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SUMMARY

SARS-CoV-2, the virus responsible for COVID-19, is causing a devastating worldwide pandemic, and there is
a pressing need to understand the development, specificity, and neutralizing potency of humoral immune re-
sponses during acute infection. We report a cross-sectional study of antibody responses to the receptor-
binding domain (RBD) of the spike protein and virus neutralization activity in a cohort of 44 hospitalized
COVID-19 patients. RBD-specific IgG responses are detectable in all patients 6 days after PCR confirmation.
Isotype switching to IgG occurs rapidly, primarily to IgG1 and IgG3. Using a clinical SARS-CoV-2 isolate,
neutralizing antibody titers are detectable in all patients by 6 days after PCR confirmation and correlate
with RBD-specific binding IgG titers. The RBD-specific binding data were further validated in a clinical setting
with 231 PCR-confirmed COVID-19 patient samples. These findings have implications for understanding pro-
tective immunity against SARS-CoV-2, therapeutic use of immune plasma, and development of much-
needed vaccines.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a worldwide pandemic.
There is a pressing need to understand the immunological
response that mediates protective immunity to SARS-CoV-2.
Antibody responses to the spike (S) protein are thought to be
to the primary target of neutralizing activity during viral infection,
conferring superior protective immunity compared to the mem-
brane (M), envelope (E), and nucleocapsid proteins.’® The S
glycoprotein is a class | viral fusion protein that exists as a meta-
stable prefusion homotrimer consisting of individual polypeptide
chains (between 1,100 and 1,600 residues in length) responsible
for cell attachment and viral fusion.*® Each of the S protein pro-

Gheck for
Updates

tomers is divided into two distinct regions, the S; and S, sub-
units.”” The S; subunit is a V-shaped polypeptide with four
distinct domains, domains A, B, C, and D, with domain B func-
tioning as the receptor-binding domain (RBD) for most coronavi-
ruses, including the pathogenic B-coronaviruses such as SARS-
CoV-2, severe acute respiratory syndrome (SARS), and Middle
East respiratory syndrome (MERS) (Figure 1A; Figure S1A).”'°
Recent studies have shown that the SARS-CoV-2 RBD interacts
with the ACE2 receptor for cellular attachment.>®'° Sequence
analysis of the RBD shows extensive homology in this region
to SARS (73%). In contrast, MERS and other seasonal coronavi-
ruses show minimal sequence homology to the SARS-CoV-2
RBD (7%-18%) (Figure 1B). Herein, we set out to understand
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Figure 1. Antibody Responses against
SARS-CoV-2 RBD in PCR-Confirmed
Acutely Infected COVID-19 Patients

(A) Structure of a SARS-CoV-2 spike protein (single
monomer is shown) with the RBD highlighted

o in red.®
s 0 (B) Sequence homology analysis of SARS-CoV-2
e frosnd spike protein RBD compared to SARS, MERS, and
5 2 oW seasonal alpha- and beta-CoVs.
§ § zy (C) ELISA endpoint titers for SARS-CoV-2 RBD-
§ § § § specific IgG, IgA, and IgM in PCR confirmed acute

COVID-19 patients (n = 44) and healthy controls
collected in early 2019. Endpoint cutoff values
were calculated using the average plus 3 standard
deviations of the 32 healthy controls at 1/100
dilution (shown as a dotted line).

(D) Representative ELISA assays for 10 patients
and 12 healthy controls.

(E) Direct comparison of IgM and IgG for individual
donors. A number of the IgG negative or low early
samples were IgM positive (shown in green).

(F) Endpoint titer analysis of IgG subclass distri-
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the development, specificity, and neutralizing potency of the hu-
moral immune response against the RBD of the SARS-CoV-2
spike protein during acute infection.

