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SUMMARY
Antibody-based interventions against SARS-CoV-2 could limit morbidity, mortality, and possibly transmis-
sion. An anticipated correlate of such countermeasures is the level of neutralizing antibodies against the
SARS-CoV-2 spike protein, which engages with host ACE2 receptor for entry. Using an infectious molecular
clone of vesicular stomatitis virus (VSV) expressing eGFP as a marker of infection, we replaced the glycopro-
tein gene (G) with the spike protein of SARS-CoV-2 (VSV-eGFP-SARS-CoV-2) and developed a high-
throughput-imaging-based neutralization assay at biosafety level 2. We also developed a focus-reduction
neutralization test with a clinical isolate of SARS-CoV-2 at biosafety level 3. Comparing the neutralizing ac-
tivities of various antibodies and ACE2-Fc soluble decoy protein in both assays revealed a high degree of
concordance. These assays will help define correlates of protection for antibody-based countermeasures
and vaccines against SARS-CoV-2. Additionally, replication-competent VSV-eGFP-SARS-CoV-2 provides
a tool for testing inhibitors of SARS-CoV-2 mediated entry under reduced biosafety containment.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

is a positive-sense, single-stranded, enveloped RNA virus that

was first isolated in Wuhan, China in December, 2019 from a

cluster of acute respiratory illness cases (Guan et al., 2020).

SARS-CoV-2 is the etiologic agent of coronavirus disease

2019 (COVID-19), which as of June 17, 2020 has more than 8.2

million confirmed cases causing 445,000 deaths. Virtually all

countries and territories have been affected, with major epi-

demics in Central China, Italy, Spain, France, Iran, Russia, Brazil,

India, Peru, the United Kingdom, and the United States. SARS-

CoV-2 is thought to be of zoonotic origin and is closely related

to the original SARS-CoV (Zhang et al., 2020; Zhou et al.,
Cell Host &
2020). Most cases are spread by direct human-to-human trans-

mission, with community transmission occurring from both

symptomatic and asymptomatic individuals (Bai et al., 2020).

This has resulted in a global pandemic with severe economic,

political, and social consequences. The development, charac-

terization, and deployment of an effective vaccine or antibody

prophylaxis or treatment against SARS-CoV-2 could prevent

morbidity and mortality and curtail its epidemic spread.

The viral spike protein (S) mediates all steps of coronavirus en-

try into target cells, including receptor binding and membrane

fusion (Tortorici and Veesler, 2019). During viral biogenesis, the

S protein undergoes furin-dependent proteolytic processing as

it transits through the trans-Golgi network and is cleaved into

S1 and S2 subunits that function in receptor binding and
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membrane fusion, respectively (Walls et al., 2020). Angiotensin-

converting enzyme 2 (ACE2) serves as a cell surface receptor

(Letko et al., 2020; Wrapp et al., 2020) for SARS-CoV-2, and

productive infection is facilitated by additional processing of

S2 by the host cell serine protease TMPRSS2 (Hoffmann

et al., 2020).

Laboratory studies of SARS-CoV-2 require biosafety level 3

(BSL3) containment with positive-pressure respirators. Sin-

gle-round pseudotyped viruses complemented by expression

of the SARS-CoV-2 S protein in trans serve as biosafety level

2 (BSL2) surrogates that can facilitate studies of viral entry

and the inhibition of infection by neutralizing antibodies and

other inhibitors (Hoffmann et al., 2020; Lei et al., 2020; Nie

et al., 2020; Ou et al., 2020). Such pseudotyping approaches

are used routinely by many laboratories for other highly patho-

genic coronaviruses, including SARS-CoV andMERS-CoV (Fu-

kushi et al., 2005, 2006; Giroglou et al., 2004; Kobinger et al.,

2007). Viral pseudotyping assays are limited by the need to ex-

press the glycoprotein in trans and preclude forward genetic

studies of the viral envelope protein. Expression of the glyco-

protein is often accomplished by plasmid transfection, which

requires optimization to minimize batch variation. Assays per-

formed with such pseudotyped viruses rely on relative levels

of infectivity as measured by a reporter assay without correla-

tion to an infectious titer. It also is unknown how the display

of S proteins on a heterologous virus impacts viral entry, anti-

body recognition, and antibody neutralization compared to in-

fectious coronavirus. This question is important because

neutralization assays are used to establish correlates of protec-

tion for vaccine and antibody-based countermeasures, and

most manufacturers lack access to high-containment labora-

tories to test antibody responses against highly pathogenic co-

ronaviruses such as SARS-CoV-2.

Here, we developed a simple and robust BSL2 assay for eval-

uating SARS-CoV-2 entry and its inhibition by antibodies. We

engineered an infectiousmolecular clone of vesicular stomatitis

virus (VSV) to encode the SARS-CoV-2 S protein in place of the

native envelope glycoprotein (G) and rescued an autonomously

replication-competent virus bearing the spike. Through pas-

sage of VSV-eGFP-SARS-CoV-2, we selected a gain-of-func-

tion mutation in S that allowed more efficient viral propagation

yielding titers of >1 3 108 plaque-forming units (PFU)/mL. We

characterized this variant with respect to inhibition by soluble

human ACE2-Fc and monoclonal and polyclonal antibodies

from humans and compared those results to neutralization

tests with a clinical isolate of SARS-CoV-2. These studies

demonstrate that a recombinant VSV expressing SARS-CoV-

2 S behaves analogously to a clinical isolate of SARS-CoV-2,

providing a useful high-throughput BSL2 assay for studying

antibody neutralization or inhibition of viral spike-medi-

ated entry.

