels of endogenous ACE2, like

293T cells, arguing against more efficient ACE2 usage by variant

B.1.617. This scenario was confirmed by binding assays with

soluble ACE2 and S protein-expressing cells (data not shown).

Similarly, the comparable inhibition of particles bearing the WT

or B.1.617 S protein by soluble ACE2 points toward no substan-

tial differences in ACE2 binding efficiency. However, the

B.1.617 S protein facilitated moderately increased entry into

the human lung and intestinal cell lines Calu-3 and Caco-2,

respectively, and this effect was less pronounced when ACE2

was overexpressed in Calu-3 cells. Therefore, one can speculate

that B.1.617 may have an increased ability to use certain entry

augmenting factors that are expressed in a cell-type-specific

fashion. Potential candidates are heparan sulfate (Clausen

et al., 2020), Axl (Wang et al., 2021b), and neuropilin-1 (Can-

tuti-Castelvetri et al., 2020; Daly et al., 2020).

Another explanation for the increased spread of variant

B.1.617 in India might be immune evasion, i.e., the ability to
6 Cell Reports 36, 109415, July 20, 2021
spread in a population in which a substantial portion of individ-

uals has preexisting immune responses against SARS-CoV-2.

This is the case in India, at least in certain areas or resource-

poor communities, in which seroprevalence can be higher than

70% (Kar et al., 2021; Malani et al., 2021; Mohanan et al.,

2021). The RBD of the B.1.617 S protein harbors two mutations

associated with (L452R) or suspected of (E484Q) antibody

evasion. Mutation L452R was previously shown to facilitate

escape from neutralizing antibodies (Li et al., 2020). Moreover,

E484K present in the B.1.351 and P.1 variants confers antibody

resistance (Li et al., 2021), and one could speculate that ex-

change E484Q might have a similar effect. Both L452R and

E484K are likely responsible for B.1.617 resistance to bamlanivi-

mab (Starr et al., 2021) (Figure S2). In the light of these findings, it

was unsurprising that evasion of the B.1.617 S protein from an-

tibodies in plasma from COVID-19 convalescent patients and

Comirnaty/BNT162b2-vaccinated individuals was observed.

However, evasion from antibody-mediated neutralization by

the B.1.617 S protein was clearly less pronounced compared

with the S protein of the B.1.351 variant. Differences between

these variants regarding the additional mutations located in

and outside of the RBD likely account for their differential neutral-

ization sensitivity.

Collectively, our results suggest that although B.1.617 may be

able to evade control by antibodies to some extent, other factors

might contribute to its fast spread, including potential fitness

benefit or reduced adherence of the local population to

COVID-19 protection measures (e.g., mask wearing and social

distancing).

LIMITATIONS

The analysis of B.1.617 entry and its inhibition was conducted

with VSV particles pseudotyped with the S protein of B.1.617,

and confirmation of the results with authentic virus is pending.

However, based on published data, we expect no appreciable

differences (Riepler et al., 2020; Schmidt et al., 2020). Further-

more, the experiments were conducted with immortalized cell

lines, which might not reflect all aspects of primary respiratory

epithelial cells.
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Antibodies

Casirivimab Laboratory of Hans-Martin Jäck N/A

Imdevimab Laboratory of Hans-Martin Jäck N/A

Bamlanivimab Laboratory of Hans-Martin Jäck N/A

Etesevimab Laboratory of Hans-Martin Jäck N/A

hIgG Laboratory of Hans-Martin Jäck N/A

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 Plasma (SI 15) Laboratory of Martin Sebastian Winkler N/A

Patient Plasma (SI 18) Laboratory of Martin Sebastian Winkler N/A

Patient Plasma (SI 20) Laboratory of Martin Sebastian Winkler N/A

Patient Plasma (SI 22) Laboratory of Martin Sebastian Winkler N/A

Patient Plasma (SI 23) Laboratory of Martin Sebastian Winkler N/A

Patient Plasma (SI 24) Laboratory of Martin Sebastian Winkler N/A

Patient Plasma (SI 27) Laboratory of Martin Sebastian Winkler N/A
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Patient Plasma (SI 51) Laboratory of Martin Sebastian Winkler N/A
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Patient Plasma (SI 70) Laboratory of Martin Sebastian Winkler N/A

