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ABSTRACT To assess the persistence of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) antibodies produced by natural infection and describe the sero-
logical characteristics over 7 months after symptom onset among coronavirus dis-
ease 2019 (COVID-19) patients by age and severity group, we followed up COVID-19
convalescent patients confirmed from 1 January to 20 March 2020 in Jiangsu, China
and collected serum samples for testing IgM/IgG and neutralizing antibodies against
SARS-CoV-2 between 26 August and 28 October 2020. In total, 284 recovered partici-
pants with COVID-19 were enrolled in our study. Patients had a mean age of
46.72 years (standard deviation [SD], 17.09), and 138 (48.59%) were male. The me-
dian follow-up time after symptom onset was 225.5 (interquartile range [IQR], 219 to
232) days. During the follow-up period (162 to 282 days after symptom onset), the
seropositive rate of IgM fluctuated around 25.70% (95% confidence interval [CI],
20.72% to 31.20%) and that of IgG fluctuated around 79.93% (95% CI, 74.79% to
84.43%). Of the 284 patients, 64 participants were tested when discharged from hos-
pital. Compared with that at the acute phase, the IgM/IgG antibody levels and IgM
seropositivity have decreased; however, the seropositivity of IgG was not significantly
lower at this follow-up (78.13% versus 82.81%). Fifty percent inhibitory dilution (ID50)
titers of neutralizing antibody for samples when discharged from hospital (geometric
mean titer [GMT], 82; 95% CI, 56 to 121) were significantly higher than those at 6 to
7 months after discharge (GMT, 47; 95% CI, 35 to 63) (P , 0.001). After 7 months
from symptom onset, the convalescent COVID-19 patients continued to have high IgG
seropositive; however, many plasma samples decreased neutralizing activity.

IMPORTANCE The long-term characteristics of anti-SARS-CoV-2 antibodies among
COVID-19 patients remain largely unclear. Tracking the longevity of these antibodies
can provide a forward-looking reference for monitoring COVID-19. We conducted a
comprehensive assessment combining the kinetics of specific and neutralizing anti-
bodies over 7 months with age and disease severity and revealed influencing factors
of the protection period of convalescent patients. By observing the long-term anti-
body levels against SARS-CoV-2 and comparing antibody levels at two time points
after symptom onset, we found that the convalescent COVID-19 patients continued
to have a high IgG seropositive rate; however, their plasma samples decreased neu-
tralizing activity. These findings provide evidence supporting that the neutralizing
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activity of SARS-CoV-2-infected persons should be monitored and the administration
of vaccine may be needed.

KEYWORDS antibodies, immune response, natural infection, SARS-CoV-2, virus
dynamics

Coronavirus disease 2019 (COVID-19), caused by the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), was first reported in Wuhan, China, in

December 2019 and has spread around the world violently with ongoing and pro-
longed high rates of new infections (1). Bearing the continuously heavy burden of life
lost and health resource strain, countries have turned to safe and effective vaccines for
further and greater release beyond the nonpharmaceutical interventions like physical-
distancing that have been taking effect (2, 3). So far, the lessons about immune response
to SARS-CoV-2 after natural infection proved the feasibility of achieving herd immunity by
vaccine (4, 5), and the long-term immune characteristics of natural infection play a key and
referenced role in estimating antibody effects after vaccination, which need more study to
support.

In the process of natural immune responses to COVID-19, IgM, expressing first and
representing approximately 10% of serum antibodies, shows a great capacity for react-
ing against the target antigen, while IgG, appearing later, has a high capacity for neu-
tralizing pathogens and existing in human bodies for months (6). In addition, neutraliz-
ing antibodies play a vital role in prophylaxis and vaccine development of COVID-19
(7). The long-term characteristics of anti-SARS-CoV-2 antibodies, which include the per-
sistence of antibodies and duration of immune protection affecting the occurrence of
reinfection, remain largely unclear. There were some researchers studying the 6-month
consequences of antibodies, but the length of observation time and the number of bi-
ological samples for testing were not enough (8).

