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epitopes mediating long-term humoral immunity
in COVID-19-convalescent individuals
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Background: Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is a highly pathogenic and contagious
coronavirus that caused a global pandemic with 5.2 million
fatalities to date. Questions concerning serologic features of
long-term immunity, especially dominant epitopes mediating
durable antibody responses after SARS-CoV-2 infection, remain
to be elucidated.

Objective: We aimed to dissect the kinetics and longevity of
immune responses in coronavirus disease 2019 (COVID-19)
patients, as well as the epitopes responsible for sustained long-
term humoral immunity against SARS-CoV-2.

Methods: We assessed SARS-CoV-2 immune dynamics up to
180 to 220 days after disease onset in 31 individuals who
predominantly experienced moderate symptoms of COVID-19,
then performed a proteome-wide profiling of dominant epitopes
responsible for persistent humoral immune responses.
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Results: Longitudinal analysis revealed sustained SARS-CoV-2
spike protein—specific antibodies and neutralizing antibodies in
COVID-19 patients, along with activation of cytokine
production at early stages after SARS-CoV-2 infection. Highly
reactive epitopes that were capable of mediating long-term
antibody responses were shown to be located at the spike and
ORF1ab proteins. Key epitopes of the SARS-CoV-2 spike
protein were mapped to the N-terminal domain of the S1
subunit and the S2 subunit, with varying degrees of sequence
homology among endemic human coronaviruses and high
sequence identity between the early SARS-CoV-2 (Wuhan-Hu-
1) and current circulating variants.

Conclusion: SARS-CoV-2 infection induces persistent humoral
immunity in COVID-19-convalescent individuals by targeting
dominant epitopes located at the spike and ORF1ab proteins
that mediate long-term immune responses. Our findings provide
a path to aid rational vaccine design and diagnostic
development. (J Allergy Clin Immunol 2022;149:1225-41.)

Key words: SARS-CoV-2, COVID-19, long-term immune response,
humoral immunity, proteome-wide peptide microarray, dominant
epitope

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), the causative pathogen of the ongoing coronavirus disease
2019 (COVID-19) pandemic, belongs to the Betacoronavirus
genus, which includes 2 other known highly pathogenic human
coronaviruses: the severe acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS) coronaviruses.'
Since the onset of the first recorded case in late December
2019, SARS-CoV-2 infection has resulted in more than 263
million confirmed cases and 5.2 million deaths worldwide as of
November 2021, affecting 220 countries and regions across 5 con-
tinents.” After infection, clinical presentations range widely,
including asymptomatic infections, mild or moderate symptoms,
or even life-threatening severe pneumonia.’ Despite the availabil-
ity of multiple types of vaccine approaches, many countries are
still struggling to contain new waves of infections, with virus var-
iants emerging that appear to exhibit increased transmissibility
and resistance to antiviral immune responses.

An effective humoral immune response mediated by neutral-
izing antibodies should possess a powerful and indispensable
adaptive immunity to block infection and eliminate viral patho-
gens. After SARS-CoV-2 infection, a high rate (above 90%) of
robust seroconversion among infected individuals was observed
at 7 to 14 days after disease onset.*® The production of antigen-
specific IgA, IgG, and IgM recognizing the spike protein (S) and
nucleocapsid protein (N) of SARS-CoV-2 was detectable during
the disease’s acute phase and the early stage of convalescence. "’
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Abbreviations used
BSA: Bovine serum albumin
CoV: Coronavirus
COVID-19: Coronavirus disease 2019
FP: Fusion peptide
M: Membrane protein
MERS: Middle East respiratory syndrome
N: Nucleocapsid protein
nsp: Nonstructural protein
NTso: 50% neutralization titer
NTD: N-terminal domain
OD: Optical density
ORF: Open reading frame
PBS: Phosphate-buffered saline
PBS-T: PBS-Tween 20
PDB: Protein Data Bank (http://www.wwpdb.org/)
RBD: Receptor binding domain
S: Spike protein
SARS: Severe acute respiratory syndrome

The magnitude of neutralizing antibodies appeared to be
associated with age, symptomatic infection, and disease severity.
Elderly patients and individuals exhibiting severe COVID-19
symptoms tend to develop higher levels of neutralizing anti-
bodies.**'° A number of studies concerning the longevity of anti-
body responses have revealed that despite a loss of serum/plasma
reactivity to virus antigens and declining neutralizing antibody ti-
ters over time in some symptomatic COVID-19 cases, a sustained
level of overall long-term humoral immunity was observed for up
to 8 to 12 months after infection in COVID-19—convalescent in-
dividuals.'”"*® Furthermore, the number of SARS-CoV-2 anti-
gen-specific memory B cells stayed stable for at least 6 to 12
months,'”'* along with ongoing selection and accumulation of
B-cell clones expressing neutralizing antibodies,'>'* indicating
the maintenance of persistent humoral immunity after SARS-
CoV-2 infection.

Neutralizing antibodies play a fundamental role in host
defenses against viral infection. A panel of highly potent mono-
clonal antibodies of SARS-CoV-2 has been identified,'”"” pri-
marily targeting epitopes located at the receptor binding
domain of the S protein that assembles into trimers on the virion
surface and facilitates virus entry and fusion on engaging the
angiotensin-converting enzyme 2 receptor.'® Other regions of S
protein, including the N-terminal domain (NTD) of S1 subunit
and the S2 subunit, also contain immunogenic epitopes that are
capable of inducing neutralizing antibodies.'®'**" Besides
neutralization, antibodies of SARS-CoV-2 may confer protection
in vivo via Fc-mediated effector functions, such as antibody-
dependent phagocytosis triggered by natural killer cells and
antibody-dependent cytotoxicity by monocytes or macro-
phages.”"*” In addition to combating viral infections, antibodies
generated by natural infection or vaccination may facilitate virus
pathogenesis, either by increased inflammation activation or
enhanced virus infectivity through antigen/antibody immune
complex formation or by Fc-dependent functions,”” > although
the enhanced viral infection has not been observed in the context
of SARS-CoV-2 in vivo. Theses divergent roles of antibody re-
sponses necessitate a systematic characterization of SARS-
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CoV-2 epitopes, as well as properties of long-lasting antibodies
targeting neutralizing or nonneutralizing epitopes.

Despite recent progress on the kinetics and duration of antibody
responses after SARS-CoV-2 infection, longitudinal analysis
regarding prominent epitopes that sustain long-term humoral
immune responses is still limited. Previous studies have profiled
epitopes of antibody response in COVID-19-infected individuals
mainly by means of ELISA-based assays,’*?’ phage- or
bacterial-display—-based approaches,”*”' and microarray-based
technologies.”***> A number of immunodominant epitopes of
SARS-CoV-2 S protein have been identified; the most frequently
detected regions were mapped close to or spanning the fusion pep-
tide (FP) of the S2 subunit, the second heptad repeat within the S2
subunit and on the C-terminal domain of the S1 subunit,”®* 3%
Additionally, serologic screening also revealed epitopes located at
other proteins across the SARS-CoV-2 proteome, including N
protein, membrane (M) protein, and ORFlab, ORF3a, and
ORF7a.”%7%%*% Although previous studies have provided impor-
tant insight into antigenic epitopes, these studies have largely
focused on the epitope profiling of COVID-19 patients in the early
convalescence phase. The exact epitopes mediating durable
SARS-CoV-2-specific antibody responses as well as the dynamics
of epitope recognition remain to be elucidated.

Here, with the aim of obtaining a deeper understanding of
the kinetics and longevity of humoral immune responses in
COVID-19 patients, especially epitopes responsible for sustained
long-term immunity against SARS-CoV-2, we conducted a
comprehensive longitudinal analysis of immune profiling in 31
COVID-19 patients up to 180 to 220 days after symptom onset.
On the basis of the evaluation of antigen-binding and neutralizing
antibodies as well as serum cytokine levels, we further identified a
panel of epitopes located at ORF1ab, S, and N proteins of SARS-
CoV-2 that mediates persistent humoral immune responses using
a peptide microarray encompassing the complete proteome of
SARS-CoV-2. Our results shed light on the features of long-term
immunity to overcome viral infection and will help inform
rational vaccine design and the development of improved
serologic diagnostic tools.

