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Abstract

Objective The coronavirus disease 2019 (COVID-19) pandemic continues to present a major challenge
to public health. Vaccine development requires an understanding of the kinetics of neutralizing antibody
(NAD) responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

Methods In total, 605 serum samples from 125 COVID-19 patients (from January 1 to March 14, 2020)
varying in age, sex, severity of symptoms, and presence of underlying diseases were collected, and
antibody titers were measured using a micro-neutralization assay with wild-type SARS-CoV-2.

Results NAbs were detectable approximately 10 days post-onset (dpo) of symptoms and peaked at
approximately 20 dpo. The NAb levels were slightly higher in young males and severe cases, while no
significant difference was observed for the other classifications. In follow-up cases, the NAb titer had
increased or stabilized in 18 cases, whereas it had decreased in 26 cases, and in one case NAbs were
undetectable at the end of our observation. Although a decreasing trend in NAb titer was observed in
many cases, the NAb level was generally still protective.

Conclusion We demonstrated that NAb levels vary among all categories of COVID-19 patients. Long-
term studies are needed to determine the longevity and protective efficiency of NAbs induced by SARS-
CoV-2.
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INTRODUCTION

declared a pandemic disease by the

World Health Organization (WHO) on
March 11, 2020, and has infected tens of millions of
people globally“]. Since there is no specific
medicine to cure the disease and insufficient
vaccine to prevent its spread, a better
understanding of its characteristics may be
beneficial to alleviate disease symptoms and
control the epidemic. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has higher
pathogenicity than severe acute respiratory
syndrome coronavirus (SARS) or Middle East
respiratory syndrome coronavirus (MERS), but is
less lethal than either of these viruses”™.
Neutralizing antibodies (NAbs) are naturally
produced by the body to target the virus for
destruction. However, our understanding of how
patient and disease characteristics affect the levels
of NAbs remains limited™. In particular, knowledge
regarding dynamic changes in Nab levels following
infection may be beneficial to the development of
vaccines.

In this study, we applied a neutralization assay
to measure SARS-CoV-2 NAbs in serum from COVID-
19 patients with varying symptoms and analyzed
the kinetics of NAbs following infection. This work
provides information that may be important for
vaccine development and highlights serotherapy as
a potential strategy to prevent and cure COVID-19.

C oronavirus disease 2019 (COVID-19) was

MATERIALS AND METHODS

Patients and Samples

A total of 125 patients were diagnosed as SARS-
CoV-2-positive by the results of a real-time
fluorescence reverse transcription—polymerase chain
reaction (RT-PCR) assay of throat swab samples
collected from Guangzhou Eighth People's Hospital
(GZEP), Guangzhou, China, between January 1 and
March 14, 2020. The throat swab samples were
collected every day to study the decline in RNA-
positivity, and the period of RNA-positivity for each
patient was recorded. RT-PCR was performed to
detect two target genes, the open reading frame 1ab
(ORF1ab) gene and the nucleocapsid protein (N)
gene'.

Data on the demographic characteristics, clinical
manifestations, and underlying diseases of patients
were collected. None of the patients had an

immunodeficiency disease, but 57 patients had more
than one underlying disease, which included
diabetes, cardiovascular disease, and chronic organ
diseases. The classification of SARS-CoV-2-infected
patients with mild, moderate, severe, or critical
symptoms was based on the guidelines published in
“Diagnosis and treatment of pneumonitis caused by
new coronavirus (trial version 7),” issued by the
National Health Commission of China on March 3,
2020". In total, 605 serum samples from 125
patients, with disease durations ranging from 1 to 85
days, were obtained for serological analysis; these
included samples taken at follow-up for 51 patients
previously discharged from hospital. The serum
samples were taken every 3—7 days for each patient.
The study protocol was reviewed and approved by
the Medical Ethical Committee of Guangzhou Eighth
People’s Hospital (approval number: 202001134).
Informed consent was obtained from each patient
before enrollment.

