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Abstract: Coronavirus Disease 2019 (COVID-19) is a global pandemic caused by the novel severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). While detection of SARS-CoV-2 by poly-
merase chain reaction with reverse transcription (RT-PCR) is currently used to diagnose acute
COVID-19 infection, serological assays are needed to study the humoral immune response to SARS-
CoV-2. Anti-SARS-CoV-2 immunoglobulin (Ig)G/A/M antibodies against spike (S) protein and its
receptor-binding domain (RBD) were characterized in recovered subjects who were RT-PCR-posi-
tive (n =153) and RT-PCR-negative (1 = 55) using an enzyme-linked immunosorbent assay (ELISA).
These antibodies were also further assessed for their ability to neutralize live SARS-CoV-2 virus.
Anti-SARS-CoV-2 antibodies were detected in 90.9% of resolved subjects up to 180 days post-symp-
tom onset. Anti-S protein and anti-RBD IgG titers correlated (r= 0.5157 and r= 0.6010, respectively)
with viral neutralization. Of the RT-PCR-positive subjects, 22 (14.3%) did not have anti-SARS-CoV-
2 antibodies; and of those, 17 had RT-PCR cycle threshold (Ct) values >27. These high Ct values
raise the possibility that these indeterminate results are from individuals who were not infected or
had mild infection that failed to elicit an antibody response. This study highlights the importance
of serological surveys to determine population-level immunity based on infection numbers as de-
termined by RT-PCR.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [1]. Asymptomatic and pre-symptomatic virus
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transmission is one of the biggest challenges with this global pandemic [2]. It is estimated
up to 80% of people infected with COVID-19 have none or mild symptoms and asympto-
matic transmission accounts for half of all COVID-19 infections [3-5]. Approximately 20%
of symptomatic infections are severe, disproportionately impacting the elderly and pa-
tients with underlying health conditions [6,7].

Laboratory diagnosis of COVID-19 is made using polymerase chain reaction with
reverse transcription (RT-PCR) to detect viral mRNA from nasal or throat swabs [8-11].
Viral RNA is detectable as early as the first day of symptom onset and peaks within the
first week of symptom onset [9]. The SARS-CoV-2 spike (S) protein, specifically the recep-
tor-binding domain (RBD), facilitates viral entry into the cell via the angiotensin-convert-
ing enzyme-2 (ACE2) receptor on host cells [12-15]. Most people with a confirmed RT-
PCR diagnosis of SARS-CoV-2 infection develop immunoglobulin (Ig)G, IgA, and IgM
antibodies against S protein within 1-2 weeks of symptom onset and continue to circulate
after initial viral clearance [16-21].

Serological studies have shown IgG antibodies to SARS-CoV-2 S protein and RBD
are detected in the circulation of greater than 90% of infected subjects by 10-11 days post-
symptom onset [16,18,20,22]. Virus-specific neutralizing antibodies, either induced
through infection or vaccination, can block viral infection [23]. Although antibodies may
be generated against multiple domains within the S protein, most neutralizing antibodies
and highly potent monoclonal antibodies target the RBD [15,24,25]. In this report, we pro-
file the IgG, IgA, and IgM responses to the SARS-CoV-2 S protein and RBD in a cross-
sectional serological study involving resolved COVID-19 infection. We also compared an-
tibody levels with viral neutralization and RT-PCR results.

2. Materials and Methods
2.1. Study Design

Subjects who recovered from COVID-19 infection were identified by treating physi-
cians, public health officials and through hospital discharge databases that included hos-
pitals in Hamilton, Ontario, Canada (Hamilton General Hospital, Juravinski Hospital,
McMaster University Medical Centre, and St. Joseph’s Healthcare). The study inclusion
criteria were >18 years of age, either testing positive or negative for COVID-19 in the RT-
PCR, with no exclusion criteria.