RESULTS

The Magnitude of RBD-Specific Antibody Responses in
Acutely Infected COVID-19 Patients

To determine the magnitude of antibody responses, immuno-
globulin (Ig) isotype, and IgG subclass usage against the RBD
of the SARS-CoV-2 spike protein, we analyzed a cohort of
acutely infected COVID-19 patients (n = 44) enrolled at two hos-
pitals in the Emory Healthcare System in Atlanta (Emory Univer-
sity Hospital and Emory University Hospital Midtown). These pa-
tients were recruited from both the inpatient ward and the ICU
(patient details are provided in Table 1). These samples repre-
sent a cross-section of days after patient-reported symptom
onset (3—-30 days) and PCR confirmation (2-19 days). As healthy
controls, we used plasma samples collected at baseline in a vac-
cine study performed in early 2019 (n = 32). The RBD protein was
cloned and expressed in mammalian cells (Figure S1B) and was
validated by ELISA using CR3022, a SARS-specific human
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bution. Each experiment was performed at least
twice, and representative donors were selected to
display the dynamic range observed in the dataset.

monoclonal antibody that cross-reacts
with SARS-CoV-2'" (Figure S1C). Size-
exclusion chromatography shows that
the recombinant RBD protein is homoge-
neous and does not form aggregates (Fig-
ure S1D). We found that a majority of
COVID-19 patients (36 out of 44) devel-
oped RBD-specific class-switched 1gG
responses (Figure 1C) (mean titer:
18,500, range: <100-142,765). These pa-
tients also showed IgM and IgA re-
sponses of lower magnitude as compared to IgG (IgM mean titer:
3731, range: <100-40,197 and IgA mean titer: 973, range: <100-
19,918). All of the negative controls were below the limit of detec-
tion in the endpoint analysis for binding to the RBD antigen (Fig-
ure 1C, red). A representative RBD-specific IgG ELISA assay for
a subset of these donors is shown in Figure 1D to illustrate the
dynamic range of these measurements. A number of the
COVID-19 patient samples that scored either negative or low in
the RBD IgG ELISA had higher titers of IgM (Figure 1E, green).
Finally, 1IgG subclass analysis showed that the COVID-19 pa-
tients exclusively made RBD-specific IgG1 and IgG3, with no
detectable IgG2 or IgG4 (Figure 1F). Taken together, these find-
ings illustrate that antibody class-switching to IgG occurs early
during acute infection.

19G3  IgG4

Neutralization Potency of Antibody Responses in
COVID-19 Patients

We next determined the neutralization capacity of samples from
the cohort of acutely infected COVID-19 patients. We have
developed a focus reduction neutralization titer (FRNT) assay
for SARS-CoV-2. In this assay, COVID-19 patient plasma is incu-
bated with a clinical isolate of SARS-CoV-2 followed by infection
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Table 1. COVID-19 Patient Cohort

Days after
Patient ID# Age Sex Days after +PCR Symptom Onset 19G IgM IgA FRNT50
1 25 F 2 3 <100 <100 <100 <50
2 41 M 2 8 259 598 116 245
3 66 M 2 10 4,988 795 297 1,502
4 76 F 2 11 31,205 2906 230 1,718
8 70 F 2 11 1,100 246 <100 138
6 74 M 2 12 <100 <100 <100 <50
7 33 F 3 7 243 325 <100 174
8 66 M 3 8 419 220 85 167
9 64 F 3 8 <100 166 <100 55
10 39 F 3 8 814 362 287 262
11 87 M 3 9 <100 <100 <100 124
12 64 F 3 9 <100 119 161 67
13 47 F 3 9 467 1,042 <100 158
14 63 F 3 10 134 186 <100 99
15 58 F 3 11 317 364 258 175
16 37 F 3 13 205 419 <100 126
17 37 F 3 14 202 578 <100 118
18 49 M 8 16 15,772 491 589 126
19 70 M 4 5 <100 136 <100 156
20 55 M 4 8 377 1,560 178 79
21 73 M 4 11 683 303 <100 <50
22 61 M 4 19 445 282 <100 645
23 80 M 5) 5] 899 470 316 167
24 44 F 5) 9 2,560 947 442 194
25 63 F 5) 12 <100 <100 <100 <50
26 52 M 5) 12 <100 317 <100 108
27 56 M 5) 17 10,422 1,574 4,033 3,200
28 48 M 6 8 9,311 1,750 884 1,068
29 60 M 6 10 27,557 50,483 <100 5,763
30 75 M 6 18 1,174 369 131 539
31 59 M 7 11 21,323 3,865 140 2,799
32 62 F 7 12 17,917 4,414 706 603
33 76 M 7 17 28,352 1,493 6,865 2,561
34 66 M 7 22 4,269 1,207 324 496
35 80 M 7 29 22,219 1,242 176 2,483
36 65 M 8 8 1,692 507 <100 761
37 36 F 8 15 86,698 664 313 2,233
38 60 F 8 15 43,072 443 214 337
39 56 F 8 18 71,204 16,298 1,754 1,177
40 54 M 10 30 72,949 13,310 700 3,341
41 60 M 12 17 142,766 40,197 <100 5,378
42 46 M 13 20 69,361 706 1,112 408
43 73 M 15 11 69,902 3,412 19,918 911
44 69 M 19 18 33,684 5,517 180 1,882
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Figure 2. COVID-19 Patient Plasma Neutral-
izes SARS-CoV-2

