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Abstract

Background: Virus neutralization by antibodies is an important prognostic factor in many viral diseases. To easily and
rapidly measure titers of neutralizing antibodies in serum or plasma, we developed pseudovirion particles composed
of the spike glycoprotein of SARS-CoV-2 incorporated onto murine leukemia virus capsids and a modified minimal
murine leukemia virus genome encoding firefly luciferase. This assay design is intended for use in laboratories with
biocontainment level 2 and therefore circumvents the need for the biocontainment level 3 that would be required for
replication-competent SARS-CoV-2 virus. To validate the pseudovirion assay, we set up comparisons with other avail-
able antibody tests including those from Abbott, Euroimmun and Siemens, using archived, known samples.

Results: 11 out of 12 SARS-CoV-2-infected patient serum samples showed neutralizing activity against SARS-CoV-
2-spike pseudotyped MLV viruses, with neutralizing titers-50 (NTs,) that ranged from 1:25 to 1:1,417. Five historical
samples from patients hospitalized for severe influenza infection in 2016 tested negative in the neutralization assay
(NT5,< 25). Three serum samples with high neutralizing activity against SARS-CoV-2/MLV pseudoviruses showed no
detectable neutralizing activity (NTs, < 25) against SARS-CoV-1/MLV pseudovirions. We also compared the semiquan-
titative Siemens SARS-CoV-2 IgG test, which measures binding of IgG to recombinantly expressed receptor binding
domain of SARS-CoV-2 spike glycoprotein with the neutralization titers obtained in the pseudovirion assay and the
results show high concordance between the two tests (R?=0.9344).

Conclusions: SARS-CoV-2 spike/MLV pseudovirions provide a practical means of assessing neutralizing activity of
antibodies in serum or plasma from infected patients under laboratory conditions consistent with biocontainment
level 2. This assay offers promise also in evaluating immunogenicity of spike glycoprotein-based candidate vaccines in
the near future.
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Introduction
Coronaviruses are a group of enveloped RNA viruses
with a positive-sense single-stranded RNA genome rang-
, ing from 26 to 32 kilobases, which can cause respiratory
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2 (SARS-CoV-2) was identified in China and has caused
a global ongoing pandemic of coronavirus disease
(COVID-19). To date, SARS-CoV-2 has spread to 188
countries (https://coronavirus.jhu.edu/). More than 45
million cases and 1,185,760 deaths have been reported
globally at the time of this writing.

Enveloped viruses are known to efficiently package
their core elements with heterologous envelope glycopro-
teins, giving rise to the so called ’pseudotypes’ or 'pseu-
doviruses. Many laboratories have successfully generated
pseudotypes containing the core elements of HIV-1 [1]
or MLV [2, 3] and the envelope glycoproteins of vesicu-
lar stomatitis virus [4], murine leukemia virus [5], Lassa
fever virus, ebola virus, coronavirus spike glycoproteins,
and others (reviewed in [6]).

For a pseudotype virus, viral attachment [7], entry, and
importantly, antibody binding and neutralization sensi-
tivity are dependent on the membrane glycoprotein pro-
vided [6]. Using a defective MLV vector genome encoding
firefly luciferase, and a packaging vector encoding MLV
gag/pol, we describe the production of pseudovirus parti-
cles containing the spike glycoprotein of SARS-CoV-2. As
controls, we also produced similar particles containing
SARS-CoV-1, VSV-G or HIV-1 LAI gp160.

Materials and methods

Cells

HEK293FT cells, SupT1 cells and Huh7 cells were pur-
chased from ATCC. HEK293FT and Huh?7 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, US) supplemented with 10% FBS (Gibco, US)
and 2 mM L-glutamine (Gibco, US) at 37 °C with 5%
CO,. SupT1 cells were cultured in RPMI supplemented
with 10% FBS and 2 mM L-glutamine. HEK293T-ACE2
cells were cultured in DMEM with 10% FBS, 2 mM r-glu-
tamine and 200 pg/mL hygromycin B (ThermoFisher,
US). HEK293T-ACE2 cells were a gift from Adam Bailey
and Emma Winkler (Washington University).

