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Longitudinal analysis of antibody dynamics in
COVID-19 convalescents reveals neutralizing
responses up to 16 months after infection

Yang Yang'3, Minghui Yang'3, Yun Peng'3, Yanhua Liang'3, Jinli Wei', Li Xing', Liping Guo',
Xiaohe Li', Jie Li', Jun Wang', Mianhuan Li', Zhixiang Xu', Mingxia Zhang', Fuxiang Wang!, Yi Shi®?2,
Jing Yuan®"#® gnd Yingxia Liu®"45<

Elucidating the dynamics of the neutralizing antibody (nAb) response in coronavirus disease 2019 (COVID-19) convalescents
is crucial in controlling the pandemic and informing vaccination strategies. Here we measured nAb titres across 411 sequential
plasma samples collected during 1-480 d after iliness onset or laboratory confirmation (d.a.o.) from 214 COVID-19 convales-
cents, covering the clinical spectrum of disease and without additional exposure history after recovery or vaccination against
SARS-CoV-2, using authentic SARS-CoV-2 microneutralization (MN) assays. Forty-eight samples were also tested for neu-
tralizing activities against the circulating variants using pseudotyped neutralization assay. Results showed that anti-RBD IgG
and MN titres peaked at ~120 d.a.o. and subsequently declined, with significantly reduced nAb responses found in 91.67% of
COVID-19 convalescents (>50% decrease in current MN titres compared with the paired peak MN titres). Despite this decline,
majority of the COVID-19 convalescents maintained detectable anti-RBD IgG and MN titres at 400-480 d.a.o., with undetect-
able neutralizing activity found in 14.41% (16/111) of the mild and 50% (5/10) of the asymptomatic infections at 330-480 d.a.o.
Persistent antibody-dependent immunity could provide protection against circulating variants after one year, despite signifi-
cantly decreased neutralizing activities against Beta, Delta and Mu variants. In conclusion, these data show that despite a
marked decline in neutralizing activity over time, nAb responses persist for up to 480 d in most convalescents of symptomatic

COVID-19, whereas a high rate of undetectable nAb responses was found in convalescents from asymptomatic infections.

the seventh member of the coronavirus family found to
infect humans, was detected in late December 2019"* The
SARS-CoV-2 pandemic is ongoing and to date has caused more than
248 million human infections, with more than 5 million fatal cases
worldwide (https://covid19.who.int/). In particular, asymptomatic
infections account for up to 40% of all SARS-CoV-2 infections, and
silent transmission during the presymptomatic and asymptomatic
stages is responsible for more than 50% of the overall attack rate in
COVID-19 outbreaks’*. Therefore, antibody-mediated protective
immunity induced either by natural infection or vaccination is of
great importance for the control of the COVID-19 pandemic.
Neutralizing antibodies (nAbs) rise rapidly after infection and
are maintained for years to decades by long-lived plasma and mem-
ory B cells in most acute viral infections, playing vital roles in viral
clearance and protection against viral diseases’. Studies have shown
that the antibody response induced by coronavirus in humans tends
to wane over time and varies between types of coronaviruses and
the severity of the disease®. Seasonal human coronaviruses, such
as HCoV-229E, HCoV-OC43, HCoV-NL63 and HCoV-HKUI,
have been shown to induce short-term antibody responses, and
re-infection with the same seasonal coronavirus occurs frequently
12 months after infection’. However, the two coronaviruses that
cause severe disease in humans, including SARS-CoV and the

f evereacute respiratory syndrome coronavirus 2 (SARS-CoV-2),

Middle East Respiratory Syndrome coronavirus (MERS-CoV),
induce stronger and more durable antibody responses for up to 3
years®'"*, Recent data from animal models, therapeutic use of neu-
tralizing monoclonal antibodies, and convalescent plasma in a clini-
cal setting suggest a critical role for nAbs in controlling SARS-CoV-2
infection and re-infection'*-*%, while a key question that has not yet
been addressed is whether COVID-19 convalescents could main-
tain long-lasting antibody-mediated protective immunity. Studies
have investigated the dynamic change and longevity of the binding
and nAb response in COVID-19 convalescents, and indicated that
the nAb response in COVID-19 convalescents could be maintained
for up to one year after the onset of symptoms, accompanied by a
decrease in nAb titres'**,

Understanding the accurate long-term antibody dynamics of
SARS-CoV-2 infection is hampered by either the limited number of
patient cohorts, the short duration of follow-up, or the availability
of authentic virus-based detection of the nAb response in previous
studies. Furthermore, possible re-exposure to SARS-CoV-2 in the
COVID-19 pandemic area could substantially influence the natural
dynamics and longevity of nAb titres in COVID-19 convalescents.
Due to the highly efficient control of endemic COVID-19 in China,
the Chinese cohort offers an ideal model to evaluate the natural
dynamics and longevity of nAb responses after SARS-CoV-2 infec-
tion. In this study, we investigated the dynamics and longevity of
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antibody response up to 480d after illness onset or laboratory con-
firmation (d.a.0.) from 214 COVID-19 convalescents across the
clinical spectrum without any additional exposure history after
recovery or vaccination against SARS-CoV-2, using an authentic
virus-based microneutralization assay, and tested the neutralizing
activity against circulating variants using SARS-CoV-2 pseudotype
neutralization assays.