(A) Neutralization activity of serum samples against
SARS-CoV-2. The FRNTs5 titers of COVID-19 pa-
tients (n = 44) and healthy controls (n = 21) sera
were determined by a FRNT assay using an im-
munostain to detect infected foci. Each circle
represents one serum sample. The dotted line
represents the maximum concentrations of the
serum tested (1/50).

(B) Representative sample showing a reduction in
foci from a neutralization assay with sera from an
infected COVID-19 patient.

(C) Representative FRNT5 curves were selected
to display the dynamic range observed in the da-
taset (n = 22). The dotted line represents 50%
neutralization.

(D) Comparison of PRNT5sq against FRNT5q titers
(n = 9). Each experiment was performed at least
twice, and a representative dataset is shown.
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of VeroES cells.'? The neutralization potency of the plasma sam-
ple is measured by the reduction in virally infected foci. We
screened plasma from COVID-19 patients (n = 44) and found
that a majority of the samples (40/44) showed neutralization ca-
pacity, with titers ranging from 1:5,763 to 1:55 (Figure 2A). A
representative example of viral neutralization is shown in Fig-
ure 2B where pre-incubation with control plasma yields about
250 foci, whereas the COVID-19 patient sample completely in-
hibited the formation of infected foci (Figure 2B). Representative
neutralization curves for a subset of samples are shown to illus-
trate the dynamic range of the results obtained (Figure 2C). A pla-
que reduction neutralization titer (PRNT) assay is the classic
method for determining the neutralization capacity of a plasma
sample against coronavirus infection.'® To confirm the efficiency
of these two assays, we compared the neutralization titers be-
tween a standard PRNT assay and an FRNT assay for a subset
of the patient samples (n = 9). Overall, we observed a strong pos-
itive correlation between these two assays (Figure 2D), demon-
strating the robustness of the FRNT assay. Overall, these find-
ings demonstrate that neutralizing antibody responses are
generated early during acute COVID-19 infection.

Development of Antibody Responses during Acute
SARS-CoV-2 Infection

The patient samples were collected across a range of days after
symptom onset or PCR confirmation of SARS-CoV-2 infection
(Table 1). To understand the relationship between these vari-
ables and RBD-specific IgG antibody titers and viral neutraliza-
tion potency, we performed correlation analyses. In all cases,
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Neutralization (FRNT50 titer)

J 1
1000 10000  the RBD-specific IgG titer or viral neutral-
ization titer (Figure 3). Several key points
regarding the kinetics of antibody re-
sponses can be made from this correla-
tion analysis. Antibody responses against
the RBD (Figure 3A), as well as SARS-CoV-2 virus neutralization
titers (Figure 3B), can be detected in a majority of patients around
day 8 after symptom onset. When the number of days after PCR
confirmation is used to assess the duration of infection, both
RBD-binding titers (Figure 3C) and viral neutralization titers (Fig-
ure 3D) can be detected in many patients already between days
2-6. Beyond 6 days post-PCR confirmation, patients display
both antibody binding and neutralization titers. Taken together,
these findings illustrate that both RBD-specific and neutralizing
antibody responses occur rapidly after SARS-CoV-2 infection.

RBD-Specific Antibody Titers as a Surrogate of
Neutralization Potency in Acutely Infected COVID-19
Patients

We observed a wide range of RBD-specific and neutralizing anti-
body responses across the cohort of acutely infected COVID-19
patients. We found that the magnitude of RBD-specific IgG titers
positively correlated with neutralization titers (r2 =0.7;p<0.0001;
Figure 4A). Overall, we observed viral neutralization activity in 40
out of 44 samples from acutely infected COVID-19 patients.