Participants with RT-PCR-positive results for SARS-CoV-2 and had since recovered
(resolved RT-PCR-positive, nn = 153), and subjects who experienced symptoms but tested
negative by RT-PCR (RT-PCR-negative, n = 55) were included. Participants were inter-
viewed by phone and self-reported their age, sex, symptom onset date, and RT-PCR test
date and result. Pre-COVID-19 control samples were selected from healthy donors (n =
37), from the ITP Registry biobank and from the McMaster Platelet Immunology Labora-
tory drawn prior to November 2019 (pre-COVID-19, n = 483) before documented local
community transmission of SARS-CoV-2. Serum was collected by venipuncture and cry-
opreserved until use. This study was approved by the Hamilton Integrated Research Eth-
ics Board (HiREB) and written informed consent was obtained from all participants.

2.2. Production of Recombinant SARS-CoV-2 S Protein and RBD

A detailed protocol outlining protein production can be found in a study by
Stadlbauer et al. [26] and is outlined in the supplemental methods.

2.3. Measuring SARS-CoV-2 Antibodies

Microtiter well plates (384 wells, Nunc Maxisorp, Rochester, NY, USA) were coated
with 25 pL/well of S protein (5 pg/mL) or RBD (2 ng/mL) suspended in 50 mM carbonate-
bicarbonate buffer (pH 9.6). The plates were then blocked with 100 uL/well of 3% skim
milk prepared in phosphate buffered saline (PBS) with 0.05% Tween 20 at room tempera-
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ture for 2 hr. The blocking solution was removed, and diluted serum samples (1/100 pre-
pared in 1% skim milk in PBS/0.05% Tween 20) in technical duplicates were added to the
plates and incubated for 1 hr at room temperature. The plates were washed twice with
PBS/0.05% Tween 20 and thrice with PBS. Bound human antibodies (IgG, IgA, or IgM)
were detected with 25 uL/well of alkaline phosphatase conjugated goat anti-human IgG
(y-chain-specific, 1/2000, Jackson ImmunoResearch Laboratories, Inc, Westgrove, PA,
USA), goat anti-human IgA (a-chain-specific; 1/500, Jackson ImmunoResearch Laborato-
ries, Inc, Westgrove, PA, USA) antibody, or goat anti-human IgM (u-chain-specific; 1/1000,
Jackson ImmunoResearch Laboratories, Inc, Westgrove, PA, USA) antibody prepared in
PBS/0.05% Tween 20 with 1% skim milk. Plates were washed as before and followed with
the addition of 50 uL substrate (4-nitrophenylphosphate disodium salt hexahydrate in di-
ethanolamine (MilliporeSigma, St. Louis, MO, USA). The optical density (OD) was read
at 405 nm and 490 nm (as a reference) using a BioTek 800TS microplate reader (BioTek,
Winooski, VT, USA). The assay cut-off was determined as the mean and 3 standard devi-
ations (SD) of the pre-COVID-19 control population. Data are shown as a ratio of observed
OD to the determined assay cut-off OD. OD ratio values above 1 ratio were considered
positive in the SARS-CoV-2 ELISA. Results for optimization of antigens, serum concen-
trations for the ELISA and its comparisons to commercially available assays can be found
in the supplemental data (Table S1).

2.4. PCR Cycle Threshold (Ct) Values of Resolved COVID-19 Samples

RT-PCR Ct values were retrieved from a subset of resolved subjects’ original test date
RT-PCR (n = 54). A detailed protocol of the in-house RT-PCR run by the Hamilton Re-
gional Laboratory Medicine Program virology lab is outlined in the Supplemental meth-
ods.

2.5. Detecting Neutralizing Antibodies for SARS-CoV-2

Vero E6 cells (ATCC CRL-1586) were seeded at a density of 2.5x10* cells per well in
opaque 96 well flat-bottom plates (Costar) in complete DMEM (supplemented with 10%
FBS, 1% L-glutamine, 100 U/mL penicillin-streptomycin). Twenty-four hours later, serum
(resolved and RT-PCR-negative subjects) was inactivated by incubating at 56 °C for 30
min, then diluted 1:10 in low serum DMEM (supplemented with 2% FBS, 1% L-glutamine,
100 U/mL penicillin-streptomycin), followed by a 1:2 dilution series in 96 well U-bottom
plates resulting in a final volume of 55 pL diluted serum per well. An equal volume of
SARS-CoV-2/SB3-TYAGNC consisting of 330 PFU per well was then added to the diluted
serum and the serum-virus mixture was incubated at 37 °C for 1 h. Next, the Vero E6
culture media was then replaced with 100 pL of the serum-virus mixture and was incu-
bated at 37 °C for 72 h. The plates were read by removing 50 uL of culture supernatant
and adding 50 pL of CellTiter-Glo 2.0 Reagent (Promega, G9243) to each well. The plates
were then shaken at 282 cpm at 3 mm diameter for 2 min, incubated for 5 min at room
temperature and luminescence was read using a BioTek Synergy H1 microplate reader
with a gain of 135 and an integration time of 1 sec. Results are expressed as geometric
microneutralization titers at 50% (MNT50).

