
Frontiers in Immunology | www.frontiersin.

Edited by:
Michael Vajdy,

EpitoGenesis, United States

Reviewed by:
Lauren Carter,

University of Washington,
United States

Darrell O. Ricke,
Massachusetts Institute of
Technology, United States

*Correspondence:
Hang-Rae Kim

hangrae2@snu.ac.kr
Wan Beom Park

wbpark1@snu.ac.kr
Chang-Han Lee

chlee-antibody@snu.ac.kr

†These authors have contributed
equally to this work

‡These authors have contributed
equally to this work and share

senior authorship

Specialty section:
This article was submitted to

Immunological Memory,
a section of the journal

Frontiers in Immunology

Received: 07 December 2021
Accepted: 23 February 2022
Published: 21 March 2022

Citation:
Kang CK, Kim M, Hong J,

Kim G, Lee S, Chang E, Choe PG,
Kim NJ, Kim IS, Seo J-Y, Song D,

Lee D-S, Shin HM, Kim Y-W,
Lee C-H, Park WB, Kim H-R and
Oh M-d (2022) Distinct Immune

Response at 1 Year Post-COVID-19
According to Disease Severity.

Front. Immunol. 13:830433.
doi: 10.3389/fimmu.2022.830433

ORIGINAL RESEARCH
published: 21 March 2022

doi: 10.3389/fimmu.2022.830433
Distinct Immune Response at
1 Year Post-COVID-19 According
to Disease Severity
Chang Kyung Kang1†, Minji Kim2,3,4†, Jisu Hong2,4,5†, Gwanghun Kim2,3,4, Soojin Lee2,3,4,
Euijin Chang1, Pyoeng Gyun Choe1, Nam Joong Kim1, Ik Soo Kim6, Jun-Young Seo7,8,
Daesub Song9, Dong-Sup Lee2,3,4,10,11, Hyun Mu Shin2,4,11, Yong-Woo Kim11,
Chang-Han Lee2,4,5,11*‡, Wan Beom Park1*‡, Hang-Rae Kim2,3,4,10,11*‡ and Myoung-don Oh1

1 Department of Internal Medicine, Seoul National University College of Medicine, Seoul, South Korea, 2 Department of
Biomedical Sciences, Seoul National University College of Medicine, Seoul, South Korea, 3 Department of Anatomy & Cell
Biology, Seoul National University College of Medicine, Seoul, South Korea, 4 BrainKorea21 (BK21) FOUR Biomedical Science
Project, Seoul National University College of Medicine, Seoul, South Korea, 5 Department of Pharmacology, Seoul National
University College of Medicine, Seoul, South Korea, 6 Department of Microbiology, School of Medicine, Gachon University,
Incheon, South Korea, 7 Severance Biomedical Science Institute, Yonsei University College of Medicine, Seoul, South Korea,
8 BrainKorea21 (BK21) Project for Medical Science, Yonsei University College of Medicine, Seoul, South Korea, 9 College of
Pharmacy, Korea University, Sejong, South Korea, 10 Medical Research Institute, Seoul National University College of
Medicine, Seoul, South Korea, 11 Wide River Institute of Immunology, Seoul National University, Hongcheon, South Korea

Background: Despite the fact of ongoing worldwide vaccination programs for severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), understanding longevity,
breadth, and type of immune response to coronavirus disease-19 (COVID-19) is still
important to optimize the vaccination strategy and estimate the risk of reinfection.
Therefore, we performed thorough immunological assessments 1 year post-COVID-19
with different severity.

Methods:We analyzed peripheral blood mononuclear cells and plasma samples at 1 year
post-COVID-19 in patients who experienced asymptomatic, mild, and severe illness to
assess titers of various isotypes of antibodies (Abs) against SARS-CoV-2 antigens,
phagocytic capability, and memory B- and T-cell responses.

Findings: A total of 24 patients (7, 9, and 8 asymptomatic, mild, and severe patients,
respectively) and eight healthy volunteers were included in this study. We firstly showed
that disease severity is correlated with parameters of immune responses at 1 year post-
COVID-19 that play an important role in protecting against reinfection with SARS-CoV-2,
namely, the phagocytic capacity of Abs and memory B-cell responses.

Interpretation: Various immune responses at 1 year post-COVID-19, particularly the
phagocytic capacity and memory B-cell responses, were dependent on the severity of the
prior COVID-19. Our data could provide a clue for a tailored vaccination strategy after
natural infection according to the severity of COVID-19.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic is ongoing,
with more contagious variants continually emerging (1–3).
Despite concerns about reduced effectiveness against new
variants, COVID-19 vaccines can substantially reduce both the
likelihood of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection and progression of severe COVID-19
(4–6), making vaccination the most important measure to
mitigate the pandemic.

Along with worldwide COVID-19 vaccination programs,
following up on immune response after natural SARS-CoV-2
infection is still important to help establish a vaccination strategy
for those with a history of SARS-CoV-2 infection (7), predict the
protective effect of past infection in those who have not yet
received the vaccine (8, 9), estimate and evaluate the longevity of
vaccine-induced immune response (10), and explain the milder
clinical manifestations of SARS-CoV-2 reinfection relative to the
original illness (11).

While reports of reinfection after severe COVID-19 are
lacking, there are numerous reports of SARS-CoV-2
reinfection in those who had mild or asymptomatic disease
(12–14). Although the exact immunologic mechanism of such
phenomenon is uncertain, it must be attributed to the levels of
lasting immunity after the original infection. Decreased but
persistent humoral and cellular immune responses 8–12
months post-COVID-19 have been reported (15–18). However,
thorough integrated immunological assessments especially
including Ab-dependent phagocytic capability of plasma from
Frontiers in Immunology | www.frontiersin.org 2
patients for one year post-COVID-19 according to the severity of
illness, are scarce.