We next validated the RBD-specific IgG ELISA for high-
throughput testing at the Emory Medical Laboratories. For these
analyses, we collected serum from 231 PCR-confirmed COVID-
19 patient samples within the first 22 days after PCR confirma-
tion (Table S1). In addition, 490 samples collected in 2019
were used as negative controls. The patient samples were
grouped from 0-3 days, 4-6 days, and 7 or more days after
PCR confirmation and analyzed using a high-throughput clinical
RBD ELISA. The cumulative results of these efforts are shown as
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Figure 3. SARS-CoV-2 Antibody Responses
Correlate with the Progression of Acute
SARS-CoV-2 Infection

Comparison of RBD-specific 1gG titers and
neutralization titers with (A and B) days after
symptom onset or (C and D) days after PCR posi-
tive confirmation for each patient. Correlation
analysis was performed by log transformation of
the endpoint ELISA titers followed by linear
regression analysis.

o R2 0.3
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findings demonstrate that RBD-specific
IgG titers could be used as a surrogate
of neutralization activity against SARS-
CoV-2 infection and that the RBD assay
is highly specific and sensitive. Further,
this demonstrates the necessity of appro-
priate timing of sample collection when
using serologic diagnostic tests of acutely
R2: 0.3 infected COVID-19 patients.'*'®
p: <0.0001

Neutralization (FRNT50 titer)

0 10 20 0
Days after PCR+ test

RBD-specific IgG endpoint titer

receiver operating characteristic (ROC) curves (Figure 4B). This
assay is almost perfectly discriminatory by day 7 after PCR
confirmation, with an area under the curve (AUC) of 1.00 (n =
83). When utilized earlier in the disease course, the performance
of this diagnostic assay is reduced. When the RBD-specific IgG
ELISA were analyzed for the samples collected closer to the time
of infection, the AUC for the day 4-6 group (n = 76) and the day
0-3 group (n = 72) fell to 0.96 and 0.89, respectively. Using an OD
cutoff of 0.175 resulted in calculated sensitivity and specificity
values of 97.5% and 98%, respectively. Taken together, these

Days after PCR+ test

Clinical Validation

DISCUSSION

10 20

In this study, we show that RBD-specific
IgG antibody responses are rapidly
induced in hospitalized acutely infected
COVID-19 patients, with most patients
showing RBD-specific antibody responses by 6 days post-
PCR confirmation. Consistently, we found that class-switching
also occurs early during infection and is dominated by RBD-spe-
cific IgG1 and IgG3 responses. We also detected both RBD-spe-
cific IgM and IgA responses at relatively lower levels as
compared to IgG. These responses result in neutralizing anti-
body responses that directly correlated with RBD-specific IgG
antibody titers. These findings strongly indicate that a robust hu-
moral immune response occurs early during severe or moderate
COVID-19 infections.

Figure 4. RBD-Specific Antibody Titers as a
Surrogate of Neutralization Potency in

— Day 7+ after PCR+, AUC=1.00
— Day 4-6 efter PCR+, AUC=0.96
— Day 0-3 after PCR+, AUC=0.89

Negative controls, n=490

Acutely Infected COVID-19 Patients

(A) Comparison of RBD-specific IgG endpoint ti-
ters with SARS-CoV-2-specific FRNTsqo titers.
Correlation analysis was performed by log trans-
formation of the endpoint ELISA or FRNTs titers
followed by linear regression analysis.

(B) The RBD-specific ELISA was validated for high-
throughput clinical testing in Emory Medical Lab-
oratories. Sera (n = 231) were collected from
COVID-19 patients within the first 22 days after
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PCR-confirmation (Table S1). Sera (n = 490)
collected in 2019 were used as negative controls.
ROC curves are shown comparing the true-posi-
tive and false-negative rates of the ELISA using
different OD cutoffs and sera collected at different

times post-infection. Whereas the RBD ELISA produced an area under the curve (AUC) of 0.89 when samples were collected close to the time of infection (within
3 days of positive PCR; n = 76), longer sampling times resulted in better performance. Assay performance was nearly perfectly discriminatory (AUC = 1.00) when