Results

Baseline characteristics of the cohort. A total of 214 laboratory
confirmed patients with COVID-19 were included in this study
evaluating the antibody response: 51 individuals in the severe
group, 134 individuals in the mild group, and 29 individuals in the
asymptomatic group. The cohort consisted of 46.73% males, with
a median age of 48 years (range 2-79) (Table 1), and the patients
in the severe group were significantly older than those in the mild
and asymptomatic groups. The body mass index (BMI) in the severe
group was significantly higher than in the asymptomatic group. The
median interval between illness onset and negative qPCR test for
SARS-CoV-2 was 21d, and a longer duration of viral shedding was
found in the severe and mild groups compared with the asymptom-
atic group. The median duration of hospitalization was 32, 20 and
14 d for the severe, mild and asymptomatic groups, respectively.
Complete blood counts for each patient on the date of the first hos-
pital admission or at the first timepoint showed that the expression
of D-dimer, C-reactive protein (CRP), interleukin-6 (IL-6), procal-
citonin (PCT) and lactate dehydrogenase (LDH) was significantly
higher in the severe and mild groups, while the percentage of lym-
phocytes (LYM), albumin (ALB) and CD4 count was significantly
lower in the severe group. Sequential samples were collected at
timepoints between 1 and 480 d.a.o. (the d.a.o. for asymptomatic
patients was calculated on the basis of days after laboratory confir-
mation) on the basis of availability, and no individuals with a history
of exposure after discharge or SARS-CoV-2 vaccination were found
before the last follow-up (Table 1). A total of 411 plasma samples
were collected, with 211 samples collected over 180d and 134 sam-
ples over 360d.

Persistent nAb response in COVID-19 convalescents. The
immunoglobulin-G (IgG), IgM and IgA responses against the
receptor-binding domain (RBD) of S glycoprotein and IgG response
against N protein were measured by ELISA over multiple time-
points and nAb titres were measured using a microneutralization
(MN) assay (Fig. 1 and Extended Data Fig. 1). Samples collected
between 180 and 330 d.a.o. possessed a 100% positive rate for
anti-RBD IgG and detectable neutralizing activity (MN titres >10)
against live SARS-CoV-2 (Fig. la,b). However, individuals with
undetectable anti-RBD and neutralizing activity were detected dur-
ing 331 to 480 d.a.o0., and positive rates varied from 90.9 to 100%
and 72 to 87.5%, respectively (Fig. 1a,b). In particular, these indi-
viduals were mainly in the mild and asymptomatic groups, and the
rate of individuals with undetectable neutralizing activity reached
50% (Fig. 1c). Meanwhile, the distribution of MN titres obtained
during 180-480 d.a.o. showed that individuals with MN titres >160
decreased rapidly, while the proportion of MN titres ranging from
negative to 80 increased rapidly over time, indicating a decline in
neutralizing activity in COVID-19 convalescents. Notably, over-
all positive rates of 90.43% (range 80.95-100%) for anti-RBD
IgA, 21.53% (range 10.52-53.85%) for anti-RBD IgM and 96.68%
(range 90.9-100%) for anti-N IgG during 180-480 d.a.o. were also
found (Fig. 1a and Extended Data Fig. la,b). Combining the IgG
response and the MN titre measurements, a high coincidence rate
of 93.19% and significant correlations were found between the
anti-RBD IgG and MN titres (Fig. le,f and Extended Data Fig. 1c),
especially the correlations in severe and mild groups (Extended
Data Fig. 1d).
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Comparison of the nAb response among COVID-19 patients
across the clinical spectrum. Differences in antibody development
within 28d between the severe, mild and asymptomatic groups
(Extended Data Fig. 2) were first analysed. The overall positive rates
and expression levels of anti-RBD IgG, anti-RBD IgA, anti-RBD
IgM, anti-N IgG and nAbs in the three groups increased with dis-
ease progression, and most of these indices showed no significant
differences. We then compared the available peak anti-RBD IgG lev-
els and MN titres among the severe, mild and asymptomatic groups.
Only individuals in whom the available peak anti-RBD IgG (N=46)
and MN titres (N=48) occurred before the last timepoint (>270
d.a.0.) were included in this analysis (Fig. 2). The highest levels of
anti-RBD IgG in the severe and mild groups were comparable, but
were significantly higher than in the asymptomatic group (Fig. 2a).
Significant differences were found for the current anti-RBD IgG lev-
els among the three groups, with the highest level being observed
in the severe group and the lowest in the asymptomatic group
(Fig. 2¢). Peak MN titres in the severe and mild groups did not show
any significant differences, while both were significantly higher than
those of the asymptomatic group. In detail, the highest MN titres
for the severe group were all >80, and 50% belonged to the range
640-5,120. For the mild group, the peak MN titres ranged from 10
to 1,280, and 26.06% belonged to the range 640-5,120. However,
for the asymptomatic group, all maximum MN titres were <160,
and 81.82% belonged to the range 10-80 (Fig. 2c,¢). Regarding cur-
rent MN titres, the severe group showed the highest, and no sig-
nificant difference was found between the mild and asymptomatic
groups (Fig. 2d,f). The current MN titres of the severe group mainly
belonged to the range 40-320, while MN titres were negative to 40
for the mild and asymptomatic groups (Fig. 2f). These results indi-
cate that patients with COVID-19 with more severe disease may
develop and maintain a stronger nAb response.