Therefore, we characterized humoral and cellular immune
responses against SARS-CoV-2, namely, levels of Ab isotypes
against SARS-CoV-2 antigens, phagocytic capability, and
memory B- and T-cell responses 1 year post-COVID-19,
according to disease severity. We showed that the breadth and
functionality of serologic or memory B and CD4+ T cell
responses were dependent on the severity of the prior
infection, even at 1 year post-COVID-19. These findings
suggest that the protective immune response against SARS-
CoV-2 can differ according to the severity of COVID-19,
which could provide a clue for a tailored vaccination strategy
for those who had COVID-19 of varying severity.
MATERIALS AND METHODS

Study Design and Participants
Peripheral blood mononuclear cells (PBMCs) and plasma
samples of patients with laboratory-confirmed COVID-19 (by
reverse-transcription polymerase chain reaction) had been
collected (19). We analyzed PBMCs 12 months after diagnosis
(asymptomatic patients) or disease onset, and plasma samples at
8 and 12 months post-COVID-19.

Clinical characteristics, namely, age, sex, and day of onset or
diagnosis of COVID-19, and also details of oxygen and medical
therapy, were obtained from the electronic medical records.
March 2022 | Volume 13 | Article 830433
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Asymptomatic patients were those with a body temperature
<37.5°C and absence of symptoms during their stay in the
community treatment center, with a systematic medical
interview twice a day (20). All of patients were diagnosed via
contact tracing during the Daegu metropolitan city outbreak in
March 2020 (21). Symptomatic cases were classified as severe
when a patient had radiological pneumonia and decreased
oxygen saturation (≤93%) in ambient air during their illness;
otherwise, they were classified as mild cases (22).

We also analyzed the PBMCs and plasma of SARS-CoV-2
seronegative, unvaccinated healthy control during the pandemic
period (HC [2021]) group who had neither received a COVID-19
exposure notification nor been diagnosed with COVID-19 (23).

The Institutional Review Board of Seoul National University
Hospital approved the study (IRB No. H-2004-158-1118), and
written informed consent was obtained from all participants, in
accordance with the Declaration of Helsinki.

Cells and Antibodies
THP-1 cells were purchased from the American Type Culture
Collection (ATCC; Manassas, VA, USA) and maintained in
RPMI 1640 media (WELGENE, Gyeongsan-si, Republic of
Korea) containing 2 mM L-glutamine, 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Waltham, MA, USA), 50 mM b-
mercaptoethanol (Merck Millipore, Billerica, MA, USA), and 1×
antibiotic-antimycotic solution (Thermo Fisher Scientific). Cell
culture densities were kept below 1 × 106 cells/ml to maintain
consistent assay performance.

Murine anti-human IgM (Sigma-Aldrich, Saint Louis, MO,
USA), IgA (PROGEN Biotechnik GmbH, Heidelberg, Germany),
IgG1 (Abcam, Cambridge, UK), IgG2 (BioLegend, San Diego, CA,
USA), IgG3 (BioLegend), and IgG4 (BioLegend) Abs, anti-mouse
IgG (H + L)-conjugated with horseradish peroxidase (HRP;
Thermo Fisher Scientific), and anti-human IgG (Fc)-conjugated
with HRP (Arigobio, Hsinchu, Taiwan) were purchased.

Preparation of Recombinant SARS-CoV-2
Antigens
Genes encoding receptor-binding domain (RBD)-6×his were
cloned in-frame into the mammalian expression vector
pcDNA3.4 using Gibson Assembly cloning (NEB, Ipswich,
MA, USA). SARS-CoV-2 spike protein RBD-monomeric Fc
(mFc) and angiotensin-converting enzyme 2 (ACE2)-mFc
expressing plasmids were obtained from Prof. J. McLellan
(University of Texas, Austin, TX, USA) (24). SARS-CoV-2
antigens and ACE2-mFc were produced in Expi293 cells
(Thermo Fisher Scientific), as described previously (25). mFc-
tagged proteins were purified by Protein A high-capacity agarose
resin (Thermo Fisher Scientific) affinity chromatography. Then,
25× phosphate-buffered saline (PBS) was added to filtered
supernatants to a 1× concentration, and the mixture was
passed over the column three times. The column was washed
with 100 ml of 1× PBS to remove nonspecific bound proteins.
Then, 3 ml of 100 mM glycine-hydrochloride (pH 2.7) was added
to elute the bound proteins, and the elution was immediately
neutralized with 1 ml of 1 M Tris–Cl (pH 8.0). Samples were
buffer-exchanged into pH 7.4 PBS using Amicon Ultra-4 (Merck
Frontiers in Immunology | www.frontiersin.org 3
Millipore, Burlington, MA, USA) spin columns with a 10 kDa
cutoff. The purity of purified samples was assessed by 12% SDS-
PAGE gel. His–tagged RBD was purified according to the
instruction of the manufacturer using Ni-NTA agarose resin
(Thermo Fisher Scientific) affinity chromatography (26).

Other SARS-CoV-2 antigens, namely, spike (Sino Biological,
Wayne, PA, USA), nucleocapsid (NC; Prosci, Fort Collins, CO,
USA), and membrane (M) protein (MRC PPU, Dundee, UK),
were purchased.

ELISA
For each SARS-CoV-2 antigen, 100 ng was coated on a 96-well
polystyrene ELISA plate (Thermo Fisher Scientific) overnight at
4°C. After blocking with 1× PBS (pH 7.4) containing 3% bovine
serum albumin (BSA) for 1 h at room temperature, the plate was
incubated with diluted plasma (1:100) at room temperature for 1 h.
After washing four times with the PBST buffer (PBS with 0.05%
Tween-20), either diluted mouse anti-human immunoglobulin M
(IgM, 1:5,000), IgA (1:100), IgG1 (1:1,000), IgG2 (1:200), IgG3

(1:200), or IgG4 (1:200) Abs were added and incubated for 1 h.
After washing four times with PBST, anti-mouse IgG (H + L)-
conjugated with HRP (Thermo Fisher Scientific) was added and
incubated for 1 h. For the detection of total IgG,mouse anti-human
IgG Fc-conjugated with HRP (Arigobio) was added and incubated
for 1 h. After washing four times with the PBST buffer, 50 ml of
3,3′,5,5′-tetramethylbenzidine substrate was added per well
(Thermo Fisher Scientific); 50 ml of 2 M H2SO4 was added to
neutralize, and the absorbance at 450 nm was measured using the
Infinite 200 PRO NanoQuant microplate readers (Tecan Trading
AG, Männedorf, Switzerland).

