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Introduction: Among patients with coronavirus disease 2019 (COVID-19), the factors that affect anti-
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibody production remain unclear.
This study aimed to identify such factors among patients convalescing from COVID-19.
Methods: This study comprised patients who had been diagnosed with COVID-19 between January 1 and
June 30, 2020 and gave consent for anti-SARS-CoV-2 spike protein antibody measurement using enzyme-
linked immunosorbent assay during their acute and/or convalescent phases. Factors related to elevated
antibody titers and the relationship between the days from disease onset and the development of
antibody titers were assessed.
Results: A total of 84 participants enrolled in the study. Nineteen participants had antibody titers
measured during the convalescent phase only, and 65 participants had antibody titers measured during
the acute and convalescent phases. The antibody titers peaked in weeks 5 and 6. The stepwise multi-
variate log-normal analysis revealed that male sex (P ¼ 0.04), diabetes mellitus (P ¼ 0.03), and high C-
reactive protein levels during the disease course (P < 0.001) were associated with elevated IgG anti-
bodies. Glucocorticoid use was not associated with antibody titers.
Conclusion: The study found that high values of maximum CRP levels during the acute phase, male sex,
and diabetes mellitus were associated with elevated antibody titers. Antibody titers tended to be highest
in the first 5 or 6 weeks after the onset of symptoms.

© 2021 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The global spread of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection following an outbreak in Wuhan,
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China, at the end of 2019 has had a significant effect on people's
health and lives [1]. As of August 6, 2020, approximately 18.6
million people have been infected worldwide, of which 3.8% have
died [2].

Many aspects of coronavirus disease 2019 (COVID-19) antibody
production remain unknown. In patients with COVID-19, serocon-
version of specific anti-SARS-CoV-2 IgM and IgG antibodies has
been observed as early as the fourth day after symptom onset [3].
Long et al. [4] reported that patients with COVID had elevated anti-
SARS-CoV-2 IgM and IgG antibodies within 19 days. However,
usDiseases. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:skutsuna@hosp.ncgm.go.jp
mailto:ssaito@hosp.ncgm.go.jp
mailto:ssaito@hosp.ncgm.go.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiac.2021.01.006&domain=pdf
www.sciencedirect.com/science/journal/1341321X
http://www.elsevier.com/locate/jic
https://doi.org/10.1016/j.jiac.2021.01.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jiac.2021.01.006
https://doi.org/10.1016/j.jiac.2021.01.006


S. Kutsuna, Y. Asai, A. Matsunaga et al. J Infect Chemother 27 (2021) 808e813
precise information is limited concerning the persistence of anti-
body and factors that influence antibody levels.

In addition, there are no known effective drugs against COVID-
19, other than remdesivir, which has been reported to shorten
the course of the disease [5,6]. Under these circumstances, trans-
fusion of convalescent plasma (CPT) donated by patients who have
recovered from the infection is a promising treatment option. For
life-threatening viruses such as severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory syndrome coro-
navirus (MERS-CoV) and Ebola virus, CPT has been used based on
the premise that neutralizing antibodies (nAbs) in the donor
plasma, attenuate viral production in the recipients [7]. Although
several CPTclinical trials have been conducted in COVID-19 patients
and have had favorable clinical outcomes [8e14], most studies
were conducted on small numbers of participants; thus, they could
not draw definite conclusions regarding CPT efficacy. To prove CPT
efficacy, controlled trials on large numbers of patients are essential,
necessitating establishing a large donor cohort of COVID-19 pa-
tients with high neutralizing antibody activity.