RESULTS

A Replication-Competent, Infectious VSV Chimera with
SARS-CoV-2 S Protein
To generate a replication-competent virus to study entry and

neutralization of SARS-CoV-2 at BSL2, we engineered an infec-

tious molecular clone of VSV by replacing the endogenous
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glycoprotein (G) with SARS-CoV-2 S (Figure 1A). SARS-CoV-

2 S protein contains an endoplasmic reticulum (ER) retention

sequence in the cytoplasmic tail (KxHxx-COOH) because virion

assembly occurs in ER-Golgi intermediate compartments (Lon-

tok et al., 2004; McBride et al., 2007; Ruch and Machamer,

2012). We pre-emptively altered that sequence to AxAxx to

facilitate retargeting of S to the plasma membrane, the site of

VSV assembly. Using established approaches (Figure S1A)

(Whelan et al., 1995), we recovered infectious VSV-eGFP-

SARS-CoV-2-SAA as determined by expression of the virus-en-

coded eGFP reporter (Figure 1A, right). However, VSV-eGFP-

SARS-CoV-2-SAA propagation was inefficient on Vero CCL81

cells. This result prompted us to test additional modifications

of the cytoplasmic tail of S, which were also defective in auton-

omous amplification (Figure S1B). To overcome this limitation,

we used a forward genetic approach to isolate two adaptive

variants of VSV-eGFP-SARS-CoV-2-SAA (Figure S1C). Virus

was plaque-purified from the transfected cell supernatants,

and one variant was passaged twice on Vero CCL81 cells.

Following subsequent plaque isolation and serial amplification,

we sequenced the viral RNA in infected cells at the seventh

passage. A second, independent plaque from transfected cell

supernatants was passaged an additional five times on a rhe-

sus monkey MA104 cell line. Both approaches led to the emer-

gence of a virus that contained a single mutation, a cysteine to

stop mutation at residue 1253 (TGC to TGA at nucleotide 3759),

which truncates the cytoplasmic tail of SARS-CoV-2 S by 21

residues (Figure 1A). This virus, hereafter referred to as VSV-

SARS-CoV-2-SD21, was passed 12 times in total to assess ge-

netic stability by next generation sequencing, which revealed

no additional mutations in the spike (SRA: SRR11878607; Bio-

Project: PRJNA635934). Comparison of plaque morphology of

VSV-SARS-CoV-2-SD21 and VSV-eGFP-SARS-CoV-2-SAA on

three Vero cell subtypes and MA104 cells demonstrates that

the selected variant spreads more efficiently (Figure 1B).

Screening of a larger panel of cell types (Figure 1C) identified

MA104 and Vero E6 cells as supporting the highest levels of vi-

rus production. Ectopic expression of TMPRSS2 led to a further

�10-fold increase in viral titer and larger plaque size (Figure 1D).

VSV-SARS-CoV-2-SD21 also was capable of infecting Calu-3

cells, a human epithelial lung adenocarcinoma cell line

(Figure S2).

SARS-CoV-2-SD21 Is Incorporated into Infectious VSV
Particles
To confirm incorporation of SARS-CoV-2 S into particles, we first

amplified the virus in the presence of VSV G to allow infection of

cell types independently of the S protein. The VSV G trans-com-

plemented VSV-SARS-CoV-2-SD21 efficiently infects HEK293T

cells, which then serve as a source of production of virus parti-

cles containing SARS-CoV-2 S protein. Western blotting of su-

pernatants with CR3022, a cross-reactive anti-S monoclonal

antibody (mAb) (ter Meulen et al., 2006; Yuan et al., 2020), estab-

lished the presence of SD21 in VSV-SARS-CoV-2-SD21 particles,

but not in the parental VSV (Figure 1E). The protein detected

migrated at �100 kilodaltons, a band that corresponds to the

cleaved S1 subunit of the glycoprotein (Watanabe et al., 2020).

To examine whether the SD21 incorporated into VSV particles is

processed to S1 and S2, we performed [35S] cysteine-
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Figure 1. Generation and Characterization of an Infectious VSV-SARS-CoV-2 Chimera

(A) A schematic diagram depicting the genomic organization of the VSV recombinants. Shown 30 to 50 are the leader region (Le), eGFP, nucleocapsid (N),

phosphoprotein (P), matrix (M), glycoprotein (G) or SARS-CoV-2 S, large polymerase (L), and trailer region (Tr). On right, infection of Vero CCL81 cells with

supernatant from cells transfected with the eGFP reporter VSV-SARS-CoV-2-SAA. Images were acquired 44 h post-infection (hpi) using a fluorescence micro-

scope, and GFP and transmitted light images were merged using ImageJ. Shown at bottom, the alignment of the cytoplasmic tail of the VSV-SARS-CoV-2-SAA

and the sequence resulting from forward genetic selection of amutant, which truncated the cytoplasmic tail by 21 amino acids. Mutations deviating from thewild-

type spike are indicated in red, and an asterisk signifies a mutation to a stop codon.

(B) Plaque assays were performed to compare the spread of VSV-SARS-CoV-2-SAA rescue supernatant and VSV-SARS-CoV-2-SD21 on Vero CCL81, Vero E6,

Vero-furin, and MA104 cells. Plates were scanned on a biomolecular imager and expression of eGFP is shown 92 hpi (representative images are shown; n > 3

except for SAA on Vero E6, Vero-furin, and MA104 cells).

(C) The indicated cell types were infected with VSV-SARS-CoV-2-SD21 at an MOI of 0.5. Cells and supernatants were harvested at 24 hpi and titrated on MA104

cells (data are pooled from three or more independent experiments; error bars indicate standard deviation of the mean.

(D Top: the indicated cells were infected with VSV-SARS-CoV-2-SD21 at an MOI of 2. Images were acquired 7.5 hpi using a fluorescence microscope and GFP,

and transmitted light images were processed and merged using ImageJ (data are representative of two independent experiments). Bottom: Plaque assays were

performed on the indicated cell types using VSV-SARS-CoV-2-SD21. Images showingGFP expression were acquired 48 hpi using a biomolecular imager (data are

representative of at least three independent experiments; standard deviations of the mean are shown).

(E) Western blotting was performed on concentrated VSV-SARS-CoV-2-SD21 and wild-type VSV particles on an 8% non-reducing SDS-PAGE gel. S1 was

detected using a cross-reactive anti-SARS-CoV mAb (CR3022) (data are representative of two independent experiments).

(F) BSRT7/5 cells were inoculated at an MOI of 10 with VSV-eGFP, G-complemented VSV-SARS-CoV-2-SD21, or mock infected (not shown), and were meta-

bolically labeled with [35S] methionine and cysteine for 20 h starting at 5 hpi in the presence of actinomycin D. Viral supernatants were analyzed by SDS-PAGE. A

representative phosphor-image is shown from two independent experiments. An asterisk indicates a band that also was detected in the mock lane (not shown).