Dynamic change in the nAb response in COVID-19 conva-
lescents. The general kinetics of anti-RBD IgG, anti-RBD IgM,
anti-RBD IgA, anti-N IgG and MN titres in COVID-19 convales-
cents were analysed (Fig. 3 and Extended Data Fig. 3). Generally,
both the anti-RBD IgM and anti-RBD IgA antibodies rose and
reached the peak rapidly upon infection. Then anti-RBD IgM
decreased rapidly and became negative for most individuals at about
150 d.a.o0., while anti-RBD IgA remained detectable for most indi-
viduals despite the decrease (Extended Data Fig. 3a,b). Anti-RBD
IgG, anti-N IgG and MN titres increased as disease progressed and
reached a peak at around 120 d.a.o. (Fig. 3a,b and Extended Data
Fig. 3c). Then Anti-RBD IgG and MN titres decreased slowly and
remained relatively stable after 400 d.a.o., while anti-N IgG showed
a continued decrease. When comparing the three groups, results
showed that longer periods were required (about 150d) for the
severe group to reach the highest anti-RBD IgG and MN titres than
for the mild (about 120d) and asymptomatic (about 80d) groups
(Extended Data Fig. 3). To obtain a more precise dynamics of the
antibody response of COVID-19 convalescents, detailed dynamic
changes in anti-RBD IgG, anti-RBD IgM, anti-RBD IgA, anti-N IgG
and MN titres in patients who got measurements at more than three
timepoints during a follow-up of >300d are shown in Fig. 4. The
profiles of both binding and nAb dynamics varied among different
individuals. For example, for Patients 01, 09, 14, 19 and 68, both
anti-RBD IgG and nAbs rose and peaked rapidly after infection
(within 28 d.a.o.), and although declining, nAbs were still detect-
able up to 471d. For Patients 66, 71, 72, 73, 74 and 77, both the
anti-RBD IgG and nAbs were detectable within 28 d.a.o. and peaked
at about 60 to 90 d.a.o., then decreased but were still be positive
up to 477 d.a.o. Conversely, nAbs in Patients 67 and 75 of the mild
group, and Patients 86, 193, 195 and 96 of the asymptomatic group
became undetectable at 368-470 d.a.o., although anti-RBD IgG was
still detectable in some patients (Patients 68, 186, 193 and 195).

NATURE MICROBIOLOGY | VOL 7 | MARCH 2022 | 423-433 | www.nature.com/naturemicrobiology


http://www.nature.com/naturemicrobiology

NATURE MICROBIOLOGY ARTICLES

Table 1| Baseline characteristics and specimens of COVID-19 cases in this study

Characteristic COVID-19 cases P values*
Total Severe (S) Mild (M) Asymptomatic (A) Svs M SvsA Mvs A
(N=214) (N=51) (N=134) (N=29)
Median age (range) 48 (2-79) 62 (31-76) 43 (2-79) 25 (7-58) <0.001 <0.001 <0.001
Age subgroup (N, %)
<15yr 12 (5.6) 0(0) 7 (5.2) 5(17.2) NS 0.005 0.040
15-39yr 74 (34.6) 4(7.8) 52 (38.8) 18 (62.1) <0.001 <0.001 0.024
40-59yr 69 (32.2) 15 (29.4) 48 (36.4) 6 (20.7) NS NS NS
>60yr 59 (27.6) 32(62.7) 27 (20.1) 0(0) <0.001 <0.001 0.005
Male (n, %) 100 (46.73) 31(60.78) 59 (44.03) 10 (34.48) 0.049 0.036 NS#
BMI 2314 24.3 23.05 20.83 (17.71-23.23)  0.015 <0.001 <0.001
(21.05-25.22) (2218-2659)  (21.30-25.11)
Co-existing chronic medical 68 (31.3) 27 (52.9) 35 (26.1) 6 (20.7) 0.001 0.005 NS
conditions (n, %)
Onset to admission, median 3 (2-7) 5@3-7) 3(1-6) = 0.006 = =
days (median, IQR)
Onset to antiviral treatment, 3 (1-6) 5(3-8) 3(1-6) 1(0-2) 0.012 <0.001 <0.001
median days (median, IQR)
Onset to qPCR negative for 18 (12-26) 21(18-33) 17 (13-25) 9 (5-15) <0.001 <0.001 <0.001
SARS-CoV-2 (median, IQR)
Duration of hospitalization 21 (16-30) 32 (23-40) 20 (16-27.75) 14 (12-19) <0.001 <0.001 <0.001
(median, IQR)
Laboratory results, median
(median, IQR)
NEU (x10°1-") 312(2.32-4.08) 3.41(2.29-434) 2.68(1.85-3.62) 3.44(2.96-4.3) 0.013 NS <0.001
LYM (x10°17") 1.36 (0.95-1.78) 0.97 (0.66-1.28) 1.42 (113-1.68) 213 (1.59-2.61) <0.001 <0.001 <0.001
ALB (gdI™) 434 39.4 (381-42.6) 439 (41.9-46.7) 45.3 (43.8-46.9) <0.001 <0.001 0.004
(40.25-46,15)
D-dimer (pgml=—) 0.39(0.24-0.59) 0.56 (0.38-114) 0.4 (0.24-0.57) 0.23(0.22-0.32) <0.001 <0.001 0.005
CRP (mgl™ 9.93 (1.87-36.15)  44.7 (20.8-76.5) 8.6 (3.22-24.52) 0.62 (0.25-1.94) <0.001 <0.001 <0.001
IL-6 (pgml™) 9.25 (2.61-24.47) 29.77 1.77 1.96 (1.5-2.94) <0.001 <0.001 <0.001
(17.98-50.84) (4.02-17.57)
PCT (ngmI) 0.04 (0.03-0.07) 0.06 0.04 0.02 (0.02-0.03) <0.001 <0.001 0.013
(0.04-0.09) (0.03-0.05)
LDH (U1 222 (178-446.25) 425 227 167 (148.5-186.5) <0.001 <0.001 <0.001
(223.5-664.5)  (182.5-443.5)
CD4 (count per ul) 550 (388.5-742) 320 (191-423.3) 581(454-764)  779.5(673.25-981.3) <0.001 <0.001 0.003

Samples collected during
follow-up (N, %)

<60 d.a.o.
61~120 d.a.o.
121~180 d.a.o.
181~240 d.a.o.
241-300 d.a.o.
301-~360 d.a.o.
361~420 d.a.o.
421-480 d.a.o.

