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a  b  s  t  r  a  c  t

Background:  Novel  coronavirus  disease  2019  (COVID-19)  caused  by  severe  acute  respiratory  syndrome
coronavirus  2 (SARS-CoV-2)  is pandemic.  However,  data  concerning  the  epidemiological  features,  viral
shedding,  and  antibody  dynamics  between  asymptomatic  SARS-CoV-2  carriers  and  COVID-19  patients
remain  controversial.
Methods: We  enrolled  193  SARS-CoV-2  infected  subjects  in  Ningbo  and  Zhoushan,  Zhejiang,  China,  from
January  21  to March  6, 2020.  All  subjects  were  followed  up  to monitor  the  dynamics  of  serum  antibody
immunoglobulin  M  (IgM) and  IgG  against  SARS-CoV-2  using  colloidal  gold-labeled  and  enzyme-linked
immunosorbent  assays.
Results:  Of  those,  31  were  asymptomatic  SARS-CoV-2  carriers,  148  symptomatic  COVID-19  patients,  and
14  presymptomatic  COVID-19  patients.  Compared  to symptomatic  COVID-19  patients,  asymptomatic
carriers  were  younger  and  had  higher  levels  of  white  blood  cell  and  lymphocyte,  lower  level  of  C-reactive
protein,  and  shorter  viral shedding  duration.  Conversion  of  IgM from  positive  to  negative  was  shorter
in  asymptomatic  carriers  than  in COVID-19  patients  (7.5  vs.  25.5  days,  P =  0.030).  The  proportion  of
those  persistently  seropositive  for IgG against  SARS-CoV-2  was higher  in COVID-19  patients  than  in
asymptomatic  carriers  (66.1%  vs.  33.3%,  P  =  0.037).  Viral  load  was  higher  in symptomatic  patients  than
presymptomatic  patients  (P = 0.003)  and  asymptomatic  carriers  (P =  0.004).  Viral  shedding  duration
was  longer  in  presymptomatic  COVID-19  patients  than  in  asymptomatic  carriers  (48.0  vs.  24.0  days,  P =
0.002).  Asymptomatic  carriers  acquired  infection  more  from  intra-familial  transmission  than  did  COVID-
19  patients  (89.0% vs. 61.0%, P =  0.028).  In  4  familial  clusters  of  SARS-CoV-2  infection,  asymptomatic
carriers  were  mainly  children  and young  adults  while  severe  COVID-19  was  mainly  found  in family
members  older  than  60 years  with  comorbidities.

Conclusion:  Asymptomatic  carriers  might  have  a higher  antiviral  immunity  to  clear  SARS-CoV-2  than
symptomatic  COVID-19  patients  and  this  antiviral  immunity  should  be  contributable  to  innate  and  adap-
tive cellular  immunity  rather  than  humoral  immunity.  The  severity  of  COVID-19  is  associated  with  older
age  and  comorbidities  in  familial  clustering  cases.

©  2021  The  Authors.  Published  by  Elsevier  Ltd on  behalf  of King  Saud  Bin  Abdulaziz  University  for
Health  Sciences.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.
∗ Corresponding authors.
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ntroduction