In this study, between 26 August and 28 October 2020, we followed up with 284
convalescent patients with COVID-19 who were infected from 1 January to 20 March
2020 for antibody immunoassay targeting the nucleoprotein and the spike protein and
authentic SARS-CoV-2 microplate neutralization assay, the results of which were com-
pared to their antibody levels at the acute phase. The main aims were to check the du-
ration of lasting immune antibodies produced by natural infection and to describe
antibody characteristics of convalescent patients grouped by disease severity and age
over a longer period.

RESULTS
Demographic and clinical characteristics. The demographic and clinical charac-

teristics of the 284 recovered individuals with laboratory-confirmed COVID-19 are
shown in Table 1. Most participants were adults (.18 years old, 96.48%), with a mean
age of 46.72 years (standard deviation [SD], 17.09) and more were female (51.41% ver-
sus 48.59% male). When hospitalized, nearly half of the participants (44.37%, 126 of
284) were identified as normal cases, 32.04% (91 of 284) were asymptomatic cases,
20.42% (58 of 284) were mild cases, and the rest (3.17%, 9 of 284) was severe/critical
cases. Severe/critical cases with a mean age of 61.72 years (SD, 14.04) had a higher pro-
portion of elderly patients ($60 years) than the other three groups. Most children and
adolescents (,20 years old) were asymptomatic patients (9/11, 81.82%). During the
acute phase, all of the patients admitted to the intensive care unit (ICU) or inflicted
with acute respiratory distress syndrome (ARDS) belonged to the severe/critical type
(n = 8, P, 0.001 and n = 2, P = 0.001, respectively).

After they were recruited, 283 of 284 patients were given a bilateral chest com-
puted tomography (CT) scan. Among nonspecific imaging signatures, the most com-
mon chest CT finding was pulmonary nodules (26.15%, 74 of 283) followed by fibrosis
(14.84%, 42 of 283) and pleural thickening (10.60%, 30 of 283). Regarding typical chest
CT characteristics of COVID-19, there were no significant differences among four type
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of patients in ground-glass opacities and patchy shadows (P = 0.362 and 0.148; com-
bined P = 0.054).

IgM/IgG responses against SARS-CoV-2 during this follow-up period. The me-
dian time from symptom onset to this follow-up was 225.5 days (interquartile range
[IQR], 219 to 232; range, 162 to 282). Stratified by the types of COVID-19, the median
time was 223 days (IQR, 212 to 230) for asymptomatic patients, 226.5 days (IQR, 221 to
235) for mild patients, 226 days (IQR, 220 to 231) for normal patients, and 232 days
(IQR, 229 to 233) for severe/critical patients, all similar to the median time of all
patients. The follow-up period was divided into four intervals according to the days
from symptom onset to this follow-up (Fig. 1). During the follow-up period, the sero-
positive rate of IgG was still much higher than IgM, and interestingly, decay tendency
was not observed in both the IgG and IgM seropositive rates, with the former fluctuat-
ing around 79.93% (95% confidence interval [CI], 74.79% to 84.43%) and the latter fluc-
tuating around 25.70% (95% CI, 20.72% to 31.20%). Meanwhile, the level of IgM did
not show a significant difference between the other three intervals and the interval of
162 to 219 days (P = 0.848; P = 0.458; P = 0.782). Moreover, the levels of IgG in the
intervals of 219 to 226 days and 232 to 282 days were significantly higher than that of
162 to 219 days (P = 0.035; P , 0.001). The population distribution of different disease
severity among four interval periods was shown in Fig. S1 in the supplemental mate-
rial. For the whole group of participants, IgM-seropositive individuals and IgG-seroposi-
tive individuals, the normal type was always the largest proportion after 219 days since
onset, and the severe/critical type was the minimum during the whole follow-up
period.