SARS-CoV-2, a b-coronavirus with approximately 80% genetic
sequence identity with SARS-CoV, has 4 structural viral proteins of
nucleocapsid, envelope, membrane and spike proteins, and 16 non-
structural proteins [15]. Among these molecules, the spike protein
is a promising target for nAbs, to which several neutralizing
monoclonal antibodies to SARS-CoV and MERS-CoV have been
generated [15]. The spike protein is a large molecule with approx-
imately 1250 amino acids composed of S1 and S2 fragments: S1 has
an amino-terminal domain and receptor-binding domain (RBD)
attaches to host cells via a cellular receptor, angiotensin-converting
enzyme-2. In contrast, S2 contains a carboxy-terminal domain
required to fuse the virus to the cellular membrane [15]. In recently
reported CPT clinical trials, convalescent plasmas were screened by
an enzyme-linked immunosorbent assay (ELISA) using RBD as an
antigen [8,9]. However, it has been reported that nAbs in SARS-CoV
and MERS-CoV patients also targets the S2 or S1/S2 proteolytic
cleavage site [15], implying that it is feasible to screen COVID-19
convalescent patients by using a full-length spike protein instead
of RBD alone. Additionally, if we can find clinical information and
laboratory data closely linked to the high anti-spike antibody titers,
it would be advantageous to select candidate donors efficiently.
This study aimed to determine factors that are likely to influence
adequate antibody production in patients convalescing after
COVID-19.
2. Materials and methods

2.1. Study design and participants

Patients diagnosed with COVID-19 between January 1 and June
30, 2020, in Japan, and who gave consent for antibody titer mea-
surement during their convalescent phases were enrolled in the
study. A diagnosis of COVID-19 was defined as a positive SARS-CoV-
2 polymerase chain reaction test on a nasopharyngeal or sputum
sample. The date of onset and the date of blood collection were
recorded, and the number of days since the onset was calculated
and recorded for each sample tested for antibody titers. In addition
to the measurement of antibody titers, data on the date of onset,
age, sex, height, weight, medical history, oral medications, illness
severity, oxygen administered during hospitalization, presence of
pneumonia, use of respiratory support, steroid administration,
maximum temperature, maximum levels of C-reactive protein
(CRP), lactate dehydrogenase (LDH), fibrinogen, and D-dimer dur-
ing acute phase of COVID-19 were extracted from the participant
medical records.
809
2.2. Detection of anti-SARS-CoV-2 spike protein antibody using an
ELISA

Plasmid DNA encoding a full-length SARS-CoV-2 spike protein
was provided by Drs. N.M.A. Okba and B.L. Haagmans (Department
of Viroscience, Erasmus Medical Center, The Netherlands) [16]. A
recombinant spike protein was expressed using an Expi293
Expression System (Thermo Fisher Scientific, Waltham, MA).
Briefly, Expi293 cells were maintained in an Expi293 expression
medium at 37 �C in 5% CO2 at a vibration of 125 rpm. The plasmid
DNA was transfected with ExpiFectamine 293 Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer's protocol. The cells were harvested after 3 days and sus-
pended in lysis buffer (20 mM Tris-HCl [pH 8.0], 500 mM NaCl,
1 mM EDTA, 10 mM b-mercaptoethanol, 0.1% NP-40, and 5% glyc-
erol), then sonicated and centrifuged for 30 min at 10,000 rpm. The
supernatant was incubated with Strep-Tactin Superflow Agarose
beads (Merk Millipore, Burlington, MA) for 3 h at 4 �C. After
washing in the lysis buffer, protein was eluted using a Strep-Tactin
Elution Buffer with Desthiobiotin (IBA Life Sciences, G€ottingen,
Germany). The purified protein was coated onto a MaxiSoap 96-
well ELISA plate (Thermo Fisher Scientific) at 2.5 mg/mL and then
incubated with a 1/800 diluted serum/plasma sample obtained
from patients with COVID-19. The captured anti-spike antibodies
were detected with an anti-human IgG conjugated with horse-
radish peroxidase (GeneTex, Irvine, CA, USA) and 3,30,5,50-tetra-
methylbenzidine substrate solution (Nacalai Tesque, Kyoto, Japan).
Then, absorbance at 450 nm wave-length (AbOD450) was
measured using a microplate reader (Bio-Rad, Irvine, CA, USA).
Samples of individuals whowere free of SARS-CoV-2 infectionwere
used as a negative control. In contrast, samples of infected patients
with high levels of anti-spike antibodies were used as positive
control. Each samplewas assayed in triplicate, and all measurement
values were normalized in terms of positive control values.