Phagocytosis Assays
Protein antigens were covalently coupled to fluorescent beads via
a two-step carbodiimide reaction. The beads were activated with
40 ml of activation buffer (0.1 M NaH2PO4, pH 6.2), 5 ml of 50
mg/ml Sulfo-NHS(N-hydroxysulfosuccinimide) (A39269;
Pierce, Appleton, WI, USA), and 3.35 ml of 75 mg/ml 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) and incubated
for 30 min at room temperature. The beads were washed three
times in coupling buffer (100 mM sodium citrate, pH 4.0) and
then incubated with protein antigen in coupling buffer for 2 h at
room temperature. The beads were subsequently washed and
blocked with PBSA (PBS with 0.1% BSA, pH 7.4), and then
washed with PBS-TBN (PBS with 0.1% BSA, 0.05% sodium
azide, 0.02% Tween-20, pH 7.4). The beads were resuspended
in 1 ml of 5% BSA/PBS, incubated overnight at 4°C, and then
washed and resuspended in 1 ml of PBS.

In order to assess the phagocytic capability of plasma from
patient, we conducted in vitro phagocytosis assays with human
monocyte cell line (THP-1) cells. The antigen-coated beads were
incubated with plasma for 20 min and added to 96-well plates so
that each well contained 1 × 106 beads per well. In addition,
THP-1 cells were seeded into 96-well plates at 1 × 105 cells/well
and incubated for 2 h at 37°C with 5% CO2. Phagocytosis was
evaluated by a BD FACSCanto™ system (BD Biosciences, San
Jose, CA, USA) and reported as the fraction of bead-positive cells
relative to the total number of THP-1 cells in the sample.
March 2022 | Volume 13 | Article 830433
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Data were analyzed using FlowJo software (version 10.7.1;
TreeStar Inc., Ashland, OR, USA).
Peripheral Blood Sample Processing
and Culture
PBMCs were purified from heparinized peripheral whole blood
using a Ficoll–Histopaque gradient (1.077 g/ml; GE Healthcare
Life Sciences, Piscataway, NJ, USA). They were stored in liquid
nitrogen in a freezing medium consisting of 50% FBS, 10%
dimethyl sulfoxide (DMSO), and 40% RPMI-1640 (all from
Thermo Fisher Scientific) until analysis (27). Cells were
cultured in complete RPMI-1640 containing 10% FBS and 1×
penicillin/streptomycin (Thermo Fisher Scientific) and
stimulated as follows.

Detection of SARS-CoV-2-Specific T Cells
Using Activation-Induced Markers
Antigen-specific memory T cells were measured as a percentage
of activation-induced markers (AIM)-expressing CD4+ T and
CD8+ T cells after stimulation of PBMCs with overlapping
peptide pools. After thawing, the PBMCs (5 × 106 cells/ml)
were stimulated with 0.6 nmol/ml PepTivator SARS-CoV-2
Select-premium grade (Miltenyi Biotec, Bergisch Gladbach,
Germany) for 16–18 h, in the presence of 10 mg/ml anti-
human CD28/CD49d Abs (Thermo Fisher Scientific) for co-
stimulation. A CEF peptide pool (4 mg/ml; Mabtech AB,
Hamburg, Germany), composed of well-defined peptides
derived from cytomegalovirus (c), Epstein–Barr virus (e), and
influenza virus (f), was used as the positive control (16) and
DMSO was used as the negative control. A fluorescein
isothiocyanate (FITC)–anti-human CD4 Ab (clone, RPA-T4;
BD Biosciences) was applied concomitantly with antigen
stimulation for staining. After the antigen stimulation, dead
cells were stained with Fixable Viability Dye eFluor 506
(Thermo Fisher Scientific). Surface antigens were stained with
BUV496-anti-human CD8 (clone, RPA-T8), BUV395-anti-
human CD137 (clone, 4B4-1), phycoerythrin (PE)-CF594-anti-
human OX40 (clone, ACT35), and PE-anti-human CD69 (clone,
FN50) Abs (all from BD Biosciences). Brilliant Stain Buffer (BD
Biosciences) was added to each sample. Stained PBMCs were
analyzed using an LSR II flow cytometer (BD Biosciences) with a
minimum target event count of 500,000 cells. Data were analyzed
using FlowJo software (version 10.7.1; BD Biosciences).

The frequencies of SARS-CoV-2-specific T cells (AIM+ T
cells; OX40+ CD137+ CD4+ T cells or CD69+ CD137+ CD8+ T
cells) (28) were evaluated. The percentages of target populations
in the unstimulated specimens (DMSO control) were subtracted
from those in the antigen-stimulated specimens to account for a
nonspecific response (19).

Detection of SARS-CoV-2 Antigen-Specific
Memory B Cells
To measure SARS-CoV-2-specific memory B cells, biotinylated
protein antigens were individually multimerized with
allophycocyanin (APC)-conjugated streptavidin (SA-APC;
Thermo Fisher Scientific) at 4°C for 1 h. Biotinylation was
Frontiers in Immunology | www.frontiersin.org 4
performed using the EZ-Link™ Sulfo-NHS-Biotinylation Kit
(Thermo Fisher Scientific) following the standard protocol of the
manufacturer. To make a complex of RBD + ACE2, RBD proteins
were incubated with ACE2 (1:1 molar ratio) at 4°C for 1 h.
Biotinylated spike proteins were multimerized with SA-APC at a
3.4:1 ratio, biotinylated RBD at a 1.4:1 ratio, biotinylated RBD-
ACE2 complex at a 3.85:1 ratio, and biotinylated at a 1.25:1 ratio.
SA-APC was used as a decoy probe, negative control, to gate out
SARS-CoV-2-nonspecific streptavidin-binding B cells.