Patient Plasma (SI 71) Laboratory of Martin Sebastian Winkler N/A

Vaccinee Plasma (ID4844) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4846) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4847) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4848) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4849) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4863) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4864) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4865) Laboratory of Georg M.N. Behrens N/A
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Vaccinee Plasma (ID4867) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4868) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4872) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4874) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4876) Laboratory of Georg M.N. Behrens N/A

Vaccinee Plasma (ID4877) Laboratory of Georg M.N. Behrens N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Camostat mesylate Sigma-Aldrich Cat# SML0057

Critical commercial assays

Beetle-Juice Kit PJK Cat# 102511

Deposited data

N/A N/A N/A

Experimental models: Cell lines

293T DSMZ Cat# ACC-635; RRID:

CVCL_0063

A549 (ACE2) Laboratory of Stefan Pöhlmann N/A

A549 (ACE2+TMPRSS2) Laboratory of Stefan Pöhlmann N/A

BHK-21 Laboratory of Georg Herrler ATCC Cat# CCL-10;
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Calu-3 (ACE2) Laboratory of Stefan Pöhlmann N/A

Huh-7 Laboratory of Thomas Pietschmann JCRB Cat# JCRB0403;
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Experimental models: Organisms/strains

N/A N/A N/A
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TCGTGTTTCTGGTGCTGC)

Sigma-Aldrich N/A

SARS-2-SD18 (XbaI) R

(AAGGCCTCTAGACTACTTGCAGCAGCTGCCACAG)
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SARS-2-S (R21T) F

(TGACCACAACAACCCAGCTGCCTCCAGCCTAC)

Sigma-Aldrich N/A

SARS-2-S (R21T) R

(AGCTGGGTTGTTGTGGTCAGGTTCACACACTG)

Sigma-Aldrich N/A

SARS-2-S (E154K) F

(AGCTGGATGAAAAGCGAGTTCCGGGTGTAC)

Sigma-Aldrich N/A

SARS-2-S (E154K) R

(ACTCGCTTTTCATCCAGCTCTTGTTGTTCTTG)

Sigma-Aldrich N/A

SARS-2-S (Q218H) F

(TCTGCCTCACGGCTTCTCTGCTCTGGAACC)

Sigma-Aldrich N/A

SARS-2-S (Q218H) R

(AGAGAAGCCGTGAGGCAGATCCCGCACGAG)

Sigma-Aldrich N/A

SARS-2-S (L452R) F

(ACAATTACCGGTACCGGCTGTTCCGGAAGTCC)

Sigma-Aldrich N/A

SARS-2-S (L452R) R

(AGCCGGTACCGGTAATTGTAGTTGCCGCCGAC)

Sigma-Aldrich N/A

SARS-2-S (L452R+E484Q) hyb F

(ATTACCGGTACCGGCTGTTCCGGAAGTCCA

ATCTGAAGCCCTTCGAGCGGGACATCTCCACCG)

Sigma-Aldrich N/A

SARS-2-S (L452R+E484Q) hyb R

(AAGCCTTGCACGCCGTTACAAGGGGTGCTGCCG

GCCTGATAGATCTCGGTGGAGATGTCCCGCTCG)

Sigma-Aldrich N/A

SARS-2-S (E484Q) F

(AACGGCGTGCAAGGCTTCAACTGCTACTTCC)

Sigma-Aldrich N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SARS-2-S (E484Q) R

(TGAAGCCTTgCACGCCGTTACAAGGGGTGC)

Sigma-Aldrich N/A

SARS-2-S (P681R) F

(ACAAACAGCCGCAGACGGGCCAGATCTGTGG)

Sigma-Aldrich N/A

SARS-2-S (P681R) R

(GCCCGTCTGCGGCTGTTTGTCTGTGTCTGG)

Sigma-Aldrich N/A

SARS-2-S (H1101D) F

(CAACGGCACCGACTGGTTCGTGACCCAGC)

Sigma-Aldrich N/A

SARS-2-S (H1101D) R

(CACGAACCAGTCGGTGCCGTTGGACACGAAC)

Sigma-Aldrich N/A

pCG1 F (CCTGGGCAACGTGCTGGT) Sigma-Aldrich N/A

pCG1 R (GTCAGATGCTCAAGGGGCTTCA) 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: pCAGGS-DsRed Laboratory of Stefan Pöhlmann N/A