METHODS

Study participants and sample collection

To longitudinally evaluate the kinetics of SARS-CoV-2—directed immune
responses, 101 serum samples were collected from 31 SARS-CoV-2—-infected
individuals who were admitted to Nantong Third Hospital Affiliated to
Nantong University (Nantong, China) between January and March 2020. All
patients were diagnosed with confirmed SARS-CoV-2 infection through
reverse transcription quantitative PCR testing; disease severity was defined as
mild to moderate (nonsevere) or severe COVID-19 according to version 7 the
Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia released
by the National Health Commission of the People’s Republic of China.*®
Patients were followed up longitudinally for 4 to 8 months after recovery
from acute infection. Blood samples were collected in a longitudinal manner
from 4 to 219 days after symptom onset for 20 patients among 31 study par-
ticipants (median 4.5 samples per individual, ranging from 2 to 8), while
single-time-point sampling was performed for each of the other 11 individuals
who were in a late convalescent disease phase (days 122 to 214 after disease
onset). Accordingly, sera (n = 20) from age- and sex-matched healthy donors
were also included as the control group. No study participant had a docu-
mented prior infection with SARS or MERS.

The study was approved by the ethical committee of Nantong Third
Hospital Affiliated to Nantong University (approval EL2020006). Written
informed consent was obtained from each of the study participants. Serum was



J ALLERGY CLIN IMMUNOL
VOLUME 149, NUMBER 4

separated from peripheral blood in serum gel tubes via centrifugation, formed
into aliquots, and stored at —80°C before use.

Cell lines

HEK?293T and Huh7 cells were cultured in Dulbecco modified Eagle
medium (Gibco; Thermo Fisher Scientific, Waltham, Mass) supplemented
with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/mL penicillin
(Gibco), and 100 pg/mL streptomycin (Gibco) at 37°C with 5% CO,.

Detection of IgG antibody by ELISA

The levels of antigen-binding IgG antibody in human serum samples were
determined by ELISA. Ninety-six—well ELISA plates (Corning, Corning, NY)
were precoated with SARS-CoV-2 nucleocapsid protein (Sino Biological,
Beijing, China, catalog no. 40588-V08B, 50 ng per well) or spike protein (Sino
Biological, 40589-V08B1, 100 ng per well), SARS-CoV spike protein (Sino
Biological, 40634-V08B, 100 ng per well), or MERS-CoV spike protein (Sino
Biological, 40069-V08B, 50 ng per well) overnight at 4°C. After blocking with
5% nonfat milk in phosphate-buffered saline (PBS) containing 0.05% Tween
20 (PBS-T) for 2 hours at 37°C, 3-fold serially diluted heat-inactivated serum
samples at a starting dilution of 1:200 were added into precoated plates for 2
hours at 37°C. Wells were washed 3 times between each step with PBS-T. Re-
actions were visualized by incubation with horseradish peroxidase—
conjugated anti-human IgG antibody (Abcam, Cambridge, United Kingdom,
1:100,000 dilution) for 1 hour at 37°C, followed by adding tetramethylbenzi-
dine substrate (Life Technologies, Carlsbad, Calif). The developing reactions
were stopped with 2 mol H,SOy, and absorbance was measured at 450 nm with
the correction wavelength set at 630 nm (ODysy — ODg3p). For calculating the
end point titer of binding antibodies, data were linearized by plotting the log;q
of serum dilutions versus the corrected optical density (OD) values (ODgso —
ODyg30) within the linear portion of the curve (y = kx + b, 7 >0.99), and the
serum dilution at which the adjusted OD value (ODgs9 — ODg39) = 0 was
calculated to give an end point titer.

Antigen-specific IgG antibodies in peptide-immunized mice were assessed
by peptide-based ELISA. Briefly, 96-well ELISA plates (Thermo Fisher
Scientific) were coated with 1 g per well of 4 mixed peptides (peptides 318,
356, 510, and 530) in carbonate buffer (pH 9.6) overnight at 4°C. After block-
ing with PBS-T containing 5% nonfat milk, wells were incubated with serum
samples diluted at 1:40 for 1 hour at 37°C. Subsequently, plates were washed
and incubated with horseradish peroxidase—conjugated anti-mouse IgG anti-
body (Abcam). Reactions were visualized with tetramethylbenzidine substrate
(Life Technologies), and the absorbance at 450 nm was measured after stop-
ping reactions with 2 mol H,SO,.

Pseudovirus production and titration

The codon-optimized gene encoding SARS-CoV-2 (NC_045512) or
SARS-CoV (AY291315.1) spike protein with C-terminal 19 aa deletion, or
MERS-CoV (JX869059) spike protein truncated with C-terminal 16 aa was
cloned into pcDNA3.1(+) vector, respectively. HEK 293T cells cultured in a
100 mm tissue culture dish were cotransfected with 1 g of a plasmid encoding
spike protein and 15 g of an env-deficient, luciferase-expressing backbone
(pNL4-3.1uc.RE) using polyethyleneimine (Polysciences, Warrington, Pa).
Pseudovirus-containing cell culture supernatants were collected at 48 hours af-
ter transfection, filtered, and stored at —80°C in aliquots. For determination of
virus titers (50% tissue culture infectious dose), serial dilutions of pseudovi-
ruses were added to 1 X 10* Huh7 cells preseeded in 96-well plates. After
12 hours’ infection, the virus-containing medium was replaced by fresh growth
medium, and cells were cultured for an additional 48 hours. Luciferase activity
of cell lysis was measured with Steady-Glo Luciferase Assay System (Prom-
ega, Madison, Wisc) using a microplate reader (BioTek Instruments, Wi-
nooski, Vt), and wells producing relative luminescence units higher than 10
times of the average background value were considered positive.

Pseudovirus neutralization assay
Heat-inactivated serum samples from COVID-19 patients or healthy
donors were 2-fold serially diluted and incubated with 200 pseudoviruses at
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50% tissue culture infectious dose for 1 hour at 37°C. The mixtures were then
applied to infect Huh7 cells preseeded in 96-well plates in duplicate. Wells
were replenished with fresh growth medium at 12 hours after infection, and
the luciferase activity of cells was determined 48 hours later. The 50% neutral-
ization titers (NTso) against SARS-CoV-2 and SARS-CoV pseudoviruses
were calculated by nonlinear regression using GraphPad Prism 8.0 software
(GraphPad Software, La Jolla, Calif); and the NTs, of MERS-CoV pseudovi-
rus was defined as the highest dilution of serum that resulted in a 50% reduc-
tion of relative luminescence units compared to the virus control without
applying serum samples.

Protein microarray-based cytokine detection

The quantitative measurement of multiple cytokines (IL-1a, IL-1p, IL-
4, IL-6, IL-8, IL-10, IL-13, MCP-1, IFN-vy, and TNF-«) in serum samples
was performed using a multiplex ELISA array (RayBiotech, Peachtree
Corners, Ga) according to the manufacturer’s protocol. Briefly, glass slides
precoated with cytokine-specific antibodies were blocked with sample
diluent at room temperature for 30 minutes, followed by the addition of
60 pL 2-fold diluted serum samples or cytokine standard dilutions. After
overnight incubation at 4°C, slides were washed 5 times and stained with
80 L biotinylated detection antibody cocktail and then Cy3 equivalent
dye-conjugated streptavidin at room temperature for 1 hour. The fluores-
cence intensity was detected by the InnoScan 300 microarray scanner (In-
nopsys, Chicago, Ill) at 532 nm, and data were analyzed by Q-Analyzer
software (RayBiotech).

Peptide synthesis and conjugation with bovine

serum albumin

A total of 515 peptides (15 aa in length, overlapping by 11 aa) that cover the
SARS-CoV-2 proteome were synthesized by GL Biochem (Shanghai, China)
on the basis of the amino acid sequence of SARS-CoV-2 strain Wuhan-Hu-1.
Peptides were conjugated with bovine serum albumin (BSA) using the cross-
linker Sulfo-SMCC (Thermo Fisher Scientific) according to the manufac-
turer’s instruction. Briefly, Sulfo-SMCC was added at 30-fold molar excess to
BSA, followed by dialysis to PBS. Subsequently, the peptide containing
cysteine was then added in a ratio of 1:1 (wt/wt) and incubated for 2 hours, and
further dialyzed with PBS to eliminate free peptides.