Plasmids

SV-Psi—-Env_-MLV [8], pHIV-1 LAI gp160 [9], pHCMV-
VSV-G [4] and pSIVmac gpl30 [10] were previously
described. L-LUC-SN was constructed by inserting the
firefly luciferase gene within the polylinker of pLXSN
(Clonetech, cat# 631509). pSARS-CoV-1 was purchased
from Sino Biologicals. pCAGGS expressing SARS-CoV-2
RBD was obtained from BEI Resources (cat#NR-52309).
The plasmid pcDNA3.1-SARS-2-S-C9 was a gener-
ous gift from Tom Gallagher and expresses a codon-
optimized SARS-CoV-2 spike open reading frame with
a deletion in the 19 carboxy-terminal amino acids (an
endoplasmic reticulum retention signal) and addition of

Page 2 of 6

the C9 peptide TETSQVAPA, recognized by antibody
1D4.

Production of pseudotyped MLV

The plasmid SV-Psi"-Env"-MLV and L-LUC-SN were
co-transfected with or without an envelope glycoprotein
plasmid (pHCMV-VSV-G/pSARS-CoV-1/pSARS-CoV-2/
pHIV-1 LAI gpl160) into HEK293FT cells using Lipo-
fectamine™ 3000 (ThermoFisher, US). Cell supernatants
containing viruses were collected after 2 days of transfec-
tion. Viruses were filtered through a 0.45 pm filter (VWR,
US) and centrifuged at 4 °C, 6500 rpm for 18 h over a 20%
sucrose cushion. Viruses were resuspended in 500 pL cell
culture medium and stored at — 80 °C. We measured a
25% loss in infectivity due to one cycle of freeze/thaw for
the SARS-CoV-2 pseudotype, and no loss for the VSV-G
pseudotype.

Pseudovirus infection

HEK293FT, HEK293T-ACE2, and Huh7 cells were
seeded in 96-well plates (ThermoFisher, US) the day
before infection. SupT1 cells were added into a 96-well
plate at the time of infection. 5 x 10* cells were added to
each well. Pseudotyped MLV viruses were added to the
pre-cultured cells. Cells were cultured at 37 °C with 5%
CO, for 2 days. All cells in each well were lysed and lucif-
erase was measured using ONE-Glo = Luciferase Assay
reagent (Promega, US). RLUs are per well of a 96-well
plate.

Human samples

Blood samples in this study were obtained from Associ-
ated Regional and University Pathologists, Inc. (ARUP)
Laboratories. In all cases, samples were de-identified.
Samples were tested for one or a combination of the fol-
lowing assays: Abbott Architect SARS-CoV-2 IgG, spe-
cific for nucleocapsid; Euroimmun Anti-SARS-CoV-2
ELISA (IgG), specific for the S1 domain of the spike
glycoprotein; Siemens SARS-CoV-2 IgG, specific for
RBD-binding IgG; PCR test specific for viral nucleic acid
(ARUP Laboratories). Five pre-pandemic serum samples
(Flu#1-5) were archived and were from patients hospital-
ized for severe flu respiratory infections in 2016.

Neutralization assay

HEK293T-ACE2 cells were seeded in 96-well plates at
5 x 10* cells per well the day prior to infection. Sera were
serially diluted in a volume of 50 uL using DMEM with
10% FBS, 2 mM L-glutamine and 200 pug/mL hygromycin
B as diluent, and pre-incubated with 50 pL of pseudo-
typed viruses at 37 °C for 1 h. For these infections, virus
stocks were used at a dilution resulting in 50-200 RLU in
the absence of serum. Cells were then infected with the
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serum/pseudovirion mixtures. Luciferase was measured
48 h post infection using ONE-Glo™" Luciferase Assay
reagent. Neutralization titers NT;,, NTg, and NT,, were
calculated using Prism 8 (GraphPad, US).

Results
To generate pseudovirion particles, three plasmids were
co-transfected into HEK293FT cells. The first plasmid
was the packaging construct, SV-Psi”-Env -MLV; the
second plasmid was L-LUC-SN, a minimal retroviral
transfer vector encoding the firefly luciferase reporter
gene; the third plasmid was an expression construct
encoding one of the following membrane viral glyco-
proteins: SARS-CoV spike (hereafter referred to as
SARS-CoV-1), SARS-CoV-2 spike, HIV-1 LAI gp160 and
VSV-G. VSV-G pseudotyped virus is used as a positive
control because of its high infectivity in most cell types.
HIV-1 LAI gp160-pseudotyped virus is used as a negative
control as it utilizes CD4 as a primary receptor, which is
present in SupT1 cells but absent in HEK293FT.
Pseudotyped MLV viruses were tested on HEK293FT,
HEK293T-ACE2, Huh7 and SupT1 cells. HEK293FT cells
were used as a control cell line, which is known to lack
susceptibility of coronavirus and HIV due to the absence
of both ACE2 and CD4. As expected, VSV-G pseudo-
typed viruses infected all cell types and showed the high-
est infectivity (Fig. 1). HIV-1 LAI gpl60-pseudotyped
viruses only infected SupT1 cells. Both SARS-CoV-1