Novel coronavirus disease in 2019 (COVID-19) caused by

evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
as become a pandemic since early 2020 [1]. The case number
eeps increasing. Globally, as of 5:56 pm CET, February 17, 2021,
here have been 109,217,366 confirmed cases of COVID-19, includ-
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ing 2,413,912 deaths, reported to World Health Organization [2].
Hospital-based transmission, family clustering transmission, and
transmission via public service such as food delivery were the three
major epidemiological features of this outbreak at the early stage,
and continued to be an important cause of community-based SARS-
CoV-2 transmission in a low prevalence region [3–5]. COVID-19
patients and asymptomatic carriers are the main sources of SARS-
CoV-2 infection but might have differences in some features [6].
However, information concerning SARS-CoV-2 transmission and
viral shedding duration between COVID-19 patients and asymp-
tomatic SARS-CoV-2 carriers remain controversial. It has been
summarized from early studies that viral load of asymptomatic car-
riers is comparable to symptomatic patients [7]. In another study,
it has been demonstrated that a considerably higher viral load is
present in samples from fatal cases compared to asymptomatic
carriers [8]. Difference in the dynamics of antibody against SARS-
CoV-2 between asymptomatic carriers and COVID-19 patients
remains to be clarified. To understand the differences between
asymptomatic and symptomatic SARS-CoV-2 infected subjects, we
conducted a study to investigate the epidemiological features,
laboratory findings, viral shedding, and antibody conversion of
SARS-CoV-2 infected cases among asymptomatic SARS-CoV-2 car-
riers and symptomatic/presymptomatic COVID patients in two
nearby cities, a low prevalence region in Zhejiang, China.

Materials and methods

Study design and patients

It is an ambispective cohort study. The study enrolled all diag-
nosed cases with SARS-CoV-2 infection on Ningbo city and a
familial clustering infection with SARS-CoV-2 in Putuo district of
Zhoushan city from January 21 to March 6, 2020. Study partici-
pants did not receive any vaccination against SARS-CoV-2 during
the study period. Epidemiological, clinical characteristics, pathogen
and serological test results were collected by Ningbo Municipal
Center for Disease Control and Prevention (Ningbo CDC) and CDC
of Putuo district, Zhoushan (Putuo CDC). Some baseline informa-
tion including demographic and pathogenic data of those patients
was reported [9,10]. After that, we continued to investigate viral
load and viral shedding of SARS-CoV-2, laboratory tests, and the
dynamics of serum immunoglobulin M (IgM) and immunoglob-
ulin G (IgG) against SARS-CoV-2 between asymptomatic carriers
and COVID-19 patients. All patients were followed up to monitor
the dynamics of IgM and IgG against SARS-CoV-2. Those with IgM
and IgG serological tests for two times or more within 160 days
were included in antibody seroconversion analysis. Diagnoses and
disease staging of COVID-19 were carried out according to the Pro-
tocol for the Diagnosis and Treatment of COVID-19 (Version 7th),
National Health Commission of the People’s Republic of China [11].
Specifically, COVID-19 was diagnosed if the patient was  tested pos-
itive for SARS-CoV-2 genomic RNA and accompanied by clinical
symptoms including fever and cough. Asymptomatic carrier was
identified in close COVID-19 patient contactors who did not have
any symptoms during the course from the date first tested positive
to the date tested negative for SARS-CoV-2 genomic RNA. We  also
classified COVID-19 patients into symptomatic ones with onset of
disease and presymptomatic ones. Presymptomatic patients were
referred to those tested positive for SARS-CoV-2 genomic RNA but
did not have any clinical symptoms until a period of incubation.
All diagnosed COVID-19 patients were classified as mild, common,

severe, and extremely severe types, according to the criteria [11].
This study was approved by the Ethics Commissions of Ningbo
CDC and Putuo CDC. A written informed consent was waived for
emerging infectious diseases.
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pidemiological survey

A semi-structured questionnaire was  applied to obtain
emographic information, exposure information of the familiar
lustering cases via face-to-face interview and telephone calls by
ell-trained professionals. The data regarding any travel history to
igh risk areas with COVID-19 epidemic, contact with confirmed
ases or asymptomatic carriers tested positive for SARS-CoV-2
enomic RNA, contact with patients with some symptoms like
ever, dry cough, and expectoration in the past 2–3 weeks before
llness onset. Any chance and duration of attending any kinds of
opulation gatherings were recorded as well.