Peptide microarray fabrication

To prepare the peptide microarray, peptides of SARS-CoV-2, as well as the
negative control (BSA) and positive controls (anti-human IgG and anti-human
IgM antibodies; Sigma-Aldrich, St Louis, Mo) were immobilized on PATH
substrate slides (Grace Bio-Labs, Bend, Ore) in triplicate using a Super
Marathon printer (Arrayjet, Edinburgh, Scotland, United Kingdom). Then
peptide microarrays were preserved at —80°C for further use.

Microarray-based epitope mapping

Microarray-based serum analysis was performed as Li et al,”’ with minor
modifications. In order to create individual chambers for the identical subar-
rays, a 14-chamber rubber gasket was mounted onto each peptide microarray
slides. The slide arrays were warmed to room temperature before use, then
blocked with 3% BSA in PBS-T for 3 hours. The serum samples from
COVID-19 patients or pooled sera from 20 healthy donors (control group)
were diluted at 1:200 in PBS-T for most samples and then incubated with
each subarray for 2 hours at 4°C. The arrays were washed with PBS-T, and
incubated with Cy3-conjugated goat anti-human IgG and Alexa Fluor 647—
conjugated donkey anti-human IgM (Jackson ImmunoResearch Laboratories,
West Grove, Pa) at 1:1000 dilution each for 1 hour at room temperature. After
incubation, the arrays were washed with PBS-T, then dried fully by centrifu-
gation at room temperature. Subsequently, the arrays were scanned using a
LuxScan 10K-A microarray scanner (CapitalBio, Beijing, China), and the
fluorescence intensity data was obtained and analyzed by GenePix Pro 6.0
software (Molecular Devices, Sunnyvale, Calif).
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FIG 1. Longitudinal dynamics of antibody responses in COVID-19 patients. A, Schematic of the study
design. A total of 31 SARS-CoV-2-infected individuals and 20 healthy donors were enrolled onto the study.
Serum sample collection was performed longitudinally at multiple time points for 20 patients among 31
SARS-CoV-2-infected individuals, while sampling at a single time point was conducted for the other 11 pa-
tients. The number of participants and serum samples used in various assays are listed. B and C, A total of
101 serum samples from 31 COVID-19 patients were tested by ELISA for SARS-CoV-2 N protein (B) and S
protein (C) binding IgG antibodies at different time points after symptom onset (days 1-30, n = 37; days
31-61, n = 18; days 100-150, n = 21; days 180-220, n = 25). Serum samples from 20 healthy donors were
included as the control group. D, NTs, against SARS-CoV-2 pseudoviruses over time was calculated by
nonlinear regression. E, Distribution of serum neutralizing activity in COVID-19 patients at indicated time
points after disease onset are presented. Samples with a NTs, titer below 20 were defined as no neutralizing
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Peptide microarray data analysis

The IgG and IgM data were analyzed respectively. The signal intensity of
each spot was defined as the foreground minus the background, and averaged
the triple spots for each peptide. The cutoff value for positive peptide response
of COVID-19 samples was set as twice the signal intensity of the healthy
donor control. Peptides with positive rates above 80% among samples tested at
all 3 sampling time points (days 10-60, 100-150, and 180-220 after disease
onset) were defined as dominant and persistent peptides, and peptides with a
positive response frequency above 60% at all 3 time points were considered as
subdominant and persistent. The average signal intensity of each peptide in 3
sampling time point groups was calculated; peptides showing high signal
intensity (above the mean + SD of signal intensities of all tested samples)
were also selected. Data processing and analysis were performed by R
v3.6.3 software (https://www.r-project.org/), and significant signal intensity
changes among different sampling time point groups were evaluated based
on Limma. Differences with P <.05 were considered statistically significant.

Mouse immunization

Female BALB/c mice aged 6 to 8 weeks were purchased from Beijing
Vitalstar Biotechnology (Beijing, China). All mice were housed in specific-
pathogen-free facilities, and the animal study was approved by the Institu-
tional Animal Care and Use Committee of Tianjin Medical University
(Tianjin, China).

For immunization, groups of mice (n = 5) were injected intramuscularly
with 25 g per dose of each peptide (peptides 318, 356, 510, and 530 respec-
tively) mixed with 50 g alum (InvivoGen, San Diego, Calif) and 10 pg CpG
adjuvants, and boosted twice with 50 pg per dose of peptides in the presence of
adjuvants at 2-week intervals. Vaccination with adjuvants alone served as the
negative control. Sera were collected from immunized mice at day 10 or day
14 after the second and third immunizations.

Statistical and structural analyses

All graphs were plotted by GraphPad Prism. Statistical comparisons
between groups in Figs 1, 2, and 4 were performed by 1-way ANOVA with Tu-
key multiple comparison. Correlations shown in Fig | and in Fig E9 and Fig
E10 in the Online Repository available at www.jacionline.org were deter-
mined by Pearson correlation analysis. Differences with P <.05 were consid-
ered statistically significant.

The structures of SARS-CoV-2 spike protein (Protein Data Bank [PDB;
http://www.wwpdb.org/] ID: 6VXX and PDB ID: 6ZGI) and the dimerization
domain of SARS-CoV-2 nucleocapsid protein (PDB ID: 6YUN) were utilized
to dissect the structural details of identified epitopes located on the spike pro-
tein and the dimerization domain of the nucleocapsid protein.

Sequence alignment and homology analysis among various human
coronaviruses were performed by the Clustal W algorithm in MEGA
v10.1.6 software.

RESULTS
SARS-CoV-2 infection induces sustained antigen-
specific binding and neutralizing antibodies

To longitudinally assess antibody responses after SARS-CoV-2
infection, 101 serum samples were collected from 31 individuals
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with PCR-confirmed SARS-CoV-2 infection (Fig 1, A). Study
participants included 26 patients with moderate COVID-19, 1
with asymptomatic presentation, 2 with mild illness, and 2 with
severe symptoms (see Table E1 in the Online Repository available
at www.jacionline.org). Patients enrolled onto this study ranged
from 17 to 66 years of age (median age, 45 years), with an approx-
imately equal distribution of male (51.6%) and female (48.4%)
subjects. The most common symptoms among study participants
included fever (83.9%), cough (67.7%), myalgia (22.6%), and
chills (22.6%), with a median duration of illness of 15 days.
A total of 90 serum samples from 20 COVID-19 patients were
collected during hospitalization and discharge after recovery at
multiple time points up to 219 days after symptom onset (Fig 1,
A, and see Table E2 in the Online Repository). Sampling from
the other 11 participants was performed at a single time point dur-
ing late convalescence (days 122 to 214 after symptom onset).
Additionally, samples from 20 healthy donors with matching
age and sex distribution were included as a control group (Table
El).

Antigen-specific IgG antibodies in serum samples were
quantified by ELISA precoated with SARS-CoV-2 N protein or
S protein. Compared to healthy donors, both anti-N and anti-S
IgG antibodies were developed in COVID-19 patients within 30
days after onset of symptoms, with a geometric mean end point
titer of 4.10 (log; anti-N IgG) and 4.20 (log;q anti-S IgG) (Fig 1,
B and C; and see Table E3 in the Online Repository at www.
jacionline.org; Fig E1, A and B; and Fig E2), in agreement with
previous observations that seroconversion occurs at 1 to 2 weeks
after SARS-CoV-2 infection.”*® Afterward, antigen binding anti-
body titers declined to varying degrees over time. Rapidly and
dramatically decreasing anti-N IgG antibody levels were
observed in COVID-19 patients, whereas higher levels of anti-S
IgG titers were maintained up to 180 to 220 days after disease
onset compared to healthy donors (Fig 1, B and C). Correlation
analysis revealed a significant correlation between log;, anti-N
IgG titers and anti-S IgG titers (r = 0.50 and P <.001; Fig 1, F).