Page 3 of 6

spike-pseudotyped and SARS-CoV-2-spike pseudotyped
viruses infected HEK293T-ACE2 and Huh?7 cells.

Since HEK293T-ACE2 cells showed the highest sus-
ceptibility to both SARS-CoV-1 and SARS-CoV-2 pseu-
dotyped MLV viruses, further experiments were all
performed in HEK293T-ACE2 cells. The ultimate goal
of our studies was to develop a virus neutralization test
based on the above pseudotyped virus. To test for neu-
tralization activity, serum samples from 12 de-identified
COVID-19 patients were tested for their ability to neu-
tralize pseudotyped MLV viruses. Samples 1-6 were sera
from patients who were tested for nucleocapsid-specific
IgG (Abbott; samples 1, 8, 9 and 12), spike-specific IgG
(Euroimmun; samples 2, 4, 5, 6, 8 and 9) or Nucleic Acid
Amplification test (ARUP Laboratories; samples 3, and
8-11).

As a positive control and also as a standard to monitor
variability between neutralization experiments, we used
recombinant soluble receptor binding domain (RBD)
from SARS-CoV-2 spike protein. We produced this pro-
tein via transient transfection in HEK293FT cells using
a mammalian expression vector (pCAGGS) encoding
amino acids 319 to 542 of from SARS-CoV-2 S1, encom-
passing the RBD. The apparent NT;, of RBD against
SARS-CoV-2/MLV pseudotype was 1:244 (Fig. 2). As a
negative control for neutralization, the surface glycopro-
tein from the simian immunodeficiency virus, SIVmac
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Fig. 1 Infectivity of pseudotyped MLV Viruses. SARS-CoV-2 spike pseudotyped MLV viruses as well as VSV-G, SARS-CoV-1 spike, and HIV-1 LAIgp160
pseudotyped MLV viruses were tested on HEK293FT, HEK293T-ACE2, Huh7 and SupT1 cells. 100 pL of undiluted virus (except for VSV-G pseudotype,
which was diluted 1:100) was mixed with 100 plL of medium and added to cells. Luciferase was measured at 2 days post-infection and values are per
well of a 96-well plate. Negative line indicates mean + 3SD of luciferase values obtained with virions devoid of glycoprotein
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Fig. 2 Neutralizing activity of COVID-19 patient sera against and SARS-CoV-2 pseudotyped MLV. a Serum samples from COVID-19 patients were
pre-incubated with SARS-CoV-2 spike pseudotyped MLV at 37 °Cfor 1 h. Sera and virus mixture were then incubated with HEK293T-ACE2 cells for

2 days. SARS-CoV-2 spike RBD was used as a positive control. SIV gp130 was used as a negative control. Luciferase was measured to assess infection.
b Neutralization titer 50, 80 and 90 (NTs,, NTg, NTgo) were calculated as the reciprocal of the dilution resulting in 50, 80 and 90% neutralization,
respectively. ELISA tests by Abbott and Euroimmun are not quantitative. Positive samples for the Abbott test are > 1.4 and for the Euroimmun

gp130 [10], was similarly produced by mammalian cell
transfection.

As shown in Fig. 2, 11 out of 12 patient serum sam-
ples showed neutralizing activity against SARS-CoV-
2-spike pseudotyped MLV viruses, with neutralizing
titers-50 (NT5,) that ranged from 1:25 to 1:1,417. Eight
out of the 12 samples displayed detectable NTg, and 7
samples displayed detectable NT,, We also tested five
historical samples from patients who were hospitalized
for severe influenza infection in 2016. We tested the his-
torical samples at the 1:25 dilution only and reported %
neutralization. All of these samples tested negative in our
neutralization assay (Fig. 3).