Any exposure to SARS-CoV-2
after discharge (N, %)

Vaccination of SARS-CoV-2
before last follow-up (N, %)

41

16 (28.2)
65 (15.8)
19 (4.6)
35(8.5)
16 (38.9)
26 (6.3)
73 (17.8)
61(14.8)
0(0)

0(0)

82 (19.95)

37 (45.)
4(49)
337
2(2.4)
0(0)

10 (12.2)
14 (7.
12 (14.6)
0(0)

0(0)

251(61.07)

51(20.3)
40 (15.9)
12.(4.8)
23(9.2)
12(4.8)
15 (6.0)
51(20.3)
47 (18.7)
0(0)

0(0)

78 (18.98)

28 (35.9)
21(26.9)
4 (5.0
10 (12.8)
4 (51)
1(1.3)
8(10.3)
2(2.6)
0(0)

0(0)

#Statistical significance was determined using a two-sided Mann-Whitney U-test. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant. IQR, interquartile range. NEU, neutrophil.
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Fig. 1| Persistent neutralizing antibody responses in COVID-19 convalescents. a, Positive rates of the anti-RBD IgG, anti-N IgG and microneutralization
(MN) titres for the 219 plasma samples from 175 COVID-19 convalescents with over 180 d follow-up. b, Detailed optical density (OD) values of anti-RBD
1gG, anti-N 1gG and logMN titres of the 219 plasma samples. The line and error bar represent the mean and standard deviation. Black and green dotted
lines indicate the limit of detection for anti-RBD IgG and MN titres, respectively. ¢, Negative rates of anti-RBD IgG and neutralizing activity post 330d.a.o.
d, Dynamic changes in the distribution of MN titres over time. e, Pie chart comparing the fraction of samples with anti-RBD IgG and neutralizing activity.
f, Spearman correlation plot between the OD values of anti-RBD IgG and logMN titres. Specimens with MN titres <10 were assigned a value of 5.

Furthermore, a comparison of the anti-RBD IgG levels at the
peak and the current anti-RBD IgG levels showed that COVID-19
convalescents experienced a significant decrease in anti-RBD IgG
levels, with the median ratio of current/peak levels of 46.38% (range
13.07-91.99%) (Fig. 3c,e). A similar pattern was found for the MN
titres (Fig. 3d,e), with 91.67% of COVID-19 convalescents having
>50% decrease in current MN titres (Fig. 3f). In particular, stable
MN titres were also found in 8.33% of the individuals (Fig. 3f).

Neutralizing activity against circulating variants of SARS-CoV-2.
To test neutralizing efficiency of convalescent plasma against the
circulating variants, and compare the potency and breath of plasma
samples from the early and the late convalescent phases, we tested
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and analysed the 50% inhibitory dose (ID,) against the variants
wild type (WT), Alpha, Beta, Gamma, Delta, Lambda and Mu using
SARS-CoV-2 pseudotype neutralization assays (Fig. 5). A total of 22
and 26 plasma samples were randomly selected from samples with
MN titres >40 in the early convalescent phase (within 60 d.a.o.)
and late convalescent phase (over 360 d.a.o.), respectively. The basic
information is shown in Supplementary Table 1. The results indi-
cate that plasma samples from most individuals in the late conva-
lescent phase could also efficiently neutralize different variants of
SARS-CoV-2, although reduced neutralization capacity was found
against most of the variants, especially the Beta, Delta and Mu vari-
ants. In particular, the lowest neutralizing activities were observed
against the Mu variant, and about 56.25% (27/48) of the samples
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Fig. 2 | Comparison of neutralizing antibody response among different clinical spectra of COVID-19 convalescents. a, Comparison of the available peak
levels of anti-RBD IgG for the severe (n=13), mild (n=22) and asymptomatic groups (n=11). P values: severe vs mild, 0.3891; severe vs asymptomatic,
0.0012; mild vs asymptomatic, 0.0218. Dotted lines indicate the limit of detection. b, Comparison of the available peak MN titres for the severe (n=14),
mild (n=23) and asymptomatic groups (n=11). P values: severe vs mild, 0.122; severe vs asymptomatic, <0.0001; mild vs asymptomatic, 0.0051.

¢, Comparison of the current levels of anti-RBD IgG for the severe (n=13), mild (n=22) and asymptomatic groups (n=11). P values: severe vs mild,
0.0067; severe vs asymptomatic, <0.0007; mild vs asymptomatic, 0.0039. d, Comparison of the current MN titres for the severe (n=14), mild (n=23)
and asymptomatic groups (n=11). P values: severe vs mild, 0.0405; severe vs asymptomatic, 0.0014; mild vs asymptomatic, 0.0714. Specimens with MN
titres <10 were assigned a value of 5. Statistical significance was determined using two-sided Mann-Whitney U-test. *P<0.05, **P < 0.01, ***P < 0.001.
The line and error bar represent the mean and standard deviation for the anti-RBD IgG, and geometric mean titre and standard deviation for the MN titres.
e f, Distribution of the available peak and current MN titres for severe, mild and asymptomatic groups.