(G) Purified VSV-WT and VSV-SARS-CoV-2-SD21 particles were subjected to negative stain electron microscopy; scale bars are equivalent to 100 nm. Prefusion

structures of each respective glycoprotein are modeled above each EM image (PDB: 5I2S and 6VSB). See also Figures S1 and S2.
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methionine metabolic labeling in BSRT7 cells, which support

robust VSV replication, and analyzed released particles by

SDS-PAGE and phosphorimaging. In addition to the VSV struc-

tural proteins (N, P, M, and L), two additional bands that corre-

spond in size to glycosylated S1 (107 kDa) and S2D21 (85 kDa)

were observed for VSV-SARS-CoV-2-SD21 (Figure 1F). Nega-

tive-stain electron microscopy of sucrose-gradient purified virus

particles revealed that the membrane protein projecting from

VSV-SARS-CoV-2-SD21 is larger than observed on wild-type

VSV particles (Figure 1G), which reflects the larger size of the co-

ronavirus spike.

A High-Throughput Focus-Forming Assay with a Clinical
Isolate of SARS-CoV-2
VSV-SARS-CoV-2-SD21 has several advantages for detection and

measuring of neutralizing antibodies, including lower biosafety

containment level, ease of production and use, and rapid reporter

gene readout. Nonetheless, the difference in virus morphology

(spherical CoV versus bullet-shaped VSV) and possible effects

on the conformational display of S on the virion surface raise ques-

tions of whether the accessibility of epitopes and stoichiometry of

antibody neutralization is similar to authentic SARS-CoV-2. A

direct comparison with a clinical isolate of SARS-CoV-2 is neces-

sary to establish the utility of VSV-SARS-CoV-2-SD21 for assays of

viral entry and antibody neutralization.

We designed a high-throughput assay for titrating SARS-

CoV-2 that could be applied to multiple cell substrates. Instead

of using a plaque assay—which relies on the capacity for a virus

to cause cell death, which can vary across cell types—we

developed a focus-forming assay (FFA) and viral antigen detec-

tion as a measure of infectivity. We propagated SARS-CoV-2 in

four different producer cell types (Vero CCL81, Vero E6, Vero-

furin, and MA104 cells) and then measured the number and

size of foci after staining recipient cells with an anti-S mAb.

With SARS-CoV-2 stocks generated from each producer cell

type, we observed distinct foci across recipient cell substrates

at approximately 30 h post-inoculation (Figure 2A). We consis-

tently observed the highest viral titers and largest foci sizes with

Vero-furin and MA104 cells (Figures 2B and 2C). However, the

larger foci were more difficult to enumerate on an automated

Immunospot reader and required additional manual quality

control analysis. Because of this, we used Vero E6 cells for

our rapid focus-reduction neutralization tests (FRNT) in subse-

quent experiments.

A High-Throughput, eGFP-Based Neutralization Assay
for VSV-SARS-CoV-2-SD21

In parallel, we developed a high-throughput method to measure

neutralization of VSV-SARS-CoV-2-SD21. As VSV-SARS-CoV-2-

SD21 encodes an eGFP reporter and viral gene expression is

robust, eGFP-positive cells can be quantified 7.5 h post-infec-

tion using a fluorescence microscope with automated counting

analysis software. This approach enabled the development of

an eGFP-reduction neutralization test (GRNT) (Figure 2D).

Neutralization of VSV-SARS-CoV-2-SD21 and SARS-CoV-
2 by Human Antibodies
Members of our group recently identified human mAbs from

memory B cells of a SARS-CoV survivor that bind to SARS-
478 Cell Host & Microbe 28, 475–485, September 9, 2020
CoV-2 S (Pinto et al., 2020). We tested a subset of these

(mAbs 304, 306, 309, and 315) for their ability to inhibit VSV-

SARS-CoV-2-SD21 and SARS-CoV-2 infections on Vero E6 cells.

While three of these mAbs showed poor inhibitory activity, mAb

309 potently neutralized both SARS-CoV-2 and VSV-SARS-

CoV-2-SD21 (Figures 3A and 3B) with similar EC50 values be-

tween the two assays (81 and 67 ng/mL for SARS-CoV-2 and

VSV-SARS-CoV-2-SD21, respectively). To broaden the test

panel, we evaluated the activity of a panel of mAbs generated

as part of a phage display library (Miersch et al., 2020) by both

FRNT and GRNT. Many of these mAbs exhibited moderate

neutralization activities in the EC50 range of 100 to 500 ng/mL

(Figures 3C and 3D). Nonetheless, we observed the same

neutralization trend between VSV-SARS-CoV-2-SD21 and

SARS-CoV-2 with highly correlated EC50 values (<2-fold

differences).

Neutralization by Human ACE2-Fc Receptor Decoy
Proteins
Human ACE2 (hACE2) is an entry receptor for both SARS-

CoV and SARS-CoV-2 (Letko et al., 2020; Li et al., 2003,

2005; Wrapp et al., 2020). As a soluble hACE2-Fc decoy pro-

tein has been proposed as a therapeutic for SARS-CoV-2

(Kruse, 2020), in part based on its ability to inhibit SARS-

CoV infection in cell culture (Moore et al., 2004), we tested

whether hACE2-Fc could inhibit infection of VSV-SARS-

CoV-2-SD21 and SARS-CoV-2 using our FRNT and GRNT as-

says. When pre-mixed with VSV-SARS-CoV-2-SD21 or SARS-

CoV-2, hACE2-Fc, but not murine ACE2-Fc (mACE2-Fc), it

dose dependently and equivalently inhibited infection of

recipient Vero E6 cells (Figures 3E and 3F). As expected,

hACE2-Fc did not inhibit infection of wild-type VSV, confirm-

ing that neutralization was specific to the SARS-CoV-2 S pro-

tein (Figure S3). We noted that a relatively high concentration

of hACE2-Fc was required for inhibition, with EC50 values of

29 and 12.6 mg/mL for VSV-SARS-CoV-2-SD21 and SARS-

CoV-2, respectively. Thus, although soluble hACE2-Fc decoy

proteins similarly inhibit infection of VSV-SARS-CoV-2-SD21

and SARS-CoV-2, the potency is less than anticipated, which

suggests that the receptor-binding domain (RBD) on the S

protein on the surface of both viruses may not be fully acces-

sible in solution.