Clinical information included the date of symptom onset and
dmission to hospitals designated by local governments, clinical
anifestation, routine laboratory examinations, and radiographic

xaminations. The clinical manifestations, chest computed tomog-
aphy images, and laboratory results of patients in Ningbo were
ollected from the electronic medical record systems in the two
esignated hospitals: Ningbo First Hospital and Huamei Hospital.
he information of patients from Zhoushan was  collected from
houshan Maternal and Child Health Care Hospital and Putuo Hos-
ital. Two researchers (PL and YD) independently reviewed all of
he data to doubly check the accuracy of data collected.

xamination of SARS-CoV-2 genomic RNA

Quantitative reverse transcription-PCR (qRT-PCR) assay was
pplied to detect SARS-CoV-2 genomic RNA in nasal and throat
wabs, sputum, and feces of patients. Patients in Ningbo were
xamined using the test kits manufactured by Shanghai BioGerm
edical Technology (Shanghai, China) and Daan Gene Co., Ltd.

Guangzhou, China) [12]. Patients in Zhoushan were examined
sing the test kits manufactured by Shanghai GeneoDx Biotech
ompany (Shanghai, China) [13]. Sample was  positive if the cycling
hreshold (CT) values of reverse-transcription polymerase chain
eaction (RT-PCR) for the ORF1ab and the N genes were less than
7. Sample was negative if no CT value, or CT value of greater than
0, or unrepeatable CT value in the range of 37–40.

etection of antibodies against SARS-COV-2

IgM and IgG against SARS-CoV-2 in the frozen reserved serum
amples of fasting blood in Ningbo and Zhoushan were tested using
olloidal gold-labeled kits supplied by Innovita Biological Technol-
gy (Tangshan, China) [14]. Testing results by Innovita ELISA kits
ere determined by the color reaction. If color intensity of test band
as lower than control band, it represented a weak positive result;

f the intensity of test band was equal or greater than that of con-
rol band, it corresponded to a positive result. Absence of a test line
as considered negative. Serum IgM and IgG in the study partici-
ants from Zhoushan were also quantified using the enzyme-linked

mmunosorbent assay (Wending Biotech Co., Nanjing, China). The
resence and levels of serum IgM and IgG were presented as opti-
al density (OD)/cut-off value (CO). Sample was  positive if the ratio
f OD to CO was equal or greater than 1 and negative if the ratio
as less than 1. A higher OD/CO value indicated a higher level of

ntibody concentration.

tatistical analysis

Categorical variables were presented as count (%) and compared
sing the �2 test or the Fisher exact test. Continuous variables

ere described using median and interquartile range (IQR) values

nd then compared using Mann–Whitney U test or Kruskal Wal-
is test. These statistical analyses were two-sided and performed
sing R, version 3.6.2 (R Foundation for Statistical Computing, Can-
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Fig. 1. Temporal intervals of IgM and IgG seroconversion in asymptomatic SARS-
CoV-2 carriers and in COVID-19 patients during the follow-up.
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berra, Austria). Scatter diagram to demonstrate the distribution of
IgM and IgG against SARS-CoV-2 among asymptomatic carriers and
symptomatic and presymptomatic COVID-19 patients were gener-
ated by R. A P value of <0.05 was considered significant for two
independent groups. An adjusted P value of <0.017 was consid-
ered significant by Bonferroni-Dunn test for pairwise comparison
among three groups.

Results

Epidemiological characteristics of asymptomatic SARS-CoV-2
carriers, symptomatic COVID-19 patients, and presymptomatic
COVID-19 patients

A total of 193 SARS-CoV-2 infected subjects were enrolled in this
study. Of those, 31 were asymptomatic carriers, 148 symptomatic
COVID-19 patients, and 14 presymptomatic COVID-19 patients.
Medium temporal interval of presymptomatic patients developing
symptoms were 2.79 days (IQR, 1.00–5.22). Of the 187 patients from
Ningbo, 3 family clusters were included. Those patients were close
contacts of diagnosed COVID-19 patients and then tested positive
for SARS-CoV-2 genomic RNA, from January 21 to March 6, 2020. A
family cluster was from Putuo, Zhoushan. A 41-year-old man, who
once contacted with a COVID-19 relative from Hubei, China, was the
first COVID-19 case who transmitted SARS-CoV-2 to other five fam-
ily members from January 31 to February 3, 2020 during celebrating
Spring Festival in Putuo. All family members were tested positive
for SARS-CoV-2 genomic RNA, with 1 asymptomatic SARS-CoV-2
carrier and 5 symptomatic COVID-19 cases. Our epidemiological
survey indicated the family members did not have opportunity to
get the infection from other sources.