Plasmid: pCG1-SARS-2-SD18 (WT), codon-optimized Laboratory of Stefan Pöhlmann N/A

Plasmid: pCG1-SARS-2-SD18 (B.1.351), codon-optimized Laboratory of Stefan Pöhlmann N/A

Plasmid: pCG1-SARS-2-SD18 (B.1.617), codon-optimized Laboratory of Stefan Pöhlmann N/A

Plasmid: pCG1-ACE2 Laboratory of Stefan Pöhlmann N/A

Plasmid: pCG1-solACE2-Fc Laboratory of Stefan Pöhlmann N/A

Software and algorithms

Hidex Sense Microplate Reader Software Hidex Deutschland Vertrieb GmbH https://www.hidex.de

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

Adobe Photoshop CS5 Extended (version 12.0 3 32) Adobe https://www.adobe.com/

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/

en-us/microsoft-365?rtc=1

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

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
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,
e3 Cell Reports 36, 109415, July 20, 2021

mailto:mhoffmann@dpz.eu
mailto:spoehlmann@dpz.eu
https://www.hidex.de
http://www.yasara.org
https://www.adobe.com/
https://www.graphpad.com/
https://www.microsoft.com/en-us/microsoft-365?rtc=1
https://www.microsoft.com/en-us/microsoft-365?rtc=1


Article
ll

OPEN ACCESS
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) supplemented with 10% fetal bovine serum (FCS, Bio-

chrom or GIBCO), 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), Calu-3 (human, male, lung; HTB-55, ATCC; RRID: CVCL_0609, kindly provided by Stephan Ludwig,

Institute of Virology, University of M€unster, Germany) and Calu-3 cells stably overexpressing ACE2, Calu-3 (ACE2) (Hoffmann

et al., 2021c), 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-essential amino acid solution (from 100x stock, PAA) and 1 mM sodium py-

ruvate (Thermo Fisher Scientific). Calu-3 (ACE2) cells further received 0.5 mg/ml puromycin (Invivogen). A549-ACE2 (Hoffmann

et al., 2021a) and A549-ACE2/TMPRSS2 cells (Hoffmann et al., 2021a) were derived from parental A549 cells (human, male,

lung; CRM-CCL-185, ATCC, RRID:CVCL_0023; kindly provided by Georg Herrler) and cultivated in DMEM/F-12 Medium (Ther-

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

essential amino acid solution (from 100x stock, PAA), 1 mM sodium pyruvate (Thermo Fisher Scientific) and 0.5 mg/ml puromy-

cin (Invivogen). A549-ACE2/TMPRSS2 cells further received 1 mg/ml blasticidin (Invivogen).

All cell lines were incubated at 37�C in a humidified atmosphere containing 5%CO2. 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 accord-

ing to their growth characteristics. In addition, cell lines were routinely tested for contamination by mycoplasma.

METHOD DETAILS

Expression plasmids
Expression plasmids for DsRed (Hoffmann et al., 2020), vesicular stomatitis virus (VSV, serotype Indiana) glycoprotein (VSV-G)

(Brinkmann et al., 2017), WT SARS-CoV-2 S (codon-optimized, based on the Wuhan/Hu-1/2019 isolate, contains D614G exchange;

with a C-terminal truncation of 18 amino acid) (Hoffmann et al., 2021a), SARS-CoV-2 S B.1.351 (codon-optimized; with a C-terminal

truncation of 18 amino acid) (Hoffmann et al., 2021a), angiotensin-converting enzyme 2 (ACE2) (Hoffmann et al., 2013) and soluble

ACE2 (Hoffmann et al., 2021a) have been described before. In order to generate the expression vector for the S protein of SARS-CoV-

2 variant B.1.617, the required mutations were inserted into the WT SARS-CoV-2 S sequence by overlap extension PCR. The result-

ing open reading frame was further inserted into the pCG1 plasmid (kindly provided by Roberto Cattaneo, Mayo Clinic College of

Medicine, Rochester, MN, USA), making use of the unique BamHI and XbaI restriction sites. Sequence integrity was verified by

sequencing using a commercial sequencing service (Microsynth SeqLab). Specific cloning details (e.g., primer sequences and re-

striction sites) are available upon request. Transfection of 293T cells was carried out by the calcium-phosphate precipitation method,

while BHK-21 cells were transfected using Lipofectamine LTX (Thermo Fisher Scientific).

