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A high-throughput neutralizing antibody assay for
COVID-19 diagnosis and vaccine evaluation
Antonio E. Muruato1,2,10, Camila R. Fontes-Garfias1,10, Ping Ren3,10, Mariano A. Garcia-Blanco 1,4,5,

Vineet D. Menachery2,3,6, Xuping Xie 1✉ & Pei-Yong Shi 1,6,7,8,9✉

Virus neutralization remains the gold standard for determining antibody efficacy. Therefore, a

high-throughput assay to measure SARS-CoV-2 neutralizing antibodies is urgently needed for

COVID-19 serodiagnosis, convalescent plasma therapy, and vaccine development. Here, we

report on a fluorescence-based SARS-CoV-2 neutralization assay that detects SARS-CoV-2

neutralizing antibodies in COVID-19 patient specimens and yields comparable results to

plaque reduction neutralizing assay, the gold standard of serological testing. The

fluorescence-based neutralization assay is specific to measure COVID-19 neutralizing anti-

bodies without cross reacting with patient specimens with other viral, bacterial, or parasitic

infections. Collectively, our approach offers a rapid platform that can be scaled to screen

people for antibody protection from COVID-19, a key parameter necessary to safely reopen

local communities.
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The ongoing coronavirus disease 2019 (COVID-19) pan-
demic is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), first reported in Wuhan,

China in late 20191,2. As of June 28, 2020, COVID-19 has caused
10.3 million confirmed infections and over 505,741 deaths
worldwide (https://www.worldometers.info/coronavirus/). Many
areas of the world have been in lockdown mode to curb the viral
transmission, but the reality is that COVID-19 is here to stay until
a safe and efficacious vaccine becomes available. The pandemic’s
catastrophic economic impact is pushing governments to reopen
their economies, and this creates a public health quandary. At this
time, our only option is to minimize viral transmission through
social distancing and contact tracing, which relies on the diag-
nosis of viral RNA through reverse transcription polymerase
chain reaction (RT-PCR) (https://www.fda.gov/media/134922/
download). Proper public health policy would be greatly
enhanced if we had a reliable and facile assay to measure the
immune protection among COVID-19 recovered patients.

Coronavirus infections typically induce neutralizing antibody
responses3. The seroconversion rates in COVID-19 patients are
50% and 100% on day 7 and 14 post symptom onset, respec-
tively4. Given the unknown scale of asymptomatic infections,
there is a pressing need for serological diagnosis to determine the
real number of infections. Such information is essential for
defining the case-fatality rate and for making the policy on the
scale and duration of social lockdowns. The serological assays are
also required to identify donors with high-neutralizing titers for
convalescent plasma for therapy, and to define correlates of
protection from SARS-CoV-2. While viral RNA-based testing for
acute infection is the current standard, surveying antibody pro-
tection is a necessary part of any return to social normality.

For serodiagnosis, several COVID-19 assay platforms have
achieved FDA emergency use authorizations (EUA), including
ELISA5 (https://www.fda.gov/media/137029/download), lateral flow
immunoassay (https://www.fda.gov/media/136625/download), and
Microsphere Immunoassay (https://www.fda.gov/media/137541/
download). These assays measure antibody binding to SARS-
CoV-2 spike protein. Since not all spike-binding antibodies can
block viral infection, these platforms do not functionally measure
antibody inhibition of SARS-CoV-2 infection. An ideal serological
assay should measure neutralizing antibody levels, which should
predict protection from reinfection. Conventionally, neutralizing
antibodies are measured by plaque reduction neutralization test
(PRNT). Although PRNT and ELISA results generally corelate with
each other, particularly when the receptor-binding domain of
SARS-CoV-2 spike protein is used as an ELISA antigen (https://
www.genscript.com/cpass-sars-cov-2-neutralization-antibody-
detection-Kit.html)6,7, PRNT remains the gold standard for ser-
ological testing and determining immune protection8,9. However,
due to its low throughput, PRNT is not practical for large scale
serodiagnosis and vaccine evaluation. This is a major gap for
COVID-19 surveillance and vaccine development.

Here, we report a fluorescence-based high-throughput neu-
tralization assay that detects SARS-CoV-2 neutralizing antibodies
in patient specimens and yields equivalent results to the gold
standard plaque reduction neutralizing assay.

Results
A high-throughput fluorescence-based neutralization assay. To
fill in the gap for COVID-19 serodiagnosis and vaccine evalua-
tion, we developed a fluorescence-based assay that rapidly and
reliably measures neutralization of a reporter SARS-CoV-2 by
antibodies from patient specimens. The assay was built on a stable
mNeonGreen (mNG) SARS-CoV-2 where the mNG gene was
engineered at the ORF7 of the viral genome (Fig. 1a)10. The

complete sequence of mNG SARS-CoV-2 is described in Sup-
plementary Fig. 1. Figure 1b depicts the flowchart of the reporter
neutralization assay in a 96-well format. The assay protocol is
detailed in Supplementary Methods. Briefly, patient sera were
serially diluted and incubated with the reporter virus. After
incubation at 37°C for 1 h, Vero CC-81 cells (pre-seeded in a 96-
well plate) were infected with the virus/serum mixtures at a
multiplicity of infection (MOI) of 0.5. At 16 h post-infection, the
mNG-positive cells were quantitated using a high-content ima-
ging reader (Fig. 1b). It should be noted that Vero CC-81 cells,
not Vero E6 cells, were chosen for the mNG assay to enable
accurate quantification of fluorescent cells. Sixty COVID-19
serum specimens from RT-PCR-confirmed patients and 60 non-
COVID-19 serum samples (archived before COVID-19 emer-
gence) were analyzed using the reporter virus. For some COVID-
19-positive specimens, the sample collection days post viral RT-
PCR positive were available and are indicated in Table 1. After
reporter viral infection, the cells turned green in the absence of
serum (Fig. 1c, bottom panel); in contrast, incubation of the
reporter virus with COVID-19 patient serum decreased the
number of fluorescent cells (top panel). A dose–response curve
was obtained between the number of fluorescent cells and the fold
of serum dilution (Fig. 1d and Supplementary Fig. 2), which
allowed for determination of the dilution fold that neutralized
50% of fluorescent cells (NT50). The reporter assay rapidly
diagnosed 120 specimens within 24 h: all 60 COVID-19 sera
(specimens 1–60) showed positive NT50 of 35 to 5711, and all 60
non-COVID-19 sera (specimens 61–120) showed negative NT50

of <20 (Table 1).

Assay validation by plaque reduction test. To validate the
reporter virus neutralization results, we performed the conven-
tional PRNT on the same set of patient specimens. All 60 negative
sera (specimens 61–120) exhibited PRNT50 of <20 (Table 1).
Among the 60 positive specimens, 57 sera (specimens 4–60)
showed PRNT50 of 40 to 3200, whereas 3 sera (specimens 1–3)
exhibited PRNT50 of <20 (Table 1). The discrepancy between the
PRNT50 and NT50 values for specimens 1–3 is likely due to the
early infection time (within 5 days post RT-PCR positive) when
neutralizing antibodies just began to develop; this discrepancy
suggests that the mNG SARS-CoV-2 assay has a higher sensitivity
than the conventional PRNT assay. Nevertheless, a strong cor-
relation was observed between the reporter virus and PRNT
results, with a correlation efficiency R2 of 0.85 (Fig. 1e). The
results demonstrate that when diagnosing patient specimens, the
reporter virus assay delivers neutralization results comparable to
the PRNT assay, the gold standard of serological testing.

Assay specificity. We evaluated the specificity of reporter neu-
tralization assay using potentially cross-reactive sera and inter-
fering substances (Table 2). Two groups of specimens were tested
for cross reactivity. Group I included 150 clinical sera from
patients with antigens or antibodies against different viruses,
bacteria, and parasites. These human specimens were obtained
according to two types of diagnostic results: some samples were
tested positive for antibodies against specific pathogens (e.g., anti-
Chikungunya virus; this group of samples are indicated by prefix
“anti” in Table 2); other specimens were collected within 1 to
6 months after the patients were tested positive on pathogen
antigens or nucleic acids (e.g., adenovirus antigen; this group of
samples are not indicated by prefix in Table 2). Group II con-
sisted of 19 samples with albumin, elevated bilirubin, cholesterol,
rheumatoid factor, and autoimmune nuclear antibodies. None of
these specimens cross-neutralized mNG SARS-CoV-2 (Table 2),
including the four common cold coronaviruses (NL63, 229E,
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OC43, and HUK1). Despite the low number of common cold
coronavirus serum specimens, our result is consistent with the
recent reports that sera from common cold coronavirus patients
did not cross react with SARS-CoV-25,11. More specimens are
required to further validate the cross reactivity, particularly
between SARS-CoV-2 and other human coronaviruses, including
SARS-CoV-1 and MERS-CoV.

Discussion
In this study, we developed a rapid fluorescence-based high-
throughput assay for COVID-19 serodiagnosis. The reporter
virus assay is superior to many antigen/antibody binding assays
because it measures functional SARS-CoV-2 neutralizing activity
in the specimens. When diagnosing patient sera, the reporter
virus assay generated NT50 values comparable to the conventional
PRNT assay. Compared with the PRNT assay, our reporter
neutralization test has shortened the assay turnaround time by
several days and increased the testing capacity to high through-
put. Toward the same direction, VSV and lentivirus pseudotyped
with SARS-CoV-2 spike protein have been reported for COVID-
19 neutralization assays at biosafety level 2 (BSL-2) lab12.

Since mNG SARS-CoV-2 is stable and replicates like wild-type
virus, our reporter neutralization assay provides an ideal model
for high-throughput serological testing. As the mNG SARS-CoV-
2 grows to >107 PFU/ml in cell culture10, the reporter virus can
be easily scaled up for testing large sample volumes. Besides
mNG, we have begun to develop other reporter SARS-CoV-2
(e.g., luciferase or mCherry) that can also be used for such ser-
ological testing13. Although the current study performed the assay
in a 96-well format, the assay can be readily adapted to 384- and
1536-well formats. Despite the strengths of high throughput and
reliability, the current reporter neutralization assay must be
performed in BSL-3 containment. Efforts are ongoing to engineer
an attenuated version of SARS-CoV-2 so that the assay could be
performed at a BSL-2 facility. Despite the BSL-3 limitation, the
mNG reporter assay offers a rapid, high-throughput platform to
test COVID-19 patient sera not previously available. Indeed, the
mNG SARS-CoV-2 assay is currently being used to support
clinical trials for COVID-19 vaccine candidates14.

As neutralizing titer is a key parameter to predict immunity,
the reporter neutralization assay should be useful for high-
throughput evaluation of COVID-19 vaccines and for
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Fig. 1 A high-throughput neutralizing antibody assay for COVID-19 diagnosis. a Diagram of the cDNA constructs of wild-type (WT) SARS-CoV-2 (top
panel) and mNG SARS-CoV-2 (bottom panel). The nucleotide positions of viral genome where mNG is engineered are indicated. b Assay flowchart. mNG
SARS-CoV-2 was neutralized with COVID-19 patient sera. Vero CCL-81 cells were infected with the reporter virus/serum mixture with an MOI of 0.5. The
fluorescence of infected cells was quantified to estimate the NT50 value for each serum. c Representative images of reporter virus-infected Vero CCL-81
cells. Images for a positive neutralizing serum (top panel) and no serum control (bottom panel) are presented. Scale bar, 100 μm. d Neutralization curves.
Representative neutralization curves are presented for three positive sera and one negative sera. The means and standard deviations from two independent
experiments are presented. e Correlation analysis of NT50 values between the reporter virus and PRNT assays. The Pearson correlation efficiency R2 and p-
value (two-tailed) are indicated.
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identification of high-neutralizing convalescent plasma for ther-
apy. Treatment of severe COVID-19 patients with convalescent
plasma shows clinical benefits15. For vaccine development, a
standardized neutralizing assay will facilitate down selection of
various candidates for clinical development. Furthermore, the
reporter assay could be used over time to monitor the waning of
protective neutralizing titers in COVID-19 patients and vacci-
nated individuals, to study the correlates of protection from
SARS-CoV-2, and to monitor high-risk populations (such as
healthcare workers) for infection prevention. Thus, the ability to
rapidly measure neutralizing antibody levels in populations is
essential for guiding policymakers to reopen the economy and
society, deploy healthcare workers, and prepare for SARS-CoV-2
reemergence.