Micro-neutralization Assay

The micro-neutralization assay was performed
according to a previous study with some
modifications®™. SARS-CoV-2 strain (No. 20SF014)
isolated from bronchoalveolar lavage fluid of a SARS-
COV-2-infected patient was used in this study. Serum
samples were inactivated at 56 °C for 30 minutes,
then serially diluted across a gradient (from 1:4 to
1:1,024, with two replicate wells per dilution).
Diluted serum (60 pL/well) was added to the 96-well
plate with 180 ulL/well maintenance media [MEM
(Gibco, Life, USA) containing 2% fetal bovine serum,
1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Gibco, Life, USA), and 1% 100 IU/mL penicillin-
streptomycin  (Gibco, Life, USA)]. Each dilution
(125 pL/well) was transferred to the neutralizing
plates, and then added into the same volume of virus
solution containing a median tissue culture infective
dose (TCIDsy) of SARS-CoV-2. The mixture was
cultured for 2 h. After incubation, 100 pL/well of this
mixture was added in sequence to the cell plates
containing sub-confluent cell monolayers of Vero-E6
cells (1.5 x 10° cells/well). The plates were cultured at
37 °C in a 5% CO, incubator and then inspected for
the appearance of cytopathic effects every day during
the 4-day experiment using an inverted microscope.
All of the experiments with live virus were performed
in a certified Biosafety level 3 laboratory.

Statistical Analysis

The mean * standard deviation was used for
continuous variables, and the number expressed as a



978

Biomed Environ Sci, 2021; 34(12): 976-983

percentage was used for categorical variables. The
median value, along with the minimum and
maximum values, was used to describe the days of
antibody testing since the onset of symptoms.
Mann-Whitney U test was used to compare log-
transformed neutralizing antibody values, as the
values were not normally distributed. Student’s
t-test was used to compare the durations in each
group. The comparison of categorical data was
performed using the Chi-square test or Fisher's exact
test. A P value of 0.05 or below was considered to be
statistically significant. Analyses were conducted
using SPSS 20.0 (IBM).

RESULTS

Clinical Classification of Patients with COVID-19

A total of 125 confirmed COVID-19 cases were
studied to assess the NAb response in a variety of
patients with differing symptoms. As shownin Table 1,
4 (3.2%) were classified as mild cases based on their
clinical manifestations, 81 (64.8%) were moderate,
33 (26.4%) were severe, and the remaining 7 (5.6%)

were critical cases. Males and females were equally
distributed regarding their clinical classification
(x> = 2.21, P = 0.529). The average age of these
patients was 53.4 years, ranging from 19 to 90.
Oxygen supplementation was required in most cases
(72%), with nine cases (7.2%) requiring mechanical
ventilation or extracorporeal membrane oxygenation
(ECMO). The average hospital duration for patients
was 26.2 days, with a 95% confidence interval (C/) of
24.5 to 27.8 for cases who had been discharged. The
symptoms of the mild cases [12 days post-onset
(dpo)] lasted a significantly shorter time than those
of the moderate (24 dpo) and severe (31 dpo) cases.

RNA-positive Patients and NAb Kinetics

The proportion of RNA-positive patients declined
gradually (Figure 1) with a median of 15 dpo, while
the duration of RNA-positivity in severe patients was
significantly longer (P < 0.001) than in patients with
moderate symptoms. However, no significant
difference was observed in the sex, age, and
underlying disease classifications. The proportion of
seropositive patients continuously increased and
reached 100% after 21 dpo of symptoms.