After thawing, the PBMCs (3 × 106 cells/ml) were stained
with 40 nM antigen probe (Spike, RBD, RBD + ACE2, and NC),
and BUV395-anti-human CD19 (clone, SJ25-C1), BV421-anti-
human CD27 (clone, M-T271), BV605-anti-human IgM (clone,
G20-127), FITC-anti-human IgA (polyclonal), Alexa Fluor®

700-anti-human IgG (clone, G18-145), and PE-anti-human
IgD (clone, IA6-2) Abs (all from BD Biosciences, except for
FITC-anti-IgA Ab, from Thermo Fisher Scientific). Brilliant
Stain Buffer (BD Biosciences) was added to each sample.
Stained PBMCs were acquired using an LSR II flow cytometer
(BD Biosciences) with a minimum target event count of 200,000
cells and analyzed using FlowJo software (version 10.7.1;
BD Biosciences).

Statistical Analyses
The Kruskal–Wallis rank-sum test or linear-by-linear association
was performed to compare continuous and categorical clinical
characteristics, respectively, among the asymptomatic, mild, and
severe patients. Data are expressed as mean ± standard errors of
the mean (SEM) and as dot plots. The Kruskal–Wallis rank-sum
test with Dunn’s post hoc test for multiple comparisons was used
to compare the binding activity of Abs, phagocytic capability of
Abs, and frequencies of activated T cells upon antigenic
stimulation and antigen-specific memory B cells according to
disease severity. An unpaired two-tailed Student’s t-test was also
used to compare the binding capacity of Abs. The coefficient of
determination (R2) was calculated by linear regression analysis
between 8 and 12 months post-COVID-19.

P <0.05 was considered statistically significant. All statistical
analyses were two-tailed and performed using PASW for
Windows (version 25.0; IBM Corp., Armonk, NY, USA) or
GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA).
All graphs were generated using Prism 9.

High Dimensional Analysis
All data were analyzed using custom R scripts (R Foundation for
Statistical Computing, Vienna, Austria. Forty-seven parameters
were selected, namely, Ab, phagocytic capability, and cell
frequency data; participants with missing values were excluded.
Since each participant has multiple parameters from a different
experiment, the parameters should be reduced to interpret
relationship among participants. We adopted the principal
component analysis (PCA), a technique for stepping down the
dimension of a dataset by combining the parameters with
maximum variance, called PC, to determine the relationship
among participants. Thus, we projected the dataset combined
with multiple parameters onto the two-dimensional space by
sequentially orthogonal transforming the eigenvalues (i.e., PC) of
March 2022 | Volume 13 | Article 830433
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the uncorrelated low-dimensional spaces on each axis. The
Kruskal–Wallis rank-sum test with Dunn’s post hoc test for
multiple comparisons was used to compare PC scores
according to disease severity. To discover parameters related to
PC-1 or PC-2 axis in a quantitative approach, we assumed that
the axis-related parameters were significantly correlated with the
axes in PC space. Spearman correlation was used for comparing
the PC coordinates and levels of the 47 parameters using the cor.
test function in R with the “Spearman” option. The level of
significance was adjusted using Bonferroni correction for
multiple hypothesis testing. The heatmap data are Spearman’s
rank correlation coefficient (r) and adjusted P-values for each
feature versus PC-1 and PC-2, for all participants and for selected
participant groups compared to the severe group. Thus, the PCA
was used to determine factors exerting a major influence on the
progression of COVID-19. Source codes and data files are
available from the authors upon request.

RESULTS

Study Participants
A total of 24 patients (7, 9, and 8 patients who had asymptomatic,
mild, and severe COVID-19, respectively) were included in this
study (16). Among them, 7, 2, and 7 patients and 6, 9, and 8
patients in these three groups were available for analyses at 8
months and 1 year post-COVID-19, respectively. The clinical
characteristics and detailed information of each patient are
shown in Table 1 and Supplementary Table S1, respectively.

No patient had a history of immunodeficiency or re-exposure to
COVID-19 during the follow-up period. Themedian (range) ages of
the asymptomatic,mild, and severe patientswere 25 (20–28), 53 (24–
72), and 63 (39–76) years, respectively (P = 0.001). One mild and
three severe patients received baricitinib and two severe patients
received therapeutic doses of steroids during hospitalization.

Eight healthy volunteers were included in the HC (2021)
group. Their median (range) age was 39 (22–50) years, and four
(50.0%) were male.
Frontiers in Immunology | www.frontiersin.org 5
Proportional Ab Responses According to
Disease Severity
To assess the dynamics of Ab titers against SARS-CoV-2
infection over time, plasma specimens of COVID-19 patients
were collected 8 and 12 months after symptom onset. The
dynamics of IgM, IgA, IgG, and four IgG subclasses against
four SARS-CoV-2 specific proteins were measured using an in-
house enzyme-linked immunosorbent assay (ELISA) with a
1:100 titer (Figure 1 and Supplementary Figures S1–3).

First, we analyzed the correlation betweenAb responses and the
severity of COVID-19. The circulating IgG with binding reactivity
to SARS-CoV-2 spike, RBD, NC, and M proteins was positively
correlated with the severity of past COVID-19 (Supplementary
Figure S1, right column). With the exception of the M protein,
circulating IgA reactivities to SARS-CoV-2 spike, RBD, and NC
proteins positively correlated with the severity of COVID-19 in 8-
month samples, but not in 12-month samples, and the overall
binding response of IgA was weaker than that of IgG
(Supplementary Figure S1, middle column). In addition, IgG
showed a positive correlation in both 8 and 12-month samples,
but IgA did not show any detectable reactivity to four SARS-CoV-2
proteins in 12-month samples (Figure 1 and Supplementary
Figure S1, middle lane). However, IgM did not show a significant
binding response neither a positive correlation with the severity of
COVID-19. In general, most IgM plasma cells were short-lived,
especially compared to IgG plasma cells. Therefore, the Ab titer of
antigen-specific IgM, unlike IgM+ antigen-specific memory B cells,
decreases over time after infection [reviewed in (29)].