To test for specificity of neutralization, we asked
whether neutralizing antibodies from SARS-CoV-2
patients would exhibit cross-reactivity against a pseudo-
type expressing SARS-CoV-1 (Fig. 4). We tested samples
#1, 2 and 3, which had high neutralization titers. None of
these sera had detectable neutralizing activity (NT;;<25)
against the SARS-CoV-1 pseudotype, which is consistent
with previous reports [11-13].

It has been proposed that most neutralizing antibodies
against SARS-CoV-2 act by binding the RBD of the spike
glycoprotein and blocking binding to ACE-2. The Sie-
mens SARS-CoV-2 IgG assay measures binding of IgG to
recombinant RBD [14]. We wished to assess the potential
correlation between our pseudovirion neutralization test
and Siemens SARS-CoV-2 IgG. For this purpose, we used
6 samples and tested them in parallel in both assays. We
then plotted the NTy, titer from the pseudovirion test
against the Anti-RBD IgG index provided by the Siemens

test (Fig. 5). As shown on Fig. 5, both assays can be fitted
to a linear regression model with an R>=0.93.

Discussion
The importance of neutralizing antibodies in many viral
infections cannot be overstated. The presence of neutral-
izing antibodies due to previous infection or vaccination
is in many cases expected to protect the individual from
future infection and/or from severe illness. While this
has been documented for many other pathogens, how
neutralizing antibodies will impact SARS-CoV-2 infec-
tion and disease severity is still unclear. The availability of
tests that measure antibody neutralization in the setting
of SARS-CoV-2 will lead to a better understanding of the
mechanisms of pathogenesis and how the immune sys-
tem reacts to the presence of the virus in the organism.
Ideally, vaccines against SARS-CoV-2 will become
available toward the end of 2020. For vaccines that are
based on the spike glycoprotein, studies measuring anti-
body neutralization, together with evaluation of cellular
immunity, will help to better understand and predict vac-
cine effectiveness. Specifically, it is imperative that we
understand whether neutralizing antibodies can be cor-
relates of protection against progression to severe dis-
ease; and, if so, whether we can establish a threshold of
neutralization activity above which protection is likely.
Additionally, we should be able to establish whether vac-
cine-induced immunity is comparable to natural immu-
nity from infection in terms of protection from infection
and disease severity.
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Fig. 3 Sera from hospitalized flu patients had no neutralizing activity against SARS-CoV-2 pseudovirions. Cryopreserved serum samples from
hospitalized flu patients from 2016 were pre-incubated with SARS-CoV-2 spike pseudotyped MLV at 37 °Cfor 1 h. Serum and virus mixture were
then incubated with HEK293T-ACE2 cells for 2 days. SARS-CoV-2 RBD was used as a positive control. SIV gp130 was used as a negative control
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Fig. 4 Neutralizing activity of COVID-19 patient serum against SARS-CoV-1 pseudovirions. a Serum from COVID-19 patients were pre-incubated
with SARS-CoV-1 spike pseudotyped MLV at 37 °C for 1 h. Serum and virus mixture were then incubated with HEK293T-ACE2 cells. b NTy, and NTg,
were calculated as above. Samples #1, 2 and 3 were tested previously (Fig. 2)

Antibody neutralization can also be a critical fac-
tor when deciding on potential sources of convales-
cent immune plasma as this approach is able to provide
immediate immunity in susceptible individuals [15].
In one study, a single dose of 200 mL of convalescent
plasma with an antibody titer of 1:640 was transfused
to 10 patients along with antiviral agents and supportive

measures [16]. Symptoms in all of patients, especially
fever, cough, shortness of breath, and chest pain, disap-
peared or largely improved one to three days after plasma
infusion [16]. Being able to evaluate the titers of neu-
tralizing antibodies in convalescent plasma sources will
allow for selection of samples with highest likelihood of
success.
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Fig. 5 Comparison between MLV pseudotype neutralization and
the Siemens SARS-CoV-2 IgG assay. Siemens SARS-CoV-2 IgG assay
measuring IgG binding to recombinant receptor binding domain
(horizontal axis) was compared by linear regression to the MLV
pseudotype assay (vertical axis). Samples used in this experiment
were #8 (shown in Fig. 2) and #13 and #15-18, not used in previous
figures

Conclusions

In summary, we have developed a simple and rapid assay
based on pseudovirion particles, which allows for spe-
cific measurement of neutralizing titers in plasma against
SARS-CoV-2 in the context of biocontainment level 2
laboratories.
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