showed inhibition rates less than 50% at the first dilution (1:20).
Furthermore, the fold reductions in neutralizing activities between
the wild-type virus and the Alpha, Beta, Delta and Mu variants
for the samples in the early phase were 2.19, 9.28, 4.11 and 13.73,
respectively. In the late phase, the fold reductions became 1.26,
4.74, 3.59 and 7.39 for Alpha, Beta, Delta and Mu variants, respec-
tively, lower than those in the early phase. Representative neutral-
izing activities against different variants of paired samples from
the same patients are shown in Fig. 5b, and a distinct neutralizing

NATURE MICROBIOLOGY | VOL 7 | MARCH 2022 | 423-433 | www.nature.com/naturemicrobiology

pattern was found against the same variant of SARS-CoV-2 between
different individuals. For example, paired plasma samples from
Patients 1 and 68 showed efficient neutralizing activities against
all the variants, while the paired plasma samples from Patients 64,
72 and 203 showed significantly reduced neutralizing activities
against Beta, Delta and Mu variants. Notably, increased neutraliz-
ing activities of late phase plasma samples against some variants,
such as Delta (Patient 72) and Lambda (Patient 203), were found in
some individuals.
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Discussion

Elucidating the kinetics of neutralizing antibody response in
COVID-19 convalescents is crucial for the future control of the
COVID-19 pandemic and vaccination strategies. Here we system-
atically investigated the dynamics and longevity of natural neutral-
izing antibodies in COVID-19 convalescents, with a combination
of the following advantages in our study compared with other stud-
ies. First, our study provides the longest follow-up based on a large
cohort (N=214) and full clinical spectrum of COVID-19 patients.
Second, authentic virus-based microneutralization assay was used
to test the neutralizing activity of the plasma samples. Third, all par-
ticipants were confirmed to be free of re-exposure and vaccination
against SARS-CoV-2.
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As shown in previous studies, anti-RBD IgM and IgA mainly
contribute to the neutralization of SARS-CoV-2 in the early phase
of infection, and anti-RBD IgG dominates the neutralization activ-
ity of convalescent plasma in the late course of infection and during
the convalescent phase”*. Therefore, we focused on the analysis of
anti-RBD IgG and nAb responses. Analysis of the dynamics of neu-
tralizing antibodies showed that the anti-RBD IgG and MN titres
reached their peak at around 120 d.a.o., then slowly decreased and
remained relatively stable after 400 d.a.o. (Fig. 3a,b) in our cohort,
which is similar to humoral responses to other viral pathogens””.
The SARS-CoV-2 RBD is immunodominant and accounts for 90%
of the target neutralizing activity present in sera or plasma from
most of the evaluated individuals®. Given the high coincidence rate
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Fig. 4 | Representative dynamic changes in antibody responses (anti-RBD IgG, anti-RBD IgM, anti-RBD IgA, anti-N IgG and MN titres) in 33 COVID-19
patients during acute infection and the convalescent phase. Only patients who got measurements at more than three timepoints with follow-up at day
>300 are shown. Specimens with MN titres <10 were assigned a value of 5. Black and green dotted lines indicate the limit of detection for anti-RBD IgG

and MN titres, respectively.

(93.19%) and the correlation between anti-RBD IgG levels and MN
titres (Fig. le,f), the presence of anti-RBD IgG antibodies could
also indicate the presence of neutralizing activity in COVID-19

convalescents for most cases. It should be noted that some plasma
samples showed high/positive neutralizing activities while having
low/negative anti-RBD IgG responses (Figs. 2e and 4), which could
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Fig. 5 | Protection of neutralizing antibody from convalescents of COVID-19 against the circulating variants of SARS-CoV-2. a, Neutralizing antibody
titres (indicated as ID.,) against the WT, Alpha, Beta, Gamma, Delta, Lambda and Mu variants measured at early (between 15 and 60 d.a.o.,, N=22)

and late (over 360 d.a.o., N=26) convalescent phases. Black dotted lines indicate the limit of detection for IDs,. The line and error bar represent the
geometric mean titres (GMTs) and the standard deviation for the GMTs. Statistical significance was determined using a two-sided Mann-Whitney U-test.
*P<0.05, **P<0.01, ***P< 0.001. P values for the early phase: WT vs Alpha, 0.0028; WT vs Beta, <0.001; WT vs Delta, <0.001; WT vs Gamma, 0.0543;
WT vs Lambda, 0.0108; WT vs Mu, <0.001. P values for the late phase: WT vs Alpha, 0.4318; WT vs Beta, <0.001; WT vs Delta, <0.00T; WT vs Gamma,
0.3281; WT vs Lambda, <0.001; WT vs Mu, <0.001. Specimens with D5, <20 were assigned a value of 10. GMTs and fold changes (FCs) of IDs, between
the variants and the wild-type SARS-CoV-2 are shown at the bottom. b, Representative neutralizing activities against different variants of the paired
samples from the same patients in both the early and the late convalescent phases. Patient numbers, MN titres and follow-up days are shown at the top of

each graph.

result from the contribution of IgM, IgA and antibodies targeting
domain A or quaternary epitopes in the S trimer or the S2 subunit, or
from the ongoing affinity maturation of the antibody response*”**°!.
It is well characterized that the magnitude of the antibody response
against SARS-CoV-2 is correlated with COVID-19 severity**'~*.
Our results also showed that the peak and current anti-RBD IgG
and MN titres obtained were highest in the severe group, followed
by the mild group and then the asymptomatic group. It is notewor-
thy that the severe group started with higher levels of anti-RBD
IgG and MN titres than the mild and asymptomatic groups, but it
took longer to reach the maximum anti-RBD IgG and MN titres
(Extended Data Fig. 2). This might result from the different levels of
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antigenic exposure due to the higher viral load and prolonged viral
shedding in severely infected patients***.