Thecirculating IgGat8months in asymptomaticpatients showed
the binding signals for only spike protein, and plasma IgM also
showed weak binding signals against spike protein (Figure 1 and
Supplementary Figures S2, S3). A major subclass of anti-spike IgG
in asymptomatic patients was IgG1 (Supplementary Figure S2).
Interestingly, the results indicated that most anti-spike IgM and IgG
may not inhibit the interaction between ACE2 and spike protein
because the circulating Abs did not show binding against RBD
protein (Figure 1 and Supplementary Figure S2).
TABLE 1 | Clinical characteristics of patients included in analyses for 1 year post-COVID-19.

HC (2021)
(n = 8)

Completely asymptomatic
(n = 7)

Mild
(n = 9)

Severe
(n = 8)

Pa

Age, median years (range) 39 (22–50) 25 (20–28) 53 (24–72) 63 (39–76) 0.001
Male gender, n (%) 4 (50.0) 5 (71.4) 3 (33.3) 6 (75.0) 0.831
Underlying diseases, n (%)
Diabetes mellitus 0 (0) 0 (0) 3 (33.3) 3 (37.5) 0.108
Hypertension 0 (0) 0 (0) 2 (22.2) 5 (62.5) 0.009

Maximal O2 demand NA No No HFNC (NP to MV) NA
Treatment, n (%)
Remdesivir NA 0 (0) 1 (11.1) 7 (87.5) <0.001
Baricitinib NA 0 (0) 1 (11.1) 3 (37.5) 0.054
Steroid NA 0 (0) 0 (0) 2 (25.0) 0.079
Days of sample collection from the onset of COVID-19, median (range)
For 8 months NA 231 (229–235) 237 (192–265) 197 (185–220) 0.003
For 12 months NA 351 (343–355)b 370 (315–383) 356 (318–368) 0.405
March 2022 |
 Volume 13 | Article
HC, healthy control; NA, not applicable; HFNC, high flow nasal canula; NP, nasal prong; MV, mechanical ventilation.
aHealthy control group was not included in the P-value calculation.
bOne patient was unavailable at 12-months post COVID-19.
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In addition, both mild and severe patients showed significant
Ab responses for NC and M protein, although these responses
weakened over time. A major isotype of SARS-CoV-2-specific
Abs was IgG in both mild and severe patients, and severe patients
showed higher Ab responses to four SARS-CoV-2 proteins than
mild patients. In particular, anti-NC Abs in severe patients were
mainly composed of IgG1 and IgG2 (Supplementary Figure S2).
Frontiers in Immunology | www.frontiersin.org 6
In summary, threenoteworthy results emerged fromthe analysis of
humoral immunity. First, overall Ab responses were proportional to
the severity of COVID-19, as previously reported (30–32). Second,
most anti-spikeAbs in asymptomatic patients were non-RBDbinding
Abs, but severe patients had high levels of RBD-binding Abs. Third,
mild and severe patients had the detectable circulating Abs for four
SARS-CoV-2 proteins, in contrast to asymptomatic patients.
A

B

FIGURE 1 | Longitudinal analysis of anti-SARS-CoV-2 antibody in COVID-19 patients over time according to the severity of illness. (A) Schematic illustration (created
with BioRender.com) of experimental design for analyzing humoral and cellular immune response to SARS-CoV-2 according to the disease severity, including Figures 1–
4. (B) Binding activities of each Ig isotype to SARS-CoV-2 proteins. Diluted plasma samples (1:100) in PBS were incubated with SARS-CoV-2 spike protein, receptor-
binding domain (RBD), nucleocapsid (NC), and M protein. Corresponding isotyping Abs determined binding activities of IgM, IgA, and IgG to SARS-CoV-2 antigens. ASx,
asymptomatic (8-month: n = 7, 12-month: n = 6), Mild (8-month: n = 2, 12-month: n = 9), Severe (8-month: n = 7, 12-month: n = 8). Statistical analyses were performed
using the Kruskal–Wallis rank-sum test with Dunn’s post hoc test in GraphPad Prism (n.s.: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001).
March 2022 | Volume 13 | Article 830433
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Antibody-Dependent Cellular
Phagocytosis (ADCP) According to
Disease Severity
Next, we examined the phagocytic capability of circulating Abs
using THP-1 cells. RBD-coated green -> red fluorescent beads were
incubated with plasma for Ab-mediated opsonization, followed by
incubation with THP-1 cells for 2 h at 37°C, as previously reported
(26, 33). THP-1 cells show low FcgRI expression, and high FcgRIIa
and FcaRI expression, where these are regarded as the major
scavenger receptors for ADCP activity (26, 34). Thus, for ADCP,
the concentration and affinity of IgA and IgG against antigens are
critical, and the phagocytic ability of Abs was shown in proportion
to the IgA and IgG levels of each patient (Supplementary Figures
S1, S3). As expected, the phagocytic capability of Abs was highest in
severe patients, but interestingly, there was no significant difference
in the phagocytic capacity of circulating Abs between mild and
asymptomatic patients (Figure 2).
Memory B-Cell Responses to SARS-CoV-2
According to Disease Severity
To assess the memory B-cell responses to SARS-CoV-2 for
comparison with the Ab responses by long-lived plasma cells,
we assessed the SARS-CoV-2-specific memory B cells by staining
PBMC APC-multimeric SARS-CoV-2 antigens (spike, RBD,
complex of RBD + ACE2, and NC) together with isotype-
specific Abs (anti-IgM, anti-IgA, and anti-IgG Abs)
(Supplementary Figure S4).