2.6. Statistical Analyses

Descriptive statistics were used to summarize the IgG, IgA, and IgM binding to S
protein and RBD as measured by mean OD * SD across antigen and technical replicates.
Differences between data were tested for statistical significance using the paired or un-
paired t-test and the Mann—-Whitney test. P-values are reported as 2-tailed and p-values
less than 0.05 were considered significant. Correlations were calculated using standard
Pearson correlation. All statistical analyses were conducted using GraphPad Prism (ver-
sion 9.1.0, GraphPad Software, San Diego, CA, USA).
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3. Results
3.1. Study Demographics

Resolved (RT-PCR-positive, n = 153) samples were collected between 7 and 211 days
post-symptom onset. Median age of the resolved RT-PCR-positive subjects was 49 years
(range: 18-82) and 95 subjects (62.1%) were female. COVID-19 negative subjects (RT-PCR-
negative, n = 55) samples were collected between 7 and 246 days post-symptoms (Table
1). The median age of the RT-PCR-negative subjects was 49 years (range: 20-89) and 39
(70.9%) were female (Table 1). Eleven (7.2%) of the RT-PCR-positive resolved subjects and
18 (32.7%) of the RT-PCR-negative subjects were asymptomatic before testing.

Table 1. Clinical Characteristics of Study Participants.

Pre-COVID-19 Resolved COVID- RT-PCR-Negative

Controls 19 Subjects Subjects
(n=520) (n=153) (n=55)
Ages (years) i 18 to 82 20 to 89
(median = 49) (median = 49)
Sex
Male (%) - 58 (37.9) 16 (29.1)
Female (%) - 95 (62.1) 39 (70.9)
Hospitalization Status
Never hospitalized (%) - 145 (94.8) 55 (100)
Hospitalized (%) - 8(5.2) 0
Sample Collection Dates - May 2020-November 2020
SARS-CoV-2 RT-PCR
positivity
Positive - 153 0
Negative - 0 55
Presence of symptoms
Symptomatic (%) - 142 (92.8) 37 (67.3)
Asymptomatic (%) - 11 (7.2) 18 (32.7)
Days post-symptom onset at 19-227 7-260
collection (days) i (median=130.5) (median =141.5)