Table 1. Characteristics of the COVID-19 patients in this study

Clinical classification

Characteristic Total
Mild case Moderate case Severe case Critical cases
Sex, n (%)
Male 1(1.47) 44 (64.71) 18 (26.47) 5(7.35) 68 (100.00)
Female 3(5.26) 37 (64.91) 15 (26.32) 2(3.51) 57 (100.00)
Age (years) 40.5+15.4 51.3+14.8 56.0 +12.5 72.4+8.0 53.4+15.0
<60, n (%) 3(3.80) 55 (69.62) 21 (26.58) 0(0) 79 (100.00)
>60, n (%) 1(2.17) 26 (56.52) 12 (26.09) 7(15.22) 46 (100.00)
Underlying disease, n (%)
No disease 2(2.94) 48 (70.59) 14 (20.59) 4 (5.88) 68 (100.00)
> One disease 2(3.51) 33(57.89) 19 (33.33) 3(5.26) 57 (100.00)
Oxygen supplement requirement, n (%)
No requirement 3(8.57) 32(91.43) 0(0) 0(0) 35 (100.00)
Low flow oxygen 1(1.72) 48 (82.76) 9 (15.52) 0(0) 58 (100.00)
High flow oxygen 0(0) 1(4.35) 22 (95.65) 0(0) 23 (100.00)
Mechanical ventilation 0(0) 0(0) 2 (40.00) 3 (60.00) 5 (100.00)
ECMO? 0(0) 0(0) 0(0) 4 (100.00) 4 (100.00)
Disease duration (days) 12.3+5.9 24.5+8.0 31.2+7.8 39.4+24.3 26.7 £10.5
<21, n (%) 4 (10.00) 30 (75.0) 3(7.50) 3(7.50) 40 (100.00)
>21, n (%) 0(0) 51 (60.00) 30 (35.29) 4(4.71) 85 (100.00)

Note. “‘ECMO, Extracorporeal membrane oxygenation.
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Figure 1. RNA-positive levels and the kinetics of NAbs in COVID-19 patients over time. UD, underlying
diseases. Left panels present the decline of RNA-positive cases (green) as a percentage of the total
number of patients and a cumulative frequency of seroconversion (orange) in each classification. Right
panels present the kinetics of NAbs, with the line showing the mean NAb levels from a Loess regression
model and the gray area indicating the pointwise 95% confidence interval. (A-B) represent male patients
with a solid line (LHS) and a blue line (RHS), and female patients with a dashed line (LHS) and a yellow line
(RHS), respectively; (C-D) represent mild cases with a green line (RHS), moderate cases with a solid line
(LHS) and blue line (RHS), severe cases with a dashed line (LHS, significantly longer duration of RNA-
positive levels compared with moderate cases) and a yellow line (RHS), respectively, and critical cases
each with a red line; (E=F) represent patients less than or equal to 60 years of age as a solid line (LHS) or a
blue line (RHS) and patients over 60 year of age as a dashed line (LHS) or a yellow line (RHS), respectively;
(G-H) show patients with underlying diseases as solid lines (LHS) and blue lines (RHS), and without
underlying diseases as dashed lines (LHS) and yellow lines (RHS), respectively.
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Meanwhile, NAb levels increased, peaked at
approximately 20-30 dpo, and then decreased as
symptoms abated with three different trends
detected: 1. stable type, 2. drop type, and 3. wave
type (Figure 1 & Table 2) trends. As the NADb testing
period may interfere with variability, 51 follow-up
cases were selected to study the changes in NAbs. A
total of 18 cases (35.3%) showed a stable-type trend
since their NAb titers continuously increased or were
maintained at a stable level after the peak; 26 cases
(51.0%) showed a drop-type trend where NAb
expression decreased by at least four times
compared with their peak titer; and 7 cases (13.7%)
showed a large fluctuation in NAb levels. However,
there was no significant difference in trend types
between each classification (Table 2). Among all of
the cases, six cases older than 60 years and one case
that was 58 years showed a wave-type trend,
indicating that this type of trend may be associated
with older patients. Moreover, the NAb levels of a
severe patient were lower than 1:4 in the last
antibody test at 56 dpo.

Differentiation of the Time of Initiation of NAb
Production and the Peak Titer of NAbs in Each
Group

We further analyzed the NAb levels of each group
at two time points: the initial detection of NAb

formation and the peak titer of NAbs. As the
enrollment of patients and serum sampling times were
not planned or predictable, the first NAb-positive
serum of a patient collected after 10 dpo may interfere
with the estimation of the first day of detection of
NAb. Therefore, 104 cases were analyzed to estimate
the initial day of NAb formation (10.4 + 5.2 dpo). Peak
NAb titers were based on 121 cases (20.8 + 10.0 dpo),
with mild cases that were discharged before their NAb
levels reached their peak being omitted from the
analysis. Follow-up tests were performed for 51
patients with NAbs, and NAbs were still detectable in
one case at 85 dpo with a titer of 1:8.