Methods
Cells. Vero (ATCC®CCL-81) and Vero E6 (ATCC® CRL-1586) were purchased
from the American Type Culture Collection (ATCC, Bethesda, MD), and main-
tained in a high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; HyClone Laboratories, South Logan,
UT) and 1% penicillin/streptomycin at 37°C with 5% CO2. All culture medium and
antibiotics were purchased from ThermoFisher Scientific (Waltham, MA). All cell
lines were tested negative for mycoplasma.

mNG SARS-CoV-2. The virus stock of mNG SARS-CoV-2 was produced using an
infectious complementary DNA (cDNA) clone of SARS-CoV-2 in which the ORF7
of the viral genome was replaced with reporter mNG gene10. After rescued from
the genome-length viral RNA-electroporated cells, the viral stock was prepared by
amplifying the mNG SARS-CoV-2 on Vero E6 cells for one or two rounds. The
titer of the virus stock was determined by a standard plaque assay.

Human sera and interfering substances. The research protocol regarding the use
of human serum specimens was reviewed and approved by the University of Texas
Medical Branch (UTMB) Institutional Review Board. The approved IRB protocol

Table 1 Comparison of neutralization titers of patient sera
analyzed by reporter assay and plaque reduction assay.

aSerum
IDb

cPRNT50
cmNG-
NT50

aSerum
IDb

cPRNT50
cmNG-
NT50

1 (d1) <20 35 32 (d9) 640 762
2 (d5) <20 38 33 (d8) 320 846
3 (d4) <20 50 34 (d14) 800 873
4 (d5) 40 58 35 (d16) 1600 874
5 (d5) 20 66 36 (d17) 320 900
6 (d6) 80 74 37 (d9) 800 902
7 (d8) 80 77 38 (d15) 800 949
8 (d4) 80 85 39 (d15) 400 958
9 (d5) 80 85 40 (d18) 800 1016
10 (d1) 80 95 41 (d28) 1280 1072
11 (d6) 80 96 42 (d12) 800 1139
12 (NA) 160 96 43 (d13) 800 1145
13 (d6) 40 111 44 (d14) 800 1210
14 (d6) 40 114 45 (d31) 640 1213
15 (d1) 80 115 46 (d8) 800 1419
16 (d9) 160 120 47 (d14) 1600 1590
17 (d11) 80 132 48 (d21) 1600 1617
18 (d8) 80 200 49 (d12) 1600 2148
19 (NA) 160 261 50 (NA) 2560 2225
20 (d5) 160 318 51 (d20) 1600 2287
21 (d32) 320 329 52 (d8) 1600 2362
22 (d14) 160 365 53 (d12) 1600 2463
23 (d12) 160 366 54 (d18) 1600 2554
24 (d37) 320 456 55 (d16) 1600 2832
25 (NA) 320 474 56 (d15) 3200 3228
26 (d47) 320 525 57 (d31) 3200 4257
27 (d12) 640 617 58 (NA) 3200 5152
28 (d9) 320 649 59 (d8) 3200 5662
29 (d10) 640 681 60 (NA) 3200 5711
30 (d27) 320 721 61–120 <20 <20
31 (d9) 640 727

aA total of 120 patient sera were analyzed, including 60 specimens from RT-PCR-confirmed
patients (specimens 1–60) and 60 negative specimens (specimens 61–120) that were collected
before COVID-19 pandemic (prepandemic).
bSample collection days post after RT-PCR positive test are indicated in parentheses. For some
COVID-19-positive specimens, the sample collection days post after RT-PCR positive test are
not available (NA).
cThe NT50 and PRNT50 values were derived from the reporter virus assay and conventional
PRNT assay, respectively.

Table 2 Cross reactivity of mNG SARS-CoV-2
neutralization assay.

aImmune sera and
binterfering substances

Sample number Number of mNG
tested positive

Adenovirus 1 0
Anti-Chikungunya virus 4 0
Cryptococcus neoformans
antigen

2 0

Anti-Cytomegalovirus 8 0
Anti-Dengue virus 5 0
Anti-Epstein Barr Virus:
capsid or nuclear antigen

8 0

Anti-Hepatitis A virus 5 0
Anti-Hepatitis B virus:
surface antigen

15 0

Anti-Hepatitis C virus 3 0
Anti-Herpes simplex virus 1 7 0
Anti-Herpes simplex virus 2 5 0
Human coronavirus 229E 1 0
Human coronavirus HKU1 5 0
Human coronavirus NL63 1 0
Human coronavirus OC43 4 0
Anti-Human
immunodeficiency virus 1

10 0

Human rhinovirus 3 0
Influenza B virus 2 0
Anti-Measles virus 7 0
Anti-Mumps virus 5 0
Parainfluenza virus 2 1 0
Parainfluenza virus 4 1 0
Anti-Parvovirus B19 4 0
Respiratory syncitial virus 1 0
Anti-Rubella virus 12 0
Anti-Syphilis 5 0
Anti-Toxoplasma 2 0
Anti-Typhus Fever 1 0
Anti-Varicella zoster virus 13 0
Anti-West Nile Virus 3 0
Anti-Yellow fever virus:
vaccination

2 0

Anti-Zika virus 4 0
bAlbumin (4.5 g/dl) 3 0
bElevated bilirubin
conjugated (>0.4 mg/dl)

3 0

bElevated bilirubin
unconjugated (>0.8 mg/dl)

3 0

bElevated cholesterol (>200
mg/dl)

3 0

bElevated rheumatoid factor
(>100 IU/ml)

3 0

bAnti-nuclear antibodies 4 0

aA total of 150 sera with antigens or antibodies against different infections (or immunizations)
were tested against mNG SARS-CoV-2 neutralization assay. The immune sera are listed in
alphabetical order. Samples tested positive for antibodies against specific pathogens are
indicated with prefix “anti”, whereas samples tested positive on antigens or pathogen nucleic
acids are not indicated with prefix. For the latter group, the specimens were collected within 1 to
6 months after the antigen or PCR tested positive.
bA total of 19 samples tested for interfering substances and autoimmune disease nuclear
antibodies.
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number is 20-0070. All human serum specimens were obtained at the UTMB. All
specimens were de-identified from patient information. A total of 60 de-identified
convalescent sera from COVID-19 patients (confirmed with viral RT-PCR positive)
were tested in this study. Sixty non-COVID-19 sera, collected before COVID-19
emergence16,17, were also tested in the reporter virus and PRNT assays. For testing
cross reactivity, a total of 150 de-identified specimens from patients with antigens or
antibodies against different viruses, bacteria, and parasites were tested in the mNG
SARS-COV-2 neutralization assay (Table 2). For testing interfering substances, 19 de-
identified serum specimens with albumin, elevated bilirubin, cholesterol, rheumatoid
factor, and autoimmune nuclear antibodies were tested in the reporter neutralization
assay. All human sera were heat-inactivated at 56°C for 30min before testing.

mNG SARS-CoV-2 reporter neutralization assay. Vero CCL-81 cells (1.2 × 104)
in 50 µl of DMEM (Gibco) containing 2% FBS (Hyclone) and 100 U/ml
Penicillium–Streptomycin (P/S; Gibco) were seeded in each well of black µCLEAR
flat-bottom 96-well plate (Greiner Bio-one™). Vero CCL-81 cells, not Vero E6 cells,
were selected for the mNG SARS-COV-2 assay to facilitate accurate quantification
of fluorescent cells by high-content imaging. The cells were incubated overnight at
37°C with 5% CO2. On the following day, each serum was twofold serially diluted
in 2% FBS and 100 U/ml P/S DMEM, and incubated with mNG SARS-CoV-2 at
37°C for 1 h. The virus-serum mixture was transferred to the Vero CCL-81 cell
plate with the final multiplicity of infection (MOI) of 0.5. For each serum, the
starting dilution was 1/20 with nine two-fold dilutions to the final dilution of 1/
5120. After incubating the infected cells at 37°C for 16 h, 25 μl of Hoechst 33342
Solution (400-fold diluted in Hank’s Balanced Salt Solution; Gibco) were added to
each well to stain cell nucleus. The plate was sealed with Breath-Easy sealing
membrane (Diversified Biotech), incubated at 37°C for 20 min, and quantified for
mNG fluorescence on CytationTM 7 (BioTek). The raw images (2 × 2 montage)
were acquired using 4× objective, processed, and stitched using the default setting.
The total cells (indicated by nucleus staining) and mNG-positive cells were
quantified for each well. Infection rates were determined by dividing the mNG-
positive cell number to total cell number. Relative infection rates were obtained by
normalizing the infection rates of serum-treated groups to those of non-serum-
treated controls. The curves of the relative infection rates versus the serum dilu-
tions (log10 values) were plotted using Prism 8 (GraphPad). A nonlinear regression
method was used to determine the dilution fold that neutralized 50% of mNG
fluorescence (NT50). Each serum was tested in duplicates. All mNG SARS-CoV-2
reporter neutralization assay was performed at the BSL-3 facility at UTMB.

Plaque reduction neutralization test (PRNT). Vero E6 cells (1.2 × 106 per well)
were seeded to six-well plates. On the following day, 100 PFU of infectious clone-
derived wild-type SARS-CoV-2 was incubated with serially diluted serum (total
volume of 200 µl) at 37°C for 1 h. The virus-serum mixture was added to the pre-
seeded Vero E6 cells. After 1 h 37°C incubation, 2 ml of 2% high gel temperature
agar (SeaKem) in DMEM containing 5% FBS and 1% P/S was added to the infected
cells. After 2 days of incubation, 2 ml neutral red (1 g/l in PBS; Sigma) was added to
the agar-covered cells. After another 5-h incubation, neutral red was removed.
Plaques were counted for NT50 calculation. Each serum was tested in duplicates.
The PRNT assay was performed at the BSL-3 facility at UTMB.

Statistical analysis. The correlation of the NT50 values from mNG reporter SARS-
CoV-2 assay and the PRNT50 values from plaque neutralization assay was analyzed
using a linear regression model in the software Prism 8 (GraphPad). Pearson
correlation coefficient and two-tailed p-value are calculated using the default set-
tings in the software Prism 8.

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

Data availability
Source data are provided with this paper. The assay protocol and sequence of mNG
reporter SARS-CoV-2 are provided in the Supplementary Information. The mNG
reporter SARS-CoV-2 has been deposited to the World Reference Center for Emerging
Viruses and Arboviruses (https://www.utmb.edu/wrceva) at UTMB for distribution.
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Supplementary Methods 

Standard operation procedure (SOP) for mNeonGreen SARS-CoV-2 Neutralization assay 

Reagents and equipment 

- Greiner Bio-One™ CellStar™ 96-Well, Cell Culture-Treated, Flat-Bottom (Greiner Bio-One™ 655090) 

-Corning™ Clear Polystyrene 96-Well Microplates, round bottom (Corning Cat. No: 3799) 

-Culture medium: DMEM (Gibco Cat. No: 11965) supplemented with 10% FBS, 1%p/S 

-Assay medium: phenol red-free DMEM (Gibco Cat.No: 31053028), supplemented with 2% GlutaMAX (Gibco, 

Cat. No: 35050079), 2% FBS, 1%P/S.   