IgM/IgG levels over 7 months after symptom onset according to severity of
disease. The level and positivity rate of anti-SARS-CoV-2 IgM/IgG at this follow-up are
represented in Fig. 2. The IgG-positive rate was much higher than the IgM rate no mat-
ter which type of severity. More than 60% of individuals still remained positive for IgG,

TABLE 1 Demographic and clinical characteristics of patients with COVID-19 having accepted serologic tests

Characteristic

No. (%) of patients

PaAll patients Asymptomatic type Mild type Normal type Severe/critical type
Total 284 (100.00) 91 (32.04) 58 (20.42) 126 (44.37) 9 (3.17)

Gender 0.332
Male 138 (48.59) 39 (42.86) 28 (48.28) 68 (53.97) 3 (33.33)
Female 146 (51.41) 52 (57.14) 30 (51.72) 58 (46.03) 6 (66.67)

Age (mean6 SD) 46.726 17.09 42.946 18.21 51.996 16.44 45.956 15.70 61.726 14.04 0.001b

Age (yr) 0.001b

,10 4 (1.41) 3 (3.30) 0 (0.00) 1 (0.79) 0 (0.00)
10–20 7 (2.46) 6 (6.59) 0 (0.00) 1 (0.79) 0 (0.00)
20–60 210 (73.94) 63 (69.23) 40 (68.97) 104 (82.54) 3 (33.33)
$60 63 (22.18) 19 (20.88) 18 (31.03) 20 (15.87) 6 (66.67)

Chest CT performance at follow-up, n = 283
Nodules 74 (26.15) 17 (18.89) 16 (27.59) 40 (31.75) 1 (11.11) 0.136
Cysts 8 (2.83) 1 (1.11) 5 (8.62) 2 (1.59) 0 (0.00) 0.063
Fibrosis 42 (14.84) 10 (11.11) 15 (25.86) 15 (11.90) 2 (22.22) 0.048b

Calcification 22 (7.77) 4 (4.44) 8 (13.79) 8 (6.35) 2 (22.22) 0.055
Ground-glass opacities 21 (7.42) 5 (5.56) 7 (12.07) 8 (6.35) 1 (11.11) 0.362
Patchy shadows 35 (12.37) 8 (8.89) 9 (15.52) 15 (11.90) 3 (33.33) 0.148
Pleural effusion 1 (0.35) 0 (0.00) 0 (0.00) 1 (0.79) 0 (0.00) 1.000
Pleural thickening 30 (10.60) 9 (10.00) 8 (13.79) 12 (9.52) 1 (11.11) 0.794
Typical chest CT characteristics of COVID-19c 54 (19.08) 12 (13.33) 15 (25.86) 23 (18.25) 4 (44.44) 0.054

ICU when hospitalized 8 (2.82) 0 (0.00) 0 (0.00) 0 (0.00) 8 (88.89) ,0.001b

ARDS when hospitalized 2 (0.70) 0 (0.00) 0 (0.00) 0 (0.00) 2 (22.22) 0.001b

Other complications when hospitalized 5 (1.76) 0 (0.00) 0 (0.00) 5 (3.97) 0 (0.00) 0.144
aChi-square test or Fisher’s exact test as appropriate.
bP, 0.05 represents significant difference.
cTypical chest CT characteristics of COVID-19 included ground-glass opacities and patchy shadows.
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with the highest rate of 100% in the severe/critical type followed by normal (86.51%),
mild (82.76%), and asymptomatic (67.03%). Compared with the asymptomatic type,
the IgG seropositive rates of the mild and normal types were significantly higher
(P = 0.035 and P = 0.001, respectively). Surprising, 55.56% of severe/critical, 31.75%
of normal, 17.24% of mild, and 19.78% of asymptomatic patients were still detected
for positive IgM at 6 to 9 months after SARS-CoV-2 infection was confirmed.
Compared with the asymptomatic type, the IgM seropositive rate of the severe/crit-
ical type was significantly higher (P = 0.028) while that of the normal type was mar-
ginally higher (P = 0.049).