Four noteworthy results emerged. First, the percentages of all
SARS-CoV-2 antigen-specific memory B cells were proportional
to the severity of COVID-19, and the severe group consistently
showed higher proportions of all IgM+, IgA+ and IgG+ memory B
cells compared to the other groups. The abundance of memory B
cells according to Ab isotype (IgM, IgA, IgG, and IgD) was in the
order of IgG > IgA > IgM (Figure 3), similar to the circulating
Frontiers in Immunology | www.frontiersin.org 7
responses (Figure 1). Second, the percentages of spike-specific
memory B cells were similar to those of NC-specific memory B
cells. This was seen in all severity groups and Ab isotypes
(Figure 3). In addition, the severe group showed a higher
frequency of IgM+ NC-specific memory B cells compared to the
asymptomatic and mild groups, but the frequencies of IgM+ spike-
and NC-specific memory B cells were otherwise equivalent
(Figures 3A). For IgA+ spike- RBD, RBD + ACE2, and NC-
specific memory B cells, the mild and severe groups showed higher
frequencies than the asymptomatic and HC (2021) groups, and
both showed equal levels (Figures 3C). For IgG+ spike- and NC-
specific memory B cells, the mild and severe groups showed
similar frequencies, and the asymptomatic group had equivalent
levels with the HC (2021) group (Figures 3E). Third, the
asymptomatic group had fewer neutralizing B cell receptors
(BCRs) than the mild and severe groups (Figures 3B, D).
However, there were no statistical differences in the frequency of
memory B cells with (presumed to be) non-neutralizing (complex
of RBD + ACE2 reactive Abs) BCRs according to severity,
although their average frequency in the mild and severe groups
was higher than in the asymptomatic and HC (2021) groups. In
the asymptomatic and HC (2021) groups, the percentage of IgG+

RBD-specific memory B cells (mean ± SEM, 1.21 ± 0.37% for HC
(2021), 1.07 ± 0.41% for ASx) was similar to that of complex of
RBD + ACE2-specific memory B cells (1.06 ± 0.27% for HC
(2021), 1.05 ± 0.40% for ASx). However, the mild group showed a
slightly higher percentage of RBD-specific IgG+ memory B cells
(2.88 ± 0.44%) than that of complex of IgG+ RBD + ACE2-specific
memory B cells (1.47 ± 0.29%). Moreover, the difference between
them was significantly larger in the severe group (7.49 ± 0.95% for
RBD and 3.34 ± 0.69% for the complex of RBD + ACE2). This was
consistent with the IgA+ B-cell responses (Figure 3) and suggests
that severe patients have a longer memory B cell response for
neutralizing BCRs against SARS-CoV-2, where this memory B cell
response was proportional to the severity of COVID-19.
FIGURE 2 | In vitro phagocytic capability assays according to the severity of illness. ADCP assays with THP-1 cells as effectors and RBD-coated fluorescent,
carboxylate-modified 1 mm red (580/605 nm, F8821) bead as targets (effector: target ratio of 10:1). RBD-coated red beads were pre-incubated with the diluted
plasma for 20 min and then incubated with THP-1 cells for 2 h. Phagocytic activities were determined by flow cytometric analysis. % of Phagocytosis = numbers of
red (580/605 nm) − positive THP-1 cells/numbers of total THP-1 cells × 100. Results are representative data from three independent experiments. Statistical analysis
was performed using the Kruskal–Wallis rank-sum test with Dunn’s post hoc test in GraphPad Prism (n.s.: P > 0.05, **P < 0.01).
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Finally, for non-class-switched IgD+ memory B cells, memory
responses to spike, RBD, and NC proteins were also generated in
patients with COVID-19 (Supplementary Figure S5).

Both circulating Ab and memory B-cell responses showed a
positive correlation with the severity of COVID-19. In addition,
the mild and severe groups showed stronger RBD reactivity and
ACE2 competitive binding than asymptomatic patients. This
suggests that memory B cells had more neutralizing activity in
the mild and severe groups than the asymptomatic group.

Memory T-Cell Response to SARS-CoV-2
According to Disease Severity
The frequencies of SARS-CoV-2-specific CD4+ (OX40+CD137+)
T cells were significantly higher in mild and severe patients than
Frontiers in Immunology | www.frontiersin.org 8
healthy controls (Figure 4). However, SARS-CoV-2-specific
CD8+ (CD69+CD137+) T-cell responses were not statistically
different from those of healthy controls. Memory T-cell
responses at 1 year post-COVID-19 were most evident in
CD4+ T cells in symptomatic patients, consistent with previous
reports of memory T-cell responses at 8 months post-symptom
onset (23).

Integrated Analysis of Immune Responses
to SARS-CoV-2 According to Disease
Severity
To investigate immune components explaining variation in
disease severity, we performed PCA using 47 integrated
parameters, namely, Abs against SARS-CoV-2 antigens,
A B

D

E
F

C

FIGURE 3 | Memory B-cell responses against SARS-CoV-2 according to the severity of illness. (A, C, E) Representative gating strategy for IgM+, IgA+, and IgG+

antigen-specific memory (CD27+ CD19+) B cells. (B, D, F) Frequencies of IgM+, IgA+, and IgG+ antigen-specific memory B cells according to the severity of illness
and different antigens. Statistical analysis was performed using the Kruskal–Wallis rank-sum test with Dunn’s post hoc test in GraphPad Prism (n.s.: P > 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001).
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phagocytic capability of Ab, and frequencies of antigen-specific
memory cells from 22 selected participants. In PC space, mild
and severe groups were discriminated from healthy and
asymptomatic groups, indicating that the 47 immune
responses are valuable for investigating differences in severity
(Figure 5). Interestingly, the severe and mild groups were mainly
distributed over the PC-1 and PC-2 axes, respectively (Figure 5),
suggesting that the features defining PC-1 and PC-2 could be the
main immune responses of the mild and severe groups.