Neutralization of VSV-SARS-CoV-2-SD21 and SARS-CoV-
2 by Human Immune Serum
As part of studies to evaluate immune convalescent plasma as a

possible therapy for SARS-CoV-2-infected patients (Bloch et al.,

2020), we obtained 42 serum samples from 20 individuals at

different time points after the onset of COVID-19 symptoms

(Table 1). These samples were pre-screened using a commer-

cially available IgG ELISA. We tested each sample for neutraliza-

tion of VSV-SARS-CoV-2-SD21 and SARS-CoV-2 on Vero E6

cells. We observed that sera with ELISA-negative or indetermi-

nate results generally showed low inhibitory titers (EC50 < 1/

100), whereas ELISA-positive sera generated a broad range of

neutralizing antibody activity (EC50 > 1/200 to > 1/1,900) (Figures

4A and S4). Remarkably, neutralization of VSV-SARS-CoV-2-

SD21 and SARS-CoV-2 was similar across the entire panel of

samples (Figures 4B, 4C, and S4).



A

B

C

D

Figure 2. Development of a SARS-CoV-2 Focus-Forming Assay and a VSV-SARS-CoV-2-SD21 eGFP-Reduction Assay

(A–C) Representative focus forming assay images (A) of viral stocks generated from each producer cell type (top) were developed on the indicated

cell substrates (indicated on the left side). Data are representative of two independent experiments. Foci obtained in (A) were counted (B) and the size

was determined (C) using an ImmunoSpot plate reader (*p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with Tukey’s multiple comparisons

test; error bars indicate standard error of the mean).

(D) Representative serial dilution series of VSV-SARS-CoV-2-SD21 on Vero E6 cells. The total number of infected cells per well was quantified using an automated

microscope. Insets of enhanced magnification are shown in red. Data are representative of two independent experiments.
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B Figure 3. Neutralization of VSV-SARS-CoV-

2-SD21 and SARS-CoV-2 by Human Mono-

clonal Antibodies and hACE2 Decoy

Receptors

(A and B) Cross-reactive mAbs isolated from a

SARS-CoV survivor were tested for neutralizing

activity against SARS-CoV-2 (A) or VSV-SARS-

CoV-2-SD21 (B) (n = 2 and 3, respectively).

(C and D) SARS-CoV-2 RBD-specific antibodies

obtained from a phage library were tested for their

capacity to neutralize SARS-CoV-2 (C) or VSV-

SARS-CoV-2-SD21 (D) (n = 2 and 2, respectively).

(E and F) hACE2-Fc or mACE2-Fc were tested for

their neutralization activity against SARS-CoV-2 (E)

or VSV-SARS-CoV-2-SD21 (F) (n = 2 and 3,

respectively).

Error bars in (A)–(F) represent the standard error of

the mean. See also Figure S3.
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VSV-SARS-CoV-2-SD21 and SARS-CoV-2 Neutralization
Assays Are Highly Correlative
We determined the extent to which the VSV-SARS-CoV-2-SD21

and SARS-CoV-2 neutralization tests correlated with each other.

We compared the GRNT and FRNT EC50 values obtained in as-

says with mAbs, polyclonal sera, and soluble ACE2 protein (Fig-

ure 5). For the samples with neutralizing activity, we observed a

remarkably strong correlation between the two assays (r =

0.9285; p < 0.001). Moreover, all 11 of the samples that were

deemed non-neutralizing in one assay had the same result in

the second assay. Together, these results establish the utility of

using VSV-SARS-CoV-2-SD21 as a surrogate for authentic
480 Cell Host & Microbe 28, 475–485, September 9, 2020
SARS-CoV-2 infection in entry inhibition

and neutralization studies.

DISCUSSION

Emerging viral pathogens have caused

numerous epidemics and several pan-

demics over the last century. The most

recent example, SARS-CoV-2, has spread

to nearly every country in the world in just a

few months, causing millions of infections

and hundreds of thousands of deaths

(https://www.worldometers.info/coronavirus/).

Rapid responses to viral outbreaks and

generation of countermeasures require

readily accessible tools to facilitate study

and evaluate antiviral activity. Here,

we generated a high-titer, replication-

competent chimeric VSV expressing the

SARS-CoV-2 S protein that performs

similarly to a SARS-CoV-2 clinical isolate

across multiple neutralization tests. As

access to BSL3 facilities is limited, the

finding that VSV-SARS-CoV-2-SD21 is

neutralized similarly by decoy receptors,

mAbs, and polyclonal antibodies in com-

parison to authentic SARS-CoV-2 is

important. This tool will enable academic,
government, and industry investigators to rapidly perform as-

says that interrogate SARS-CoV-2 entry, neutralization, and inhi-

bition at a BSL2 level, which should simplify and expedite the

discovery of therapeutic interventions and analysis of functional

humoral immune responses.