2.3. Statistical analysis

Quantitative variables were described as medians and inter-
quartile ranges. Categorical variables were presented as frequencies
and percentages. The stepwise multivariate log-normal analysis
was used to determine the significant predictors of high antibody
titers. In the multivariate model, we included factors that showed a
univariate association of P < 0.1 and factors that were considered
clinically important. When there was a correlation among the
variables, the study investigators selected the most relevant factor
contributing to increased antibody titers. All analyses were con-
ducted using R (Version 3.5.1., R Core Team, Vienna, Austria, 2018).

Ethical approval

The study was approved by the Ethics Commission of the Na-
tional Center for Global Health and Medicine, Japan (NCGM-G-
003536-00 and NCGM-G-003472-03). Written informed consent
was obtained from all patients.

3. Results

A total of 84 participants were enrolled in this study. Nineteen
participants had antibody titers measured during the convalescent
phase only, and 65 patients had antibody titers measured during
the acute and convalescent phases. In the 65 patients with two
antibody measurements, all of whom had higher antibody titers
during the convalescent phase, we included the titers during the
convalescent phase in our analysis.



Table 1
Participant characteristics and clinical information related to the hospital stay for
COVID-19.

Characteristic Total (N ¼ 84)

Baseline and demographic data

Age (years), median (IQR) 50 (38e65)
Male, n (%) 59 (70.2)
Height (cm), median (IQR) 167.8 (162.2e173.9)
Weight (kg), median (IQR) 67.1 (59e75.5)
BMI, median (IQR) 24 (21.3e26.4)
Medical history and smoking status
Hypertension, n (%) 27 (32.1)
DM, n (%) 18 (21.4)
Hyperlipidemia, n (%) 20 (23.8)
Smoker, n (%) 32 (38.1)
COPD, n (%) 5 (6.0)
Myocardial Infarction, n (%) 1 (1.2)
Arrhythmia, n (%) 7 (8.3)
Medications
ACEI/ARB, n (%) 14 (16.7)
Beta-blocker, n (%) 8 (9.5)
During hospital stay
Oxygen inhalation, n (%) 35 (41.7)
Presence of pneumonia, n (%) 71 (84.5)
Mechanical ventilation, n (%) 15 (17.9)
Glucocorticoid use, n (%) 24 (28.6)
Peak body temperature, median (IQR) 38.5 (37.6e39)
Maximum CRP, Median (IQR) 6.8 (1.7e16.3)
Maximum LDH, Median (IQR) 304 (241e467.8)
Maximum fibrinogen, median (IQR) 548 (381e654)
Maximum D-dimer, median (IQR) 0.8 (0.5e2.3)

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blocker; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; CRP, C-reactive protein; DM, diabetes mellitus; IQR, interquartile range;
LDH, lactate dehydrogenase.
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Table 1 shows the basic characteristics of the 84 participants.
Significant differences were found between antibody titer levels
and age (P ¼ 0.006), sex (P ¼ 0.06), hypertension (P ¼ 0.07), dia-
betes mellitus (DM) (P ¼ 0.02), hyperlipidemia (P ¼ 0.009), smok-
ing (P ¼ 0.02), chronic obstructive pulmonary disease (P ¼ 0.04),
inhalation of oxygen during hospitalization (P ¼ 0.02), ventilatory
management (P ¼ 0.06), glucocorticoid use (P ¼ 0.03), maximum
temperature (P¼ 0.003), maximum CRP level (P < 0.001), LDH level
(P < 0.001), and fibrinogen level (P ¼ 0.01) during the course of the
disease (Table 2). The stepwise multivariate log-normal analysis
revealed that male sex (P ¼ 0.04), DM (P ¼ 0.03), and high values of
maximum CRP levels during the acute phase (P < 0.001) were
associated with elevated IgG antibodies (Table 2). Glucocorticoid
use was not associated with the antibody titers.