In addition to quantifying binding antibodies, the dynamics of
functional neutralizing antibodies in individuals with COVID-19
were further determined using pseudotyped SARS-CoV-2. Over
95% of patient serum samples (35/37) collected between 4 and 30
days after symptom onset had robust neutralizing activities
against SARS-CoV-2, and a large proportion of samples exhibited
moderate (NTsq 80-320) to strong (NTso > 320) neutralizing ac-
tivity (Fig 1, D and E). Of note, 2 samples with no or low neutral-
izing titers (NTso at a minimum serum dilution of 1:20) were
collected at an early period after viral infection (at day 4 and
day 11 after symptom onset) before eliciting potent neutralizing
antibodies (Fig 1, D, and Fig E1, C). Despite declining levels of
SARS-CoV-2 neutralizing antibodies in COVID-19 patients
over time, most patient serum samples (24/25) obtained during

d
]

activity. F, Correlation analysis between log,o serum end point titers of SARS-CoV-2 S protein-specific IgG
antibodies and N protein-binding IgG antibodies (n = 101). G and H, Correlations of serum neutralizing titers
against SARS-CoV-2 with end point titers of N protein (G) or S protein binding (H) IgG antibodies. I, Serum
samples obtained from COVID-19 patients at indicated time points after disease onset were evaluated for
the cross-binding to SARS-CoV and MERS-CoV S proteins as well as the cross-neutralizing activity against
SARS-CoV and MERS-CoV pseudoviruses. For cross-binding and SARS-CoV cross-neutralizing, the cutoff
value for the positive response was set as the mean plus 2X SD of serum binding end point titers or
NTso values of 20 healthy donors. For MERS-CoV cross-neutralizing, samples with a NTg of >20 (the lowest
serum dilution) were considered positive. Small horizontal solid lines in (B-D) indicate the mean value of
each group; dotted lines represent the lowest serum dilution in each test. Statistical significances were
determined by 1-way ANOVA with Tukey multiple comparison. *P < .05, **P < .01, and ****P < .0001. Cor-
relation analyses in (F-H) were calculated by Pearson correlation test.
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180 to 220 days after symptom onset sustained positivity for
neutralization against SARS-CoV-2, with a 2.8-fold decrease in
geometric mean NTsg titers (Fig 1, D and E; Table E3; Fig E3).
As expected, compared to anti-N IgG antibodies, a stronger cor-
relation between SARS-CoV-2 S binding IgG titers and neutral-
izing antibody titers was identified (» = 0.61 and P <.001; Fig
1, G and H), consistent with findings that SARS-CoV-2 S protein
is the major target of neutralizing antibodies.

The S protein of SARS-CoV-2 shares a high sequence
similarity with highly virulent SARS-CoV (76% sequence
identity) and shows a low sequence homology to MERS-CoV
(34% sequence identity). Serologic cross-reactivity among coro-
naviruses has been reported;x’“)’zx’zg however, data on longitudi-
nal follow-up evaluation of cross-reactivity of antibodies against
SARS-CoV-2 toward other coronaviruses remain limited. We
determined cross-binding and cross-neutralizing antibodies in
longitudinal sera from SARS-CoV-2—-infected individuals. Re-
sults showed that more than 80% of patient serum samples bound
to S proteins of SARS-CoV and/or MERS-CoV within 1 month
after symptom onset, with 27% of samples exhibiting double
cross-reactivity (Fig 1, I). Reactivity to SARS-CoV S protein
possessed a larger proportion (73%) than MERS-CoV (35%)
among samples tested in an early period (1-30 days after disease
onset) (Fig 1, I). The double cross-binding and SARS-CoV cross-
binding antibodies exhibited a gradual decline over time, with
only 8% double cross-binding and 20% SARS-CoV single
cross-binding samples at 180 to 220 days after disease onset
(Fig 1, I; in the in the Online Repository available at www.
jacionline.org, see Fig E4, A; Fig ES, A; and Fig E6 in this article’s
Online Repository at www.jacionline.org). Intriguingly, positiv-
ity of MERS-CoV S protein—reactive antibodies stayed relatively
constant over time (Fig 1, I). Different from the high cross-
binding capacity, only a small number of patient serum samples
cross-neutralized SARS-CoV and/or MERS-CoV pseudoviruses
(Fig 1, I; Fig E4, B; Fig E5, B; and see Fig E7 in the Online Re-
pository). Approximately 27% samples collected at 1 to 30 days
after symptom onset presented cross-neutralizing activity, and
this number dropped to 20% at 180 to 220 days, with more dra-
matic changes in SARS-CoV cross-neutralizing activity (Fig 1,
D). A higher proportion of samples cross-neutralized SARS-
CoV than MERS-CoV within 30 days after disease onset. It is
worth noting that despite similar proportions of samples showing
SARS-CoV and MERS-CoV cross-neutralization, the NTs
values for MERS-CoV were much lower than that of SARS-
CoV among serum samples that were positive for cross-
neutralization (Fig E4, B; Fig E5, B; Fig E7).

SARS-CoV-2 infection results in activation of
cytokine production

To comprehensively characterize the immunologic changes
after SARS-CoV-2 infection, we further assessed changes in
dynamics in cytokine levels in sera of COVID-19 patients. Fifty-
five longitudinal serum samples that were collected within the
first 2 months of symptom onset were used for the detection of
cytokine production by protein-based microarray. Increased
serum levels of multiple cytokines were observed during the first
month of illness, including IL-1a (proinflammatory), IL-6 (proin-
flammatory), and IL-10 (anti-inflammatory), which have been
linked to cytokine release syndrome in severe COVID-19
cases,””*” as well as IFN-vy (Ty1 type) and IL-4 (Ty2 type) (Fig
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2, A, and Fig ES8 in the Online Repository available at www.
jacionline.org). Specifically, serum levels of IL-6, IL-10, and
IFN-vy increased within 15 days after onset of symptoms in pa-
tients and decreased in later phases, whereas the release of IL-
la and IL-4 was shown to be remarkably increased during 16
to 30 days from disease onset, and rapidly dropped to normal af-
terward (Fig 2, A). Correlation analysis indicated a weak or no
linear association between antigen-specific antibody responses
and cytokine production after SARS-CoV-2 infection, although
a statistical significance was observed between levels of IL-10
and SARS-CoV-2 N protein binding antibody (r = 0.321 and
P <.05), between IL-1 production and S protein binding anti-
body (r = —0.335 and P <.05), and between TNF-o and S protein
binding antibody levels (r = —0.335 and P <.05; see Fig EO in the
Online Repository).

To allow direct visualization and comparison among patient
samples across multiple cytokine responses over time, we
constructed a heat map showing fold changes of cytokine release
relative to the healthy donor control group (Fig 2, B). Consistent
with our findings presented above, elevated serum cytokine levels
after SARS-CoV-2 infection were predominantly observed during
the acute phase and an early period of convalescence (within 30
days after disease onset) (Fig 2, A and B). Among cytokines
tested, proinflammatory IL-6 exhibited the most robust response,
with a 4.9-fold increase and a 2.9-fold increase on average for
samples collected during 1 to 15 days and 16 to 30 after onset
of symptoms, respectively (Fig 2, B). Of note, 1 serum sample
(sample Pt-S22, collected at day 18 after disease onset) obtained
from a COVID-19—-infected individual with moderate disease, ex-
hibited a marked increase in the production of multiple proinflam-
matory cytokines, including IL-1a, IL-13, IL-6, and TNF-« (Fig
2, B). Additionally, hyperproduction of cytokines including IL-
la, IL-4, IL-6, IL-10, IL-13, and IFN-y was also detected in 1
sample (sample Pt-S11, collected at day 15 after disease onset)
collected from a severe case of COVID-19; presumably these
are associated with disease severity and outcome (Fig 2, B). These
results indicate broad inflammatory activation and changes over
time involving concomitant release of proinflammatory and
anti-inflammatory cytokines as well as Tyl-type and Ty2-type
cytokines in COVID-19 patients.