Upon recovery of VSV-SARS-CoV-2-SAA, we selected for a

mutant, which contained a 21-amino acid deletion in the cyto-

plasmic tail. As truncation of the cytoplasmic tail eliminates the

modified KxHxx ER retention signal, we suggest that this muta-

tion facilitates more efficient incorporation of the SARS-CoV-2 S

protein into the VSV particles. Although truncation of the cyto-

plasmic tail of HIV envelope protein resulted in conformational

https://www.worldometers.info/coronavirus/


Table 1. Human Serum ELISA IgG

Serum

Days Post

Symptom Onset

Euroimmun IgG Epitope IgG

Index Reactive Index Reactive

1 14 1.3 + 2.6 +

2 12 6.0 + 3.5 +

3 17 10.2 + 3.9 +

4 16 14.9 + 4.5 +

5 5 0.2 � 1.2 +

6 19 8.6 + 4.4 +

7 17 7.1 + 4.1 +

8 10 5.1 + 2.0 +

9 14 6.8 + 3.1 +

10 6 0.2 � 1.1 +

11 - 5.6 + 0.9 +/�
12 - <0.8 � 1.3 +

13 9 0.7 � 1.1 +

14 20 3.6 + 2.9 +

15 13 0.4 � 2.0 +

16 13 0.5 � 0.9 �
17 11 0.3 � 0.8 �
18 10 0.2 � 0.7 �
19 14 0.9 +/� 1.2 +

20 10 0.4 � 1.5 +

21 11 0.5 � 2.0 +

22 10 0.3 � 0.6 �
23 17 7.6 + 4.2 +

24 14 3.5 + 3.3 +

25 13 1.5 + 2.9 +

26 17 14.2 + 4.4 +

27 13 0.5 � 1.9 +

28 14 9.2 + 4.6 +

29 13 3.9 + 2.8 +

30 16 3.4 + 4.6 +

31 15 10.7 + 3.6 +

32 6 0.5 � 1.1 +

33 11 0.4 � 1.8 +

34 12 0.6 � 2.5 +

35 14 3.7 + 4.1 +

36 20 11.6 + 4.2 +

37 7 0.7 � 1.2 +

38 8 1.7 + 1.9 +

39 7 0.3 � 0.7 �
40 9 3.4 + 2.2 +

41 18 10.3 + 4.1 +

42 17 10.3 + 4.6 +

Serum samples from 20 individuals were collected at different time points

post onset of COVID-19 symptoms and screened using two ELISA as-

says (Euroimmun or Epitope). The serum numbers correspond to those

of Figures 4 and S3. IgG index values were calculated by dividing the

O.D. of the serum sample by a reference O.D. control, and ratios were in-

terpreted using the following criteria as recommended by the manufac-

turer: Negative (�) < 0.8, Indeterminate (+/�) 0.8–1.1, Positive (+) R 1.1.
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alterations in the ectodomain of the protein (Chen et al., 2015),

based on the extensive neutralization data presented here,

including correlation to neutralization of a clinical isolate of

SARS CoV-2, a 21-amino acid truncation does not appear to

substantively alter the structure of the S protein ectodomain. It

remains to be determined whether fully wild-type S protein can

incorporate efficiently into VSV. Indeed, similar mutations were

generated in the SARS-CoV S protein cytoplasmic tail to boost

incorporation into retroviruses and VSV pseudotypes (Fukushi

et al., 2005; Giroglou et al., 2004; Moore et al., 2004).

The value of a chimeric virus depends on its capacity to pre-

sent viral surface antigens in a similar way to its authentic coun-

terpart (Garbutt et al., 2004). Indeed, the morphology of the bul-

let-shaped rhabdovirus and the spherical coronavirus and the

density and geometry of S protein display could differentially

impact antibody engagement and neutralization. Despite this

concern, our extensive testing of VSV-SARS-CoV-2-SD21 with

antibodies and soluble ACE2-Fc proteins showed similar

neutralization profiles compared to authentic, fully infectious

SARS-CoV-2. Thus, VSV-SARS-CoV-2-SD21, despite the struc-

tural differences of the virion, provides a useful tool for screening

antibodies, entry-based antiviral agents, and vaccine responses

against SARS-CoV-2. Indeed, convalescent plasma is under

investigation as a potential COVID-19 therapeutic (Chen et al.,

2020). Our studies suggest that, in addition to testing for anti-S

or anti-RBD antibodies (Shen et al., 2020), neutralization assays

with VSV-SARS-CoV-2-SD21 may be a convenient and rapid

method to obtain functional information about immune plasma

preparations to enable prioritization prior to passive transfer to

COVID-19 patients.

Coronaviruses possess a roughly 30 kb RNA genome, which

requires that they encode a proofreading enzyme (ExoN in

nsp14) (Denison et al., 2011) to counteract the error rate of the

viral-RNA-dependent RNA polymerase. The lack of such proof-

reading enzymes in the genomes of rhabdoviruses suggests

that selection of escape mutants to inhibitors of the coronavirus

S protein will be faster in VSV-SARS-CoV-2, which further in-

creases the utility of this chimeric virus. Our FRNT and GRNT as-

says can be used to establish evidence of prior SARS-CoV-2

infection or vaccination, as well as determine waning of func-

tional responses over time, as the likelihood of cross-neutralizing

responses with other cosmopolitan coronaviruses (e.g., HCoV-

229E and HCoV-OC43) is exceedingly low. Overall, VSV-

SARS-CoV-2-SD21 and our FRNT and GRNT assays can facili-

tate the development and evaluation of antibody- or entry-based

countermeasures against SARS-CoV-2 infection. A similar VSV-

SARS-CoV-2 chimera as a reporter of antibody mediated

neutralization is described in a companion paper (Dieterle et

al., 2020).

Limitations of Study
Our experiments do not directly test the safety of the recombinant

VSV-eGFP-SARS-CoV-2. VSV-Indiana and chimeric VSV inwhich

the native envelope protein is replaced with that of the envelope

proteins of Ebola (Garbutt et al., 2004; Jones et al., 2005; Takada

et al., 2003), Lassa (Geisbert et al., 2005), Andes (Brown et al.,

2011), highly pathogenic avian influenza (Furuyama et al., 2020),

and many other viruses are handled at BSL2. VSV-Ebola is a

licensed human vaccine, ERVEBO, distributed by Merck. We
Cell Host & Microbe 28, 475–485, September 9, 2020 481



A

C

B Figure 4. Human Immune Serum Neutrali-

zation of SARS-CoV-2 and VSV-SARS-CoV-

2-SD21

(A and B) Representative neutralization curves of

serum from SARS-CoV-2-infected donors with

low, medium, and high inhibitory activity against

SARS-CoV-2 (A) or VSV-SARS-CoV-2-SD21 (B)

(n = 2 and 2, respectively). Error bars in (A) and (B)

represent the standard error of the mean.