-Fetal Bovine Serum (Hyclone Cat. No.: SH30071) 

-Penicillium-Streptomycin (P/S) (10,000 U/ml) (Gibco Cat. No: 15140122) 

-Gibco™ Trysin-EDTA (0.25%), phenol red (Gibco Cat. No.: 25200072) 

-Phosphate Buffered Saline (PBS) solution, pH 7.4 (Gibco Cat. No.: 10010049) 

-Hoechst 33342 Solution (ThermoFisher Scientific, Cat No: 62249) 

-Reagent Reservoirs 25 ml (Gilson Cat. No.: F267660) & 50 ml (Gilson Cat. No.: F267670) 

-Cell Counting slides for TC10™/TC20™ Cell Counter, dual-chamber (Bio-Rad Cat. No.: 1450011) 

-Corning™ Cell Culture Treated flasks (Corning™ Cat. No.: 431080) 

-VACUBOY Hand Operator (INTEGRA Biosciences) 

-Eppendorf Xplorer pipette, electronic 12 channel pipette 15-300 L (Eppendorf Cat. No.: 4861000031) 

-TC20™ Automated Cell Counter (Bio-Rad) 

-Tissue culture CO2 incubator  

- Cytation™ 7 Cell Imaging Multi-Mode Reader (BioTek) 

 

Prepare cells prior to infection (on day 0) 

Seed cells into 96-well plate Solid Black Polystyrene Microplates with clear bottom.  

• Cells are grown a T-175 flask. Upon seeing cells, remove the medium from the cells using the 

VACUBOY.  

• Briefly rinse the cell layer with 25 ml PBS to remove all traces of serum. Remove PBS using the 

VACUBOY.  Repeat the PBS wash once. 

Note: make sure rinse every corner of the flask to get rid of any trypsin inhibitor. 

• Add 3 ml Trypsin-EDTA solution.  Observe cells under an inverted microscope until cell layer is 

dispersed (usually within 2 minutes at room temperature). 

• Tap the flask vigorously to detach cells, add 12 ml of complete growth medium and pipet up and down 

gently to disperse the cell suspension. Transfer the cell suspension into a 50-ml falcon tube. 

• Centrifuge at room temperature for 3 min at 1,200×rpm (300g).  

• Remove media completely. 

• Resuspend cells in 10 ml assay medium.  Disperse cells by pipetting up and down. 

• Count the cell number using the cell counter (C-Chip DHC-N01-5). Count live cells by mixing 50 μl of 

trypan blue with 50 μl of cell suspension.   

• Dilute cells to a final concentration of 2.4×105 cells/ml. Add 50 µl of the diluted cell suspension to each 

well of a 96-well plate to reach 1.2×104 cells/well.  

• Incubate the plates at 37°C with 5% CO2. 

Prepare serum dilutions and infection (on day 1) 

• Heat inactivate all the sera at 56C for 30 min.  

• Prepare serial dilutions of serum in a round bottom 96-well plate. Prepare 10 serials of 2-fold dilutions. 

The highest dilution is 10-folds. Prepare dilutions in duplicates. See the diagram below.  
D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 

10 20 40 80 160 320 640 1280 2156 0 



D1: 6 μl serum + 54 μl of assay medium; D2-D9: 30 μl diluted samples + 30 μl assay medium. D10: 30 μl 

assay medium 

• Transfer 30 µl from column #D1 to column #D2 using the electronic pipets with settings of P/M, 30/50 

and speed 6/4, 3X. Repeat the step for columns D3 to D9.  

• At dilution D9, take 30 µl from after dilution and discard. The total volume of the dilute serum should be 

30 μl/well. 

• Sera dilution plate set-up.  Samples are run in duplicates. 

  1 2 3 4 5 6 7 8 9 10 11 12 

 A  
  

1:20 1:40 1:80 1:160 1:320 1:640 1:1280 1:2560 (-  

Sample 1 B  (+)UN 1:20 1:40 1:80 1:160 1:320 1:640 1:1280 1:2560 (-)cells  

Sample 1 C  (+)UN 1:20 1:40 1:80 1:160 1:320 1:640 1:1280 1:2560 (-)cells  

Sample 2 D  (+)UN 1:20 1:40 1:80 1:160 1:320 1:640 1:1280 1:2560 (-)cells  

Sample 2 E  (+)UN 1:20 1:40 1:80 1:160 1:320 1:640 1:1280 1:2560 (-)cells  

Sample 3 F  (+)UN 1:20 1:40 1:80 1:160 1:320 1:640 1:1280 1:2560 (-)cells  

Sample 3 G  (+)UN 1:20 1:40 1:80 1:160 1:320 1:640 1:1280 1:2560 (-)cells  

 H             

• In BSL-3, add 30 μl of diluted SARS-CoV2-mNG virus (MOI is 0.5) to each well of the serum. Mix the 

serum with virus solutions thoroughly by gentle pipetting.   

• Incubate the plates at 37°C for 1 hour.   

• Transfer 50 μl virus-serum complexes to the 96-well plates seeded on day -1 (cell plates containing 50 μl 

of culture media per well, after adding the diluted reporter virus the total volume of each well will be 100 

μl).  Mix using an electronic 12-channel pipette (setting, P/M, 50/75, speed 3/3, 2X).  

Example: cells+Ab+reporter virus plate setup (black plate) 

 

 
 

1 2 3 4 5 6 7 8 9 10 11 12 

 A                         
Sample 1 B   +V +V +V +V +V +V +V +V +V +V No virus 

Sample 1 C   +V +V +V +V +V +V +V +V +V +V No virus 

Sample 2 D   +V +V +V +V +V +V +V +V +V +V No virus 

Sample 2 E   +V +V +V +V +V +V +V +V +V +V No virus 

Sample 3 F   +V +V +V +V +V +V +V +V +V +V No virus 

Sample 3 G   +V +V +V +V +V +V +V +V +V +V No virus 

 H                         

  

• Incubate at 37°C for 20 hr. 

 Data acquisition and analysis (on day 2).  

• At 20 h post-infection, in BSL-3 facility, add 25 μl diluted Hoechst 33342 Solution (diluted at 400x in 

PBS) to each well of the 96-well plate.  

• After incubating at 15 min at 37°C, acquire the images with both DAPI staining (in blue) and mNG 

signals (green) using Cytation™ 7 Cell Imaging Multi-Mode Reader (BioTek) according to the 

manufacturer’s instructions.  

1) Count the total cell numbers: mean intensities (in blue) within the primary mask ≥5000.  

2) Count the mNG-positive cells: mean intensities (in green) within the secondary mask ≥3100. 

The threshold of green intensity was selected to distinguish mNG-positive signals from the background.  

3) Determine the infection rate: (100×mNG-positive cell number/total cell number)%.  

Optimization may be required to achieve the infection rate in the no-serum controls at 10%-30% for 

robustness. The cell controls (without viruses) should be <1%.     

• Plot the neutralization values in Prism to calculate the NT50s and Hislopes. 

1) Normalize the infection rate to the no-serum control wells.  



2) Plot the relative infection rate versus the dilution (log10 values) in the Prism software 8.3.  

3) Fit the curve and calculate the Neutralizing titers (NT50) using the nonlinear regression model: 

log(inhibitor) vs. response-variable slope (four parameters) with constrain of bottom to 0 and top to 

100.   

4) Data interpretation. 

NT50<20: negative; NT50≥20: Positive 

 

 

  



Supplementary Figure 1 

 

attaaaggtttataccttcccaggtaacaaaccaaccaactttcgatctcttgtagatctgttctctaaacgaactttaaaatctgtgtggctgtcactcggctgcatgcttagt

gcactcacgcagtataattaataactaattactgtcgttgacaggacacgagtaactcgtctatcttctgcaggctgcttacggtttcgtccgtgttgcagccgatcatcag

cacatctaggtttcgtccgggtgtgaccgaaaggtaagatggagagccttgtccctggtttcaacgagaaaacacacgtccaactcagtttgcctgttttacaggttcgc

gacgtgctcgtacgtggctttggagactccgtggaggaggtcttatcagaggcacgtcaacatcttaaagatggcacttgtggcttagtagaagttgaaaaaggcgtttt

gcctcaacttgaacagccctatgtgttcatcaaacgttcggatgctcgaactgcacctcatggtcatgttatggttgagctggtagcagaactcgaaggcattcagtacg

gtcgtagtggtgagacacttggtgtccttgtccctcatgtgggcgaaataccagtggcttaccgcaaggttcttcttcgtaagaacggtaataaaggagctggtggccat

agttacggcgccgatctaaagtcatttgacttaggcgacgagcttggcactgatccttatgaagattttcaagaaaactggaacactaaacatagcagtggtgttacccg

tgaactcatgcgtgagcttaacggaggggcatacactcgctatgtcgataacaacttctgtggccctgatggctaccctcttgagtgcattaaagaccttctagcacgtg

ctggtaaagcttcatgcactttgtccgaacaactggactttattgacactaagaggggtgtatactgctgccgtgaacatgagcatgaaattgcttggtacacggaacgtt

ctgaaaagagctatgaattgcagacaccttttgaaattaaattggcaaagaaatttgacaccttcaatggggaatgtccaaattttgtatttcccttaaattccataatcaaga

ctattcaaccaagggttgaaaagaaaaagcttgatggctttatgggtagaattcgatctgtctatccagttgcgtcaccaaatgaatgcaaccaaatgtgcctttcaactct

catgaagtgtgatcattgtggtgaaacttcatggcagacgggcgattttgttaaagccacttgcgaattttgtggcactgagaatttgactaaagaaggtgccactacttgt

ggttacttaccccaaaatgctgttgttaaaatttattgtccagcatgtcacaattcagaagtaggacctgagcatagtcttgccgaataccataatgaatctggcttgaaaa

ccattcttcgtaagggtggtcgcactattgcctttggaggctgtgtgttctcttatgttggttgccataacaagtgtgcctattgggttccacgtgctagcgctaacataggtt

gtaaccatacaggtgttgttggagaaggttccgaaggtcttaatgacaaccttcttgaaatactccaaaaagagaaagtcaacatcaatattgttggtgactttaaacttaa

tgaagagatcgccattattttggcatctttttctgcttccacaagtgcttttgtggaaactgtgaaaggtttggattataaagcattcaaacaaattgttgaatcctgtggtaatt

ttaaagttacaaaaggaaaagctaaaaaaggtgcctggaatattggtgaacagaaatcaatactgagtcctctttatgcatttgcatcagaggctgctcgtgttgtacgat

caattttctcccgcactcttgaaactgctcaaaattctgtgcgtgttttacagaaggccgctataacaatactagatggaatttcacagtattcactgagactcattgatgcta

tgatgttcacatctgatttggctactaacaatctagttgtaatggcctacattacaggtggtgttgttcagttgacttcgcagtggctaactaacatctttggcactgtttatga

aaaactcaaacccgtccttgattggcttgaagagaagtttaaggaaggtgtagagtttcttagagacggttgggaaattgttaaatttatctcaacctgtgcttgtgaaattg

tcggtggacaaattgtcacctgtgcaaaggaaattaaggagagtgttcagacattctttaagcttgtaaataaatttttggctttgtgtgctgactctatcattattggtggag

ctaaacttaaagccttgaatttaggtgaaacatttgtcacgcactcaaagggattgtacagaaagtgtgttaaatccagagaagaaactggcctactcatgcctctaaaa

gccccaaaagaaattatcttcttagagggagaaacacttcccacagaagtgttaacagaggaagttgtcttgaaaactggtgatttacaaccattagaacaacctactag