Asymptomatic SARS-CoV-2 carriers were significantly younger
than symptomatic COVID-19 patients and presymptomatic COVID-
19 patients. Compared to symptomatic COVID-19 patients,
asymptomatic SARS-CoV-2 carriers had higher levels of circulating
white blood cell (WBC) and lymphocyte, lower levels of C-reactive
protein (CRP) and viral load, and shorter viral shedding time.
Interestingly, viral load was significantly lower in presymptomatic
COVID-19 patients than in symptomatic ones. The viral shedding
duration was significantly longer in presymptomatic COVID-19
patients than in asymptomatic carriers. The first-time serological
tests showed that nearly one-third of asymptomatic carriers and
symptomatic COVID-19 patients were seronegative for IgM against
SARS-CoV-2 while the seronegative rates for IgG to SARS-CoV-2
were around 7% in the two populations, respectively (Table 1).

Dynamics in seroconversion of IgM and IgG against SARS-CoV-2
between asymptomatic carriers and COVID-19 patients

Of the 193 study subjects, 74 (15 asymptomatic carriers and 59
COVID-19 patients) had two consecutive test results of IgM and
IgG against SARS-CoV-2 within 160 days. SARS-CoV-2-specific IgM
seroconversion from positive to negative or weak positive occurred
in 9 (60.0%) asymptomatic carriers and in 28 (47.5%) COVID-19
patients (P = 0.647). However, the median time interval of IgM sero-
conversion from positive to negative was 7.50 (IQR, 4.75−11.50)
days in asymptomatic carriers, which was significantly shorter than
25.50 (IQR, 6.75−56.75) days in COVID-19 patients (P = 0.030).
SARS-CoV-2-specific IgG seroconversion from positive to negative
or weak positive occurred in 8 (53.4%) asymptomatic carriers, while

this occurred in 15 (25.5%) COVID-19 patients (P = 0.059). Impor-
tantly, 33.3% (n = 5) of asymptomatic carriers were consistently
seropositive for IgG against SARS-CoV-2, this percentage was  66.1%
(n = 39) in COVID-19 patients (P = 0.037). Furthermore, there was
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gM, immunoglobin M;  IgG, immunoglobin G; SARS-CoV-2, severe acute respiratory
yndrome coronavirus 2; COVID-19, novel coronavirus disease in 2019.

o significant difference in the time interval of IgG seroconversion
etween the two  groups (Table 2, Fig. 1).

ntrafamilial transmission of SARS-CoV-2

Four family clusters were included in the study, 3 from Ningbo
nd 1 from Zhoushan. There are 24 family members in the 4 family
lusters, 15 (62.5%) acquired SARS-CoV-2 infection and 9 (37.5%)
id not get the infection. Of the 15 patients, 7 were asymptomatic
arriers and 8 were COVID-19 patients. Of the 7 asymptomatic car-
iers, 3 were children at the age of 12 years or younger, 3 adults
ged from 18 to 60 years, and a 75-year-old woman. Of the 8
OVID-19 cases, 4 were older than 60 years and diagnosed as severe
ases, 3 of the 4 severe cases had comorbidities. The remaining

 were mild patients at the age between 18 and 60 years. Only
ne of the 4 mild cases had an underlying disease. Although intra-
amilial transmission was  the major cause of acquiring SARS-CoV-2
nfection, the proportion of those acquiring SARS-CoV-2 infection
ia intra-familial transmission was significantly higher in asymp-
omatic carriers than in COVID-19 patients (89% vs. 61%, P = 0.028)
Fig. 2). In the familial cluster in Putuo, the index case’s wife who
cquired the infection from his husband at the very beginning had

ypical dynamic features in antibodies. The titers of IgM and IgG
tarted to decrease after nearly a month’s increase after the expo-
ure, and then increased again (Fig. 3). The second increase in IgM
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Table  1
Baseline information of COVID-19 patients and asymptomatic SARS-CoV-2 carriers in Ningbo and Zhoushan cities of Zhejiang province, China.