Proteome-wide epitope mapping identifies
dominant epitopes mediating persistent humoral
immune responses in COVID-19 patients

To better characterize the distinguishing features of humoral
immunity to SARS-CoV-2 over time, we applied a proteome-
wide epitope mapping using peptide-based microarrays.
A peptide library covering the SARS-CoV-2 proteome was
generated and immobilized onto slides, in which each peptide
was 15 aa in length with an 11 aa overlap. A total of 51
longitudinal serum samples from 19 patients with either asymp-
tomatic (n = 1) or mild (n = 2) to moderate (n = 15) or severe
(n = 1) SARS-CoV-2 infections were tested (Table I). To achieve
relatively balanced sampling numbers, intervals, and time points,
samples were collected sequentially at 2 or 3 time points from
each COVID-19 participant ranging from 16 to 219 days after
symptom onset. The majority of patients (18/19) generated
neutralizing antibodies after viral infection, except for the single
individual with asymptomatic infection (Table I). According to
the different sampling time points, samples were divided into 3
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FIG 2. Kinetics of cytokine production in COVID-19 patients. A, The cytokine production levels in 55 serum
samples collected from 16 COVID-19 patients during the acute phase and an early stage of convalescence
were detected by protein-microarray-based ELISA (days 1-15, n = 11; days 16-30, n = 26; days 31-61, n =
18; healthy donors, n = 20). Each dot represents an individual serum sample; dotted lines denote the limit
of detection. Statistical significance was determined by 1-way ANOVA with Tukey multiple comparison.
*P<.05, **P<.01, and ****P< .0001. B, Fold change of each cytokine production level in COVID-19 patients
shown in (A) compared to the mean values of 20 samples from healthy donors. Each column indicates a

distinct serum sample collected from indicated time points after onset of symptoms; each row represents

1 individual cytokine tested.

groups: days 10-60 (n = 18), days 100-150 (n = 18), and days
180-220 (n = 15). Longitudinal assessment of virus epitope pro-
files in COVID-19 patients was performed for both serum IgG and
IgM antibodies, with pooled sera from 20 healthy donors used as
negative control.

Using the SARS-CoV-2 proteome microarray, the kinetics
of peptide-binding antibody responses was determined and
analyzed for (1) binding signal intensity, and (2) percentage
of positive-reactive samples (positive rate) for each peptide.
On the basis of the cutoff value for positive peptide-binding
response, which was set as twice of the signal intensity of the

negative control, we identified a total of 460 positive peptides
for IgG and 479 positive peptides for IgM that were reactive
with at least 1 patient serum sample. Positive peptide
numbers and the distribution of responses across different
open reading frames (ORFs) of SARS-CoV-2 were relatively
stable among different sampling groups, with a trend of slight
decrease in positive peptide numbers over time (Fig 3, A).
The most reactivity was identified in the replicase polyprotein
ORFlab, which is the largest ORF, encompassing more than
two thirds of the entire genome (Fig 3, A). Interestingly, we
observed moderate to strong degrees of correlation between
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TABLE I. Characteristics of COVID-19 patients and sample cohorts in epitope mapping

Serum samples

Disease Duration of Sample Sampling days SARS-CoV-2
Patient ID Age (years) Sex severity iliness (days) ID after disease onset S binding IgG titer (logqo) Neutralization (NTso)
1 39 F Moderate 14 1-1 16 4.10 237.32
1-2 118 3.68 60.71
1-3 186 3.66 20.00
2 54 F Moderate 15 2-1 18 4.13 178.04
2-2 118 4.33 232.92
2-3 198 4.32 126.74
3 26 M Moderate 17 3-1 27 4.46 468.97
3-2 126 4.09 165.02
3-3 205 3.89 77.08
4 52 F Moderate 16 4-1 17 4.29 285.41
4-2 114 4.13 157.25
4-3 183 3.94 172.55
5 56 F Moderate 14 5-1 23 4.22 186.14
5-2 119 3.78 40.95
5-3 187 3.68 50.29
6 50 F Moderate 14 6-1 18 3.93 445.35
6-2 114 4.28 324.84
6-3 182 4.55 127.41
7 54 M Moderate 20 7-1 13 4.67 216.59
7-2 109 4.72 233.08
7-3 197 4.33 100.53
8 44 F Moderate 9 8-1 26 4.64 443.69
8-2 124 3.81 233.08
8-3 211 3.64 100.53
9 52 F Moderate 19 9-1 20 4.63 222.13
9-2 116 4.99 664.89
9-3 204 4.70 384.45
10 41 M Moderate 13 10-1 41 431 169.26
10-2 143 4.24 106.33
10-3 219 4.13 37.05
11 66 F Moderate 10 11-1 23 4.61 44191
11-2 125 4.14 106.40
11-3 202 3.83 84.84
12 30 M Moderate 28 12-1 23 3.75 437.74
12-2 44 3.91 341.81
12-3 121 3.67 103.08
13 64 M Moderate 19 13-1 124 4.08 64.01
13-2 193 4.12 20.00
14 66 M Mild 19 14-1 123 4.07 136.81
14-2 192 3.98 87.88
15 38 F Severe 22 15-1 20 4.45 243.80
15-2 192 4.25 174.08
16 30 M Moderate 45 16-1 15 3.98 60.65
16-2 44 3.85 62.50
16-3 146 3.85 69.30
17 20 M Moderate 22 17-1 18 3.37 68.51
17-2 107 3.30 20.00
18 17 M Mild 30 18-1 52 3.82 167.14
18-2 114 3.70 53.26
19 45 F Asymptomatic — 19-1 111 3.78 <20
19-2 187 3.66 <20

positive peptide-binding responses and serum cytokine levels
early after SARS-CoV-2 infection (days 10-60 after disease
onset; see Fig EI0 in the Online Repository at www.
jacionline.org). The number of positive binding peptides for
IgM was shown to be associated with serum levels of IL-6
and IL-10; likewise, the average signal intensity of total reac-
tive peptides and that of ORFlab binding peptides for IgM

presented positive associations with IL-6 and IFN-y produc-
tion in serum samples. These data suggest that changes in
cytokine levels after SARS-CoV-2 infection may influence
the magnitude and breadth of epitopes recognized by
antigen-specific humoral responses.

On the basis of identified positive epitopes, we further selected
the most common epitopes that consistently remained reactive in
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FIG 3. IgM and IgG recognition of dominant epitopes that contribute to long-term antibody responses in
SARS-CoV-2-infected individuals. Longitudinal analysis of serum recognition of epitopes in 19 individuals
with COVID-19 using a peptide microarray covering the proteome of SARS-CoV-2. The cutoff value for the
positive response of peptide binding in patient samples (n = 51) was set as twice the signal intensity of the
pooled sera from 20 healthy donors. A, Peptide counts and distribution of positive binding peptides that
were detectable in 1 or more samples collected at 10-60 days (n = 18), 100-150 days (n = 18), and 180-
220 days (n = 15) after disease onset. Numbers indicate the total identified IgG and IgM epitopes from
each ORF. B, Signal intensities of dominant and persistent IgG and IgM epitopes (x-axis) that were sustain-
ably reactive in more than 80% samples within all 3 sampling time points. Each dotindicates the pooled sera
from healthy donors (top) or a distinct patient serum sample collected from indicated time points after
symptom onset. E, Envelope protein.
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TABLE Il. Epitopes with >80% positive rate at all 3 sampling time points
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Positive response frequency

Protein Subunit Peptide ID Peptide sequence Days 10-60 Days 100-150 Days 180-220

IgG

ORFlab nsp3 1201 2313-SFKWDLTAFGLVAEW-2327 0.94 0.83 0.87
nsp3 1208 2341-LGLAAIMQLFFSYFA-2355 0.89 0.94 0.93
nsp3 1280 2629-VLSTFISAARQGFVD-2643 0.94 1.00 1.00
nspS (3CL pro) 1478 3421-SFCYMHHMELPTGVH-3435 0.89 0.89 0.93
nsp8 1630 4029-MQTMLFTMLRKLDND-4043 0.94 0.89 0.93
nsp13 (helicase) 1985 5449-TCTERLKLFAAETLK-5463 0.89 0.89 0.87
nspl3 (helicase) 2073 5801-KGVITHDVSSAINRP-5815 1.00 1.00 1.00
nspl4 2140 6069-DQFKHLIPLMYKGLP-6083 1.00 0.94 1.00