tgaagctgttgaagctccattggttggtacaccagtttgtattaacgggcttatgttgctcgaaatcaaagacacagaaaagtactgtgcccttgcacctaatatgatggta

acaaacaataccttcacactcaaaggcggtgcaccaacaaaggttacttttggtgatgacactgtgatagaagtgcaaggttacaagagtgtgaatatcacttttgaactt

gatgaaaggattgataaagtacttaatgagaagtgctctgcctatacagttgaactcggtacagaagtaaatgagttcgcctgtgttgtggcagatgctgtcataaaaact

ttgcaaccagtatctgaattacttacaccactgggcattgatttagatgagtggagtatggctacatactacttatttgatgagtctggtgagtttaaattggcttcacatatgt

attgttctttctaccctccagatgaggatgaagaagaaggtgattgtgaagaagaagagtttgagccatcaactcaatatgagtatggtactgaagatgattaccaaggt

aaacctttggaatttggtgccacttctgctgctcttcaacctgaagaagagcaagaagaagattggttagatgatgatagtcaacaaactgttggtcaacaagacggca

gtgaggacaatcagacaactactattcaaacaattgttgaggttcaacctcaattagagatggaacttacaccagttgttcagactattgaagtgaatagttttagtggttat

ttaaaacttactgacaatgtatacattaaaaatgcagacattgtggaagaagctaaaaaggtaaaaccaacagtggttgttaatgcagccaatgtttaccttaaacatgga

ggaggtgttgcaggagccttaaataaggctactaacaatgccatgcaagttgaatctgatgattacatagctactaatggaccacttaaagtgggtggtagttgtgtttta

agcggacacaatcttgctaaacactgtcttcatgttgtcggcccaaatgttaacaaaggtgaagacattcaacttcttaagagtgcttatgaaaattttaatcagcacgaag

ttctacttgcaccattattatcagctggtatttttggtgctgaccctatacattctttaagagtttgtgtagatactgttcgcacaaatgtctacttagctgtctttgataaaaatct

ctatgacaaacttgtttcaagctttttggaaatgaagagtgaaaagcaagttgaacaaaagatcgctgagattcctaaagaggaagttaagccatttataactgaaagtaa

accttcagttgaacagagaaaacaagatgataagaaaatcaaagcttgtgttgaagaagttacaacaactctggaagaaactaagttcctcacagaaaacttgttacttt

atattgacattaatggcaatcttcatccagattctgccactcttgttagtgacattgacatcactttcttaaagaaagatgctccatatatagtgggtgatgttgttcaagagg

gtgttttaactgctgtggttatacctactaaaaaggctggtggcactactgaaatgctagcgaaagctttgagaaaagtgccaacagacaattatataaccacttacccgg

gtcagggtttaaatggttacactgtagaggaggcaaagacagtgcttaaaaagtgtaaaagtgccttttacattctaccatctattatctctaatgagaagcaagaaattctt

ggaactgtttcttggaatttgcgagaaatgcttgcacatgcagaagaaacacgcaaattaatgcctgtctgtgtggaaactaaagccatagtttcaactatacagcgtaaa

tataagggtattaaaatacaagagggtgtggttgattatggtgctagattttacttttacaccagtaaaacaactgtagcgtcacttatcaacacacttaacgatctaaatga

aactcttgttacaatgccacttggctatgtaacacatggcttaaatttggaagaagctgctcggtatatgagatctctcaaagtgccagctacagtttctgtttcttcacctga

tgctgttacagcgtataatggttatcttacttcttcttctaaaacacctgaagaacattttattgaaaccatctcacttgctggttcctataaagattggtcctattctggacaatc

tacacaactaggtatagaatttcttaagagaggtgataaaagtgtatattacactagtaatcctaccacattccacctagatggtgaagttatcacctttgacaatcttaaga

cacttctttctttgagagaagtgaggactattaaggtgtttacaacagtagacaacattaacctccacacgcaagttgtggacatgtcaatgacatatggacaacagtttg

gtccaacttatttggatggagctgatgttactaaaataaaacctcataattcacatgaaggtaaaacattttatgttttacctaatgatgacactctacgtgttgaggcttttga

gtactaccacacaactgatcctagttttctgggtaggtacatgtcagcattaaatcacactaaaaagtggaaatacccacaagttaatggtttaacttctattaaatgggca

gataacaactgttatcttgccactgcattgttaacactccaacaaatagagttgaagtttaatccacctgctctacaagatgcttattacagagcaagggctggtgaagctg

ctaacttttgtgcacttatcttagcctactgtaataagacagtaggtgagttaggtgatgttagagaaacaatgagttacttgtttcaacatgccaatttagattcttgcaaaa



gagtcttgaacgtggtgtgtaaaacttgtggacaacagcagacaacccttaagggtgtagaagctgttatgtacatgggcacactttcttatgaacaatttaagaaaggt

gttcagataccttgtacgtgtggtaaacaagctacaaaatatctagtacaacaggagtcaccttttgttatgatgtcagcaccacctgctcagtatgaacttaagcatggta

catttacttgtgctagtgagtacactggtaattaccagtgtggtcactataaacatataacttctaaagaaactttgtattgcatagacggtgctttacttacaaagtcctcag

aatacaaaggtcctattacggatgttttctacaaagaaaacagttacacaacaaccataaaaccagttacttataaattggatggtgttgtttgtacagaaattgaccctaa

gttggacaattattataagaaagacaattcttatttcacagagcaaccaattgatcttgtaccaaaccaaccatatccaaacgcaagcttcgataattttaagtttgtatgtga

taatatcaaatttgctgatgatttaaaccagttaactggttataagaaacctgcttcaagagagcttaaagttacatttttccctgacttaaatggtgatgtggtggctattgatt

ataaacactacacaccctcttttaagaaaggagctaaattgttacataaacctattgtttggcatgttaacaatgcaactaataaagccacgtataaaccaaatacctggtg

tatacgttgtctttggagcacaaaaccagttgaaacatcaaattcgtttgatgtactgaagtcagaggacgcgcagggaatggataatcttgcctgcgaagatctaaaac

cagtctctgaagaagtagtggaaaatcctaccatacagaaagacgttcttgagtgtaatgtgaaaactaccgaagttgtaggagacattatacttaaaccagcaaataat

agtttaaaaattacagaagaggttggccacacagatctaatggctgcttatgtagacaattctagtcttactattaagaaacctaatgaattatctagagtattaggtttgaaa

acccttgctactcatggtttagctgctgttaatagtgtcccttgggatactatagctaattatgctaagccttttcttaacaaagttgttagtacaactactaacatagttacacg

gtgtttaaaccgtgtttgtactaattatatgccttatttctttactttattgctacaattgtgtacttttactagaagtacaaattctagaattaaagcatctatgccgactactatag

caaagaatactgttaagagtgtcggtaaattttgtctagaggcttcatttaattatttgaagtcacctaatttttctaaactgataaatattataatttggtttttactattaagtgttt

gcctaggttctttaatctactcaaccgctgctttaggtgttttaatgtctaatttaggcatgccttcttactgtactggttacagagaaggctatttgaactctactaatgtcacta

ttgcaacctactgtactggttctataccttgtagtgtttgtcttagtggtttagattctttagacacctatccttctttagaaactatacaaattaccatttcatcttttaaatgggatt

taactgcttttggcttagttgcagagtggtttttggcatatattcttttcactaggtttttctatgtacttggattggctgcaatcatgcaattgtttttcagctattttgcagtacattt

tattagtaattcttggcttatgtggttaataattaatcttgtacaaatggccccgatttcagctatggttagaatgtacatcttctttgcatcattttattatgtatggaaaagttatg

tgcatgttgtagacggttgtaattcatcTacAtgtatgatgtgttacaaacgtaatagagcaacaagagtcgaatgtacaactattgttaatggtgttagaaggtccttttat

gtctatgctaatggaggtaaaggcttttgcaaactacacaattggaattgtgttaattgtgatacattctgtgctggtagtacatttattagtgatgaagttgcgagagacttg

tcactacagtttaaaagaccaataaatcctactgaccagtcttcttacatcgttgatagtgttacagtgaagaatggttccatccatctttactttgataaagctggtcaaaag

acttatgaaagacattctctctctcattttgttaacttagacaacctgagagctaataacactaaaggttcattgcctattaatgttatagtttttgatggtaaatcaaaatgtga

agaatcatctgcaaaatcagcgtctgtttactacagtcagcttatgtgtcaacctatactgttactagatcaggcattagtgtctgatgttggtgatagtgcggaagttgcag

ttaaaatgtttgatgcttacgttaatacgttttcatcaacttttaacgtaccaatggaaaaactcaaaacactagttgcaactgcagaagctgaacttgcaaagaatgtgtcct

tagacaatgtcttatctacttttatttcagcagctcggcaagggtttgttgattcagatgtagaaactaaagatgttgttgaatgtcttaaattgtcacatcaatctgacataga

agttactggcgatagttgtaataactatatgctcacctataacaaagttgaaaacatgacaccccgtgaccttggtgcttgtattgactgtagtgcgcgtcatattaatgcg

caggtagcaaaaagtcacaacattgctttgatatggaacgttaaagatttcatgtcattgtctgaacaactacgaaaacaaatacgtagtgctgctaaaaagaataactta

ccttttaagttgacatgtgcaactactagacaagttgttaatgttgtaacaacaaagatagcacttaagggtggtaaaattgttaataattggttgaagcagttaattaaagtt

acacttgtgttcctttttgttgctgctattttctatttaataacacctgttcatgtcatgtctaaacatactgacttttcaagtgaaatcataggatacaaggctattgatggtggtg

tcactcgtgacatagcatctacagatacttgttttgctaacaaacatgctgattttgacacatggtttagTcagcgtggtggtagttatactaatgacaaagcttgcccattg

attgctgcagtcataacaagagaagtgggttttgtcgtgcctggtttgcctggcacgatattacgcacaactaatggtgactttttgcatttcttacctagagtttttagtgca

gttggtaacatctgttacacaccatcaaaacttatagagtacactgactttgcaacatcagcttgtgttttggctgctgaatgtacaatttttaaagatgcttctggtaagcca

gtaccatattgttatgataccaatgtactagaaggttctgttgcttatgaaagtttacgccctgacacacgttatgtgctcatggatggctctattattcaatttcctaacaccta

ccttgaaggttctgttagagtggtaacaacttttgattctgagtactgtaggcacggcacttgtgaaagatcagaagctggtgtttgtgtatctactagtggtagatgggta

cttaacaatgattattacagatctttaccaggagttttctgtggtgtagatgctgtaaatttacttactaatatgtttacaccactaattcaacctattggtgctttggacatatca

gcatctatagtagctggtggtattgtagctatcgtagtaacatgccttgcctactattttatgaggtttagaagagcttttggtgaatacagtcatgtagttgcctttaatacttt

actattccttatgtcattcactgtactctgtttaacaccagtttactcattcttacctggtgtttattctgttatttacttgtacttgacattttatcttactaatgatgtttcttttttagca

catattcagtggatggttatgttcacacctttagtacctttctggataacaattgcttatatcatttgtatttccacaaagcatttctattggttctttagtaattacctaaagagac

gtgtagtctttaatggtgtttcctttagtacttttgaagaagctgcgctgtgcacctttttgttaaataaagaaatgtatctaaagttgcgtagtgatgtgctattacctcttacgc

aatataatagatacttagctctttataataagtacaagtattttagtggagcaatggatacaactagctacagagaagctgcttgttgtcatctcgcaaaggctctcaatgac