Sequence analysis and protein models
The S protein sequence of SARS-CoV-2 S variant B.1.617 (GISAID Accession ID: EPI_ISL_1360382) was obtained from the GISAID

(global initiative on sharing all influenza data) database (https://www.gisaid.org/). Protein models were generated using the YASARA

software (http://www.yasara.org/index.html) and are based on PDB: 6XDG (Hansen et al., 2020),PDB: 7L3N (Jones et al., 2020) or

PDB: 7C01 (Shi et al., 2020), or a template that was constructed by modeling the SARS-2-S sequence on PDB: 6XR8 (Cai et al.,

2020), using the SWISS-MODEL online tool (https://swissmodel.expasy.org/).

Production of soluble ACE2
For the production of soluble ACE2 fused to the Fc portion of human immunoglobulin G (IgG), sol-ACE2, 293T cells were grown in a T-

75 flask and transfected with 20 mg of sol-ACE2 expression plasmid. The medium was exchanged at 10 h posttransfection and cells

were further incubated for 38 h. Then, the culture supernatant was collected and the cells received fresh medium and were further

incubated. The collected supernatant was further centrifuged (2,000 x g, 10 min, 4�C) and stored at 4�C. After an additional 24 h, the

culture supernatant was harvested and centrifuged as described before. Next, the clarified supernatants from both harvests were

combined, loaded onto Vivaspin protein concentrator columns with a molecular weight cut-off of 30 kDa (Sartorius) and centrifuged

at 4,000 x g at 4�C until a concentration factor of 20 was achieved. Finally, the concentrated sol-ACE2 was aliquoted and stored at

�80�C.

Collection of serum and plasma samples
All plasma samples were heat-inactivated (56�C, 30 min) before analysis. Further, all plasma were pre-screened for the

presence of neutralizing activity against WT SARS-CoV-2 S using a pseudotype neutralization test. Convalescent plasma

samples were collected from COVID-19 patients treated at the intensive care unit of the University Medicine Göttingen

under approval given by the ethic committee of the University Medicine Göttingen (SeptImmun Study 25/4/19 Ü). For

collection of convalescent plasma, Cell Preparation Tube (CPT) vacutainers with sodium citrate were used and plasma

was collected as supernatant over the PBMC layer. Plasma from individuals vaccinated with BioNTech/Pfizer vaccine
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Comirnaty/BNT162b2 were obtained 24-31 days after the second dose. The study was approved by the Institutional Review

Board of Hannover Medical School (8973_BO_K_2020). For vaccinated patients, blood was collected in S-Monovette�
EDTA tubes (Sarstedt).

Preparation of pseudotype particles
For this study, we employed rhabdoviral pseudotype particles that are based on a replication-deficient VSV vector that lacks the ge-

netic information 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). Pseudotyping of VSV*DG-FLuc was carried out according to a published protocol (Kleine-Weber

et al., 2019). First, 293T cells that expressed the respective S protein, VSV-G (or no viral protein, control) following transfection

were inoculated with VSV*DG-FLuc at a multiplicity of infection of three and incubated for 1 h at 37�C. Next, the inoculum was aspi-

rated and cells were washed with phosphate-buffered saline (PBS). Thereafter, cells received culture medium containing anti-VSV-G

antibody (culture supernatant from I1-hybridoma cells; ATCC no. CRL-2700; except for cells expressing VSV-G, which received only

medium) and incubated for 16-18 h. Then, pseudotype particles were harvested. For this, the culture supernatant was collected and

centrifuged (2,000 x g, 10min, room temperature) in order to pellet cellular debris. Finally, the clarified supernatant was aliquoted and

stored at �80�C.