Asymptomatic
carriers (N = 31)

Symptomatic
COVID-19 patients (N =
148)

Presymptomatic
COVID-19 patients (N =
14)

P* P& P#

Gender 0.453 1.000 0.750
Male  15 (48.4) 50 (33.8) 7 (50.0)
Female 16 (51.6) 98 (66.2) 7 (50.0)

Age,  years 42.00 (24.00−55.00) 53.00 (38.00−62.75) 55.00 (39.50−71.00) <0.001 0.002 1.000§

<30 9 (29.0) 17 (11.5) 1 (7.1)
0.076 0.345 1.00030−59 18  (58.1) 89 (60.1) 8 (57.1)

≥60 4  (12.9) 42 (28.4) 5 (35.7)
Underlying diseases 1.000 1.000 1.000

No  24 (77.4) 104 (71.7) 9 (64.3)
Yes  7 (22.6) 41 (28.3) 5 (35.7)

WBC,  109/L 5.83 (5.00−7.11) 4.63 (3.80−5.69) 5.83 (4.73−6.75) <0.001 1.000 0.075§

Lymphocyte, 109/L 1.53 (1.32−2.11) 1.22 (0.86−1.60) 1.26 (0.89−1.86) 0.003 0.420 1.000§

CRP, mg/L 1.00 (0.60−2.99) 6.90 (2.04−18.20) 3.07 (0.97−14.45) <0.001 0.317 0.885§

Viral shedding, day 24.00 (21.00−30.80) 46.50 (35.00−58.00) 48.00 (23.75−51.25) <0.001 0.002 1.000§

qRT-PCR-CT values 31.40 (27.50−34.50) 29.00 (24.25−32.00) 33.50 (28.25−36.25) 0.004 0.410 0.003§

IgM 1.000 1.000 1.000
Negative 12 (38.7) 43 (31.9) 5 (50.0)
Positive 19 (61.3) 91 (67.4) 5 (50.0)
Weak  positive 0 (0.0) 1 (0.7) 0 (0.0)

IgG  0.112 1.000 0.504
Negative 2 (6.5) 10 (7.4) 1 (10.0)
Positive 25 (80.6) 122 (90.4) 8 (80.0)
Weak  positive 4 (12.9) 3 (2.2) 1 (10.0)

Abbreviations: WBC, white blood cell; CRP, C-reactive protein; CT, cycling threshold; IQR, interquartile range.
P*,  asymptomatic carrier vs. symptomatic COVID-19 patients.
P&, asymptomatic carrier vs. presymptomatic COVID-19 patients.
P#, symptomatic COVID-19 patients vs. presymptomatic COVID-19 patients.
§Continuous variables are expressed as median (IQR). P value was  calculated using Kruskal Wallis test.
Categorical variables are expressed as n (%). P values were calculated using �2 test and Fisher’s exact test.

Table 2
Seroconversion of IgG and/or IgM antibody against SARS-CoV-2 during follow-up time.

Overall Asymptomatic carrier (N = 15) COVID-19 patients (N = 59) P

Seroconversion of IgM antibody 0.647
From  positive to negative 28 (37.8) 8 (53.3) 20 (33.9) 0.234
From  positive to weak positive 9 (12.2) 1 (6.7) 8 (13.6) 0.676
Consistent negative 28 (37.8) 5 (33.3) 23 (39.0) 0.772
Consistent positive 9 (12.2) 1 (6.7) 8 (13.6) 0.676