3.2. Detecting SARS-CoV-2 Antibodies in Resolved COVID-19 Subjects

To study the antibody response to SARS-CoV-2, we tested for IgG, IgA, and IgM an-
tibodies to the S protein and RBD in pre-COVID-19 controls (1 = 520), resolved COVID-19
subjects (n = 153), and RT-PCR-negative subjects (1 = 55). Pre-COVID-19 controls (1 = 520)
were used to determine the background reactivity to the S protein and RBD using samples
from individuals drawn pre-November 2019. The cut-off was determined as the mean
plus 3 SD of the OD readings in the pre-COVID-19 control population. Most pre-COVID-
19 controls had only background reactivity for both the full-length S protein and RBD (IgG
=98.9%, n=514/520, and 98.5%, n = 512/520 below established cut-off, respectively, Figure
S5A,B). Each antigen and antibody class had a few pre-COVID-19 controls that tested pos-
itive for antibodies based on the determined cut-off. The majority of pre-COVID-19 con-
trols that tested positive within the groups had IgM against both S protein and RBD, 1.5%
(n = 8/520 testing antibody-positive, Figure S5E) and 2.1% (1= 11/520 antibody-positive,
Figure S5F), respectively. Some control samples were positive in the S protein- and RBD-
specific IgA assays: 1.3% (n = 7/520 antibody-positive, Figure S5C) and 1.0% (n = 5/520
antibody-positive, Figure S5D), respectively. Antigen concentrations of S protein and RBD
and serum dilutions were optimized by testing known COVID-19-positive and pre-
COVID-19 samples (see supplemental data, Figure S1).
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Of the 153 resolved COVID-19 subjects tested, 131 (85.6%) tested positive for anti-
bodies against SARS-CoV-2 (IgG, IgA, or IgM antibodies against the S protein or RBD,
Table 2) and 22 (14.4%) did not have detectable antibodies against SARS-CoV-2. Of the 55
RT-PCR-negative subjects, three had reactivity to the SARS-CoV-2 antigens (5.5%, Table
2). Most resolved subjects tested positive for anti-S protein and anti-RBD IgG (n = 130/153
testing positive (85.0%) and n = 119/153 testing positive (77.8%), respectively, Figure
S5A,B). In addition, some of the same resolved subjects also tested positive for anti-S pro-
tein IgA (60.1%, 92/153 antibody-positive, Figure S5C), anti-S protein IgM (35.3%, 54/153
antibody-positive, Figure S5E), and anti-RBD IgA (24.2%, 37/153 antibody-positive, Figure
S5D) and IgM (19.6%, 30/153 antibody-positive, Figure S5F).

Table 2. Cross-sectional analysis of RT-PCR and SARS-CoV-2 Antibody Testing.

RT-PCR-Positive RT-PCR-Negative
(Resolved, n =153) (n=55)
. e o 131/153 3/55
SARS-CoV-2 Antibody positive (%) (85.6) (55)
. . 22/153 52/55
SARS-CoV-2 Antibody negative (%) (14.4) (94.5)

3.3. High Ct Counts Found in Resolved Subjects Who Were SARS-CoV-2 Antibody-Negative

To further understand RT-PCR-positive COVID-19 subjects that tested negative for
anti-SARS-CoV-2 antibodies, 22/153 (14.4%) resolved subjects were further investigated.
The Ct values from the initial RT-PCR test were obtained for 54/153 (35.3%) of the resolved
participants, including 18/22 (81.8%) who were RT-PCR-positive but antibody-negative.
The Ct values for the RT-PCR-positive/antibody-negative subjects (1 = 18) ranged from
16.00 to 37.38, with a mean of 32.29 + 4.647, whereas, the mean of the subjects who were
RT-PCR-positive/antibody-positive was 22.92 + 5.177 (range = 14.99-34.94, n = 36, Figure
1A, 1B). Sera from 13 of 18 (72.2%) resolved subjects who tested RT-PCR-positive/anti-
body-negative were collected within 60 days after initial RT-PCR test, within the reported
optimal time for anti-SARS-CoV-2 antibodies (Figure 1C) [18,20,21,27].
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Figure 1. Ct values were variable in resolved subjects who test SARS-CoV-2 antibody negative or positive. Ct values of a
subset of resolved subjects (1 = 54) were compared to their corresponding SARS-CoV-2 (A) anti-S protein IgG and (B) anti-
receptor-binding domain (RBD) IgG. (C) Ct values were then compared to the subjects’ respective time since initial RT-
PCR test. (D) Ct values for RT-PCR-positive in antibody-positive and antibody-negative were compared. Values are
shown as a ratio of observed optical density to the determined assay cut-off optical density or time since RT-PCR test until
blood donation compared to absolute Ct values. Red circles indicate resolved samples who were RT-PCR-positive/anti-

body-negative.

During assay validation, 14 resolved subjects (9 antibody-positive and 5 antibody-
negative) were tested in the commercially available EUROIMMUN Anti-SARS-CoV-2
ELISA and the Ortho Clinical Diagnostics COVID-19 IgG Antibody Test. Three of the 14
subjects sent for validation testing were RT-PCR-positive/antibody-negative and had high
Ct value samples and were confirmed to be negative for SARS-CoV-2 antibodies in the
commercial reference assays (Supplemental data Table S1).