Transduction of target cells
All transduction experiments were carried out in 96-well format at a cell confluency of 50%–80%. For experiments addressing

cell tropism and entry efficiency, Vero, Caco-2, Calu-3, Calu-3 (ACE2), 293T, A549 (ACE2), A549 (ACE2+TMPRSS2) and Huh-7

target cells were inoculated with identical volumes of pseudotype preparations. BHK-21 cells were transfected 24 h prior to

pseudotype inoculation with either empty plasmid or ACE2 expression plasmid (0.1 mg/well) using Lipofectamine LTX (Thermo

Fisher Scientific). In order to study the antiviral activity of Camostat mesylate, Caco-2 target cells, which express endogenous

TMPRSS2, were pre-incubated for 1 h with medium containing different concentrations (100, 10, 1, 0.1 or 0.01 mM) of Camostat

mesylate (prepared from a 100 mM stock; Tocris) or the solvent dimethyl sulfoxide (DMSO, 1:1,000; Sigma-Aldrich) as control

before being inoculated with VSV bearing S protein, VSV-G or no glycoprotein. For experiments addressing the antiviral activity

of soluble ACE2, pseudotype particles bearing S protein, VSV-G or no protein were pre-incubated with different amounts of

concentrated sol-ACE2 (final sol-ACE2 dilutions in the mixtures: undiluted, 1:10, 1:100, 1:1,000, 1:10,000) or only medium

for 30 min at 37�C, before the mixtures were added onto Caco-2 cells. In all cases, transduction efficiency was determined

at 16-18 h postinoculation. For this, the culture supernatant was aspirated. Next, cells were lysed in PBS containing 0.5% Triton

X-100 (Carl Roth) for 30 min at room temperature. Thereafter, cell lysates were transferred into white 96-well plates. Finally,

FLuc activity was measured using a commercial substrate (Beetle-Juice, PJK; Luciferase Assay System, Promega) and a Hidex

Sense Plate Reader (Hidex).

Pseudotype particle neutralization test
For neutralization experiments, S protein bearing pseudotype particles were pre-incubated for 30 min at 37�C with different

concentrations of monoclonal antibodies (Casirivimab, Imdevimab, Casirivimab+Imdevimab [1:1], Bamlanivimab, Esetevimab,

Bamlanivimab+Etesevimab [1:1] or unrelated control IgG [2, 0.2, 0.02, 0.002, 0.0002, 0.00002 mg/ml]) or plasma samples ob-

tained from convalescent COVID-19 patients or individuals vaccinated with the Pfizer/BioNTech vaccine BNT162b2/Comirnaty

(1:25, 1:100, 1:400, 1:1,600, 1:6,400, 1:25,600), before the mixtures were inoculated onto Vero cells. In all cases, particles incu-

bated only with medium served as control. Transduction efficiency was determined at 16-18 h postinoculation as described

above.

QUANTIFICATION AND STATISTICAL ANALYSIS

The results presented in this study represent average (mean) data obtained from three biological replicates, each conducted with

technical quadruplicates. The only exception are the neutralization data involving plasma from infected/vaccinated individuals, which

are based on a single experiment (standard in the field), conducted with technical quadruplicates. Error bars are defined as either

standard deviation (SD, neutralization data involving plasma from infected/vaccinated individuals) or standard error of the mean

(SEM, all other data). Data ware analyzed using Microsoft Excel (as part of the Microsoft Office software package, version 2019, Mi-

crosoft Corporation) and GraphPad Prism 8 version 8.4.3 (GraphPad Software).

Data normalization was performed in the following fashion: (i) For comparison of entry efficiency by the different S proteins, trans-

duction was normalized against WT SARS-CoV-2 S (set as 100%). Alternatively, transduction was normalized against the back-

ground signal (luminescence measured for cells inoculated with particles bearing no viral glycoprotein; set as 1). (ii) In order to inves-

tigate inhibition of S protein-driven cell entry by sol-ACE2, Camostat mesylate, monoclonal antibodies or plasma from infected/

vaccinated individuals, transduction was normalized against a reference sample (e.g., control-treated cells or pseudotypes, set

as 0% inhibition).
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The neutralizing titer 50 (NT50) value, which indicates the plasma dilution that causes a 50% reduction of transduction efficiency,

was calculated using a non-linear regression model (inhibitor versus normalized response, variable slope). Statistical significance

was tested by one- or two-way analysis of variance (ANOVA) with Dunnett’s post hoc test, paired Students t test or by multiple t

test with correction for multiple comparison (Holm-Sidak method). Only p values of 0.05 or lower were considered statistically sig-

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

specified in the figure legends.
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