SARS-CoV-2 re-infection and vaccine breakthrough have now
been frequently reported months after initial infection or vaccina-
tion*"!, suggesting that antibody-mediated immunity may not con-
fer sterilizing immunity, especially in seropositive individuals with
lower amounts of baseline SARS-CoV-2 antibody*. A key question
to address is what level of the nAb response could provide protec-
tion against infection or re-infection. Several large-cohort studies
have shown that antibody-mediated immunity could provide strong
protection against re-infection in seropositive individuals for up to 7
months after infection, with protection efficacy ranging from 80.5%
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to 95%>*. A recent study suggested that the estimated neutraliza-
tion level of 50% protection against detectable SARS-CoV-2 infec-
tion was 20.2% of the mean convalescent level and the estimated
neutralization level required for 50% protection against severe infec-
tion was approximately 3% of the mean convalescent level*. In this
context, the nAb response would be sufficient to provide protection
against re-infection and severe infection at 480 d.a.o. (Fig. 1a) for
most individuals according to our study. However, SARS-CoV-2
caused mainly asymptomatic to mild infections, and asymptomatic
infection constituted up to 40% of all infections®. Due to the high
rate of undetectable nAb response (14.41% for the mild group and
50% for the asymptomatic group) after 330d, timely detection and
vaccination could be necessary to maintain antibody-mediated pro-
tection against SARS-CoV-2 for such individuals.

The S protein, particularly the RBD serves as the main target of
neutralizing antibodies generated by SARS-CoV-2 infection and
vaccination**°. Mutations in S proteins occurred frequently dur-
ing natural global transmission or under immune selection pres-
sure, and some key mutations have been found to influence the
binding between S protein and its receptor, or mediate immune
escape against monoclonal antibodies or convalescent plasma*->.
Fortunately, recent studies have shown that the currently licensed
and widely used inactivated whole virus or mRNA vaccines tar-
geting RBD are still effective against circulating variants, although
partial resistance was observed™ ™. In our study, all patients were
admitted to our hospital from 11 January to 18 April 2020, most
probably infected with wild-type SARS-CoV-2 without the preva-
lent key mutations. Our results showed that antibody-dependent
immunity could also provide protection against most circulating
variants during a 480d follow-up, although significantly decreased
neutralizing activities against Beta, Delta and Mu variants were
found (Fig. 5). Further, the fold changes in the neutralizing activi-
ties between the wild-type virus and the potent variants of immune
escape—Beta, Delta and Mu—decreased in the late convalescent
phase (Fig. 5). This is consistent with recent studies showing that
antibodies evolve in convalescent patients due to the maturation of
memory B cells, resulting in an increase in the breadth and potency
of specific antibodies for SARS-CoV-2°*2, It is worth noting that
plasma samples from different COVID-19 convalescents showed
a distinct neutralizing pattern against the same circulating vari-
ants of SARS-CoV-2 as observed in our study (Fig. 5) and previous
studies’ . Several aspects, including different levels of anti-
genic exposure, affinity maturation of neutralizing antibodies, and
expanded clones of viral-antigen-binding B cells could contribute
to this heterogeneity of antibody responses in different COVID-19
convalescents®®.

Although re-infection occurred in COVID-19 convalescents or
vaccinees, symptomatic re-infections and severe diseases occurred
at a lower rate than in primary infections***>*. Consequently,
whether COVID-19 convalescents need to receive vaccination and
when, and whether the former vaccinees need to receive revaccina-
tion and when, are of clinical concern. Some recent studies have sug-
gested that both the binding and nAb responses had a similar rate of
decline between vaccination with the mRNA vaccine and infection
during the first 7 months after vaccination®®. Furthermore, indi-
viduals previously diagnosed with COVID-19 could develop rapid
humoral immunity after a single dose of the mRNA vaccine®*"". In
our study, all individuals in the cohort did not receive SARS-CoV-2
vaccination before the current last follow-up, while many individu-
als started receiving the inactivated SARS-CoV-2 vaccine. Given the
extensive use of inactivated SARS-CoV-2 vaccine in over 40 coun-
tries, further datasets from this cohort and a naive control group
would be valuable in furthering our understanding of how immune
responses differ between convalescence and vaccination, and how
we can improve the latter with relevant booster shots or updated
formulations.

In conclusion, this study provides more precise and comprehen-
sive understanding of the natural antibody response of SARS-CoV-2
infection. The results show that despite a marked decline in neu-
tralizing activity over time, nAb responses persist for up to 480d
in most convalescents of symptomatic COVID-19, whereas a high
rate of undetectable nAb responses was found in convalescents from
asymptomatic infections.

Methods

Patient information and sample collection. Participants presented in this study
were laboratory confirmed COVID-19 patients using quantitative real-time PCR
(Mabsky Biotech Co., Ltd. and ShenZhen ZiJian Biotech Co., Ltd.) and were
admitted to our hospital during 11 January to 18 April 2020 (N=214). These
individuals were further divided into severe (including critically ill and severe
patients), mild (including mild and moderate patients) and asymptomatic groups
on the basis of disease severity categorized according to the China National Health
Commission Guidelines for Diagnosis and Treatment of SARS-CoV-2 infection.
Clinical information and laboratory results were collected at the earliest timepoint
after hospital admission. Blood samples were collected from the enrolled patients
during hospitalization and follow-up. The study protocol was approved by the Ethics
Committees of Shenzhen Third People’s Hospital (2020-010). Written informed
consent was obtained from all patients. The study was conducted in accordance
with the International Conference on Harmonization Guidelines for Good Clinical
Practice, the Declaration of Helsinki and institutional ethics guidelines.