3.4. Persistence of Anti-S Protein and Anti-RBD Antibodies in Resolved Subjects

IgG antibodies against S protein and RBD were also tested in samples collected >120
days from symptom onset (Figure 2A). Asymptomatic subjects were collected between 27
and 160 days after their RT-PCR test. Anti-S protein IgG was found in all resolved partic-
ipants collected between 60 and 120 days (23/153 or 15.0% of resolved subjects). However,
at the next time interval of 120-180 days following symptom onset, only 55/60 (91.7%) of
resolved patient samples had anti-S protein IgG detected, indicating a decline in antibody
production in some individuals. Of the resolved subjects tested >180 days of symptom
onset (n =11), 90.9% had an anti-S protein IgG antibody. In addition, IgG levels against
RBD demonstrated a 14.8% decrease in subjects who were antibody-positive between 120
and 180 days when compared to the groups before 120 days, and a 30% decrease in sub-
jects with antibody after 180 days (Figure 2A). In contrast, IgA and IgM to both antigens
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were much less sustained (IgA —Figure 2B, IgM —Figure 2C). After reaching a maximum
titer in the 0-60 days interval, there was a clear and continuous decline throughout the
time series such that after 180 days, the anti-S protein and anti-RBD IgA levels in subject
groups declined by 30% and 80%, respectively, while IgM levels for both antigens de-
clined by 90% (IgA —Figure 2B, IgM —Figure 2C).

™1 FF L] [ ]
® -1 .: 3 * ° m®
44 " o :7
| |
= ° ——
24 — o®®
_O%e . . HL
e
olosesee ¥ia, Saae . ) x
Asymptomatic 0-60 61-120 121-180 >180
Days post-symptom onset
8-
64
L]
L] L]
= ]
b . ] - te _
ele | A
Lok : i 1H
Asymptomatic 0-60 61-120 121-180 >180
Days post-symptom onset
8.
s-
.
| |
o® H *
[ ] | |
[ ]

Asymptomatic

121-180
Days post-symptom onset

e anti-S protein
= anti-RBD

Figure 2. Persistence of SARS-CoV-2 antibodies in resolved subjects based on time of blood collection post-symptom onset.
Resolved subjects (1 = 153) were grouped based on days post-symptom onset showing levels of (A) anti-S protein and
anti-RBD IgG, (B) IgA, and (C) IgM displayed as dot plots. Days post-symptom onset were binned in 60-day increments
and are compared to asymptomatic resolved subjects. Asymptomatic subjects were collected between 27 and 160 days
after their RT-PCR test. Circles represent anti-S protein antibodies and squares represent anti-RBD antibodies. Anti-S pro-
tein IgG was found in all resolved participants collected between 60 and 120 days (23 of 153 total resolved subjects). In the
resolved patients collected between 120 and 180 days from symptom onset, there was a decrease in the percentage of
antibody-positive samples when compared to the previous time bin (55 of 60 samples, 91.7%).

3.5. Investigation of Neutralizing SARS-CoV-2 Antibodies

Neutralization potency was measured using a microneutralization assay with live
SARS-CoV-2 virus. In all resolved subjects, the presence of high titers of anti-S protein and
anti-RBD IgG moderately correlated with higher titers of neutralizing antibodies (Figure
3A,B, r = 0.5157, p < 0.0001 anti-S protein IgG and r = 0.601, p < 0.0001 anti-RBD IgG).
Weaker correlations were found between neutralizing antibody titers and anti-S protein
IgA (r=0.4507), IgM (r = 0.4443), and anti-RBD IgA (r=0.3055), IgM (r = 0.3365). Geometric
microneutralization titers at 50% (MNT50) ranged from below detection limit (MNT50 =
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5) to MNT50=1280. Resolved subjects who were only antibody-positive for anti-S protein
IgG but not antibody-positive for anti-RBD IgG antibodies (1 = 11) either had lower neu-
tralizing antibody levels (mean MNT50 = 19.5, range: 5-80) or were undetectable. No tem-
poral trends were observed based on this cross-sectional study of resolved subjects, how-
ever neutralizing antibodies in resolved subjects were detected as far as 180 days post-
symptom onset (Figure 3C). After 180 days, 3/11 (27.3%) of subjects tested for neutralizing
antibodies had a level above MNT50=160. All hospitalized subjects produced neutralizing
antibodies at titers above the suggested U.S. Food and Drug Administration (FDA) level
(Table 3).
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Figure 3. Neutralizing SARS-CoV-2 IgG, IgA, and IgM antibodies against S protein and RBD were found in variable levels
in resolved and RT-PCR-negative study participants. Neutralizing SARS-CoV-2 antibody titers from resolved subjects (1
=153) were measured in the microneutralization assay and compared to (A) anti-S protein and (B) anti-RBD IgG antibody
levels as measured in the SARS-CoV-2 ELISA. Neutralizing antibody titers are expressed as geometric MNT50 values (y-
axis). ELISA values are shown as a ratio of observed optical density to the determined assay cut-off optical density (x-
axis). (C) Neutralizing SARS-CoV-2 antibody titers from resolved subjects (1 = 153) were measured in the microneutrali-
zation assay and were compared to their days since symptom onset. X-axis is expressed in logu. Values above 1 ratio are
considered positive in the SARS-CoV-2 ELISA.