There was no significant difference between
each classification in both NAb levels and the time of
initial detection of antibody formation indicating a
similar response of NAbs to SARS-CoV-2 (Figure 2).
The peak NADb titer in males was slightly higher than
that in females (P = 0.019), and the geometric means
of the antibody titer were 1:163.14 and 1:101.83,
respectively. The peak level of NAbs between each
disease severity type was significantly different
(P < 0.001); the levels in severe patients were the
highest, with a geometric mean antibody titer of
1:272.48, followed by moderate patients with a
mean titer of 1:115.36. In addition, the time taken to
reach peak NAb titer in severe cases was slightly
longer than in moderate cases (Figure 2).

Table 2. Distribution of neutralizing antibody trends in each classification®

Neutralizing antibody trend, n (%)

Characteristic Rising type Drop type Wave type Total X P value
Sex 4.46 0.094
Male 8(26.67) 19 (63.34) 3(10.00) 30
Female 10 (47.62) 7(33.33) 4 (19.05) 21
Age (years) 4.73 0.089
<60 11 (40.74) 15 (55.56) 1(3.70) 27
> 60 7(29.17) 11 (45.83) 6 (25.00) 24
Underlying disease 1.89 0.430
No disease 8(33.33) 11 (45.83) 5(20.83) 24
2 One disease 10 (37.04) 15 (55.56) 2(7.41) 27
Clinical classification 3.92° 0.166
Mild case 2 (66.67) 1(33.33) 0(0) 3
Moderate case 11 (37.93) 16 (55.17) 2 (6.90) 29
Severe case 5(29.41) 7 (41.18) 5(29.41) 17
Critical case 0(0) 2 (100.00) 0(0) 2

Note. “There was no statistical difference in the final testing times for each classification. bOnIy moderate

and severe cases were compared.
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As sex and disease levels showed a discrepancy
in the peak NAb levels, we further classified these
cases into four groups based on sex and age:
younger or equal to 60 years of age, and older than
60 years of age (younger males, MY; younger
females, FY; elder males, ME; elder females, FE). The
MY group showed higher NAb levels than the FY and
FE groups, suggesting that younger men have the
fastest response to SARS-CoV-2 (Figure 3).

In addition, severe cases younger than 60 years
of age had higher NAb levels than mild cases;
however, this trend was not observed for older
patients. The MY and FY groups reached peak Nab
levels quickly and were discharged, whereas no
difference was observed for the ME and FE groups,
indicating that older patients experience weaker
responses to SARS-CoV-2, thereby prolonging the
disease duration.

A B
10 1

o e o

DISCUSSION

Similar to a previous report on the induction of
NAbs by coronaviruses'”, it took an average of 10 dpo
for NAbs to be initially detected in this study. We
found that the peak NAb levels correlated with
disease severity, with the exception of critical cases,
which was consistent with previous studies™™. In
severe cases, the peak NAb titer was reached slightly
later than in moderate cases, and as the clearance of
RNA was notably late in severe cases, the delay in the
NAb peak may reflect conflict between antibody
production and the presence of SARS-CoV-2 particles.

The longevity of NAbs is an important factor in
assessing the risk of infection and in the
development of vaccines against SARS-CoV-2. In one
study, the IgG levels against the viral spike protein
of SARS-CoV-2 were relatively stable for at least