Similarly, the level (chemiluminescence values divided by the cutoff [S/CO]) of IgG
was much higher than IgM. The level of IgM was 0.23 (IQR, 0.14 to 0.68), 0.25 (IQR, 0.14
to 0.72), 0.49 (IQR, 0.12 to 1.34), and 1.57 (IQR, 0.37 to 3.56) in asymptomatic, mild,

FIG 1 Seropositivity and antibody levels of IgM and IgG against SARS-CoV-2 versus days after symptom onset at follow-up. (A and B) The blue and yellow
part of the histogram represents the number of IgM- and IgG-positive participants, respectively, while the gray part represents the total number of
individuals in each quartile of days after symptom onset (shown in the left y axis); the blue and yellow lines are connected by the same color triangles and
denote the positive rate of IgM and IgG in each quartile group, respectively (shown in the right y axis). (C and D) Box plots of chemiluminescent
immunoassay measurements of IgM and IgG for participants sampled in each quartile of days after symptom onset. Pc represents that the P value was
produced by Wilcoxon rank sum (Mann-Whitney) test.

Zhu et al.

Volume 9 Issue 2 e00590-21 MicrobiolSpectrum.asm.org 4

https://www.MicrobiolSpectrum.asm.org


normal, and severe/critical patients, respectively. There was statistical significance between
the asymptomatic type and severe/critical type (P = 0.021); however, the differences
between the asymptomatic type and mild and normal types were not statistically signifi-
cant (P = 0.932; P = 0.073). Meanwhile, the level of IgG was 2.42 (IQR, 0.81 to 5.06), 4.06
(IQR, 2.33 to 7.87), 4.31 (IQR, 1.89 to 8.19), and 7.46 (IQR, 3.14 to 10.37), respectively, and
the differences were statistically significant between the asymptomatic type and the nor-
mal and mild and severe/critical types (P = 0.003; P, 0.001; P = 0.011, respectively).

IgM/IgG levels over 7 months after symptom onset according to age. The age
range of participants was 5 to 93 years old and was divided into four intervals as
shown in Fig. 3. Both for IgM and IgG, children and adolescents (,20 years old) had
the lowest seropositive rates (9.09% and 54.55%) while the participants of 40 to
60 years old had the highest seropositive rates (29.09% and 91.82%). The seropositive
rates of the elderly ($60 years old) were 23.81% for IgM and 84.13% for IgG.
Remarkably, the seropositivity of IgM was not significantly different with the reference
group of children and adolescents (all P . 0.05); however, the IgG seropositive rates of
the participants over 40 years old were significantly higher than those of children and
adolescents (P, 0.001 and P = 0.024).

FIG 2 Seropositivity and antibody levels of IgM and IgG against SARS-CoV-2 according to severity of disease at follow-up. (A and B) Bar plots of positive
rates of virus-specific IgM and IgG for participants belonging to four type of disease severity in the cohort. (C and D) Box plots of chemiluminescent
immunoassay measurements of IgM and IgG for participants belonging to four types. Pa represents that the P value was produced by chi-square test, Pb
represents that the P value was produced by Fisher's exact test, and Pc represents that the P value was produced by Wilcoxon rank sum (Mann-Whitney)
test.
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The IgM level of the participants aged 40 to 60 years old was the highest (0.36 [IQR,
0.16 to 1.14]) followed by the elderly (0.33 [IQR, 0.11 to 0.87]), the participants 20 to
40 years of age (0.32 [IQR, 0.14 to 1.04]), and children and adolescents (0.21 [IQR, 0.07
to 0.45]). The IgG level of the elderly was the highest (6.03 [IQR, 1.64 to 9.53]) followed
by the participants aged 40 to 60 years (4.59 [IQR, 2.70 to 8.57]), children and adoles-
cents (2.26 [IQR, 0.55 to 2.74]), and the participants aged 20 to 40 years (1.89 [IQR, 0.72
to 4.18]). Compared with children and adolescents, the participants aged 40 to 60 years
had a marginally higher (P = 0.044) IgM level, and the participants aged 40 to 60 years
and the elderly had significantly higher (P = 0.005 and P = 0.019) IgG levels.