Table 3. Level of neutralization in asymptomatic, non-hospitalized and hospitalized resolved
COVID-19 subjects.

A i -Hospitali Hospitali
Level of Neutralization symptomatic Non-Hospitalized Hospitalized

(n=11) (n=134) (n=8)
6/11 20/134
1
Undetectable (54.5%) (14.9%) ’
3/11 50/134
Below Suggested FDA Level (27.3%) (37.3%) 0
2/11 64/134 8/8

Above Suggested FDA Level (18.2%) (47.8%) (100%)
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3.6. SARS-CoV-2 antibody profile of asymptomatic, non-hospitalized, and hospitalized resolved
subjects

Of the 153 resolved subjects tested, eight (5.2%) were hospitalized for SARS-CoV-2
infection and were positive for anti-SARS-CoV-2 antibodies. All hospitalized subjects had
detectable anti-RBD and anti-S protein IgG, and anti-S protein IgA antibodies in their se-
rum (Figure 4A,B). The levels of anti-S protein and anti-RBD IgG (mean ODuosnm ratio) in
resolved subjects who were hospitalized were significantly higher than the asymptomatic
(anti-S protein IgG; 5.667 % 0.065 vs. 1.372 + 1.474, p < 0.001; anti-RBD IgG 5.240 + 0.8483
vs. 0.8164 +1.168, p <0.001) and non-hospitalized resolved population (anti-S protein IgG;
5.667 + 0.065 vs. 3.836 + 1.831, p < 0.05; anti-RBD IgG 5.240 + 0.8483 vs. 2.758 £ 1.730, p <
0.001). All other antigen and antibody classes were not significantly different between
asymptomatic, non-hospitalized, and hospitalized resolved subjects. When compared to
resolved hospitalized subjects (range: 3.209-5.831), there was a larger spread in antibody
levels in the non-hospitalized population (range: 0.1508-5.828; Figure 4).
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Figure 4. Comparing anti-SARS-CoV-2IgG, IgA, and IgM responses to S protein and RBD antigens in asymptomatic, non-
hospitalized, and hospitalized resolved subjects. (A) Anti-S protein IgG, IgA, IgM, and (B) anti-RBD IgG, IgA, and IgM of
the asymptomatic (n = 11), non-hospitalized resolved subjects (1 = 134) and hospitalized resolved subjects (1 = 8) were
profiled using the SARS-CoV-2 ELISA. Values are shown as a ratio of observed optical density to the determined assay
cut-off optical density. All hospitalized subjects had detectable anti-S protein IgG, anti-RBD IgG, and anti-S protein IgA
antibodies in their serum. The levels of anti-S protein and anti-RBD IgG (mean ODuosnm ratio) in resolved subjects who
were hospitalized were significantly higher than the non-hospitalized resolved population. Values above 1 ratio are con-
sidered positive in the SARS-CoV-2 ELISA. * p <0.05, **p < 0.01, **p < 0.001, ***p < 0.0005.
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Of the resolved COVID-19 study participants collected, 11 (7.2%) were asympto-
matic. Six of the 11 (54.5%) asymptomatic subjects did not produce any anti-S protein or
anti-RBD antibodies (Figure 4). Six of the asymptomatic subjects were in the category of
RT-PCR-positive/antibody-negative with a high Ct value.