Next, we determined the contribution of all parameters
(immune responses) to PC-1 and PC-2 in all group comparisons,
and then calculated the Spearman’s correlation coefficient (r) for all
samples to identify significant features (adjusted P <0.05) reflecting
PC-1andPC-2 (Figure5). Further, to select featureswith consistent
correlation trends regardless of disease group, we performed
additional correlation analysis between the features and PC axes
using selectedparticipants fromthegroups,filteringout featuresout
of the detection range. Nine features were found to represent PC-1,
namely, ADCP, IgM+, and IgA+ spike- and NC-specific memory B
cells [spikememB (IgM, IgA), NCmemB (IgM, IgA)], IgM+, IgA+

and IgG+ RBD-specific memory B cells [(RBD mem B (IgM, IgA,
IgG)], and anti-RBD IgG. Three features were found to be
associated with PC-2, namely, anti-NC IgG1, anti-spike IgG1, and
IgD+ RBD-specific memory B cells [RBD mem B (IgD)]. In
addition, the majority of the selected features (7 of 9) correlated
with PC-1 are antigen-specific memory B cells, and the features
correlated with PC-2were Abs (2 of 3 features). Interestingly, none
of the features satisfied the criteria for both PC-1 and PC-2
(Figure 5), suggesting that mild and severe patients display
distinct immune responses.

In summary, this unbiased integrated analysis of 47 parameters
of immune responses against SARS-CoV-2 enabled us to identify
key features distinguishing mild and severe disease groups from
healthy and asymptomatic groups. The overall responses of
memory B cells and phagocytic capability of Abs correlated with
the severity of SARS-CoV-2 infection, indicating that an integrated
analysis of the humoral immune response-related features can
determine the immunological characteristics of severe disease.
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Patients with severe COVID-19 had increased expression of
spike- and NC-specific memory B cells, which play a crucial role
upon SARS-CoV-2 reinfection, whereas anti-NC IgG1 and anti-
spike IgG1 were abundant in patients with mild COVID-19,
enabling discrimination based on disease severity.
DISCUSSION

In this study, we evaluated humoral and cellular immune responses
1 year post-COVID-19, in terms of the binding activities of
circulating Abs to SARS-CoV-2-specific proteins, phagocytic
capability of circulating Abs, and memory B- and CD4+ T-cell
responses. We firstly showed that the breadth and functionality of
serologic and cellular responses, particularly phagocytic capacity of
antibodies and memory B-cell responses, were dependent on the
severity of the prior infection, even at 1 year post-COVID-19.

Although we only measured circulating Ab levels, and not
respiratory mucosal Abs, there were several key findings. It is
very important to determine how long a convalescent patient
maintains a protective immune response to SARS-CoV-2,
because this has practical significance for optimal vaccination
timing in those who have had a natural infection with SARS-
CoV-2, and explain the seemingly higher rate of SARS-CoV-2
reinfection in those who had mild or asymptomatic compared to
severe illness (12–14). Although the level of neutralizing Ab, a
potential correlate of protection (COP) (30), is known to be
higher in severe than in mild or asymptomatic patients for up to
1 year post-COVID-19 (35), our study yielded several additional
findings suggesting differences in the level of protective
immunity according to the disease severity.

First, humoral and cellular responses showed a strong positive
correlation with the severity of past COVID-19 (Figures 1, 3 and
Supplementary Figure S1) (36) and the severe group had a
higher proportion of ACE2-competitively RBD-binding memory
B cells than the asymptomatic and mild groups (Figure 3),
although the exact reason has not been clarified yet.
Meanwhile, the higher levels of SARS-CoV-2 antigen-specific
A
B

FIGURE 4 | Frequencies of SARS-CoV-2-specific activation-induced markers (AIM)+ CD4+ or CD8+ T cells according to the severity of illness. (A) Frequencies of
SARS-CoV-2-specific AIM+ (OX40+CD137+) CD4+ T cells according to the severity of illness. (B) Frequencies of SARS-CoV-2-specific AIM+ (CD69+CD137+) CD8+ T
cells according to the severity of illness. Statistical analyses were performed using the Kruskal-Wallis rank-sum test with Dunn’s post hoc test in GraphPad Prism
(n.s. : P > 0.05, *P < 0.05, **P < 0.01).
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Ab titers in severe patients (Figure 1) are possibly due to a higher
viral load (37) or excessive activation of T cells (23, 38).

Second, the severe group still has ADCP capacitymaintained by
circulating Abs, in contrast to the mild and asymptomatic groups
(Figure 2). Our results showed that the severe group had strong
anti-SARS-CoV-2 IgA and IgG responses, which can activate
scavenger receptors, such as Fcg and Fca receptors (39), more
strongly during both humoral and cellular responses compared to
mild and asymptomatic groups (Figures 1, 3). Recent studies have
Frontiers in Immunology | www.frontiersin.org 10
reported that neutralizing Abs can prevent reinfection, and non-
neutralizing Abs do not prevent reinfection [reviewed in (40)]. Still,
they can reduce the severity by clearing infected cells through Fc-
mediated effector functions in the animal model (41). Our results
also showed that plasma Abs in the severe group were sufficient to
dophagocytosis, and this resultmay suggest thepossibilityofmilder
course of reinfection in the severe patients.

Third, the severe group showed higher anti-NC Ab levels than
the other severity groups. In fact, complement hyperactivation by
A B