S S1, NTD 318 45-SSVLHSTQDLFLPFF-59 1.00 0.94 1.00
S2, FP 510 813-SKRSFIEDLLFNKVT-827 0.94 0.94 1.00

IgM

ORFlab nsp2 685 249-YELQTPFEIKLAKKF-263 0.89 0.94 0.93
nsp2 822 797-EKYCALAPNMMVTNN-811 0.94 1.00 1.00
nsp3 1123 2001-ATYKPNTWCIRCLWS-2015 0.83 0.83 0.87
nsp3 1275 2609-LKTLVATAEAELAKN-2623 0.89 0.94 0.93
nsp3 1280 2629-VLSTFISAARQGFVD-2643 0.89 0.94 0.87
nsp4 1420 3189-MYLKLRSDVLLPLTQ-3203 0.83 1.00 1.00
nsp5 (3CL pro) 1452 3317-YEDLLIRKSNHNFLV-3331 0.83 0.94 0.93
nspS (3CL pro) S4 3353-KVDTANPKTPK-3363 0.83 0.89 1.00
nspS (3CL pro) 1478 3421-SFCYMHHMELPTGVH-3435 0.94 0.94 0.93
nspS5 (3CL pro) 1509 3545-LGSALLEDEFTPFDV-3559 0.89 0.94 1.00
nsp8 1616 3973-SEVVLKKLKKSLNVA-3987 0.89 0.89 1.00
nsp8 1623 4001-LEKMADQAMTQMYKQ-4015 0.83 0.83 0.93
nsp8 1630 4029-MQTMLFTMLRKLDND-4043 1.00 0.94 1.00
nsp8 1637 4057-VPLNIIPLTTAAKLM-4071 0.94 0.94 1.00
nsp9 1682 4237-LNRGMVLGSLAATVR-4251 0.83 1.00 1.00
nspl0 1690 4269-FCAFAVDAAKAYKDY-4283 0.94 1.00 1.00
nspl2 (RdRp) 1746 4493-FFKFRIDGDMVPHIS-4507 0.83 0.83 0.87
nspl2 (RdRp) 1845 4889-NLDKSAGFPFNKWGK-4903 0.89 0.83 0.87
nspl3 (helicase) 1985 5449-TCTERLKLFAAETLK-5463 0.94 0.89 1.00
nspl3 (helicase) 2006 5533-VVYRGTTTYKLNVGD-5547 0.83 0.89 0.87
nspl3 (helicase) 2052 5717-AKHYVYIGDPAQLPA-5731 0.94 1.00 1.00
nsp13 (helicase) 2065 5769-PAEIVDTVSALVYDN-5783 0.94 0.94 0.93
nspl3 (helicase) 2070 5789-KDKSAQCFKMFYKGV-5803 0.94 0.83 0.87
nspl3 (helicase) 2073 5801-KGVITHDVSSAINRP-5815 1.00 1.00 1.00
nspl4 2140 6069-DQFKHLIPLMYKGLP-6083 1.00 0.94 1.00
nspl4 2162 6157-GFDYVYNPFMIDVQQ-6171 0.89 0.94 0.87
nspl6 2350 6909-LIGDCATVHTANKWD-6923 0.83 0.89 0.87
nspl6 2370 6989-TAFVTNVNASSSEAF-7003 0.94 1.00 0.93
nspl6 2382 7037-LSSYSLFDMSKFPLK-7051 0.89 0.94 0.93

S S1, NTD 318 45-SSVLHSTQDLFLPFF-59 0.94 0.94 1.00
S1, NTD 356 197-IDGYFKIYSKHTPIN-211 0.89 0.89 1.00
S2, FP 510 813-SKRSFIEDLLENKVT-827 0.94 0.94 1.00
S2 530 893-ALQIPFAMQMAYRFN-907 0.83 0.83 0.93

more than 80% of the COVID-19 samples among each of the 3
sampling groups (termed dominant and persistent epitopes).
Results revealed that these highly dominant epitopes capable of
mediating long-term humoral immune responses were located at
the SARS-CoV-2 ORF1ab polyprotein and S protein, with more
epitopes recognized by IgM antibodies (n = 33) than IgG anti-
bodies (n = 10) (Fig 3, B, and Table II; see Fig E11 and Fig
E12 in the Online Repository at www.jacionline.org). The OR-
Flab polyprotein possessed the maximal number of dominant
epitopes mediating long-term responses, and epitopes were
broadly distributed on the regions of nonstructural proteins
(nsp) 2-5, nsp 8-10, nsp 12-14, and nsp 16 (Table II). Notably,
we identified one immunodominant epitope, 2073 (ORF1ab, aa

5801-5815), that could be recognized by IgG and IgM antibodies
from 100% of the COVID-19 patients, regardless of serum sam-
pling time points (Fig 3, B, and Table II; see Fig E13 and Fig
E14 in the Online Repository). This highly reactive peptide is
located within the helicase (nsp 13) region of the ORF1ab poly-
protein, which is essential for unwinding double-stranded RNA
templates during SARS-CoV-2 replication.”' Among selected
peptides of ORF1ab, 2 immunodominant peptides with the high-
est average signal intensities recognized by IgG antibodies, num-
ber 1985 (ORF1ab, aa 5449-5463) and number 2073 (ORF1ab, aa
5801-5815), are both located on nsp 13. For IgM responses, pep-
tide 685 (ORF1ab, aa 249-263) on nsp 2 and peptide 1985 (OR-
Flab, aa 5449-5463) on nsp 13 presented the most robust
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binding intensities (Fig 3, B). Considering the variation in base-
line signals (pooled sera from healthy donors) for different pep-
tides (Fig 3, B), we further calculated fold changes of signal
intensities regarding each key peptide, relative to the healthy con-
trol group. Results showed that peptide 2073 (IgG binding) and
peptide 1985 (IgM binding) located on nsp 13 region sustained
the top peptide binding intensities (fold change) among patient
sera collected up to 180 to 220 days (Fig E13 and Fig E14).

Dominant and persistent epitopes of SARS-CoV-2 S
protein are located at NTD and S2 subunits

A total of 4 dominant and persistent epitopes from the SARS-
CoV-2 S protein were identified: peptide 318 (S, aa 45-59) and
peptide 356 (S, aa 197-211), which are located within the NTD
region; peptide 510 (S, aa 813-827), which covers the S2’
cleavage site and parts of the FP of S2 subunit, and peptide 530
(S, aa 893-907), which is located at the connecting region
between FP and the first heptad repeat region of the S2 subunit
(Fig 3, B, and Table II). Among these key peptides of S protein
that we selected, peptide 318, located at the NTD of the S protein,
possessed the most robust binding intensity (fold change relative
to the control; Fig E13 and Fig E14). Structural analyses revealed
that these epitopes are fully exposed on the surface of monomeric
S protein; however, some residues of epitopes for peptides 318,
356, and 530 are concealed under the surface of the trimeric S pro-
tein (Fig 4, A and B), suggesting that both S monomer and trimer
structures are recognized efficiently by host immune system un-
der certain circumstances. To be specific, 2 loop segments of pep-
tide 318 (aa 45-46 and aa 56-59) are exposed on the trimeric S
protein, with the central (3-strand buried inside; and most residues
of peptide 356 are accessible on the surface, including a core
B-strand (aa 203-209) and a loop segment (aa 210-211). Peptide
510 contains an S2’ cleavage site and a central helix of FP, both
of which are fully presented on the surface of S protein; residues
of peptide 530 are mostly cryptic, with only a small fraction of the
loop (aa 893-895) exposed on the trimeric S protein (Fig 4, C).

Sequence homology analysis among 7 common human
coronaviruses revealed that 2 epitopes located at the S2 subunit
(peptides 510 and 530) share high sequence identity with other
coronaviruses, suggesting serologic cross-reactivity targeting
these epitopes among human coronaviruses (Fig 4, D). The
sequence of peptide 318 exhibited high similarity with SARS-
CoV, while a low level of sequence homology for peptide 356
was shown among coronaviruses, suggesting SARS-CoV-2—spe-
cific antibody responses targeting this region (Fig 4, D).