4. Discussion

Understanding the characteristics of the SARS-CoV-2 antibodies will inform on its
seroprevalence in communities and portions of the COVID-19 immune response. We de-
scribe initial cross-sectional results of our longitudinal study of quantitative and func-
tional SARS-CoV-2 antibodies in resolved subjects. The expression of IgG, IgA, and IgM
antibodies reactive to the immunogenic S protein and the RBD varied based on infection
of SARS-CoV-2, severity of the disease, and time delay from onset of symptoms to blood
draw. We also observed temporal and functional differences in anti-SARS-CoV-2 antibod-
ies based on Ig classes and antigen.

Antibodies to SARS-CoV-2 were found in 131/153 (85.6%) subjects who tested posi-
tive in the RT-PCR. In 22 of 153 (14.4%) resolved subjects who tested RT-PCR-positive, no
antibodies against SARS-CoV-2 were detected, which prompted further investigation us-
ing Ct values. Of 18 samples of whom Ct values were available, 17 had high Ct values
(32.29 £ 4.647, range = 16.00 to 37.38, Figure 1D). The variation in antibody response in RT-
PCR-positive subjects may be due to multiple contributing factors including the size of
the viral inoculum, the genetic background of patients, and the presence of concomitant
pathological conditions [28]. Studies have reported that after COVID-19 infection in some
subjects, no antibodies can be detected in circulation either because they have waned
quickly, or that their immune response is dependent on T cell responses [29-31]. Another
factor is disease severity in the detection of SARS-CoV-2 antibodies. Strong neutralizing
antibody responses may require more extensive affinity maturation, which is detected
more in COVID-19 patients with severe disease symptoms [28,32,33]. Therefore, it is pos-
sible that the inability to detect antibodies in RT-PCR-positive subjects may be due to an
infection insufficient of magnitude or durability [34]. Another possibility can be that the
RT-PCR-positive/antibody-negative subjects had high Ct values at the limit of detection
for the assay and did not actually contract the SARS-CoV-2 virus. One study showed there
is reduced probability of cultivable viral cultures from samples with a Ct > 24 or when
samples are obtained >8 days after symptom onset, and another study showed Ct values
above 33-34 were not associated with cell culture viral recovery [35,36]. Thus, the devel-
oped ELISA for all Ig classes against S protein and RBD antigens has an increased sensi-
tivity of 97.1% after removal of these 17 subjects with indeterminate test results from anal-
ysis.

Two subjects enrolled in this study were categorized as RT-PCR-negative based on a
second RT-PCR test. Their initial RT-PCR test was positive, but retested RT-PCR-negative
within 1-2 days after the first result due to the initial test having a high Ct value positive
result without any symptoms or contact history. It is possible that some of the RT-PCR-
positive/antibody-negative subjects with high Ct values, would have tested negative in a
repeated RT-PCR test as well. A study showing repeat testing of the same subjects de-
scribes 6.8% of participants who initially test positive, tested negative in a follow-up RT-
PCR test [37]. Repeating tests can reduce false-positive results, especially in those who
have minimal indicators for having been infected. Another way to distinguish possible
false-positive results in the RT-PCR is to use a combination of RT-PCR testing and anti-
body testing to improve the accuracy of COVID-19 diagnosis. One study utilizing rapid
antigen diagnostic tests in combination with IgM/IgG detection, identified more subjects
with COVID-19 admitted in an emergency department than when the assays are per-
formed separately [38].

Conversely, SARS-CoV-2 antibodies were detected in three (5.5%) subjects in the co-
hort who tested RT-PCR-negative. Detection of SARS-CoV-2 antibodies in these samples
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may be a result of cross-reactivity of the antibodies with seasonal coronaviruses from pre-
vious infections [39,40]. In the pre-COVID-19 samples (1 = 520), 11 (2.1%) had cross-reac-
tivity to the SARS-CoV-2 antigens. Additionally, one of the three subjects who was RT-
PCR-negative and positive for SARS-CoV-2 antibody was tested in the RT-PCR 113 days
after initial symptom onset, which is later than the optimal timing since symptom onset
for RT-PCR testing, possibly being the reason for a false-negative RT-PCR test. Taking into
account the RT-PCR-negative cohort of subjects, we calculated the overall specificity of
the in-house ELISA to be 96.7%.