(C) EC50 values of all human serum tested for

neutralization of SARS-CoV-2 and VSV-SARS-

CoV-2-SD21. Differences in the geometric mean or

median titers were 3.0-fold between FRNT and

GRNT assays. See also Figure S4.
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are actively evaluating VSV-SARS-CoV-2 as a vaccine candidate,

andmice inoculatedwith this virus do not develop disease (J.B.C.,

P.W.R., S.P.J.W., and M.S.D., unpublished data). Notwith-

standing these data, a chimeric VSV containing both the F and

G genes of Nipah virus remains pathogenic in mice (van den Pol

et al., 2017), suggesting that appropriate caution should be

used in handling VSV-SARS-CoV-2 at BSL2.
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Figure 5. Correlation Analysis of Neutralization of SARS-CoV-2 and

VSV-SARS-CoV-2-SD21

EC50 values determined in Figures 3A–3D and 4A–4B were used to determine

correlation between neutralization assays. Spearman’s correlation r and p

values are indicated.
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Vaccinia virus vTF7-3 Fuerst et al., 1986 N/A

VSV-eGFP Chandran et al., 2005 N/A

Biological Samples

Patient serum set This study N/A

Chemicals, Peptides, and Recombinant Proteins

Blasticidin S HCl GIBCO/Thermo Fisher Cat# A1113903

Cytosine arabinoside Sigma-Aldrich Cat# C1768

Formaldehyde Solution Millipore Sigma Cat# FX0410-5

HEPES, free acid Millipore Sigma Cat #5310-OP

Hoechst 33342 Invitrogen/Thermo Fisher Cat# H3570

Human ACE2-Fc This study GenBank: BAB40370.1 & AAC82527.1
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Pierce ECL Western Blotting Substrate Thermo Scientific/Thermo Fisher Cat# 32106

Protein A Agarose Resin GoldBio Cat# P-400-100

TRIzol Reagent Invitrogen/Thermo Fisher Cat# 15596018

TrueBlue peroxidase substrate KPL/SeraCare Cat# 5510-0050

Critical Commercial Assays

Anti-SARS-CoV-2 ELISA (IgG) serology test Euroimmun US, Inc., 1 Bloomfield Ave,

Mountain Lakes, NJ 07046

N/A

Deposited Data

Nucleotide sequence of VSV-eGFP-SARS-

CoV-2-SD21

This study BioProject: PRJNA635934; SRA:

SRR11878607

Experimental Models: Cell Lines

A549 Gift from Jan Carette N/A

BHK-21 ATCC Cat# CCL-10

BSRT7/5 Buchholz et al., 1999 N/A

Caco-2 ATCC Cat# HTB-37

Caco-2 BBe1 ATCC Cat# CRL-2102

Calu-3 Gift from Stanley Perlman N/A

Expi293F Thermo Fisher Cat# A14527
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Huh7.5.1 Gift from Harry Greenberg

MA104 Gift from Harry Greenberg N/A

Vero CCL81 ATCC Cat# CCL-81

Vero E6 ATCC Cat# CRL-1586

Vero E6-TMPRSS2 This paper N/A

Vero-furin Mukherjee et al., 2016 N/A

Experimental Models: Organisms/Strains

N/A N/A N/A

Oligonucleotides

TruSeq RNA Single Indexes Set A Illumina Cat# 20020492

TruSeq RNA Single Indexes Set B Illumina Cat# 20020493

Recombinant DNA

pCAGGS-VSV-G Stanifer et al., 2011 N/A

pFM1.2-hACE2-Fc This paper GenBank: AB046569.1

pFM1.2-mACE2-Fc This paper NCBI Reference Sequence:

NM_001130513.1

pGEM3-VSV L Whelan et al., 1995 N/A

pGEM3-VSV G Stanifer et al., 2011 N/A

pGEM3-VSV N Whelan et al., 1995 N/A

pGEM3-VSV P Whelan et al., 1995 N/A

pLX304-TMPRSS2 Zang et al., 2020 N/A

psPAX2 Gift from Didier Trono (unpublished data) Addgene Cat# 12260

pVSV-eGFP Chandran et al., 2005 N/A

pVSV-eGFP-SARS-CoV-2-SAA This study Spike mutated from MN908947.3

pVSV-eGFP-SARS-CoV-2-S MERS SAA

cytoplasmic tail switch

This paper Spike mutated from a codon-optimized

version of AHI48572.1

pVSV-eGFP-SARS-CoV-2-S VSV G #1

cytoplasmic tail switch

This paper VSV Indiana G (strain Orsay)

pVSV-eGFP-SARS-CoV-2-S VSV G #2

cytoplasmic tail switch

This paper VSV Indiana G (strain Orsay)

pVSV-eGFP-SARS-CoV-2-S VSV G Ecto/

TM/tail switch

This paper VSV Indiana G (strain Orsay)

pVSV-eGFP-SARS-CoV-2-S VSV G TM/tail

switch

This paper VSV Indiana G (strain Orsay)

Software and Algorithms

BBMap 38.79 Bushnell et al., 2017 https://jgi.doe.gov/data-and-tools/bbtools/

Fastp 0.20.0 Chen et al., 2018 https://github.com/OpenGene/fastp

Image Analyses: GE InCell Analyzer 1000

Workstation

GE Life Sciences (now Cytiva) N/A

NUCmer 3.1 Delcher et al., 2002 http://mummer.sourceforge.net/

SAMtools 1.9 Li et al., 2009 http://www.htslib.org/

SPAdes 3.13.0 Bankevich et al., 2012 http://cab.spbu.ru/software/spades/
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Statistics: Prism 8.0 GraphPad N/A

Other

TruSeq Stranded Total RNA Library Prep Kit

with Ribo-Zero Human/Mouse/Rat

Illumina Cat #20020596
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact author

Sean P.J. Whelan (spjwhelan@wustl.edu).

Materials Availability
All plasmids, antibodies, cells, viruses, and cell lines developed are available under Material Transfer Agreements from Washington

University School of Medicine.