Considering new emerging and circulating SARS-CoV-2
variants globally, we further performed sequence alignment
with regard to key epitopes of the S protein between the early
SARS-CoV-2 strain (Wuhan-Hu-1) and 5 variants of concern
(Alpha, Beta, Gamma, Delta, and Omicron), as well as 2 variants
of interest (Lambda and Mu), according to the World Health
Organization classification of variant viruses (updated on
November 30, 2021). Results showed that sequences of these
dominant and persistent epitopes are almost identical among
variants analyzed, except for a single N211I mutation identified in
the new Omicron variant (Fig 4, E). These data indicate that anti-
bodies generated by early SARS-CoV-2 strains may consistently
recognize current circulating variants, and that these dominant
epitopes may be capable of mediating sustained long-term anti-
body responses on infection of SARS-CoV-2 variants.
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To further determine the immunologic characteristics of
identified epitopes on the S protein, and to further investigate
the potential value of these S-protein epitopes as peptide
vaccine candidates, we performed a mouse immunization
study using selected peptides. BALB/c mice were inoculated
3 times with each peptide in the presence of alum and CpG
adjuvants (Fig 4, F). Among the 4 peptides selected, vaccina-
tion with peptide 356 elicited antigen-specific antibodies after
the second and third doses (Fig 4, G). The results of the serum
neutralization assay revealed that immunization with linear
peptides did not generate significant levels of neutralizing an-
tibodies against SARS-CoV-2 (Fig 4, H), suggesting these
linear peptides perform poorly in inducing robust neutralizing
antibody responses.

N protein of SARS-CoV-2 lacks most reactive
epitopes mediating durable antibody responses
after viral infection

A number of studies have elucidated the potent antigenicity
of the SARS-CoV-2 N prot<ein.4’”’Iz However, we failed to
identify dominant and persistent epitopes located at the N pro-
tein on the basis of the current selection criteria (above 80%
positive rate at all 3 sampling time points). For longitudinal
evaluation of epitope profiles of the N protein in individuals
with COVID-19, we carried out a second round of epitope
screening that was based on data obtained from the peptide mi-
croarray for the selection of subdominant epitopes that consis-
tently remain positive reactivity in more than 60% of the
COVID-19 samples for each of the 3 sampling time points
(termed subdominant and persistent epitopes). A total of 4
subdominant and persistent epitopes of the SARS-CoV-2 N
protein were identified, among which peptide 2455 (N, aa
213-227) presented reactivity to both of IgG and IgM anti-
bodies in COVID-19 patients, with relatively higher levels of
signal intensity (Fig 5, A and B, and see Table E4 in the Online
Repository at www.jacionline.org). The 2 overlapping pep-
tides, peptide 2455 (N, aa 213-227) and peptide 2456 (N, aa
217-231), are located at the Ser/Arg-rich linker region between
the N-terminal RNA binding domain and C-terminal dimeriza-
tion domain of the N protein. Peptide 2482 (N, aa 321-335)
and peptide 2491 (N, aa 357-371) are fully or partially located
within the dimerization domain of the N protein (Table E4).
Because of the lack of 3-D structures regarding the intact
conformation of the N protein, we only performed structural
analyses of 2 identified epitopes on the dimeric structure of
the C-terminal dimerization domain. Residues of peptide
2482 forms 2 (3 strands that are arranged in an antiparallel
manner in the dimerization interfaces, whereas aa 357-364 of
peptide 2491 form helix-based structures that are located at
opposite ends of the dimer (Fig 5, C).

Sequence alignment between early SARS-CoV-2 (strain
Wuhan-Hu-1) and 7 emerging variants further revealed that
sequences of these subdominant and persistent epitopes in N
protein are almost identical among current circulating variants,
with a single G215C substitution of peptide 2455 occurring in the
Delta variant and a single G214C mutation of peptide 2455
identified in the Lambda variant, suggesting that antibodies
targeting these peptides potentially recognize antigen of
emerging SARS-CoV-2 variants (Fig 5, D).
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FIG 4. Dominant epitopes of SARS-CoV-2 spike protein in terms of mediating durable humoral immune
responses. A and B, Locations of the dominant and persistent epitopes on 3-D structures of the monomeric
(A) and trimeric (B) S protein (PDB ID: 6VXX). Epitopes are highlighted in green (peptide 356, aa 197-211),
red (peptide 318, aa 45-59), blue (peptide 510, aa 813-827), and purple (peptide 530, aa 893-907), respec-
tively. The three S monomers in closed-conformation are depicted in gray, pink, and cyan, respectively.
C, Detailed structure analysis of dominant epitopes in SARS-CoV-2 S protein on the closed state of the S
trimer (PDB ID: 6VXX). D, Sequence alignment of identified epitopes among common human coronavi-
ruses. Epitope residues that are conserved between SARS-CoV-2 and other human coronaviruses are
shaded in gray. E, Epitope conservation analysis of the early SARS-CoV-2 (strain Wuhan-Hu-1) and 7
emerging variants. Black dots represent identical residues between the Wuhan-Hu-1 strain and the indicated
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FIG 5. Subdominant epitopes located at the SARS-CoV-2 nucleocapsid protein capable of mediating
persistent antibody responses. A, IgG and IgM recognition frequencies of subdominant peptides (durably
reactive in more than 60% samples) among patient serum samples collected at multiple time points after
disease onset. B, Signal intensity kinetics of identified subdominant epitopes over time. Each dot represents
a distinct patient serum sample obtained from COVID-19 patients at indicated time points after symptom
onset. Dotted horizontal lines indicate cutoff values of positive response for each peptide. C, Detailed struc-
ture analysis of epitopes on the C-terminal dimerization domain of the N protein (PDB ID: 6YUN). Epitopes
are labeled in blue (peptide 2482, aa 321-335) and brown (peptide 2491, aa 357-364). The 2 monomeric struc-
tures are depicted in gray and cyan, respectively. D, Sequence alignment analysis of the identified N-protein
epitopes between the early SARS-CoV-2 (strain Wuhan-Hu-1) and 7 emerging variants. Black dots denote
identical sequences between the Wuhan-Hu-1 strain and the indicated variant. Changes in amino acid
sequence are highlighted in red.

variant. A single N211I substitution occurring in the Omicron variant is highlighted in red. F, BALB/c mice
were immunized 3 times with each of the 4 selected S-protein peptides mixed with alum and CpG adjuvants.
Sera were collected at day 14 after the second immunization and at day 10 after the third immunization. G,
The levels of antigen-specific IgG antibody in immunized mouse sera (1:40 diluted) were tested by peptide-
based ELISA. Statistical differences between groups were determined by 1-way ANOVA with Tukey multiple
comparison. ¥*P < .05, ***P < .001, and ****P < .0001. H, Neutralizing activity of mouse sera against pseu-
dotyped SARS-CoV-2. Dotted horizontal lines indicate the lowest serum dilution in the assay (1:20).
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FIG 6. Liner epitopes with high binding intensity and declining reactive frequencies over time, recognized
by SARS-CoV-2-infected individuals. A and B, Longitudinal analysis and distribution of identified peptides
exhibiting high binding signal intensity (above mean + SD of signal intensities of all tested samples) but
decreasing positive rate over time. The recognition frequency (A) and signal intensity (B) of epitopes
were plotted with 3 sampling time points after symptom onset. Each dot in (B) stands for an individual pa-
tient serum sample collected at indicated time points after symptom onset; dotted horizontal lines indicate
cutoff values of positivity for each peptide. Statistical significance analysis was performed based on Limma
of R v3.6.3 software. *P < .05 and **P < .01. C, Location and sequence comparisons of 2 adjacent epitopes,
peptide 510 (dominant and persistent) and peptide 511 (high signal intensity and decreasing positivity over
time), on SARS-CoV-2 S protein structure (PDB ID: 6ZGl). The overlapping regions between 2 epitopes are
highlighted in green; unique sequences are labeled in red and blue.