The antibody titers according to time since disease onset are
shown in Fig. 1. The antibody titers peaked betweenweeks 5 and 6.
Fig. 1 also shows the distribution of antibody titers according to sex,
the presence or absence of DM, and CRP levels.
4. Discussion

We first carried out an ELISA with a full-length S protein and
detected that 65 out of 84 participants (77.3%) were positive for the
antibody. Then, by comparative studies with clinical information,
we successfully extracted 4 clinical indices, sex, diabetes, no intu-
bation but the highest CRP level, which are correlated with the high
anti-spike antibody titers. Our data are partially consistent with a
preprint report that high nAbs are correlated with high CRP levels
on admission [17]. Our study found that male sex, DM, and high
values of maximum CRP levels during the acute phase were asso-
ciatedwith higher antibody titers, with CRP levels showing a strong
correlation.
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Most patients with COVID-19 appear to produce IgM, IgG, and
neutralizing antibodies within 14 days [18], however, not all pa-
tients convalescing after COVID-19 produce similar levels of anti-
body titers [19]. Long et al. [20] found that many patients had lower
IgG antibody titers during the convalescent phase than during the
acute phase and that 40% of asymptomatic infections and 12.9% of
symptomatic infections were seronegative in the early convales-
cent phase. In our study, the highest antibody titer levels were
found in the fifth, sixth, and seventh week after onset. In terms of
collecting convalescent plasma from patients, it appears that the
highest levels of antibody titers can be obtained from patients at
5e6 weeks from the disease onset.

Our analysis did not test for differences in antibody titers with
severity of disease. In our study in the same cohort in which the
relationship between disease severity and antibody titers was
examined, antibody titers tended to be higher in moderate and
severe disease than in mild disease. However, both moderate and
severe disease titers tended to decline after 60 days from onset [20].
However, Long et al. [21] reported lower IgG levels in asymptom-
atically infected individuals than in symptomatic infected in-
dividuals, and Robbiani et al. [19] reported higher anti-RBD
antibodies in hospitalized patients than in outpatients, suggesting
an association with disease severity. Similarly, Zhao et al. [22] re-
ported that the severity of the disease correlated with the degree of
antibody elevation. On the other hand, some reports suggest that
elevated antibody titers do not correlate with the severity of the
disease [23]. In our study, DMwas shown to result in high antibody
titers, but DM has also been identified as a risk factor for severe
COVID-19 [24]. The relationship between the risk of severe disease
and antibody production may be complex and challenging to
understand.

In our study, higher CRP levels were more associated with
higher antibody titers than disease severity. Measurement of serum
CRP levels is in widespread clinical use as a sensitive marker of
inflammation. In response to cytokines such as IL-6 and IL-1b, the
hepatic expression of CRP increases [25]. IL-6 is reported to be
elevated in patients with COVID-19, ranging from 1 in 4 to
approximately half of such patients [26,27]. Investigators have re-
ported that patients with severe COVID-19weremore likely to have
elevated IL-6 than non-critical cases. In addition to IL-6, CRP itself
has been reported to correlate with disease severity [24,28].
Although disease severity and CRP may be confounders of each
other; we believe that CRP is more likely to be the factor associated
with elevated antibody titers.