Data and Code Availability
The authors declare that all data supporting the findings of this study are available within the paper. The sequence of VSV-eGFP-

SARS-CoV-2-SD21 (passage 12) generated during this study is available through NCBI (SRA: SRR11878607, https://www.ncbi.

nlm.nih.gov/sra/?term=SRR11878607; BioProject: PRJNA635934).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells
Cells were maintained in humidified incubators at 34 or 37�C and 5% CO2 in the indicated media. BSRT7/5, Vero CCL81, Vero E6,

Vero E6-TMPRSS2, A549, Caco-2, Caco-2 BBe1, Calu-3, Huh7.5.1, HepG2, H1Hela, BHK-21, HEK293, and HEK293T were main-

tained in DMEM (Corning or VWR) supplemented with glucose, L-glutamine, sodium pyruvate, and 10% fetal bovine serum (FBS).

Vero-furin cells (Mukherjee et al., 2016) also were supplemented with 5 mg/mL of Blasticidin S HCl (GIBCO). MA104 cells were main-

tained in Medium 199 (GIBCO) containing 10% FBS. HT-29 cells were cultured in complete DMEM/F12 (Thermo Fisher) supple-

mented with sodium pyruvate, non-essential amino acids, and HEPES (Millipore Sigma). Vero E6-TMPRSS2 cells were generated

using a lentivirus vector. Briefly, HEK293T producer cells were transfected with pLX304-TMPRSS2, pCAGGS-VSV-G, and psPAX2,

and cell culture supernatants were collected at 48 h and clarified by centrifugation at 1,000 x g for 5 min. The resulting lentivirus was

used to infect Vero E6 cells for 24 h, and cells were selected with 40 mg/mL Blasticidin S HCl for 7 days.

Recombinant VSV
Recovery of recombinant VSV was performed as described (Whelan et al., 1995). Briefly, BSRT7/5 cells (Buchholz et al., 1999) were

inoculated with vaccinia virus vTF7-3 (Fuerst et al., 1986) and subsequently transfected with T7-expression plasmids encoding VSV

N, P, L, and G, and an antigenomic copy of the viral genome. Cell culture supernatants were collected at 56-72 h, clarified by centri-

fugation (5 min at 1,000 x g), and filtered through a 0.22 mm filter. Virus was plaque-purified on Vero CCL81 cells in the presence of

25 mg/mL of cytosine arabinoside (Sigma-Aldrich), and plaques in agarose plugs were amplified on Vero CCL81 cells. Viral stocks

were amplified on MA104 cells at an MOI of 0.01 in Medium 199 containing 2% FBS and 20 mM HEPES pH 7.7 at 34�C. Viral super-
natants were harvested upon extensive cytopathic effect and clarified of cell debris by centrifugation at 1,000 x g for 5 min. Aliquots

were maintained at �80�C. Construction and use of VSV-SARS-CoV-2 was approved by the Washington University School of Med-

icine Institutional Biosafety Committee at Biosafety level 2.

SARS-CoV-2
SARS-CoV-2 strain 2019 n-CoV/USA_WA1/2020 was obtained from the Centers for Disease Control and Prevention (gift of Natalie

Thornburg). Virus was passaged in the indicated producer cells (Figures 2A–2C).Workwith SARS-CoV-2was approved by theWash-

ington University School of Medicine Institutional Biosafety Committee at Biosafety level 3 with positive pressure respirators.

METHOD DETAILS

Plasmids
The S gene of SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank MN908947.3) was synthesized in two fragments (Integrated DNA Tech-

nologies) and inserted into an infectious molecular clone of VSV (Chandran et al., 2005; Whelan et al., 1995) as previously (Carette

et al., 2011; Jae et al., 2014). Modifications to the cytoplasmic tail were assembled identically, and accession numbers or references
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to the amino acid sequences used for the MERS and VSV G tail mutants can be found in the Key Resources Table. Other plasmids

were previously described: VSVN, P, L andG expression plasmids (Stanifer et al., 2011;Whelan et al., 1995), psPAX2 (Addgene), and

pLX304-TMPRSS2 (Zang et al., 2020).

Next Generation Sequencing
Total RNAwas extracted from Vero CCL81 cells infectedwith VSV-SARS-CoV-2-SD21 using TRIzol (Invitrogen) according to theman-

ufacturer’s protocol. RNA was used to generate next generation sequencing libraries using TruSeq Stranded Total RNA library kit

with Ribo Zero ribosomal subtraction (Illumina). The libraries were quantified using a bioanalyzer (Agilent) and pooled at an equal

molar concentration and used to generate paired end 250 bp reads on aMiSeq (Illumina). Raw sequencing data was processed using

fastp v0.20.0 (Chen et al., 2018) to cut adaptor sequences and filter out sequences with a Phred quality score < 30. Processed reads

were aligned to the reference plasmid sequence using BBMap v38.79 (Bushnell et al., 2017). Reads that mapped to the reference

were extracted using SAMtools 1.9 (Li et al., 2009). The extracted mapped reads were used as input for de novo assembly with

SPAdes v3.13.0 (Bankevich et al., 2012). Assembled contigs produced a 14.2 kb consensus sequence, which was subsequently

aligned to the reference plasmid using NUCmer v3.1 (Delcher et al., 2002). Consensus sequences for each RNA sample were gener-

ated by aligning contigs to the reference plasmid sequence pVSV(1+)-eGFP-SARS-CoV-2-S with SnapGene v5.0.

Western Blotting
Purified VSV virions were incubated in non-reducing denaturation buffer (55 mM Tris-HCl pH 6.8, 1.67% (w/v) SDS, 7.5% (w/v) glyc-

erol) at 100�C for 5 min. Viral proteins were separated on a 8% acrylamide gel, transferred onto a nitrocellulose membrane, and incu-

bated with human anti-SARS antibody CR3022 diluted in Tris-buffered saline containing 1% Tween-20 (TBS-T) and 5% milk, fol-

lowed by incubation with HRP-conjugated goat anti-human antibody (Abcam) diluted in TBS-T containing 1% milk. HRP activity

was visualized using the Pierce ECL western blotting kit (Thermo Scientific) and imaged with a ChemiDocTM MP Imager (Bio-Rad).

Metabolic Radiolabeling of Virions
To generate high titer stocks of VSV-SARS-CoV-2, BSRT7/5 cells were transfected with pCAGGS-VSV-G in Opti-MEM (GIBCO) us-

ing Lipofectamine 2000 (Invitrogen) and infected 7 h later with VSV-SARS-CoV-2-SD21 at an MOI of 0.1 in DMEM containing 2% FBS

and 20mMHEPES pH 7.7. Viral stocks were collected at 48 hpi, and used to infect fresh cells (MOI of 10) for labeling of viral proteins.