Time  interval of IgM antibody seroconversion, days
From positive to negative 13.00 (6.00−33.75) 7.50 (4.75−11.50) 25.50 (6.75−56.75) 0.030
From  positive to weak positive 16.00 (3.00−28.00) 12.00 (12.00−12.00) 19.00 (3.00−30.00) 0.694
Consistent negative 11.50 (7.00−25.50) 27.00 (10.00−37.00) 11.00 (7.00−22.50) 0.186
Consistent positive 9.00 (8.00−13.00) 13.00 (13.00−13.00) 8.50 (7.50−14.50) 0.558

Seroconversion of IgG antibody 0.059
From  positive to negative 10 (13.5) 4 (26.7) 6 (10.2) 0.110
From  positive to weak positive 13 (17.6) 4 (26.7) 9 (15.3) 0.446
Consistent negative 7 (9.5) 2 (13.3) 5 (8.5) 0.624
Consistent positive 44 (59.5) 5 (33.3) 39 (66.1) 0.037

Time  interval of IgG antibody seroconversion, days
From positive to negative 24.00 (10.00−48.00) 24.00 (9.25−58.75) 27.50 (10.00−48.00) 1.000
From  positive to weak positive 7.00 (4.00−22.00) 5.50 (4.25−7.75) 11.00 (4.00−30.00) 0.279
Consistent negative 10.00 (7.50−18.50) 9.00 (8.50−9.50) 12.00 (7.00−25.00) 0.699

ruska
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Consistent positive 13.50 (6.75−24.00) 

Data are median (IQR), n (%), P values compare using �2 test, Fisher’s exact test, or K

and IgG against SARS-CoV-2 was correlated to the time that she
took care of her parents who had severe COVID-19 in the hospital.

Discussion

To characterize the epidemiological features including immune
response, viral transmission, and antibody seroconversion in
asymptomatic SARS-CoV-2 carriers, we made a comprehen-

sive comparison between asymptomatic carriers and COVID-19
patients in this study. Compared to symptomatic COVID-19
patients, asymptomatic SARS-CoV-2 carriers were younger and
had higher levels of circulating WBC  and lymphocyte and a lower

f
t
D

848
13.00 (12.00−14.00) 14.00 (6.00−25.00) 0.970

l Wallis test. IQR, interquartile range.

evel of CRP. These data indicate that asymptomatic carriers have a
tronger antiviral immunity and a lower level of systemic inflam-
ation. It has been proven that innate and adaptive lymphocytes

nd inflammatory factors were closely related to disease pro-
ression of COVID-19, from mild to severe [15,16]. In a previous
rospective study, we have demonstrated that lower circulat-

ng counts of T lymphocytes, CD4+ T cells, and CD8+ T cells as
ell as higher circulating levels of neutrophil proportion, neu-

rophil/lymphocyte ratio, interleukin-6, CRP, and procalcitonin

acilitate the progression of COVID-19. Of those, CD8+ T cell exhaus-
ion plays an important role in the pathogenesis of COVID-19 [17].
isease severity is negatively associated with NK cells and CD3+,
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Fig. 2. Proportion of patients acquiring SARS-CoV-2 via intra-familial transmission in asy
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, novel coronavi

Fig. 3. The dynamics of IgM and IgG levels in a given COVID-19 patient in Putuo
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district of Zhoushan, Zhejiang, China, from February 9 to March 24, 2020.
OD, optical density; CO, cut-off value; IgM, immunoglobin M;  IgG, immunoglobin
G;  COVID-19, novel coronavirus disease in 2019.

CD4+, and CD8+ T lymphocyte levels, while intensive expansion
of highly cytotoxic effector T cell subsets, such as CD4+ effector-
granulysin, CD8+ effector-granulysin, and NKT CD160, is associated
with convalescence of COVID-19 patients [18,19]. These evidences
strongly indicate that damage of innate immunity and T cell-
mediated immunity, which might be caused by proinflammatory
factor-induced inflammation, play key roles in the development of

COVID-19.