ttcagtaactcaggttctgatgttctttaccaaccaccacaaacctctatcacctcagctgttttgcagagtggttttagaaaaatggcattcccatctggtaaagttgaggg

ttgtatggtacaagtaacttgtggtacaactacacttaacggtctttggcttgatgacgtagtttactgtccaagacatgtgatctgcacctctgaagacatgcttaacccta

attatgaagatttactcattcgtaagtctaatcataatttcttggtacaggctggtaatgttcaactcagggttattggacattctatgcaaaattgtgtacttaagcttaaggtt

gatacagccaatcctaagacacctaagtataagtttgttcgcattcaaccaggacagactttttcagtgttagcttgttacaatggttcaccatctggtgtttaccaatgtgct

atgaggcccaatttcactattaagggttcattccttaatggttcatgtggtagtgttggttttaacatagattatgactgtgtctctttttgttacatgcaccatatggaattacca

actggagttcatgctggcacagacttagaaggtaacttttatggaccttttgttgacaggcaaacagcacaagcagctggtacggacacaactattacagttaatgtttta

gcttggttgtacgctgctgttataaatggagacaggtggtttctcaatcgatttaccacaactcttaatgactttaaccttgtggctatgaagtacaattatgaacctctaaca

caagaccatgttgacatactaggacctctttctgctcaaactggaattgccgttttagatatgtgtgcttcattaaaagaattactgcaaaatggtatgaatggacgtaccat

attgggtagtgctttattagaagatgaatttacaccttttgatgttgttagacaatgctcaggtgttactttccaaagtgcagtgaaaagaacaatcaagggtacacaccact

ggttgttactcacaattttgacttcacttttagttttagtccagagtactcaatggtctttgttcttttttttgtatgaaaatgcctttttaccttttgctatgggtattattgctatgtctg

cttttgcaatgatgtttgtcaaacataagcatgcatttctctgtttgtttttgttaccttctcttgccactgtagcttattttaatatggtctatatgcctgctagttgggtgatgcgta

ttatgacatggttggatatggttgatactagtttgtctggttttaagctaaaagactgtgttatgtatgcatcagctgtagtgttactaatccttatgacagcaagaactgtgtat



gatgatggtgctaggagagtgtggacacttatgaatgtcttgacactcgtttataaagtttattatggtaatgctttagatcaagccatttccatgtgggctcttataatctctg

ttacttctaactactcaggtgtagttacaactgtcatgtttttggccagaggtattgtttttatgtgtgttgagtattgccctattttcttcataactggtaatacacttcagtgtata

atgctagtttattgtttcttaggctatttttgtacttgttactttggcctcttttgtttactcaaccgctactttagactgactcttggtgtttatgattacttagtttctacacaggagtt

tagatatatgaattcacagggactactcccacccaagaatagcatagatgccttcaaactcaacattaaattgttgggtgttggtggcaaaccttgtatcaaagtagccac

tgtacagtctaaaatgtcagatgtaaagtgcacatcagtagtcttactctcagttttgcaacaactcagagtagaatcatcatctaaattgtgggctcaatgtgtccagttac

acaatgacattctcttagctaaagatactactgaagcctttgaaaaaatggtttcactactttctgttttgctttccatgcagggtgctgtagacataaacaagctttgtgaag

aaatgctggacaacagggcaaccttacaagctatagcctcagagtttagttcccttccatcatatgcagcttttgctactgctcaagaagcttatgagcaggctgttgcta

atggtgattctgaagttgttcttaaaaagttgaagaagtctttgaatgtggctaaatctgaatttgaccgtgatgcagccatgcaacgtaagttggaaaagatggctgatca

agctatgacccaaatgtataaacaggctagatctgaggacaagagggcaaaagttactagtgctatgcagacaatgcttttcactatgcttagaaagttggataatgatg

cactcaacaacattatcaacaatgcaagagatggttgtgttcccttgaacataatacctcttacaacagcagccaaactaatggttgtcataccagactataacacatata

aaaatacgtgtgatggtacaacatttacttatgcatcagcattgtgggaaatccaacaggttgtagatgcagatagtaaaattgttcaacttagtgaaattagtatggacaa

ttcacctaatttagcatggcctcttattgtaacagctttaagggccaattctgctgtcaaattacagaataatgagcttagtcctgttgcactacgacagatgtcttgtgctgc

cggtactacacaaactgcttgcactgatgacaatgcgttagcttactacaacacaacaaagggaggtaggtttgtacttgcactgttatccgatttacaggatttgaaatg

ggctagattccctaagagtgatggaactggtactatctatacagaactggaaccaccttgtaggtttgttacagacacacctaaaggtcctaaagtgaagtatttatacttt

attaaaggattaaacaacctaaatagaggtatggtacttggtagtttagctgccacagtacgtctacaagctggtaatgcaacagaagtgcctgccaattcaactgtatta

tctttctgtgcttttgctgtagatgctgctaaagcttacaaagattatctagctagtgggggacaaccaatcactaattgtgttaagatgttgtgtacacacactggtactggt

caggcaataacagttacaccggaagccaatatggatcaagaatcctttggtggtgcatcgtgttgtctgtactgccgttgccacatagatcatccaaatcctaaaggattt

tgtgacttaaaaggtaagtatgtacaaatacctacaacttgtgctaatgaccctgtgggttttacacttaaaaacacagtctgtaccgtctgcggtatgtggaaaggttatg

gctgtagttgtgatcaactccgcgaacccatgcttcagtcagctgatgcacaatcgtttttaaacgggtttgcggtgtaagtgcagcccgtcttacaccgtgcggcacag

gcactagtactgatgtcgtatacagggcttttgacatctacaatgataaagtagctggttttgctaaattcctaaaaactaattgttgtcgcttccaagaaaaggacgaagat

gacaatttaattgattcttactttgtagttaagagacacactttctctaactaccaacatgaagaaacaatttataatttacttaaggattgtccagctgttgctaaacatgactt

ctttaagtttagaatagacggtgacatggtaccacatatatcacgtcaacgtcttactaaatacacaatggcagacctcgtctatgctttaaggcattttgatgaaggtaatt

gtgacacattaaaagaaatacttgtcacatacaattgttgtgatgatgattatttcaataaaaaggactggtatgattttgtagaaaacccagatatattacgcgtatacgcc

aacttaggtgaacgtgtacgccaagctttgttaaaaacagtacaattctgtgatgccatgcgaaatgctggtattgttggtgtactgacattagataatcaagatctcaatg

gtaactggtatgatttcggtgatttcatacaaaccacgccaggtagtggagttcctgttgtagattcttattattcattgttaatgcctatattaaccttgaccagggctttaact

gcagagtcacatgttgacactgacttaacaaagccttacattaagtgggatttgttaaaatatgacttcacggaagagaggttaaaactctttgaccgttattttaaatattg

ggatcagacataccacccaaattgtgttaactgtttggatgacagatgcattctgcattgtgcaaactttaatgttttattctctacagtgttcccacctacaagttttggacca

ctagtgagaaaaatatttgttgatggtgttccatttgtagtttcaactggataccacttcagagagctaggtgttgtacataatcaggatgtaaacttacatagctctagactt

agttttaaggaattacttgtgtatgctgctgaccctgctatgcacgctgcttctggtaatctattactagataaacgcactacgtgcttttcagtagctgcacttactaacaatg

ttgcttttcaaactgtcaaacccggtaattttaacaaagacttctatgactttgctgtgtctaagggtttctttaaggaaggaagttctgttgaattaaaacacttcttctttgctc

aggatggtaatgctgctatcagcgattatgactactatcgttataatctaccaacaatgtgtgatatcagacaactactatttgtagttgaagttgttgataagtactttgattgt

tacgatggtggctgtattaatgctaaccaagtcatcgtcaacaacctagacaaatcagctggttttccatttaataaatggggtaaggctagactttattatgattcaatgag

ttatgaggatcaagatgcacttttcgcatatacaaaacgtaatgtcatccctactataactcaaatgaatcttaagtatgccattagtgcaaagaatagagctcgcaccgta

gctggtgtctctatctgtagtactatgaccaatagacagtttcatcaaaaattattgaaatcaatagccgccactagaggagctactgtagtaattggaacaagcaaattct

atggtggttggcacaacatgttaaaaactgtttatagtgatgtagaaaaccctcaccttatgggttgggattatcctaaatgtgatagagccatgcctaacatgcttagaatt

atggcctcacttgttcttgctcgcaaacatacaacgtgttgtagcttgtcacaccgtttctatagattagctaatgagtgtgctcaagtattgagtgaaatggtcatgtgtggc

ggttcactatatgttaaaccaggtggaacctcatcaggagatgccacaactgcttatgctaatagtgtttttaacatttgtcaagctgtcacggccaatgttaatgcactttta

tctactgatggtaacaaaattgccgataagtatgtccgcaatttacaacacagactttatgagtgtctctatagaaatagagatgttgacacagactttgtgaatgagtttta

cgcatatttgcgtaaacatttctcaatgatgatactctctgacgatgctgttgtgtgtttcaatagcacttatgcatctcaaggtctagtggctagcataaagaactttaagtca

gttctttattatcaaaacaatgtttttatgtctgaagcaaaatgttggactgagactgaccttactaaaggacctcatgaattttgctctcaacatacaatgctagttaaacagg

gtgatgattatgtgtaccttccttacccagatccatcaagaatcctaggggccggctgttttgtagatgatatcgtaaaaacagatggtacacttatgattgaacggttcgt

gtctttagctatagatgcttacccacttactaaacatcctaatcaggagtatgctgatgtctttcatttgtacttacaatacataagaaagctacatgatgagttaacaggaca

catgttagacatgtattctgttatgcttactaatgataacacttcaaggtattgggaacctgagttttatgaggctatgtacacaccgcatacagtcttacaggctgttgggg

cttgtgttctttgcaattcacagacttcattaagatgtggtgcttgcatacgtagaccattcttatgttgtaaatgctgttacgaccatgtcatatcaacatcacataaattagtc

ttgtctgttaatccgtatgtttgcaatgctccaggttgtgatgtcacagatgtgactcaactttacttaggaggtatgagctattattgtaaatcacataaaccacccattagttt

tccattgtgtgctaatggacaagtttttggtttatataaaaatacatgtgttggtagcgataatgttactgactttaatgcaattgcaacatgtgactggacaaatgctggtgat

tacattttagctaacacctgtactgaaagactcaagctttttgcagcagaaacgctcaaagctactgaggagacatttaaactgtcttatggtattgctactgtacgtgaagt

gctgtctgacagagaattacatctttcatgggaagttggtaaacctagaccaccacttaaccgaaattatgtctttactggttatcgtgtaactaaaaacagtaaagtacaa

ataggagagtacacctttgaaaaaggtgactatggtgatgctgttgtttaccgaggtacaacaacttacaaattaaatgttggtgattattttgtgctgacatcacatacagt

aatgccattaagtgcacctacactagtgccacaagagcactatgttagaattactggcttatacccaacactcaatatctcagatgagttttctagcaatgttgcaaattatc

aaaaggttggtatgcaaaagtattctacactccagggaccacctggtactggtaagagtcattttgctattggcctagctctctactacccttctgctcgcatagtgtataca



gcttgctctcatgccgctgttgatgcactatgtgagaaggcattaaaatatttgcctatagataaatgtagtagaattatacctgcacgtgctcgtgtagagtgttttgataaa

ttcaaagtgaattcaacattagaacagtatgtcttttgtactgtaaatgcattgcctgagacgacagcagatatagttgtctttgatgaaatttcaatggccacaaattatgatt

tgagtgttgtcaatgccagattacgtgctaagcactatgtgtacattggcgaccctgctcaattacctgcaccacgcacattgctaactaagggcacactagaaccagaa