In our study, higher antibody titers were found in men than in
women. Zeng et al. [29] have reported on the differences in the
production of SARS-CoV-2 IgG antibodies occurring between males
and females. They found no difference in mild and moderate dis-
ease, whereas, in severe cases, females were found to have higher
antibody titers than males. In contrast, as with our study, Robbiani
et al. [19] reported higher anti-RBD IgG in men than in women. Sex
differences in relation to COVID-19 have been a focus of study, with
more deaths reported among males than females in China, Italy,
and the United States [3e32]. Androgens may play a role in the
difference in the severity of the disease betweenmales and females
[33]. The androgen receptor regulates transcription of the trans-
membrane protease, serine 2 (TMPRSS2), required for SARS-CoV-2
infectivity. There have been reports of more severe cases in patients
with androgenetic alopecia [34,35]. The difference in the risk of
severe disease and levels of antibody titers between males and
females may be related to the role of androgens and expression
levels of TMPRSS2.

This study had some limitations. First, serum samples during the
convalescent period were collected more than 21 days after the
onset of illness. The number of days from disease onset was not the



Table 2
Univariate and stepwise multivariate log-normal analysis of antibody titers related to various potentially associated factors.

Variables Estimate Standard error P

Univariate analysis

Age 0.0149 0.0053 .006
Sex �0.5430 0.2808 .06
Height 0.0138 0.0119 .25
Weight 0.0064 0.0062 .31
BMI 0.0126 0.0224 .58
Hypertension 0.3490 0.1898 .07
DM 0.4468 0.1908 .02
Hyperlipidemia 0.4933 0.1849 .009
Smoking 0.4483 0.1891 .02
COPD 0.5423 0.2612 .04
Myocardial Infarction �1.0400 2.5189 .68
Arrhythmia �0.0116 0.3585 .97
ACEI/ARB 0.0973 0.2471 .70
Beta-blocker use 0.3840 0.2478 .13
Oxygen inhalation 0.4530 0.1954 .02
Presence of pneumonia 1.1872 0.8770 .18
Intubation 0.3851 0.2034 .06
Glucocorticoid use 0.4222 0.1879 .03
Peak body temperature 0.2775 0.0916 .003
Maximum CRP 0.0362 0.0065 <.001
Maximum LDH 0.0010 0.0002 <.001
Fibrinogen 0.0018 0.0007 .01
D-dimer 0.0011 0.0030 .72
Stepwise multivariate log-normal analysis
(Intercept) �0.3377 0.1461 .02
Sex �0.597 0.2899 .04
DM 0.3521 0.1588 .03
Maximum CRP 0.0316 0.0062 <.001

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; CRP, C-reactive protein; DM, diabetes mellitus; IQR, interquartile range; LDH, lactate dehydrogenase; n, number.

Fig. 1. Changes in IgG antibody titer levels in the 84 participants, according to sex, diabetes mellitus (DM) status, and C-reactive protein (CRP) levels during COVID-19. Antibody
titers were highest in the first 5 or 6 weeks after the onset of the disease and then decreased gradually. Antibody titers tended to be higher in males, participants with DM, and those
with high values of maximum CRP levels during the acute phase.

S. Kutsuna, Y. Asai, A. Matsunaga et al. J Infect Chemother 27 (2021) 808e813

811



S. Kutsuna, Y. Asai, A. Matsunaga et al. J Infect Chemother 27 (2021) 808e813
same for all participants, and some cases may have been measured
on days when antibody titers were not at their highest level.
Therefore, it is possible to have underestimated the number of
cases that would have otherwise achieved higher antibody titers.
Second, we measured the IgG antibody titers of spike proteins.
These would be expected to correlate generally with neutralizing
antibodies [16], but may not be a perfect match. Third, we found
higher antibody titers in diabetic patients, but we did not test for
differences in antibody titers according to the severity of diabetes.
This point needs to be verified in another study.

In conclusion, we examined factors that could lead to elevated
antibody titers and found that high values of maximum CRP levels
during the acute phase, male sex, and DM were associated with
elevated antibody titers. Antibody titers tended to be highest in the
first 5 or 6 weeks after the onset of symptoms. Our results may
contribute to future discussions of herd immunity to COVID-19 and
the collection of convalescent plasma.
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