Disease severity classification. Disease severity classification was evaluated
according to the China National Health Commission Guidelines for Diagnosis and
Treatment of SARS-CoV-2 infection (seventh version) as previously reported™ .
In brief, laboratory confirmed patients with fever, respiratory manifestations and
radiological findings indicative of pneumonia were considered moderate cases.
Laboratory confirmed patients who met any of the following were considered to
have severe COVID-19: (1) respiratory distress (respiration rate >30 min~"),

(2) resting oxygen saturation <93%, or (3) arterial oxygen partial pressure (PaO,)/
fraction of inspired oxygen (FiO,) <300 mmHg (1 mmHg=0.133kPa). Laboratory
confirmed patients who had any of the following were considered critically ill:

(1) respiratory failure requiring mechanical ventilation, (2) shock, or (3) failure

of other organs requiring intensive care unit (ICU). The asymptomatic cases were
defined as previously reported”.

Cell lines and viruses. African green monkey kidney Vero cells (ATCC, CCL-81)
were obtained from ATCC, and 293 cells stably expressing ACE-2 (293-ACE-2) were
obtained from Vazyme (Vazyme Biotech Co., Ltd.). Both cell lines were maintained
in Dulbecco’s minimal essential medium (DMEM) (GIBCO) supplemented with
10% foetal bovine serum (FBS) (Corning) and penicillin (100 Uml~")-streptomycin
(100mgml™) (GIBCO). A clinical isolate of SARS-CoV-2 named BetaCoV/
Shenzhen/SZTH-003/2020 (EPI_ISL_406594) was isolated from the bronchoalveolar
lavage fluid sample of the COVID-19 patients using Vero cells in a biosafety level

3 (BSL-3) laboratory™. The 50% tissue culture infectious dose (TCID,,) assay was
done to measure the titres of the viral stock as previously described’>’°. In brief, Vero
cells in 96-well plates were grown to 90% confluence and infected with 10-fold serial
dilutions of the viral stock for 1h at 37°C. Then the cells were overlaid with fresh
DMEM supplemented with 2% FBS. At 4d post infection, plates were assessed for
the lowest dilution in which 50% of the wells exhibited cytopathology. The TCID;,
values were calculated according to the Reed—-Muench method”.

Viral entry inhibition assay with pseudotyped SARS-CoV-2 virus. SARS-CoV-2
pseudotype neutralization assays were conducted to test the neutralizing

activity of plasma from COVID-19 convalescents using pseudotyped HIV virus
incorporated in different variants of SARS-CoV-2 S proteins (Vazyme Biotech
Co., Ltd.) as previously reported with some modification’. Plasma samples

were heat-inactivated at 56 °C for 30 min to remove complement activity. Then
samples were serially diluted in 5-folds with DMEM supplemented with 2% FBS
from 1:20 to 1:12,500 in white, flat-bottom 96-well plates (Thermo Fisher) in a
total volume of 50 pl. Then 200 TCID,, of SARS-CoV-2 pseudotyped particles

in 50 pl were added to each well and incubated at 37°C for 1 h. A total of 4x 10°
ACE-2-293T cells in 100 pl complete media were added per well and incubated
for 48h at 37°C and 5% CO,,. Firefly luciferase activity (luminescence) was
measured using Bright-Light Luciferase Assay System (Vazyme Biotech Co., Ltd.)
and a VARIOSKAN LUX Multi-Mode plate reader (Thermo) according to the
manufacturers' protocols. Measurements were performed in triplicate and relative
luciferase units were then converted into neutralization percentages. Neutralizing
antibody titres were calculated as IDy, expressed as the dilution of plasma that
resulted in a 50% reduction of luciferase luminescence compared with a virus
control in single-round pseudovirus infection assay as previously reported”.

Authentic SARS-CoV-2 microneutralization (MN) assays. Authentic SARS-CoV-2
microneutralization assays were performed as described previously””-*'. Briefly,

NATURE MICROBIOLOGY | VOL 7 | MARCH 2022 | 423-433 | www.nature.com/naturemicrobiology 431


http://www.nature.com/naturemicrobiology

ARTICLES

NATURE MICROBIOLOGY

plasma samples were heat-inactivated at 56 °C for 30 min to remove complement
activity and then serially diluted in 2-folds with DMEM supplemented with 2%
FBS from 1:10 to 1:5,120. Diluted plasma samples were then mixed with 100
TCIDj, of SARS-CoV-2 and incubated at 37 °C for 1 h. The mixture was added to
Vero cells and incubated at 37°C and 5% CO, for another 96 h. Then cytopathic
effect was evaluated and recorded using microscopy. The MN antibody titre

was determined as the highest dilution with 50% inhibition of cytopathic effect.
Negative controls were plasma samples from healthy donors, and the positive
control was SARS-CoV-2 RBD-specific antibody B38, which has been proven to
significantly neutralize SARS-CoV-2 in our previous study*.

Enzyme-linked immunosorbent assay (ELISA). RBD- and nucleocapsid
(N)-specific-binding IgG antibodies were measured using commercial kits from
Sino Biological, and RBD-specific-binding IgM and IgA antibodies were measured
using commercial kits from Vazyme, according to the manufacturer’s protocols.