Longitudinal serologic analysis identifies epitopes
with high signal intensity but decreasing reactivity
over time

In addition to the selected highly reactive epitopes that are
responsible for sustained humoral immune responses mentioned
above, we further identified and characterized a panel of 9
positive peptides that showed robust binding intensities (above
the mean + SD of signal intensities of all tested samples) with a
trend of decreasing reactivity (positive rate changes above 20%)
among serum samples from COVID-19 patients over time, in
accordance with a general trend of waning in humoral immune re-
sponses. Theses epitopes are positioned within the 3 dominant an-
tigens: ORFlab, S, and N proteins (Fig 6, A; and see Table E5 in
the Online Repository at www.jacionline.org). Additionally, sig-
nificant reduction in signal intensities of 4 peptides from ORF1ab
(peptides 784-IgG, 1617-IgM, and 1986-IgM) and N (peptide
2457-1gG) proteins were observed between samples from an early
period of sampling time points (days 10-60 after disease onset)
and the later phase of sampling time points (days 100-150 or
days 180-220 after symptom onset) (Fig 6, B). Notably, despite
largely overlapping with each other, 2 peptides of the S protein

peptide 510 (dominant and persistent; Fig 3, B) and peptide 511
(high signal intensity and decreasing positive rate over time;
Fig 6, A) exhibited different patterns of reactivity among patient
serum samples over time. Sequence and location analysis indi-
cated that peptide 510 contains a S2’ cleavage site and additional
amino acids of 813-SKRS-816, whereas peptide 511 is
completely within the FP with extended 828-LADA-831 residues
that are fully exposed on the surface of trimeric S protein (Fig 6,
C). These results revealed new features of epitopes that may ulti-
mately contribute to longer-lasting and stronger humoral immu-
nity against SARS-CoV-2.

DISCUSSION

A systematic characterization of long-term immune responses
on SARS-CoV-2 infection is critical for the development of
improved diagnostics, effective therapeutic interventions, and
vaccines. In the current study, we performed a comprehensive
longitudinal analysis of COVID-19 patients over 180 to 220
days’ follow-up, showing persistent humoral immune responses
and activated cytokine production after viral infection.
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Significantly, by taking advantage of the peptide-based micro-
array spanning the proteome of SARS-CoV-2, we further
revealed kinetics of epitope recognition and identified a panel
of dominant epitopes capable of mediating long-term humoral
immunity. The findings we report here regarding the longevity
of humoral immune responses after SARS-CoV-2 infection
confirm some previously published data”'"'*'*** but extend
them by performing deep serologic profiling and epitope
screening using longitudinal serum samples from individuals
with COVID-19 through the proteome-wide microarray
approach.

In this study, we identified 4 dominant epitopes (peptides 318,
356, 510, and 530) within the SARS-CoV-2 S protein that were
capable of persistently reactive with more than 80% COVID-19
patient samples tested, up to 180 to 220 days after symptom
onset. Peptide 510 (S, aa 813-827), comprising the S2’ cleavage
site and the FP of S2 subunit, has been commonly identified in
previous studies of other groups.”***** Functional analyses
indicated antibodies targeting this region may exhibit limited
neutralization potency against SARS-CoV-27°? despite being
highly exposed on the surface of the S protein (Fig 4, A-C).
In the case of peptide 530 (S, aa 893-907), which is positioned
between the FP and the first heptad repeat region of the S2 sub-
unit, residues are generally buried inside the trimeric structure
of the S protein, which makes it hard to access via robust
neutralizing antibodies against SARS-CoV-2 (Fig 4, A-C).
Additionally, 2 S1-NTD-directed peptides that could mediate
long-term antibody responses of SARS-CoV-2 were also
selected. Analyses regarding the peptide sequence and location
indicated that residues of these 2 peptides—peptide 318 (S, aa
45-59) and peptide 356 (S, aa 197-211)—are in close proximity
to the reported epitopes recognized by infection-enhancing an-
tibodies”*” but apart from the key sites of highly potent
neutralizing antibodies targeting NTD of the S1 subunit,'®'**
suggesting the possibility of epitope recognition by nonneutral-
izing antibodies toward these 2 identified peptides. In addition
to the details mentioned above, mouse immunization with
selected peptides further indicated the low efficacy of these
non-receptor binding domain linear peptides in inducing robust
neutralizing antibody responses (Fig 4, G). Collectively, these
data suggest that dominant linear epitopes mediating long-
term humoral immune responses on SARS-CoV-2 infection
probably induce antibodies with no or limited neutralizing
potency.

A fuller understanding the epitope landscape of SARS-CoV-2
antibodies, especially S protein—directed epitopes, provides new
insight into the functional dissection of antibodies, which
further facilitates innovative and rational vaccine design.
Neutralizing antibodies confer protection to eliminate viral
infections, whereas nonneutralizing antibodies may play a
beneficial, neutral, or even harmful role during virus clearance.
Nonneutralizing antibodies provide additional protection in vivo
via a range of Fc-mediated effector functions in the context of
antibody-dependent phagocytosis and antibody-dependent cyto-
toxicity. In contrast, some studies have proposed the possibility
of a pathogenic role of nonneutralizing antibodies in coronavi-
rus infection. Previous studies using multiple types of vaccine
candidates for SARS-CoV and MERS-CoV observed enhanced
immunopathology in vaccinated small animals and nonhuman
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primates after virus challenge.”""*>" More recently, studies of
2 groups reported that nonneutralizing antibodies targeting
NTD of SARS-CoV-2 S protein were capable of enhancing viral
infection in vitro through Fcy receptor—independent mecha-
nisms,”*  although passively administered infection-
enhancing antibodies in animal models have been shown to be
protective against SARS-CoV-2 infection in vivo. Considering
the controversial roles of antibodies during coronavirus infec-
tion, further investigations are required to validate the potential
role of antibodies recognizing these dominant and persistent
epitopes in combating viral infection in vivo. The next stage
of rational vaccine design for SARS-CoV-2 could be conceived
by eliciting highly potent neutralizing antibodies and protective
nonneutralizing antibodies, along with a reduction of the pre-
sentation of infection-enhancing epitopes or immunodominant
epitopes that have no beneficial effects.

Although a number of previous studies have only focused on
the S protein of SARS-CoV-2 aiming to delineate antibody
functions regarding neutralization, we performed a comprehen-
sive proteome-wide epitope mapping and identified a panel of
epitopes within the ORFlab polyprotein that were consistently
recognized by a high proportion of patient serum samples over
time. Although these ORF1ab-directed peptides distributed on the
multiple nonstructural proteins may not elicit functional anti-
bodies targeting the SARS-CoV-2 virion, they could be applicable
as a diagnostic tool to help differentiate natural infection from
vaccination. With the increasing number of vaccine recipients
worldwide, current serologic tests based on the S protein and the
N protein are facing challenges as an effective approach to aid
molecular tests for detection of SARS-CoV-2 infection, and also
for the determination of immune status after viral infection. By
taking advantage of the most common and persistently reactive
peptides within the ORFlab among COVID-19-infected in-
dividuals, serologic diagnosis of natural infection will be carried
out without taking into account of vaccination status involving
receptor binding domain-based, S protein—based, and inactivated
virus—based vaccine approaches. Future studies are needed to
assess the reactivity, sensitivity, and specificity of identified
ORFlab peptides in larger cohorts comprising both SARS-
CoV-2—infected individuals and vaccine recipients. Additionally,
further evaluation of the detection efficiency through multiple
peptide combination strategies will be required to overcome the
lower sensitivity of peptides compared to the full-length protein
and the possible cross-reactivity among common human
coronaviruses.

The major limitations of our study are the relatively few
samples obtained from a small patient cohort size, and the
majority of participants experienced nonsevere COVID-19 dis-
eases. These may limit some of our conclusions with respect to
the positive response frequency and magnitude of immune
responses, which may vary according to disease severity.
Nevertheless, the data presented in this study provide valuable
insights into the kinetics of immune responses over time after
SARS-CoV-2 infection and features of dominant epitopes capable
of mediating sustained humoral immunity in individuals with
COVID-19. Together, these findings offer a deeper understanding
of longevity of natural immunity induced by viral infection, and
have broad implications for innovative vaccination strategies and
improved diagnostic approaches.
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Key messages

o The comprehensive longitudinal analysis of 31 COVID-19
patients over 180 to 220 days’ follow-up indicated persis-
tent humoral immunity and activated cytokine produc-
tion after SARS-CoV-2 infection.

Using the peptide-based microarray spanning the prote-
ome of SARS-CoV-2, we revealed the Kinetics of epitope
recognition and identified dominant epitopes capable of
mediating long-term humoral immune responses in indi-
viduals with COVID-19.
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