tatttcaattcagtgtgtagacttatgaaaactataggtccagacatgttcctcggaacttgtcggcgttgtcctgctgaaattgttgacactgtgagtgctttggtttatgata

ataagcttaaagcacataaagacaaatcagctcaatgctttaaaatgttttataagggtgttatcacgcatgatgtttcatctgcaattaacaggccacaaataggcgtggt

aagagaattccttacacgtaaccctgcttggagaaaagctgtctttatttcaccttataattcacagaatgctgtagcctcaaagattttgggactaccaactcaaactgttg

attcatcacagggctcagaatatgactatgtcatattcactcaaaccactgaaacagctcactcttgtaatgtaaacagatttaatgttgctattaccagagcaaaagtagg

catactttgcataatgtctgatagagacctttatgacaagttgcaatttacaagtcttgaaattccacgtaggaatgtggcaactttacaagctgaaaatgtaacaggactC

tttaaagattgtagtaaggtaatcactgggttacatcctacacaggcacctacacacctcagtgttgacactaaattcaaaactgaaggtttatgtgttgacatacctggca

tacctaaggacatgacctatagaagactcatctctatgatgggttttaaaatgaattatcaagttaatggttaccctaacatgtttatcacccgcgaagaagctataagacat

gtacgtgcatggattggcttcgatgtcgaggggtgtcatgctactagagaagctgttggtaccaatttacctttacagctaggtttttctacaggtgttaacctagttgctgt

acctacaggttatgttgatacacctaataatacagatttttccagagttagtgctaaaccaccgcctggagatcaatttaaacacctcataccacttatgtacaaaggacttc

cttggaatgtagtgcgtataaagattgtacaaatgttaagtgacacacttaaaaatctctctgacagagtcgtatttgtcttatgggcacatggctttgagttgacatctatga

agtattttgtgaaaataggacctgagcgcacctgttgtctatgtgatagacgtgccacatgcttttccactgcttcagacacttatgcctgttggcatcattctattggatttga

ttacgtctataatccgtttatgattgatgttcaacaatggggttttacaggtaacctacaaagcaaccatgatctgtattgtcaagtccatggtaatgcacatgtagctagttg

tgatgcaatcatgactaggtgtctagctgtccacgagtgctttgttaagcgtgttgactggactattgaatatcctataattggtgatgaactgaagattaatgcggcttgta

gaaaggttcaacacatggttgttaaagctgcattattagcagacaaattcccagttcttcacgacattggtaaccctaaagctattaagtgtgtacctcaagctgatgtaga

atggaagttctatgatgcacagccttgtagtgacaaagcttataaaatagaagaattattctattcttatgccacacattctgacaaattcacagatggtgtatgcctattttg

gaattgcaatgtcgatagatatcctgctaattccattgtttgtagatttgacactagagtgctatctaaccttaacttgcctggttgtgatggtggcagtttgtatgtaaataaa

catgcattccacacaccagcttttgataaaagtgcttttgttaatttaaaacaattaccatttttctattactctgacagtccatgtgagtctcatggaaaacaagtagtgtcag

atatagattatgtaccactaaagtctgctacgtgtataacacgttgcaatttaggtggtgctgtctgtagacatcatgctaatgagtacagattgtatctcgatgcttataaca

tgatgatctcagctggctttagcttgtgggtttacaaacaatttgatacttataacctctggaacacttttacaagacttcagagtttagaaaatgtggcttttaatgttgtaaat

aagggacactttgatggacaacagggtgaagtaccagtttctatcattaataacactgtttacacaaaagttgatggtgttgatgtagaattgtttgaaaataaaacaacatt

acctgttaatgtagcatttgagctttgggctaagcgcaacattaaaccagtaccagaggtgaaaatactcaataatttgggtgtggacattgctgctaatactgtgatctgg

gactacaaaagagatgctccagcacatatatctactattggtgtttgttctatgactgacatagccaagaaaccaactgaaacgatttgtgcaccactcactgtcttttttga

tggtagagttgatggtcaagtagacttatttagaaatgcccgtaatggtgttcttattacagaaggtagtgttaaaggtttacaaccatctgtaggtcccaaacaagctagt

cttaatggagtcacattaattggagaagccgtaaaaacacagttcaattattataagaaagttgatggtgttgtccaacaattacctgaaacttactttactcagagtagaaa

tttacaagaatttaaacccaggagtcaaatggaaattgatttcttagaattagctatggatgaattcattgaacggtataaattagaaggctatgccttcgaacatatcgttta

tggagattttagtcatagtcagttaggtggtttacatctactgattggactagctaaacgttttaaggaatcaccttttgaattagaagattttattcctatggacagtacagtta

aaaactatttcataacagatgcgcaaacaggttcatctaagtgtgtgtgttctgttattgatttattacttgatgattttgttgaaataataaaatcccaagatttatctgtagtttc

taaggttgtcaaagtgactattgactatacagaaatttcatttatgctttggtgtaaagatggccatgtagaaacattttacccaaaattacaatctagtcaagcgtggcaac

cgggtgttgctatgcctaatctttacaaaatgcaaagaatgctattagaaaagtgtgaccttcaaaattatggtgatagtgcaacattacctaaaggcataatgatgaatgt

cgcaaaatatactcaactgtgtcaatatttaaacacattaacattagctgtaccctataatatgagagttatacattttggtgctggttctgataaaggagttgcaccaggtac

agctgttttaagacagtggttgcctacgggtacgctgcttgtcgattcagatcttaatgactttgtctctgatgcagattcaactttgattggtgattgtgcaactgtacataca

gctaataaatgggatctcattattagtgatatgtacgaccctaagactaaaaatgttacaaaagaaaatgactctaaagagggttttttcacttacatttgtgggtttatacaa

caaaagctagctcttggaggttccgtggctataaagataacagaacattcttggaatgctgatctttataagctcatgggacacttcgcatggtggacagcctttgttacta

atgtgaatgcgtcatcatctgaagcatttttaattggatgtaattatcttggcaaaccacgcgaacaaatagatggttatgtcatgcatgcaaattacatattttggaggaata

caaatccaattcagttgtcttcctattctttatttgacatgagtaaatttccccttaaattaaggggtactgctgttatgtctttaaaagaaggtcaaatcaatgatatgattttatc

tcttcttagtaaaggtagacttataattagagaaaacaacagagttgttatttctagtgatgttcttgttaacaactaaacgaacaatgtttgtttttcttgttttattgccactagt

ctctagtcagtgtgttaatcttacaaccagaactcaattaccccctgcatacactaattctttcacacgtggtgtttattaccctgacaaagttttcagatcctcagttttacatt

caactcaggacttgttcttacctttcttttccaatgttacttggttccatgctatacatgtctctgggaccaatggtactaagaggtttgataaccctgtcctaccatttaatgat

ggtgtttattttgcttccactgagaagtctaacataataagaggctggatttttggtactactttagattcgaagacccagtccctacttattgttaataacgctactaatgttgt

tattaaagtctgtgaatttcaattttgtaatgatccatttttgggtgtttattaccacaaaaacaacaaaagttggatggaaagtgagttcagagtttattctagtgcgaataatt

gcacttttgaatatgtctctcagccttttcttatggaccttgaaggaaaacagggtaatttcaaaaatcttagggaatttgtgtttaagaatattgatggttattttaaaatatatt

ctaagcacacgcctattaatttagtgcgtgatctccctcagggtttttcggctttagaaccattggtagatttgccaataggtattaacatcactaggtttcaaactttacttgc

tttacatagaagttatttgactcctggtgattcttcttcaggttggacagctggtgctgcagcttattatgtgggttatcttcaacctaggacttttctattaaaatataatgaaaa

tggaaccattacagatgctgtagactgtgcacttgaccctctctcagaaacaaagtgtacgttgaaatccttcactgtagaaaaaggaatctatcaaacttctaactttaga

gtccaaccaacagaatctattgttagatttcctaatattacaaacttgtgcccttttggtgaagtttttaacgccaccagatttgcatctgtttatgcttggaacaggaagaga

atcagcaactgtgttgctgattattctgtcctatataattccgcatcattttccacttttaagtgttatggagtgtctcctactaaattaaatgatctctgctttactaatgtctatgc

agattcatttgtaattagaggtgatgaagtcagacaaatcgctccagggcaaactggaaagattgctgattataattataaattaccagatgattttacaggctgcgttata

gcttggaattctaacaatcttgattctaaggttggtggtaattataattacctgtatagattgtttaggaagtctaatctcaaaccttttgagagagatatttcaactgaaatctat



caggccggtagcacaccttgtaatggtgttgaaggttttaattgttactttcctttacaatcatatggtttccaacccactaatggtgttggttaccaaccatacagagtagta

gtactttcttttgaacttctacatgcaccagcaactgtttgtggacctaaaaagtctactaatttggttaaaaacaaatgtgtcaatttcaacttcaatggtttaacaggcacag

gtgttcttactgagtctaacaaaaagtttctgcctttccaacaatttggcagagacattgctgacactactgatgctgtccgtgatccacagacacttgagattcttgacatta

caccatgttcttttggtggtgtcagtgttataacaccaggaacaaatacttctaaccaggttgctgttctttatcaggatgttaactgcacagaagtccctgttgctattcatg

cagatcaacttactcctacttggcgtgtttattctacaggttctaatgtttttcaaacacgtgcaggctgtttaataggggctgaacatgtcaacaactcatatgagtgtgaca

tacccattggtgcaggtatatgcgctagttatcagactcagactaattctcctcggcgggcacgtagtgtagctagtcaatccatcattgcctacactatgtcacttggtgc

agaaaattcagttgcttactctaataactctattgccatacccacaaattttactattagtgttaccacagaaattctaccagtgtctatgaccaagacatcagtagattgtac

aatgtacatttgtggtgattcaactgaatgcagcaatcttttgttgcaatatggcagtttttgtacacaattaaaccgtgctttaactggaatagctgttgaacaagacaaaaa

cacccaagaagtttttgcacaagtcaaacaaatttacaaaacaccaccaattaaagattttggtggttttaatttttcacaaatattaccagatccatcaaaaccaagcaag

aggtcatttattgaagatctacttttcaacaaagtgacacttgcagatgctggcttcatcaaacaatatggtgattgccttggtgatattgctgctagagacctcatttgtgca

caaaagtttaacggccttactgttttgccacctttgctcacagatgaaatgattgctcaatacacttctgcactgttagcgggtacaatcacttctggttggacctttggtgca

ggtgctgcattacaaataccatttgctatgcaaatggcttataggtttaatggtattggagttacacagaatgttctctatgagaaccaaaaattgattgccaaccaatttaat

agtgctattggcaaaattcaagactcactttcttccacagcaagtgcacttggaaaacttcaagatgtggtcaaccaaaatgcacaagctttaaacacgcttgttaaacaa

cttagctccaattttggtgcaatttcaagtgttttaaatgatatcctttcacgtcttgacaaagttgaggctgaagtgcaaattgataggttgatcacaggcagacttcaaagt

ttgcagacatatgtgactcaacaattaattagagctgcagaaatcagagcttctgctaatcttgctgctactaaaatgtcagagtgtgtacttggacaatcaaaaagagttg

atttttgtggaaagggctatcatcttatgtccttccctcagtcagcacctcatggtgtagtcttcttgcatgtgacttatgtccctgcacaagaaaagaacttcacaactgctc

ctgccatttgtcatgatggaaaagcacactttcctcgtgaaggtgtctttgtttcaaatggcacacactggtttgtaacacaaaggaatttttatgaaccacaaatcattacta

cagacaacacatttgtgtctggtaactgtgatgttgtaataggaattgtcaacaacacagtttatgatcctttgcaacctgaattagactcattcaaggaggagttagataaa