C D

FIGURE 5 | Integrated analysis of immune components to SARS-CoV-2 according to the severity. (A) Principal component analysis (PCA) of aggregated immune
responses data against SARS-CoV-2, namely, circulating Abs against SARS-CoV-2 proteins, the Ab-dependent phagocytic capability of plasma, and frequencies of
antigen-specific memory cells over disease severity of illness from PBMCs collected at 12 months in patients and healthy subject. HC (2021): healthy control (n = 5), ASx:
asymptomatic (n = 4), Mild (n = 6), Severe (n = 7). (B) Summary boxplots of PC-1 and PC-2 scores over disease severity of illness. Statistics were calculated using non-
parametric ANOVA with correction for multiple comparisons using statistical hypothesis testing (Dunn’s test) (n.s.: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001). Boxplots
represent median with interquartile range. (C) Correlations of antigen-specific immune responses against the PC-1 and PC-2, displaying contributions of 47 immune
components to PC-1 and PC-2 in group comparisons. The color represents Spearman’s rank correlation coefficient (r); red color indicates positive correlations, and blue
indicates negative correlations among patient groups of disease severity. Statistics were adjusted using Bonferroni correction in the consideration of multiple statistical
hypothesis n.s.: adj. P >0.05, * adj. P < 0.05, ** adj. P < 0.01, *** adj. P < 0.005, **** adj. P < 0.001. (D) Representative scatter plots displaying the relative levels of
selected features onto PC space. The color represents z-score of each feature according to heat scale ranges from purple (low) to yellowish brown (high) color. PC-1,
principal component-1; PC-2, principal component-2; mem B, memory B cells.
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NC is a key feature of severe COVID-19 (42). It is implicated in
its pathogenesis (43, 44), but a correlation between anti-SARS-
CoV-2 Abs and complement hyperactivation has not been
clearly identified (45, 46). A recent report suggested that anti-
NC Abs are capable of suppressing NC-mediated complement
hyperactivation (46). In our study, severe patients maintained
strong humoral and cellular immune responses against NC
compared to the other groups, which may explain the very low
reinfection rate in the severe group. Although these Abs have not
yet been extensively studied as COP candidates, they are all
highly likely to protect against SARS-CoV-2 reinfection, or at
least to successfully control the virus during the early stage of the
disease (47, 48), and merit further evaluation.

Fourth, defective follicular helper T-cell differentiation and
humoral immune-induced dysregulation are known to occur in
the early stage of COVID-19 (49). The result of this study
enhances our understanding that the higher long-term
memory B-cell response in severe patients than in mild ones is
restored by the germinal center response, albeit later, that occurs
after the extrafollicular response (29).

Overall, these features of humoral and cellular immune responses
could provide a clue for tailored vaccination of COVID-19 patients.
COVID-19 vaccination is currently recommended in patients with a
history of natural infection with SARS-CoV-2 (50). Since it has been
reported that broader and stronger immune responses could be
achieved by vaccination of those who have had COVID-19, which
might be particularly helpful in the era of variants (51, 52),
vaccination of such patients is widely accepted. However, there is a
still paucity of data on the timing andnumber of doses that should be
given to those previously infected with SARS-CoV-2 (50). Our study
showed that immune responses at 1 year post-COVID-19 differed
according to the severity of the original illness, which indicates that
vaccination strategies should prioritize certain groups and adjust the
timing of vaccination post-COVID-19, for example. Patients who
had asymptomatic or mild illness might be vaccinated earlier than
severe patients, since asymptomatic and mild patients exhibit lower
levels of humoral protection and memory responses against SARS-
CoV-2 than severe patients at 1 year post-COVID-19.

There are several limitations in the present study. First, since we
could not follow up immune responses from the right after the
infection, it was difficult to assess longitudinal or relative lasting
immunity. Second, the samples for 8months post-COVID-19were
collected significantly earlier in severe patients than in mild or
asymptomatic ones. However, the samples were drawn in similar
timepoints for 1 yearpost-COVID-19,whichwewould like to focus
on our study. Third, because the age distribution was not identical
for each group, the values from healthy control group should be
interpreted cautiously.

In conclusion, we observed significant humoral and cellular
immune responses against SARS-CoV-2 at 1 year post-COVID-19,
inparticular thephagocytic capacity of circulatingAbs andmemory
B-cell responses; the magnitude of these responses was greater in
severe than mild and asymptomatic patients. To enhance our
understanding of COVID-19 and improve vaccination strategies,
further studies on these immune responses against SARS-CoV-2
are warranted.
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Supplementary Figure S1 | Correlation of antibody response and severity of
COVID-19 patients. Each antibody’s relative binding activity to SARS-CoV-2-
specific protein was presented with severity of COVID-19 patients. Coefficient of
determination (R2) was calculated by linear regression analysis. ASx: asymptomatic
(8-month: n = 7, 12-month: n = 6), Mild (8-month: n = 2, 12-month: n = 9), Severe
(8-month: n = 7, 12-month: n = 8).

Supplementary Figure S2 | Binding activities of four IgG subclasses to SARS-
CoV-2 proteins. Diluted plasma samples (1:100) in PBS were incubated with SARS-
CoV-2 spike, RBD, NC and M protein. Binding activities of IgM, IgA, and IgG to
SARS-CoV-2 antigens were determined by proper Abs. HC (2021): healthy control
(n = 8), ASx: asymptomatic (8-month: n = 7, 12-month: n = 6), Mild (8-month: n = 2,
12-month: n = 9), Severe (8-month: n = 7, 12-month: n = 8). Statistical analyses
were performed using the Kruskal-Wallis rank-sum test with Dunn’s post hoc test in
GraphPad Prism (n.s.: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001).

Supplementary Figure S3 | Relative binding activities to each antigen of anti-SARS-
CoV-2 antibody in COVID-19 patients over time. Antibody binding capacity to each
Frontiers in Immunology | www.frontiersin.org 12
antigen shown in Figure 1 was normalized based on the value for HC. HC (2021):
healthy control (n = 8), ASx: asymptomatic (8-month: n = 7, 12-month: n = 6), Mild (8-
month: n = 2, 12-month: n = 9), Severe (8-month: n = 7, 12-month: n = 8).

Supplementary Figure S4 | Representative gating strategy used for flow
cytometric analysis for memory B-cell response. Gating strategy to analyze viable
IgG+, IgA+, IgM+, and IgD+ memory B cells.
Supplementary Figure S5 | Frequencies of IgD+ antigen-specific memory B
cells according to the severity of illness. A Representative gating strategy for IgD+
antigen-specific memory B cells. B Frequencies of IgD+ antigen-specific memory B
cells according to the severity of illness and different antigens.

Supplementary Figure S6 | Representative gating strategy used for flow
cytometric analysis for memory T-cell response. Gating strategy to analyze viable
OX40+CD137+ CD4+ T cells and CD69+CD137+ CD8 T+ cells.
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