In brief, all plasma samples were heat-inactivated at 56 °C for 30 min before use.
The plasma samples diluted in 5% BSA were added to the high-binding ELISA
plates pre-coated with antigen (N protein or RBD) and incubated for 2h at room
temperature. Wells were then washed with PBS-T (PBS with 0.05% Tween-20), and
secondary antibody was added and incubated for 1h at room temperature. After
another three washes with PBS-T, tetramethylbenzidine substrate was added at
room temperature in the dark. After 15min, the reaction was stopped with a 2M
H,SO, solution and then the absorbance was measured at 450 nm.

Statistical analysis. Mann-Whitney U-test was used to compare the antibody
levels, MN titres and ID;, between two groups. The Spearman rank correlation
coefficient was used for linear correlation analysis between the antibody levels
and MN titres. All statistical tests were conducted using SPSS (version 20.0) for
Windows (IBM). P value less than 0.05 was considered statistically significant.
The kinetics of anti-RBD IgG, anti-RBD IgM, anti-RBD IgA and MN titres during
follow-up were calculated by the LOESS (locally estimated scatterplot smoothing)
curve-fitting polynomial regression using R software (version 4.04).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the paper and
the Supplementary Information. Source data are provided with this paper.
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Extended Data Fig. 1| Persistent antibody responses in COVID-19 convalescents. (A) and (B) Positive rates and detailed OD values of the anti-RBD IgM
and anti-RBD IgA for the COVID-19 convalescents with over 180 days follow-up. (C) Spearman correlation plot between the OD values of anti-RBD IgM
(p<0.001), anti-RBD IgA (p < 0.001) and anti-N IgG (p < 0.001) with the log MN titers. (D) Spearman correlation plot of log MN titers with anti-RBD IgG
in COVID-19 patients with different clinical spectrum (p <0.001). Specimens with MN titers less than 10 were assigned a value of 5. Dotted lines indicate
the limit of detection.
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Extended Data Fig. 2 | See next page for caption.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology


http://www.nature.com/naturemicrobiology

ARTICLES NATURE MICROBIOLOGY

Extended Data Fig. 2 | Comparison of the antibody responses of COVID-19 patients with different clinical spectrum within 28 d.a.o. The positive rates
and exact values of anti-RBD IgG (A), anti-RBD IgA (B), anti-RBD IgM (C), anti-N IgG (D) and MN titers (E). Statistical significance was measured using
a Mann-Whitney two-sided test U-test. *P < 0.05, **P <0.01, ***P < 0.001. ns, not significant. The line and error bar represent the mean and standard
deviation for the anti-RBD IgG, while geometric mean titers and standard deviation for the MN titers. Black dotted lines indicate the limit of detection for
anti-RBD IgM, and green dotted lines indicate the limit of detection for anti-RBD IgA.
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Extended Data Fig. 3 | Kinetics of SARS-CoV-2 specific antibody responses in COVID-19 convalescents during the 480 days follow-up. (A), (B) and (C)
Kinetics of anti-RBD IgA, anti-RBD IgM and anti-N IgG during the 480 days follow-up. (D) and (E) Kinetics of anti-RBD IgG and MN titers of the COVID-19
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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lXI The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software was used for data collection.

Data analysis We used SPSS 20.0 for Windows, GraphPad Prism 8.0 and R software 4.04 for the analysis of the data.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data supporting the findings of this study are available within the paper and the supplementary information files. Source data are provided with this paper.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size A total of 214 laboratory confirmed COVID-19 patients admitted to our hospital during January 11 to April 18, 2020 were followed up and
included in our analysis. The sample size was based on availability of serum samples collected at multiple time points from patients admitted
to our hospital. No prior sample size calculation was performed.
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Data exclusions  No data excluded.

Replication For the viral entry inhibition assay with SARS-CoV-2 pseudotyped virus and authentic SARS-CoV-2 microneutralization (MN) assays, all the
measurements were performed in triplicate. We confirm that all attempts at replication were successful.

Randomization  Randomization was not relevant to this study as this was an observational study.

Blinding Blinding was not relevant to this study because of the observational design.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
IXI Antibodies IXI |:| ChlP-seq
IXI Eukaryotic cell lines IXI |:| Flow cytometry
D Palaeontology and archaeology IXI |:| MRI-based neuroimaging

D Animals and other organisms
IXI Human research participants
D Clinical data

|:| Dual use research of concern
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Antibodies
Antibodies used The used SARS-CoV-2 RBD specific antibody B38 was previously isolated from a COVID-19 patient by our group, and it has been
proved to significantly neutralize wild type SARS-CoV-2 (Wu, Y. et al. A noncompeting pair of human neutralizing antibodies block
COVID-19 virus binding to its receptor ACE2. Science 368, 1274-1278).
Validation The data of this antibody was published in Science (Wu, Y. et al. A noncompeting pair of human neutralizing antibodies block

COVID-19 virus binding to its receptor ACE2. Science 368, 1274-1278).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) African green monkey kidney Vero cell (ATCC, CCL-81) were obtained from ATCC, and 293 cells stably expressing ACE-2 (293-
ACE-2) were obtained from Vazyme (Vazyme).

Authentication None of the cell lines used were authenticated.
Mycoplasma contamination All cell lines used were tested (by PCR) and were mycoplasma free.

Commonly misidentified lines No commonly misidentified lines were used in this study.
(See ICLAC register)




Human research participants

Policy information about studies involving human research participants

Population characteristics A total of 214 laboratory confirmed COVID-19 patients with 51 individuals in severe group, 134 individuals in mild group and
29 individuals in asymptomatic group were included in this study for the analysis of antibody response. This cohort was
46.73% male with an average age of 48 years (range 2-79).

Recruitment No participants were enrolled. All samples pre-existed.

Ethics oversight The study protocol was approved by the Ethics Committees of Shenzhen Third People’s Hospital (2020-010).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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