tattttaagaatcatacatcaccagatgttgatttaggtgacatctctggcattaatgcttcagttgtaaacattcaaaaagaaattgaccgcctcaatgaggttgccaagaa

tttaaatgaatctctcatcgatctccaagaacttggaaagtatgagcagtatataaaatggccatggtacatttggctaggttttatagctggcttgattgccatagtaatggt

gacaattatgctttgctgtatgaccagttgctgtagttgtctcaagggctgttgttcttgtggatcctgctgcaaatttgatgaagacgactctgagccagtgctcaaagga

gtcaaattacattacacataaacgaacttatggatttgtttatgagaatcttcacaattggaactgtaactttgaagcaaggtgaaatcaaggatgctactccttcagattttg

ttcgcgctactgcaacgataccgatacaagcctcactccctttcggatggcttattgttggcgttgcacttcttgctgtttttcagagcgcttccaaaatcataaccctcaaa

aagagatggcaactagcactctccaagggtgttcactttgtttgcaacttgctgttgttgtttgtaacagtttactcacaccttttgctcgttgctgctggccttgaagcccctt

ttctctatctttatgctttagtctacttcttgcagagtataaactttgtaagaataataatgaggctttggctttgctggaaatgccgttccaaaaacccattactttatgatgcca

actattttctttgctggcatactaattgttacgactattgtataccttacaatagtgtaacttcttcaattgtcattacttcaggtgatggcacaacaagtcctatttctgaacatg

actaccagattggtggttatactgaaaaatgggaatctggagtaaaagactgtgttgtattacacagttacttcacttcagactattaccagctgtactcaactcaattgagt

acagacactggtgttgaacatgttaccttcttcatctacaataaaattgttgatgagcctgaagaacatgtccaaattcacacaatcgacggttcatccggagttgttaatcc

agtaatggaaccaatttatgatgaaccgacgacgactactagcgtgcctttgtaagcacaagctgatgagtacgaacttatgtactcattcgtttcggaagagacaggta

cgttaatagttaatagcgtacttctttttcttgctttcgtggtattcttgctagttacactagccatccttactgcgcttcgattgtgtgcgtactgctgcaatattgttaacgtgag

tcttgtaaaaccttctttttacgtttactctcgtgttaaaaatctgaattcttctagagttcctgatcttctggtctaaacgaactaaatattatattagtttttctgtttggaactttaa

ttttagccatggcagattccaacggtactattaccgttgaagagcttaaaaagctccttgaacaatggaacctagtaataggtttcctattccttacatggatttgtcttctac

aatttgcctatgccaacaggaataggtttttgtatataattaagttaattttcctctggctgttatggccagtaactttagcttgttttgtgcttgctgctgtttacagaataaattg

gatcaccggtggaattgctatcgcaatggcttgtcttgtaggcttgatgtggctcagctacttcattgcttctttcagactgtttgcgcgtacgcgttccatgtggtcattcaa

tccagaaactaacattcttctcaacgtgccactccatggcactattctgaccagaccgcttctagaaagtgaactcgtaatcggagctgtgatccttcgtggacatcttcgt

attgctggacaccatctaggacgctgtgacatcaaggacctgcctaaagaaatcactgttgctacatcacgaacgctttcttattacaaattgggagcttcgcagcgtgta

gcaggtgactcaggttttgctgcatacagtcgctacaggattggcaactataaattaaacacagaccattccagtagcagtgacaatattgctttgcttgtacagtaagtg

acaacagatgtttcatctcgttgactttcaggttactatagcagagatattactaattattatgaggacttttaaagtttccatttggaatcttgattacatcataaacctcataatt

aaaaatttatctaagtcactaactgagaataaatattctcaattagatgaagagcaaccaatggagattgattaaacgaacATGGTGAGCAAAGGAGA

AGAGGACAACATGGCATCACTCCCAGCTACACATGAGCTGCATATCTTCGGATCCATCAACGGAGT

GGACTTCGATATGGTGGGACAGGGTACAGGGAACCCAAACGACGGATACGAGGAGTTGAACCTGA

AGAGTACCAAGGGAGACCTGCAGTTCTCACCATGGATACTCGTCCCACATATAGGATACGGCTTTCA

TCAGTACCTGCCCTATCCAGACGGAATGTCACCTTTCCAGGCAGCCATGGTTGACGGGAGCGGTTAC

CAGGTCCACAGGACAATGCAGTTTGAGGACGGAGCCTCATTGACCGTGAACTACAGATATACCTAC

GAAGGAAGCCATATCAAGGGAGAGGCTCAAGTGAAGGGAACTGGATTCCCAGCGGACGGACCCGT

GATGACCAACAGTCTGACGGCTGCAGACTGGTGCAGATCCAAAAAGACCTACCCAAATGACAAGAC

AATCATAAGCACCTTCAAGTGGTCATACACTACAGGAAACGGGAAGAGATACAGGAGCACTGCCAG

AACCACATACACTTTCGCCAAGCCTATGGCTGCAAACTACCTCAAGAACCAACCCATGTATGTGTTC

AGAAAGACAGAACTGAAGCATTCTAAGACCGAACTGAACTTCAAGGAGTGGCAGAAGGCCTTTACT

GACGTGATGGGAATGGACGAACTCTACAAGTAATTAATTAAgaactttcattaattgacttctatttgtgctttttagcctttctgct

attccttgttttaattatgcttattatcttttggttctcacttgaactgcaagatcataatgaaacttgtcacgcctaaacgaacatgaaatttcttgttttcttaggaatcatcaca



actgtagctgcatttcaccaagaatgtagtttacagtcatgtactcaacatcaaccatatgtagttgatgacccgtgtcctattcacttctattctaaatggtatattagagtag

gagctagaaaatcagcacctttaattgaattgtgcgtggatgaggctggttctaaatcacccattcagtacatcgatatcggtaattatacagtttcctgttCaccttttaca

attaattgccaggaacctaaattgggtagtcttgtagtgcgttgttcgttctatgaagactttttagagtatcatgacgttcgtgttgttttagatttcatctaaacgaacaaact

aaaatgtctgataatggaccccaaaatcagcgaaatgcaccccgcattacgtttggtggaccctcagattcaactggcagtaaccagaatggagaacgcagtggggc

gcgatcaaaacaacgtcggccccaaggtttacccaataatactgcgtcttggttcaccgctctcactcaacatggcaaggaagaccttaaattccctcgaggacaagg

cgttccaattaacaccaatagcagtccagatgaccaaattggctactaccgaagagctaccagacgaattcgtggtggtgacggtaaaatgaaagatctcagtccaag

atggtatttctactacctaggaactgggccagaagctggacttccctatggtgctaacaaagacggcatcatatgggttgcaactgagggagccttgaatacaccaaaa

gatcacattggcacccgcaatcctgctaacaatgctgcaatcgtgctacaacttcctcaaggaacaacattgccaaaaggcttctacgcagaagggagcagaggcgg

cagtcaagcctcttctcgttcctcatcacgtagtcgcaacagttcaagaaattcaactccaggcagcagtaggggaacttctcctgctagaatggctggcaatggcggt

gatgctgctcttgctttgctgctgcttgacagattgaaccagcttgagagcaaaatgtctggtaaaggccaacaacaacaaggccaaactgtcactaagaaatctgctg

ctgaggcttctaagaagcctcggcaaaaacgtactgccactaaagcatacaatgtaacacaagctttcggcagacgtggtccagaacaaacccaaggaaattttggg

gaccaggaactaatcagacaaggaactgattacaaacattggccgcaaattgcacaatttgcccccagcgcttcagcgttcttcggaatgtcgcgcattggcatggaa

gtcacaccttcgggaacgtggttgacctacacaggtgccatcaaattggatgacaaagatccaaatttcaaagatcaagtcattttgctgaataagcatattgacgcata

caaaacattcccaccaacagagcctaaaaaggacaaaaagaagaaggctgatgaaactcaagccttaccgcagagacagaagaaacagcaaactgtgactcttctt

cctgctgcagatttggatgatttctccaaacaattgcaacaatccatgagcagtgctgactcaactcaggcctaaactcatgcagaccacacaaggcagatgggctata

taaacgttttcgcttttccgtttacgatatatagtctactcttgtgcagaatgaattctcgtaactacatagcacaagtagatgtagttaactttaatctcacatagcaatctttaa

tcagtgtgtaacattagggaggacttgaaagagccaccacattttcaccgaggccacgcggagtacgatcgagtgtacagtgaacaatgctagggagagctgcctat

atggaagagccctaatgtgtaaaattaattttagtagtgctatccccatgtgattttaatagcttcttaggagaatgacaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 

 

Supplementary Figure 1. Genome sequence of mNG SARS-CoV-2. The mNG ORF with additional PacI 

restriction enzyme sites are shown in red.  

  



Supplementary Figure 1 

 
Supplementary Figure 2. Analysis of neutralizing activities of human sera using mNG SARS-CoV-2. (a-
j) Neutralization curves for sixty specimens from patients confirmed with RT-PCR test positive. Means 
and standard deviations from two-independent experiments are shown. The dose-response curves 
were fitted using a nonlinear regression model in software Prism 8. (k) Relative infection rate of mNG 
SARS-CoV-2 for sixty COVID-19-positive and sixty COVID-19-negative human sera at dilution of 20 folds. 



Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

The manuscript describes a neutralization assay based on a modified SARS-CoV-2 virus that expresses 

mNeonGreen. The assay enables higher throughput testing of samples compared to plaque reduction 

assays. A potential benefit of the assay is that it is based on the wildtype virus which could adequately 

more adequately represent neutralization activity compared to pseudotyped viruses. The associated 

downside is the further reliance on BSL-3 containment which limits the number of laboratories who 

may be able to use this assay. The authors showed that the assay results correlated with plaque 

reduction titers and also confirmed that no unspecific neutralizing activity was observed with sera 

raised against other infectious agents. 

 

Specific points: 

- Since the manuscript is mainly a description of a novel method, an SOP or at least a detailed 

protocol should be included as supplementary information. It seems like the main purpose of 

publishing this information would be to enable other laboratories to perform the assay exactly as 

described. 

- While the virus has been deposited, it should be similarly described in detail. A figure showing the 

exact insertion site and the (codon optimized?) sequence of the construct should be also included in 

the manuscript. 

- Neutralization curves for all samples (including negatives) should be included in addition to the table 

at least as supplementary data. 

- The nomenclature in table 1 is inconsistent, unless the authors in fact spiked in human coronaviruses 

instead of antisera (which would need to be explained in more detail). Further, "Cross reactivity" 

should be "Positive tests" or similar. 

 

Minor: 

- Line 71: Should be "ORF7" 

 

 

 

Reviewer #2: 

Remarks to the Author: 

In this study, the authors report the use of a patented system to assess sera neutralization at a higher 

throughput than PRNT in BSL3 conditions. While interesting, the manuscript suffers from some flaws. 

 

Major Comments: 

 

1. The authors report an almost perfect correlation on the analysis of neutralization titers between the 

PRNT and the assay. However, there was no information on the type of test (parametric or non-

parametric). 

 

2. It is unclear how the system bridges the gap for rapid and large-scale serodiagnostics and vaccine 

evaluation, since it still requires state-of-the-art BSL-3 facilities equipped with high content imaging, 

which is not readily available in most laboratories. 

 

3. Authors suggest that the system is better than spike pseudotyped lentiviruses or pseudotyped VSV 

because “One weakness of the spike pseudotyped assay is that it lacks the same composition of an 

actual virion, including the SARS-CoV-2 M or E proteins.”. This argument is incorrect as there is 

limited literature on anti-M or anti-E neutralizing antibodies. Actually, for the case of SARS, while E 



and M can induce antibody responses, the antibodies are not neutralizing (PMC7110836). Moreover, 

they authors wrongly interpreted the results from the referenced article in line 116 to claim that spike 

glycoproteins from pseudotyped lentivirus may be different from those on the original SARS-CoV-2 

virus. 