IgM/IgG change at discharge and follow-up. Of 284 participants, 64 were avail-
able for antibody testing when discharged from hospital. Compared with seropositivity
and level of antibodies in the early phase, the decline tendency among these patients
was reflected in this follow-up (Fig. 4). In the early phase, IgM was detectable in 52
(81.25%) patients and IgG in 53 (82.81%) patients. The level (S/CO) of IgM was 4.03
(IQR, 1.34 to 9.53) while IgG was 8.21 (IQR, 2.64 to 44.53) in 64 participants in the early
phase. After at least 7 months, 29.69% with seropositive IgM and 78.13% with seroposi-
tive IgG were reported to be accompanied by the IgM level of 0.33 (IQR, 0.14 to 1.04)
and the IgG level of 3.59 (IQR, 1.40 to 7.47). The significant decrease in seropositive
rate and level could be observed in IgM (both P , 0.001). IgG-seropositive individuals

FIG 3 Seropositivity and antibody levels of IgM and IgG against SARS-CoV-2 within age at follow-up. The age range of 284 COVID-19 convalescent
participants was 5 to 93 years old and divided into four groups as follows: 5 to 20, 20 to 40, 40 to 60, and 60 to 93 years old. (A and B) Positive rates of
IgM and IgG presented with each age interval in bar plots. (C and D) Chemiluminescent immunoassay measurements of IgM and IgG presented with each
age interval in box plots. Pa represents that the P value was produced by chi-square test, Pb represents that the P value was produced by Fisher's exact
test, and Pc represents that the P value was produced by Wilcoxon rank sum (Mann-Whitney) test.
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remained at a high proportion (P = 0.504) but the level decreased from before
(P , 0.001). The same findings were also observed in each type including 25 asymp-
tomatic participants, 6 mild participants, and 33 normal participants (see Fig. S2 in the
supplemental material).

Neutralization against SARS-CoV-2 authentic viruses. Plasma samples of 53
patients when discharged from hospital and in this follow-up were available for neu-
tralizing antibody testing against WT viruses (Fig. 5; see also Table S1 in the supple-
mental material). The 50% inhibitory dilution (ID50) titers for samples when discharged
from hospital (geometric mean titer [GMT], 82; 95% CI, 56 to 121) were significantly
higher than those in this follow-up (geometric mean titer, 47; 95% CI: 35 to 63)
(P , 0.001). Thirty-one of 53 plasma samples lost 3.7-fold neutralizing activity, 13
plasma samples retained activity, and 9 plasma samples increased 3.2-fold neutralizing
activity over 199 days between sampling. No substantial differences in the extent of
the change in neutralization activity were noted according to age, sex, or severity of
disease (data not shown).

DISCUSSION

In this study, we measured the levels of IgG/IgM and neutralizing antibodies against
SARS-CoV-2 in reverse transcriptase PCR (RT-PCR)-confirmed COVID-19 patients 225.5
(IQR, 219 to 232) days after symptom onset, in order to verify persistent immunity
against SARS-CoV-2 natural infection and identify the changing tendencies of antibod-
ies in the long term. We found that compared to the level when participants discharge
from hospital, the decline tendency did occur in both IgG and IgM over 7 months after
symptom onset; however, the high seropositivity rate of IgG showed no significant dif-
ference. More importantly, the neutralizing activity of plasma samples decreased in
this follow-up compared to those when discharged from hospital. These findings sug-
gest that although SARS-CoV-2 natural infection is characterized by long-lived immune
memory, the infection cannot build a strong protective barrier against reinfection.