samples were collected at least 7 days after the positive PCR (n = 83).
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The validation of the sensitive and selective RBD-based clin-
ical assay at Emory Medical Laboratories and the correlation
with viral neutralization are promising for both diagnostic
purposes and ongoing seroprevalence studies of healthcare
workers and the general population. These serology tests could
be used for making informed decisions for convalescent plasma
therapy that are currently undergoing clinical testing as a
possible therapeutic or even prophylactic option.'®"'” Further,
the kinetic findings presented herein are essential for ongoing ef-
forts aimed at applying antibody testing for clinical diagnostic
purposes, highlighting the importance of appropriate timing of
these tests relative to PCR testing and/or symptom onset after
infection. A comprehensive understanding of the dynamics of
antibody responses after infection will also be key for under-
standing disease pathogenesis, risk assessment in vulnerable
populations, evaluation of therapeutics, and development of
vaccines.

The appearance of high titer neutralizing antibody responses
early after the infection is promising and may offer some degree
of protection from re-infection. Future studies will need to define
the neutralizing titer that constitutes a robust correlate of protec-
tive immunity and determine the durability of these responses
over time'®. This information will be essential for ongoing vaccine
development efforts'®.

Limitations of Study

This report is a cross-sectional study that analyzed antibody re-
sponses to SARS-CoV-2 in a cohort of hospitalized COVID-19
patients. One limitation is that this study only includes patients
with severe disease. In the future, we will extend these observa-
tions to evaluate antibody responses in patients with mild or sub-
clinical infections. Another important aspect that we are
currently addressing is the durability of neutralizing antibody re-
sponses in recovered COVID-19 patients.

STAXRMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead Contact
O Materials Availability
O Data and Code Availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Ethics statement
O Virus
O Cells
o METHOD DETAILS
O Cloning, expression, and purification of SARS-CoV-2
RDB
O Preparation of CR3022 monoclonal antibody and bio-
tinylation
Sequence analysis and alignment
ELISA assays
Clinical RBD ELISA assay
Focus Reduction Neutralization Assays

O O OO
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® QUANTIFICATION AND STATISTICAL ANALYSIS
O Statistical analysis

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.
xcrm.2020.100040.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Peroxidase AffiniPure F(ab’), Fragment Goat Jackson ImmunoResearch Cat# 109-036-129, RRID:AB_2337598
Anti-Human IgM, Fc5p fragment specific

Peroxidase AffiniPure F(ab’), Fragment Goat Jackson ImmunoResearch Cat# 109-036-011, RRID:AB_2337592
Anti-Human Serum IgA, a chain specific

Peroxidase AffiniPure F(ab’), Fragment Goat Jackson ImmunoResearch Cat# 109-036-098, RRID:AB_2337596
Anti-Human IgG, Fcy fragment specific

Mouse Anti- Human IgG1 Fc-HRP Southern Biotech Cat# 9054-05, RRID:AB_2796627
Mouse Anti- Human IgG2 Fc-HRP Southern Biotech Cat# 9060-05, RRID:AB_2796633
Mouse Anti- Human IgG3 Hinge-HRP Southern Biotech Cat# 9210-05, RRID:AB_2796699
Mouse Anti- Human IgG4 Fc-HRP Southern Biotech Cat# 9200-05, RRID:AB_2796691
Virus Strains

2019-nCoV/USA-WA1-A12/2020 (SARS-CoV-2) CDC, Atlanta, GA GenBank Accession #MT020880

Biological Samples

Human Serum/Plasma samples Emory University Hospital/Emory N/A
Medical Laboratories

Chemicals, Peptides, and Recombinant Proteins

Recombinant binding protein (SARS-CoV-2 Spike) Dr. Jens Wrammert Emory University N/A

Methylcellulose Sigma-Aldrich Cat. #: M0512-250G

TrueBlue Peroxidase Substrate KPL Cat. #: 5067428

Experimental Models: Cell Lines

VeroE6 C1008 cells ATCC Cat# CRL-1586, RRID:CVCL_0574
Software and Algorithms

GraphPad Prism (v7 and v8) N/A N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Author
Mehul Suthar (mehul.s.suthar@emory.edu).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and Code Availability
The datasets supporting the current study are available from the corresponding author on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