 

4. If the authors want to demonstrate value of their system, a direct comparison with the pseudotyped 

system (BSL2 approved) should be performed. 

 

 

Minor comments: 

5. Methods should be expanded with more details to allow for reproducibility studies. 

 

6. Typo error on line 200. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

In this study the authors aim to determine functional antibodies against SARS CoV-2. They have 

therefore designed an assay which can be used as an alternative for the classical PRNT, by using a 

reporter virus mNeonGreen SARS-CoV-2. The assay seems to perform well and has a good correlation 

to the classical gold standard PRNT. The authors present their study as a rapid high throughput 

platform, which is true, but it should be mentioned that is still requires a BSL-3 laboratory, making it 

not very accessible for the majority of laboratories in charge of antibody testing. The paper is 

therefore mostly a methodological paper describing a novel assay. 

Comments : 

Line 63 : Although PRNT and ELISA results generally correlate with each other, the lack of complete 

fidelity of ELISA continues to make PRNT the gold-standard for determining immune protection. 

The authors should at least discuss the more recent papers in which ELISA correlation to PRNT is 

being discussed (GeurtsvanKessel et al. medRxiv 2020.04.23.20077156; doi: 

https://doi.org/10.1101/2020.04.23.20077156) , Harvala et al (medRxiv 2020.05.20.20091694; doi: 

https://doi.org/10.1101/2020.05.20.20091694), as well as the availability of a competitive ELISA by 

Genscript, which claims to correlate to neutralization (large scale validations not yet available). In 

addition there are pseudoparticle assays available which are not mentioned in this report. 

Although the assay described in this paper, using a reporter virus is a good alternative for classical 

PRNT, it is not the most accessible and it is not very likely that the assay will be widely implemented. 

 

Line 65 :However, due to its low throughput, PRNT is not practical for large scale serodiagnosis and 

vaccine evaluation. This is a major gap for COVID-19 surveillance and vaccine development. 

The question is, if for serosurveillance purposes it is essential to measure neutralizing antibodies. I 

think there are better examples in which neutralizing antibodies should be assessed (high risk 

populations, in infection prevention etc.) 

 

The authors should add more sera from non-SARS CoV-2 coronavirus infected patients to assess 

specificity. 



Reviewer #1 (Remarks to the Author): 

 

The manuscript describes a neutralization assay based on a modified SARS-CoV-2 virus that 

expresses mNeonGreen. The assay enables higher throughput testing of samples compared to 

plaque reduction assays. A potential benefit of the assay is that it is based on the wildtype virus 

which could adequately more adequately represent neutralization activity compared to 

pseudotyped viruses. The associated downside is the further reliance on BSL-3 containment 

which limits the number of laboratories who may be able to use this assay. The authors showed 

that the assay results correlated with plaque reduction titers and also confirmed that no 

unspecific neutralizing activity was observed with sera raised against other infectious agents. 

 

Response: We thank the reviewer for the constructive suggestions. 

 

Specific points: 

- Since the manuscript is mainly a description of a novel method, an SOP or at least a detailed 

protocol should be included as supplementary information. It seems like the main purpose of 

publishing this information would be to enable other laboratories to perform the assay exactly as 

described. 

Response: Done. A detailed protocol has been included in Supplementary Methods. 

 

- While the virus has been deposited, it should be similarly described in detail. A figure showing 

the exact insertion site and the (codon optimized?) sequence of the construct should be also 

included in the manuscript. 

Response: Done. We have indicated the contact information for obtaining the mNeonGreen 

virus in Data Availability. The mNeonGreen virus has already been shared with CDC, New York 

State Health Department, many medical centers, and research groups around the world for 

patient diagnosis and COVID-19 research. In addition, we have added Fig. 1a to depict the 

exact insertion site and the junction sequences of the mNeonGreen gene. We also provided the 

genome sequence of the reporter virus in Supplementary Fig. 1. 

 

- Neutralization curves for all samples (including negatives) should be included in addition to the 

table at least as supplementary data. 

Response: Done. We have presented all the neutralization curves in Supplementary Fig. 2. 

 

- The nomenclature in table 1 is inconsistent, unless the authors in fact spiked in human 

coronaviruses instead of antisera (which would need to be explained in more detail). Further, 

"Cross reactivity" should be "Positive tests" or similar. 

Response: Corrected. We have modified Table 1 as suggested. 

 

Minor: 

- Line 71: Should be "ORF7" 



 

Response: Corrected. 

 

Reviewer #2 (Remarks to the Author): 

 

In this study, the authors report the use of a patented system to assess sera neutralization at a 

higher throughput than PRNT in BSL3 conditions. While interesting, the manuscript suffers from 

some flaws. 

Response: We thank the reviewer for the insightful suggestions. 

 

Major Comments: 

 

1. The authors report an almost perfect correlation on the analysis of neutralization titers 

between the PRNT and the assay. However, there was no information on the type of test 

(parametric or non-parametric).  

Response: We have added the test type in figure legend and Methods. 

 

2. It is unclear how the system bridges the gap for rapid and large-scale serodiagnostics and 

vaccine evaluation, since it still requires state-of-the-art BSL-3 facilities equipped with high 

content imaging, which is not readily available in most laboratories.  

Response: The requirement for BSL-3 facility was clearly acknowledged and discussed in the 

manuscript. Despite the BSL-3 limitation, this assay has a clear utility for high-throughput 

vaccine evaluation. Indeed, the assay has been used to support COVID-19 vaccine and antiviral 

development for leading pharmaceutical companies. 

 

3. Authors suggest that the system is better than spike pseudotyped lentiviruses or pseudotyped 

VSV because “One weakness of the spike pseudotyped assay is that it lacks the same 

composition of an actual virion, including the SARS-CoV-2 M or E proteins.”. This argument is 

incorrect as there is limited literature on anti-M or anti-E neutralizing antibodies. Actually, for the 

case of SARS, while E and M can induce antibody responses, the antibodies are not 

neutralizing (PMC7110836). Moreover, they authors wrongly interpreted the results from the 

referenced article in line 116 to claim that spike glycoproteins from pseudotyped lentivirus may 

be different from those on the original SARS-CoV-2 virus.  

Response: Corrected. We have now removed the questionable statement. Please see more 

elaborations in response to Comment 4. 

 

4. If the authors want to demonstrate value of their system, a direct comparison with the 

pseudotyped system (BSL2 approved) should be performed. 

Response: We thank the reviewer for this important point. Respectfully, we think the requested 

studies are beyond the scope of the current manuscript. This is because the requested task 

represents a completely new project that requires a series of experiment to establish a different 

assay platform, including (i) construction of the pseudotyped virus; (ii) optimization of the 



production of pseudotyped virus; (iii) evaluation of the pseudotyped virus for neutralization; and 

(iv) testing clinical specimens. We currently do not have the pseudotyped virus system in hand. 

In addition, the volumes of patient sera were very limited and many of them have already been 

used up. To address reviewer’s point, we have deleted the speculative statement about the 

pseudotyped VSV assay platform (see response to Comment 3). In addition, to strengthen the 

current results, we have added results from 70 more human specimens (20 more COVID-19-

positive sera and 50 more COVID-19-negative specimens) in the revised manuscript. 

 

Minor comments: 

5. Methods should be expanded with more details to allow for reproducibility studies. 

Response: Done. A detailed protocol has been included in Supplementary Methods. 

 

6. Typo error on line 200. 

Response: Corrected. 

Reviewer #3 (Remarks to the Author): 

 

In this study the authors aim to determine functional antibodies against SARS CoV-2. They 

have therefore designed an assay which can be used as an alternative for the classical PRNT, 

by using a reporter virus mNeonGreen SARS-CoV-2. The assay seems to perform well and has 

a good correlation to the classical gold standard PRNT. The authors present their study as a 

rapid high throughput platform, which is true, but it should be mentioned that is still requires a 

BSL-3 laboratory, making it not very accessible for the majority of laboratories in charge of 

antibody testing. The paper is therefore mostly a methodological paper describing a novel 

assay.  

Response: We thank the reviewer for the positive and constructive comments. 

Comments: 

Line 63 : Although PRNT and ELISA results generally correlate with each other, the lack of 

complete fidelity of ELISA continues to make PRNT the gold-standard for determining immune 

protection. The authors should at least discuss the more recent papers in which ELISA 

correlation to PRNT is being discussed (GeurtsvanKessel et al. medRxiv 2020.04.23.20077156; 

doi: https://doi.org/10.1101/2020.04.23.20077156) , Harvala et al (medRxiv 

2020.05.20.20091694; doi: https://doi.org/10.1101/2020.05.20.20091694), as well as the 

availability of a competitive ELISA by Genscript, which claims to correlate to neutralization 

(large scale validations not yet available). In addition there are pseudoparticle assays available 

which are not mentioned in this report.  

Response: We thank the reviewer for this important suggestion. We have included and 

discussed these ELISA and pseudoparticle assays. 

Although the assay described in this paper, using a reporter virus is a good alternative for 

classical PRNT, it is not the most accessible and it is not very likely that the assay will be widely 

implemented.  

Response: We agree with the reviewer on the BSL-3 limitation. We have clearly acknowledged 

and discussed this weakness in the original manuscript. Despite this limitation, this assay has a 

https://nam03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1101%2F2020.04.23.20077156&data=02%7C01%7Cpeshi%40utmb.edu%7C05ca61840bfd490430a308d811539543%7C7bef256d85db4526a72d31aea2546852%7C0%7C1%7C637278397979471943&sdata=Ii%2BW2ThnNtAPLZFJXCvrMLs6L6BW%2B8J4xRFNVnlslu0%3D&reserved=0
https://nam03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1101%2F2020.05.20.20091694&data=02%7C01%7Cpeshi%40utmb.edu%7C05ca61840bfd490430a308d811539543%7C7bef256d85db4526a72d31aea2546852%7C0%7C1%7C637278397979481940&sdata=Eq2K8OAEPFYeWs35Hb595gyXLtCO8j0GL2EBbHFeLxE%3D&reserved=0


clear utility for high-throughput vaccine evaluation. In fact, the assay has been used to support 

COVID-19 vaccine and antiviral development for leading pharmaceutical companies. 

Meanwhile, we are engineering an attenuated version of SARS-CoV-2 so that the assay could 

be performed at a BSL-2 facility. 

 

Line 65 :However, due to its low throughput, PRNT is not practical for large scale serodiagnosis 

and vaccine evaluation. This is a major gap for COVID-19 surveillance and vaccine 

development. The question is, if for serosurveillance purposes it is essential to measure 

neutralizing antibodies. I think there are better examples in which neutralizing antibodies should 

be assessed (high risk populations, in infection prevention etc.) 

Response: We thank the reviewer for bringing up this point. We have now included the 

suggested target individuals (such as healthcare workers) who should be prioritized to be tested 

for their neutralizing antibody titers. 

 

The authors should add more sera from non-SARS CoV-2 coronavirus infected patients to 

assess specificity.  

Response: We have added 70 more serum specimens (20 more COVID-19-positive patients 

and 50 more COVID-19-negative patients) to the study. The results have been added to Fig. 1e. 

In addition, we have added 12 more non-COVID-19 patient specimens to strengthen the 

specificity testing results in Table 1. However, the specimen number for non-SARS-CoV-2 

coronaviruses remains low. Nevertheless, the increased total number of patient specimens has 

allowed us to further demonstrate the assay specificity.  
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