As a result of the interaction between SARS-CoV-2 and the immune system in
humans, the production of antibodies is so indispensable and impactful that it not

FIG 4 Seropositivity and antibody levels of IgM and IgG against SARS-CoV-2 at discharge and follow-up. (A) Positive rates of IgM and IgG presented in bar
plots; 100% denotes 64 participants were IgM/IgG seropositive. (B) Chemiluminescent immunoassay measurements of IgM and IgG presented in box plots.
Pa represents that the P value was produced by chi-square test, and Pc represents that the P value was produced by Wilcoxon rank sum (Mann-Whitney)
test.
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only influences the outcome and prognosis of COVID-19 but also shapes the durative
defense against extraneous invaders and helps develop the vaccination strategies to
generate herd immunity (9). IgM reacting quickly in the early infected stage establishes
a short-term response and IgG produced in the middle and later stages prolongs the
immunity response, while neutralizing antibody is regarded as the gold standard for
determining antibody efficacy. The long-lived immunity response of SARS-CoV-2
shown in our findings matched with that of severe acute respiratory syndrome-associ-
ated coronavirus (SARS-CoV), which binds the same receptor and shares approximately
79.6% genomic sequence identity with SARS-CoV-2 (10). Researchers have reported
that IgG continuously existed for more than 2 years in SARS-recovered patients (11,
12). In addition, there are some previous researches that support our findings about
the persistence of IgG. Iyer et al. recruited 343 patients and indicated that IgG persisted
in patients through 90 days after symptom onset and IgM disappeared after a median
time of 49 days (13). Isho et al. also said that anti-SARS-CoV-2 IgA and IgM stayed for a
short time in serum and saliva, while IgG remained relatively stable up to 105 days
from symptom onset (14). Also, we found that IgM in 25.70% of participants 6 to
9 months after symptom onset was still seropositive, which was significantly different
from other pathogenic viruses, supplementing our understanding of IgM, whose sero-
positive rate decreased to around 55% in 9 to 10 weeks (15).

Interestingly, we found that the decline of antibodies was not sustained, and rela-
tively stable phases called plateaus appeared between 162 and 282 days after symp-
tom onset, which was similar to the plateaus of specific IgG against SARS 90 to
120 days after symptom onset in a longitudinal study of 176 SARS patients (12).

Notably, the antibody response patterns in the phases of acute infection and recov-
ery were both associated with age and disease progression. There was evidence prov-
ing that in the acute phase, the risk of severe/critical illness was higher for elderly
patients and the specific CD81 T cell responses that were related to disease severity
were damaged for the elderly patients (16–18). Unlike the immunological characteris-
tics in the acute phase, we found that antibody response 162 to 282 days after symp-
tom onset seemed to have no difference between the groups of 20- to 59-year-old
patients and $60-year-old patients. On the contrary, children and adolescents are
more likely to be spared COVID-19 or have mild symptoms, and their immune
responses are not as violent as adults (16, 19–21). That was consistent with our finding

FIG 5 Neutralizing antibody (ID50) against SARS-CoV-2 authentic viruses at discharge and follow-up.
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of the lowest antibody level and positive rate in children and adolescents. Compared
with the other three clinical types, severe/critical patients had higher antibody levels
and positive rates, while the asymptomatic had the lowest levels and positive rates of
IgG, consistent with previous studies (22, 23). The precise underlying cause-effect asso-
ciations and relationships between IgM/IgG levels and severity of disease and age
require further study to explore.

ID50 titers for samples when discharged from hospital (GMT, 82) decreased to a GMT
of 47 at this follow-up. Many plasma samples decreased neutralizing activity, some
plasma samples retained activity, and few plasma samples increased neutralizing activ-
ity between the two sampling periods. Anichini et al. found that neutralizing antibody
titer after administration of a single dose of vaccine in previously infected patients was
significantly higher than the titer after administration of a second dose of vaccine in
previously uninfected patients (24). These findings provide evidence supporting
that the administration of vaccine may be needed for those previously infected with
SARS-CoV-2.