At 4 hpi, cells were starved in serum free, methionine/cysteine free DMEM (Corning), and exposed to 15 mCi/mL [35S]-methionine and

[35S]-cysteine (Perkin Elmer) from 5-24 h in the presence of actinomycin D. Cell culture supernatants were collected, clarified by

centrifugation (1,500 x g, 5 min), and analyzed by SDS-PAGE and detected by phosphoimage analysis (Li et al., 2006).

Transmission Electron Microscopy
Purified viruses were adhered to glow-discharged, carbon-coated copper grids. Samples were stainedwith 2% (w/v) phosphotungs-

tic acid (Sigma-Aldrich), pH 7.1, in H2O and viewed on a JEOL 1200 EX transmission electron microscope (JEOL USA Inc.) equipped

with an AMT 8-megapixel digital camera and AMT Image Capture Engine V602 software (Advanced Microscopy Techniques).

Monoclonal Antibodies
Phage-displayed Fab libraries were panned against immobilized SARS-CoV-2 spike RBD in multiple rounds using established

methods (Persson et al., 2013). Following four rounds of selection, phage ELISAs were used to screen 384 clones to identify those

that bound specifically to RBD. The complementarity determining regions of Fab-phage clones were decoded by sequencing the

variable regions and cloning them into mammalian expression vectors for expression and purification of human IgG1 proteins, as

described (Tao et al., 2019). A subset of the panel of mAbs was tested for neutralization as a part of this study.

Another set of mAbs (S304, S306, S309, S310 and S315) were isolated from EBV-immortalized memory B cells from a SARS-CoV

survivor (Traggiai et al., 2004) and are cross-reactive to SARS-CoV-2 (Pinto et al., 2020). Recombinant antibodies were expressed in

ExpiCHO cells transiently co-transfected with plasmids expressing the heavy and light chain as previously described (Stettler

et al., 2016).

Human Sera
Human samples were collected from PCR-confirmed COVID-19 patients. Serum samples were obtained by routine phlebotomy at

different days post symptom onset (range: day 5 - 20). Samples were prescreened by the Euroimmun anti-SARS-CoV-2 IgG ELISA

(Lubeck, Germany), a qualitative assay with the Food and Drug Administration Emergency Use Authorization that detects antibodies

to the SARS-CoV-2 S protein. This study was approved by the Mayo Clinic Institutional Review Board.

Protein Expression and Purification
DNA fragments encoding human ACE2 (hACE2 residues 1-615) and mouse ACE2 (mACE2, residues 1-615) were synthesized and

cloned into pFM1.2 with a C-terminal HRV-3C protease cleavage site (LEVLFQGP) and a human IgG1 Fc region as previously

described (Raj et al., 2013). We transiently transfected plasmids into Expi293F cells and harvested cell supernatants 4 days post

transfection. Secreted hACE2-Fc and mACE2-Fc proteins were purified by protein A chromatography (GoldBio).
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GFP-Reduction Neutralization Test
Patient samples were heat-inactivated at 56�C for 30min. Indicated dilutions of samples were incubated with 102 PFU of VSV-SARS-

CoV-2-SD21 for 1 h at 37�C. Antibody-virus complexes were added to Vero E6 cells in 96-well plates and incubated at 37�C for 7.5 h.

Cells subsequently were fixed in 2% formaldehyde (Millipore Sigma) containing 10 mg/mLHoechst 33342 nuclear stain (Invitrogen) for

45 min at room temperature, when fixative was replaced with PBS. Images were acquired with the InCell 2000 Analyzer (GE Health-

care) automated microscope in both the DAPI and FITC channels to visualize nuclei and infected cells (i.e., eGFP-positive cells),

respectively (4X objective, 4 fields per well, covering the entire well). Images were analyzed using the Multi Target Analysis Module

of the InCell Analyzer 1000 Workstation Software (GE Healthcare). GFP-positive cells were identified in the FITC channel using the

top-hat segmentation method and subsequently counted within the InCell Workstation software. The sensitivity and accuracy of

GFP-positive cell number determinations were validated using a serial dilution of virus. A background number of GFP+ cells was sub-

tracted from eachwell using an average value determined from at least 4 uninfectedwells. Data were processed using Prism software

(GraphPad Prism 8.0). ACE2 neutralization assays using VSV-SARS-CoV-2-SD21 were conducted similarly but using an MOI of 1.

Infection and imaging of Calu-3 cells was performed using similar methods, though cells were infected at an MA104-calculated

MOI of 20. Cells were imaged using a 10X objective, with 9 fields per well. FITC and DAPI fields were overlaid using ImageJ and

contrast-adjusted identically.

Focus-Reduction Neutralization Test
Indicated dilutions of mAbs, sera, or protein were incubated with 102 FFU of SARS-CoV-2 for 1 h at 37�C. Antibody-virus complexes

were added to indicated cell monolayers in 96-well plates and incubated at 37�C for 1 h. Subsequently, cells were overlaid with 1%

(w/v) methylcellulose in MEM supplemented with 2% FBS. Plates were harvested 30 h later by removing overlays and fixed with 4%

paraformaldehyde in PBS for 20 min at room temperature. Plates were washed and sequentially incubated with 1 mg/mL of CR3022

anti-S antibody (ter Meulen et al., 2006; Yuan et al., 2020) and HRP-conjugated goat anti-human IgG in PBS supplemented with 0.1%

saponin and 0.1% BSA. SARS-CoV-2-infected cell foci were visualized using TrueBlue peroxidase substrate (KPL) and quantitated

on an ImmunoSpot microanalyzer (Cellular Technologies). Data were processed using Prism software (GraphPad Prism 8.0).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed using GraphPad Prism 8.0 software as described in the indicated figure legends. Statistical sig-

nificance was assigned when P values were < 0.05. The number of independent experiments and the statistical tests used are indi-

cated in the relevant Figure legends. Error bars indicate standard error of the mean unless stated otherwise.
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