The serum and plasma samples used for this study were collected at Emory University Hospital and Emory University Hospital
Midtown in Atlanta. All patients were adults diagnosed with acute SARS-CoV-2 infection by PCR, and samples were collected at
a range of times post-PCR-confirmation. No specific criteria or demographics were used for enrollment beyond PCR confirmed
SARS-CoV-2 infection. All collection, processing, and archiving of human specimens was performed under approval from the Uni-
versity Institutional Review Board (IRB #00000510 and #00022371). For IRB #00000510, informed consent was obtained prior to

el Cell Reports Medicine 7, 100040, June 23, 2020


mailto:mehul.s.suthar@emory.edu

Cell Reports Medicine ¢ CelPress

patient participation. For #00022371, an IRB waiver was obtained allowing the use of discarded samples in the clinical laboratory at
the Emory Hospital.

Virus
SARS-CoV-2 (2019-nCoV/USA_WA1/2020) was isolated from the first reported case in the US'2. A plaque purified passage 4 stock
was kindly provided by Natalie Thornburg (CDC, Atlanta, GA). Viral titers were determined by plaque assay on Vero cells (ATCC).

Cells

VeroE® cells were obtained from ATCC (C1008) and cultured in complete DMEM medium consisting of 1x DMEM (Corning Cellgro),
10% FBS, 25mM HEPES Buffer (Corning Cellgro), 2mM L-glutamine, 1mM sodium pyruvate, 1x Non-essential Amino Acids, and 1x
antibiotics. Expi293F cells were obtained from ThermoFisher Scientific (A14527), and maintained according to the manufaturors
protocols.

METHOD DETAILS

Cloning, expression, and purification of SARS-CoV-2 RDB

A recombinant form of the spike glycoprotein receptor-binding domain (RBD) from SARS-CoV-2, Wuhan-Hu-1 (GenPept:
QHD43416) was cloned for mammalian expression in human embryonic kidney expi293F cells. The receptor-binding domain con-
sisting of amino acids 319 (arginine) to 541 (phenylalanine) of the SARS-Cov-2 S gene was amplified by PCR using a mammalian
codon-optimized sequence as the DNA template (Genscript MC_0101081). PCR amplification appended the first 12 amino acids
of the native S gene signal peptide sequence to the N-terminal end of the protein and, at the C-terminal end a 6X polyhistidine
tag preceded by a short linker sequence (GGGGS).

Forward and Reverse primer sequences consisted were:

5'-AGAGAATTCACCATGTTCGTCTTCCTGGTCCTGCTGCCTCTGGTCTCCAGGGTGCAGC CACCGAGTCTATC-3'
and 5’-CTCTAAGCTTCTATCATTAGTGGTGGTGGTGGTGGTGGCTTCCGCCTCCGCCGAA GTTCACGCACTTGTTCTTCAC-3'.

25 uL PCR reaction conditions were: 1X Phusion HF Buffer, 0.2 mM dNTP, 0.63 units Phusion DNA polymerase, and 500 nM of
each primer. PCR cycling conditions were: initial denaturation at 98°C, 1 minute; then 25 cycles of: 98°C, 20 s, 65°C 30 s, 72°C
30 s; followed a final extension at 72°C for 5 minutes. Following amplification, purified PCR products (QlIAquick PCR Purification,
QIAGEN) were digested with EcoRI-HF (NEB) and Hindlll (NEB) and cloned into the EcoRI-Hindlll cloning site of a mammalian expres-
sion vector containing a CMV promoter (GenBank Reference ID FJ475055). Plasmid DNA was prepared using the QIAGEN
PlasmidPlus Midi purification system and constructs were sequence verified. Recombinant protein expression was performed in
Expi293F cells according to the manufacturer’s instructions (ThermoFisher Scientific). Briefly, expression plasmid DNA was com-
plexed with the expifectamine lipid-based transfection reagent. Complexes were added to the cell suspensions shaking at 125
RPM and incubated overnight at 37°C in an 8% CO, humidified incubator. After 20 hours, protein expression supplements and an-
tibiotics were added. Cultures were then incubated for an additional three days to allow for expression into the supernatant. Cell cul-
ture supernatants were harvested by centrifugation at 16,000xg for 10 minutes. Supernatants were sterile filtered through a 0.2 um
filter and stored at 4°C for < 7 days before purification. Analytical SDS-PAGE was performed on supernatants and the protein con-
centration in solution was determined by densitometry relative to the purified protein. Recombinant RBD protein levels were between
100 mg and 150 mg per liter. Purification was performed according to manufacturer’s instructions using 5 mL HisTALON Superflow
Cartridges (Clontech Laboratories). Briefly, an additional 11.7 g/L of sodium chloride and 0.71 g/L of cobalt(ll) chloride hexahydrate
were added to culture supernatants, which were adjusted to pH 7.5. The supernatant was then loaded on to the column equilibrated
with 10 column volumes of 50 mM phosphate 300 mM sodium chloride buffer pH 7.5 (equilibration buffer). The column was washed
with 8 column volumes of equilibration buffer supplemented with 10 mM imidazole. Protein was eluted with 6 column volumes of
equilibration buffer supplemented with 150 mM imidazole. The eluted protein was dialyzed overnight against 80 volumes of phos-
phate-buffered saline pH 7.2. The protein was filter-sterilized (0.2 um) and normalized to 1 mg/mL by UV spectrophotometry using
an absorption coefficient of 1.3 AU at 280 nm = 1 mg/mL. Proteins were aliquoted and stored at —80°C prior to use. SDS-PAGE anal-
ysis of purified recombinant protein stained with Coomassie blue demonstrated that samples were > 90% pure (Figure 1). The RBD
resolves at an apparent molecular weight of 30 kDa (Figure 1D) which is slightly larger than the theoretical molecular weight of
26.5 kDa, presumably caused by glycosylation.