There were some limits in our study. First, the follow-up was only carried out at two
time points, so we could not demonstrate the dynamic changes of antibodies after dis-
charge, which may mislead the understanding of antibody linear decline. However,
there have been many studies analyzing dynamic serologic responses in the acute
phase (14, 15, 22, 25, 26). Second, limited by the number of participants of severe/criti-
cal type (n = 9), we could not explain further association between the antibody change
trends and the severity of disease because of difficulty to measure the bias.

By observing the long-term antibody levels against SARS-CoV-2 and comparing
antibody levels at two time points after symptom onset, we found that convalescent
COVID-19 patients continued to present with high IgG seropositive rates; however,
many plasma samples had decreased neutralizing activity. These findings stress the im-
portance of vaccination and provide evidence to support the monitoring for neutraliz-
ing activity those previously infected with SARS-CoV-2.

In conclusion, for COVID-19 patients, age and disease severity not only affected
the antibody response patterns in the phase of acute infection but also after recov-
ery, and the elderly had different serological features in the two phases. The crucial
facts were observed that, after 7 months, immune response of SARS-CoV-2-specific
antibodies showed a promising performance; however, neutralizing antibodies
decreased not to be able to maintain a protective barrier. These findings urge gov-
ernments and departments of health to implement more active vaccination and
imply that monitoring for neutralizing activity of SARS-CoV-2 in previously infected
persons should be considered.

MATERIALS ANDMETHODS
Study design and participant enrollment. Between 26 August 2020 and 28 October 2020 in

Jiangsu province, China, a total of 284 cured patients were followed up who had been diagnosed with
SARS-CoV-2 infection confirmed by real-time RT-PCR on nasal and/or pharyngeal swab specimens from
1 January to 20 March 2020 according to Diagnosis and Treatment Protocol for Novel Coronavirus
Pneumonia released by the National Health Commission of the People’s Republic of China. These partici-
pants provided serum samples for antibody tests to check the presence and persistence of immunity to
SARS-CoV-2 and accepted chest CT to figure out the damage influence on lungs 7 months or longer af-
ter symptom onset. Additionally, we reviewed documents on epidemiological investigation and medical
records when the participants were in hospital for treatment from the China Information System for
Disease Control and Prevention (CISDC). Of the 284 patients, 64 participants were tested for antibodies
when discharged from hospital.

Detection of IgG and IgM against SARS-CoV-2. Serum samples were collected from the partici-
pants to measure the levels of IgG and IgM against SARS-CoV-2 using the following commercial kits:
Novel Coronavirus (2019-nCoV) IgM/G antibody diagnostic kit (plate CLIA) supplied by Bioscience Co.
(China National Medical Products Administration, approval numbers 20203400183 [IgG] and 20203400182
[IgM]) on an automated magnetic chemiluminescence analyzer (Axceed 260; Bioscience). According to the
manufacturer’s instructions, based on a double-antibody sandwich immunoassay, the detection antibody is
an alkaline phosphatase-conjugated anti-human IgG/IgM antibody, and the recombinant antigens contain
the nucleoprotein and a peptide from the spike protein of SARS-CoV-2, which are conjugated with fluores-
cein isothiocyanate (FITC) and immobilized on anti-FITC antibody-conjugated magnetic particles. Associated
positively with the measured chemiluminescence values, the IgM/IgG titers are presented as
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chemiluminescence values divided by the cutoff (S/CO). If the S/CO value is .1, the sample is considered
seropositive for IgM or IgG, while if the S/CO value is #1, the sample is considered seronegative for IgM or
IgG. The detection performance of the commercial magnetic chemiluminescence enzyme immunoassay
(MCLIA) kit has been reported by the manufacturer as follows: the sensitivity and specificity for IgG are
87.23% (95% CI, 82.77 to 90.90%) and 99.25% (95% CI, 97.83 to 99.85%) and for IgM are 88.30% (95% CI,
83.96 to 91.81%) and 99.50% (95% CI, 98.21 to 99.94%).