Antibody kinetics reported previously in SARS-CoV-2 infected subjects suggest that
titers of the virus-specific IgG and IgM antibodies increase 21 days post symptom onset
[18,41]. However, other studies indicate conflicting evidence on whether IgG and neutral-
izing antibody levels persist or begin to decline in a high proportion of recovered subjects
within 2-3 months after infection [18]. Our study found that IgM positivity was lower
than that of IgG after infection [18,39,42,43]. Minimal differences were also observed in
the percentage of anti-S protein and anti-RBD antibodies present in participants drawn at
various times over a three-month period. Furthermore, anti-SARS-CoV-2 antibodies could
be found in the circulation of some resolved subjects 200 days post-symptom onset. Re-
solved subjects who were asymptomatic but RT-PCR-positive, had the lowest titer of
SARS-CoV-2 antibodies.

Our study also used whole live SARS-CoV-2 virus in the neutralization assay which
was able to determine the functional inhibitory capacity of antibodies against all antigens
of SARS-CoV-2. Neutralizing antibody titers have recently been shown to wane fairly rap-
idly in some studies and levels were found to be variable in recovered subjects [19,21,44—
46]. The FDA recommends that the titer of neutralizing antibodies in convalescent plasma
should be at least 1/160, but a 1/80 titer is acceptable in the absence of a better match for
use in convalescent plasma therapy [47]. Most resolved COVID-19 subjects were found to
have developed levels of SARS-CoV-2-specific neutralizing antibodies similar to other
cross-sectional studies [19,45,46]. Neutralizing SARS-CoV-2 antibodies correlated best
with a positive anti-RBD IgG (r = 0.5157) and anti-S protein IgG antibody (r = 0.6010) re-
sult. However, at this time we do not know what relevant thresholds of neutralizing anti-
bodies confer protection from infection. Of interest, it has been shown that although Fc-
dependent effector functions are required for optimal protection, these are often mediated
by non-neutralizing antibodies [48]. Neutralization assays are performed with serum, and
thus it is not possible to define the relative contribution of each antibody class to neutral-
izing activity.

This study has limitations. Recall bias of dates and symptoms by the study partici-
pants may affect the interpretation of timing of virus detection in relation to symptom
onset. For asymptomatic cases, the time when infection was acquired is not known. In
conclusion, our study suggests that there is a variable antibody response in resolved sub-
jects and a variable reduction in antibody positivity over time. The negative antibody re-
sults found in the SARS-CoV-2 ELISA in RT-PCR-positive samples may suggest a varied
immune response that warrants further studies.

Serological assays are important for the study of COVID-19 as they characterize the
nature and kinetics of SARS-CoV-2 antibodies and their ability to confer long-term im-
munity via immunological memory. Although serologic tests cannot be used as the pri-
mary diagnostic test, they may also be used to support diagnosis of COVID-19 for persons
who are tested later outside the optimal RT-PCR window, and thus provide an additional
diagnostic value in verifying results and help monitor and control the spread of COVID-
19. The resolved subjects collected for this study are part of a larger longitudinal study
that will provide further insight on antibody prevalence over time.

Supplementary Materials: The following are available online at www.mdpi.com/1999-
4915/13/4/697/s1, Figure S1: Optimizing antigen concentration for the SARS-CoV-2 ELISA, Figure
S2: Comparing the effect of heat-treatment and Triton X-100 treatment on assay performance, Figure
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S3: Determining inter-assay variability of the SARS-CoV-2 ELISA, Figure S4: Inhibition of anti-RBD
IgG binding using excess RBD in solution, Figure S5: Cross-sectional analysis of IgG, IgA, and IgM
responses to S protein and RBD antigens of SARS-CoV-2 in serum, Figure S6: Neutralizing SARS-
CoV-2 antibodies against S protein and RBD in IgA, and IgM in resolved and RT-PCR-negative
study participants, Table S1: Comparing results from the in-house SARS-CoV-2 ELISA to two com-
mercial assays.
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