Preparation of CR3022 monoclonal antibody and biotinylation

The SARS-CoV S glycoprotein specific antibody CR3022 was generated recombinantly using previously reported heavy and light
variable domain sequences deposited in GenBank under accession numbers DQ168569 and DQ168570"". Antibody variable domain
gene sequences were synthesized by IDT and cloned into human IgG1 and human kappa expression vectors as previously
described”®. Antibodies were produced in Expi293F cells according to the manufacturer’s recommendations by co-transfecting
heavy and light chain plasmids at a ratio of 1:1.5. Antibodies were purified using rProtein A Sepharose Fast Flow antibody purification
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resin (GE Healthcare) and buffer exchanged into PBS before use. Biotinylated versions of CR3022 used in viral neutralization assays
were produced by combining the antibody with a 20 molar excess of EZ-Link NHS-PEG4-Biotin (ThermoFisher Scientific) for 1 hour at
room temperatures. Reactions were stopped by adding Tris pH 8 to a final concentration of 10 mM. The biotinylated antibody was
then buffer exchanged > 1000X into PBS using a 10 kDa protein spin-concentrator (Amicon).

Sequence analysis and alignment

The SARS-CoV-2 spike protein structure®’ was visualized in Pymol (Schrédinger, LLC). To assess the homology of coronavirus spike
proteins, a global protein alignment was performed in Geneious (Geneious, Inc.) with translations of genome sequences accessed
through NCBI Nucleotide. Sequences used were GenBank MN908947.3 (SARS-CoV-2), RefSeq NC_004718.3 (SARS-CoV), RefSeq
NC_019843.3 (MERS-CoV), NC_006577.2 (HCoV-HKU1), RefSeq NC_006213.1 (HCoV-0OC43), RefSeq NC_005831.2 (HCoV-NL63),
and RefSeq NC_005831.2 (HCoV-229E). Homology at the RBD was determined by sequence identity between SARS-CoV-2 RBD
residues T302 to L560°°.