Authentic SARS-CoV-2 microplate neutralization. The experiments were performed in a biosafety
level 3 (BSL3) laboratory in Jiangsu Provincial Center for Diseases Control and Prevention, Jiangsu, China, as
described previously (27). The frozen SARS-CoV-2 strain (SARS-CoV-2/human/CHN/Changzhou_JS27/2020;
GenBank accession no. MT534630) was thawed in a 37°C water bath and propagated for one passage using
Vero-E6 cells. Virus infectious titer was determined by the 50% tissue culture infective dose (TCID50)
based on microscopic observation of cytopathic effect (CPE) assay on Vero-E6 cells. An endpoint
dilution microplate neutralization assay was performed to measure the neutralization activity of
convalescent plasma samples. Plasma serum samples were heat-inactivated for 30 min at 56°C and
subjected to successive 2-fold dilution starting from 1:10 to 1:5,120. Triplicates of each dilution were
incubated with SARS-CoV-2 in Dulbecco modified Eagle medium (DMEM) with 2% inactivated fetal
calf serum (FCS) for 1 h at 37°C. Postincubation, the virus-antibody mixture was transferred onto a
monolayer of Vero-E6 cells grown overnight. The cells were incubated with the mixture for 3 days.
CPE of viral infection was visually scored under an inverted microscope for each well in a blinded
fashion by two independent observers. The neutralizing titer is the highest sample dilution that pro-
tects at least 50% of Vero-E6 cells from CPE. If no neutralization reaction was observed at the initial
serum dilution (1:10), an arbitrary titer of 5 was reported.

Data source. The clinical types of participants were decided on by physicians upon admission
on basis of the symptoms and severity of disease according to the Diagnosis and Treatment
Protocol for Novel Coronavirus Pneumonia (28). COVID-19 patients without any relevant clinical
symptoms in the preceding 14 days and during hospitalization, with mild clinical symptoms but
without pneumonia manifestation found by imaging, and with typical clinical symptoms (fever
and respiratory tract symptoms, etc.) and pneumonia manifestation found by imaging were classi-
fied as asymptomatic, mild, and normal cases, respectively. Severe/critical COVID-19 patients met
any of the following criteria: (i) respiratory distress, respiratory rates of $30 breaths/min; (ii) percu-
taneous oxygen saturation (SpO2) of #93% at rest; (iii) arterial oxygen tension/inspiratory oxygen
fraction ratio (PaO2/FiO2) of #300 mm Hg; (iv) greater than 50% lesion progression within 24 to
48 h in pulmonary imaging; (v) respiratory failure requiring mechanical ventilation; (vi) shock; and
(vii) complications from other organ failure requiring monitoring and treatment in the intensive
care unit (ICU). During hospitalization, demographic characteristics, medical interventions, and
complications were documented.

Statistical analysis. Continuous variables were expressed as means 6 standard deviation (SD) and
tested using one-way analysis of variance (ANOVA) or the Wilcoxon rank sum (Mann-Whitney) test as
appropriate; categorical variables were presented in percentages and tested using the chi-square test
and Fisher's exact test as appropriate. The medians and quartiles of chemiluminescence values for anti-
SARS-CoV-2 antibodies were represented in box plots, and the prevalence and positive/total numbers
were shown in lines and bar plots. The box plot shows medians represented as middle lines and third
and first quartiles are represented by the box, while the whiskers above and below the box show the dif-
ference values between 1.5� the interquartile range (IQR) and third and first quartiles. P values for the
comparison of the reciprocal neutralization titers at 50% inhibitory dilution (ID50) are calculated with the
use of the Wilcoxon signed-rank test. All statistical analyses were conducted with the R software (version
4.0.3.). Differences were considered to be statistically significant when the P value was 0.05 or less. All
statistical tests were two-sided.

The study was approved by the Institutional Review Board of Nanjing Medical University. All partici-
pants have provided written informed consent for demographic characteristics, physical examinations,
medical records, and blood sample tests.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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