Inital NAbs titer (log,)

m
N
w

Day post onset the
initial NAb

Peak NAbs titer (log,)

peak NAb
w
o

Day post onset to

Figure 2. Differences in initial and peak NAb titers against SARS-CoV-2 in patients varying in sex, disease
severity, age stratification, and underlying disease status. (A)—(D) Initial NAb levels; (E)-(H) Day(s) post-
onset of initial NAb formation; (I)—(L) Highest NAb levels; (M)—(P) Day(s) post-onset to reach the highest
NAb levels. Statistical significance was determined using the Student’s t-test (E-H and M-P),
Mann-Whitney U test (A, C, D, I, K, L), or Kruskal-Wallis H test (B, F,J, N). , P<0.05; , P < 0.001.
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5 months™”. A recent study reported that NAbs

against the wild-type virus and S protein-IgG
persisted in 89% and 97% of cases, respectively, for
at least a year after infection, the levels of which
were higher in severe cases™. However, another
study reported that 33% of samples collected on 39
dpo showed a rapid decline in antibody levels™. In
this study, only one follow-up case showed an
absence of detectable NAbs at 56 dpo, whereas
NAbs remained in the other samples at 85 dpo.
Another key factor is the level of protection
offered by NAbs, which is an important indicator of
the vaccine’s availability. An early study of porcine

Peak NAbs titer (-log,)

reaching the peak
NAb levels

Day (s) post-onset of

MY ME FY FE
Gender-age groups

Disease duration (days)

Figure 3. Differences in the peak titer levels,
days required to reach peak NAb levels, and
disease duration between different sex/age
groups. MY, males < 60 years old; ME, males >
60 years old; FY, females < 60 years old; FE,
females > 60 years old. Green dots represent
mild cases and yellow dots represent severe
cases. Statistical significance was determined
using the Student’s t-test and Mann—Whitney
U test. a—i, indicates a statistically significant
difference (P < 0.05) between groups that
have the same letter in each graph.
', P<0.05 ", P<0.01.

reproductive and respiratory syndrome virus (PRRSV)
demonstrated that an NAb titer of 1:8 in blood was
enough to block viremia but could not block local
replication in peripheral tissue and transmission to
other animals. A titer of 1:32 or higher was suggested
to induce sterilizing immunity[lsl. In this study, NAbs in
samples collected after 60 dpo were still detectable,
with titers ranging from 1:8 to 1:128. This indicated
that the protective effects of the NAbs may persist for
at least 2-3 months after SARS-CoV-2 infection and
suggested that protection from reinfection may be
strengthened by vaccine boosters™™. However, the
strong fluctuation of NAb levels in some older
patients may affect their resistance to the virus.
Moreover, with the increasing prevalence of various
mutant strains, antibodies induced by wild-type virus
may not effectively neutralize mutant strains™. Some
variants have shown antibody escape against vaccines
developed based on wild-type viruses™. Therefore,
continuous monitoring of NAb is needed to provide
the basis for risk assessment of variants in this
pandemic.

Males younger than 60 years of age exhibited the
highest titer and required the shortest time period
for reaching peak NAb levels compared with all other
groups; whereas, peak NAb formation was not
significant between older males and females, which
may be due to a generally weaker immune system in
older people and a weaker response to SARS-CoV-2
infections compared with younger people. However,
it has been previously reported that females
generally have greater antibody responses to viral
infection and vaccination, albeit with higher levels of
autoreactivity[ls’w]. In recent studies, stronger T-cell
activation was observed in female patients after
SARS-CoV-2 infection[zol, while males exhibited
reduced expression of B and NK cell-specific
transcripts and an increase in levels of inhibitors of
nuclear factor-kB™". Although the response to SARS-
CoV-2 was stronger in males in this study, based on
the titer and the speed of the response, they also
had a stronger tendency for drop-type trends,
indicative of a shorter protective period for NAbs.

CONCLUSION

We demonstrated the trend for NAb levels in a
wide variety of COVID-19 patients by performing a
SARS-CoV-2 neutralization assay. It took an average
of 10 days for patients to produce NAbs, with young
males exhibiting the highest peak levels in the
shortest time period. However, NAb levels were
more likely to decrease over time in males,
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suggesting that this group is more susceptible to
reinfection. NAbs remained at a protective level in
some samples at the end of our observation. Long-
term studies are needed in the future to determine
the reactivation and protective efficiency of NAbs
induced by SARS-CoV-2 vaccines.
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