ELISA assays

Recombinant SARS-CoV-2 RDB was coated on Nunc MaxiSorp plates at a concentration of 1 pg/mL in 100 uL phosphate-buffered
saline (PBS) at 4°C overnight. Plates were blocked for two hours at room temperature in PBS/0.05%Tween/1% BSA (ELISA buffer).
Serum or plasma samples were heated to 56°C for 30 min, aliquoted, and stored at —20°C before use. Samples were serially diluted
1:3 in dilution buffer (PBS-1% BSA-0.05% Tween-20) starting at a dilution of 1:100. 100 pL of each dilution was added and incubated
for 90 minutes at room temperature. 100 uL of horseradish peroxidase-conjugated isotype and subclass specific secondary anti-
bodies, diluted 1 to 2,000 in ELISA buffer, were added and incubated for 60 minutes at room temperature. Development was per-
formed using 0.4 mg/mL o-phenylenediamine substrate (Sigma) in 0.05 M phosphate-citrate buffer pH 5.0, supplemented with
0.012% hydrogen peroxide before use. Reactions were stopped with 1 M HCI and absorbance was measured at 490 nm. Between
each step, samples were washed four times with 300 uL of PBS-0.05% Tween. Prior to development, plates were additionally
washed once with 300 uL of PBS. Secondary antibodies used for development were as follows: anti-hu-IgM-HRP, anti-hu-IgG-
HRP, and anti-hu-IgA-HRP (Jackson Immuno Research, and Mouse anti-hu-IgG1 Fc-HRP, Mouse anti-hu-IgG2 Fc-HRP, Mouse
anti-hu-IgG3 Fc-HRP, or Mouse anti-hu-IgG4 Fc-HRP (Southern Biotech).

Clinical RBD ELISA assay

This assay was performed essentially as described above, with the following modifications to increase throughput: all serum samples
were diluted 1:200, and the incubation times were reduced to 30 minutes after the addition of serum samples and the secondary
antibody conjugate.

Focus Reduction Neutralization Assays

Serially diluted patient plasma and COVID-19 (100-200 FFU) were combined in DMEM + 1% FBS (Corning Cellgro), and incubated at
37°C for 1 hour. The antibody-virus mixture was aliquoted on a monolayer of VeroE6 cells, gently rocked to distribute the mixture
evenly, and incubated at 37°C for 1 hour. After 1 hour, the antibody-virus inoculum was removed and prewarmed DMEM supple-
mented with 1% FBS (Optima, Atlanta Biologics), HEPES buffer (Corning Cellgro), 2mM L-glutamine (Corning Cellgro), TmM sodium
pyruvate (Corning Cellgro), 1x Non-essential Amino Acids (Corning Cellgro), 1x antibiotics (penicillin, streptomycin, amphotericin B;
Corning Cellgro) was mixed with methylcellulose (DMEM [Corning Cellgro], 1% antibiotic, 2% FBS, 2% methylcellulose [Sigma Al-
drich]) at a 1:1 ratio and overlaid on the infected VeroE6 cell layer. Plates were incubated at 37°C for 24 hours. After 24 hours, plates
were gently washed three times with 1x PBS (Corning Cellgro) and fixed with 200 pl of 2% paraformaldehyde (Electron Microscopy
Sciences) for 30 minutes. Following fixation, plates were washed twice with 1x PBS and 100 pl of permeabilization buffer (0.1% BSA-
Saponin in PBS) (Sigma Aldrich), was added to the fixated Vero cell monolayer for 20 minutes. Cells were incubated with an anti-
SARS-CoV spike protein primary antibody conjugated to biotin (CR3022-biotin) for 1-2 hours at room temperature, then with
avidin-HRP conjugated secondary antibody for 1 hour at room temperature. Foci were visualized using True Blue HRP substrate
and imaged on an ELISPOT reader (CTL). Each plate contained three positive neutralization control wells, three negative control wells
containing healthy control serum mixed with COVID-19, and three mock-infected wells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

FRNT50 curves were generated by non-linear regression analysis using the 4PL sigmoidal dose curve equation on Prism 8 (Graphpad
Software). Maximum neutralization (100%) was considered the number of foci counted in the wells infected with a virus mixed with
COVID-19 naive healthy patient serum. Neutralization titers were calculated as 100% x [1-(average number of foci in wells incubated
with COVID-19 patient serum) + (average number of foci in wells incubated with control serum)]. For the clinical data Receiver
Operating Characteristic (ROC) curves were generated separately for each of three cohorts of clinical validation samples with
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progressively increasing PCR-to-serum collection intervals (0-3 days, 4-6 days, 7+ days). Optical densities (OD) for each sample
were entered into Microsoft Excel for Office 365 v16, and a custom software package was used to iteratively compute the false
positive rate (1 - specificity) and true positive rate (sensitivity) at every OD cutoff level for each cohort. The false-positive rates (x)
and true positive rates (y) were then rendered as scatterplots to generate the ROC curves. Correlations analyses were done by
log transforming RBD binding titers or neutralization titers, followed by linear regression analysis. The R? and p value are reported
in each figure.
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