In this study, IgG and IgM against SARS-CoV-2 were tested using
the kits from Innovita Biological Technology. Innovita Kits have
been proven to be reliable for this purpose [20]. We  found that
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mptomatic carriers and in COVID-19 patients.
rus disease in 2019.

.4% of COVID-19 patients were seronegative for IgG against SARS-
oV-2 at the first-time serological test, indicating SARS-CoV-2
ight not induce sufficient humoral immunity. In this cohort study,

gM seroconversion from positive to negative was much faster in
symptomatic carriers than in COVID-19 patients (P = 0.030). The
verall rate of IgG seroconversion from positive to negative or weak
ositive was  around 30% within 160 days after the diagnosis, indi-
ating that IgG against SARS-CoV-2 is not stable. Virus-specific IgG
ecayed substantially in most individuals [21]. Importantly, sero-
onversion of IgG against SARS-CoV-2 from positive to negative or
eak positive occurred 53.4% in asymptomatic carriers and 25.5%

n COVID-19 patients, while consistently seropositive rate of IgG
gainst SARS-CoV-2 was significantly higher in COVID-19 patients
han in asymptomatic carriers (P = 0.037). The similar observa-
ions concerning rapid seroconversion of the antibody against
ARS-CoV-2 or short-lived immune response after mild infection
ere also reported in the frontline health care personnel in the
S and active workers in France [22,23]. These data indicate that
umoral immunity against SARS-CoV-2 was  not efficiently aroused

n asymptomatic carriers or in those with a stronger innate and
ell immunity. The presence of SARS-CoV-2-specific humoral and
ellular immunity in COVID-19 patients, indicates the feasibility
f vaccination program [24,25]. However, there are no evidences
howing that other antibodies have decreased IgG over time. The
echanism by which IgG against SARS-CoV-2 rapidly declined

emains unknown. Besides, repeat exposure to the same virus
ay  arouse a higher humoral immunity. A family cluster in this

tudy should be a suitable example to address this issue. The index
atient’s wife should be once more infected by the same SARS-
oV-2 from her patients, because both antibodies increased again
fter declined. Interestingly, we observed that the profile of IgM

nd IgG against SARS-CoV-2 was quite similar during the course, in
ontrast to most viral infections. Our observation is quite consis-
ent with previous reports and the Interim Guidelines for COVID-19
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Antibody Testing [26–28]. Our data imply that boosting vaccination
with SARS-CoV-2 might be important.

Compared to COVID-19 patients, asymptomatic carriers had a
lower level of viral load and shorter viral shedding time (Table 1).
Our finding is different from a study carried out in Chongqing
that asymptomatic carriers had a significantly longer duration
of viral shedding than the symptomatic patients [29]. In early
stage of COVID-19 studies, asymptomatic carriers might include
presymptomatic patients while the viral shedding duration was
significantly longer in presymptomatic COVID-19 patients than in
asymptomatic carrier (Table 1). Lower viral load and shorter viral
shedding duration in asymptomatic carriers should be unlikely
caused by the neutralizing antibody, because the antibody, either
IgM or IgG, was declining more rapidly in asymptomatic carriers
than in COVID-19 patients. Innate immunity and cell-mediated
immunity should play key roles in repressing viral replication in
asymptomatic carriers [17,30]. Lower viral load and shorter viral
shedding duration should be due to a relative stronger antiviral
immunity, as a high viral load often predisposes adverse outcomes
of COVID-19 [8,31]. To develop effective vaccine against SARS-CoV-
2, it is important to arouse the specific cell immunity, instead of
focusing on humoral immunity.

We  found that SARS-CoV-2 viral load was significantly lower
in presymptomatic COVID-19 patients than in symptomatic ones
(Table 1), which is inconsistent with two other studies [32,33]. It has
been reported that SARS-CoV-2 viral load in the upper respiratory
tract appears to peak in the first week of illness, at the time of symp-
tom onset [34,35]. Thus, SARS-SoV-2 load should keep increasing
in the incubation period and cause symptom when it reaches the
top. The difference in SARS-SoV-2 load between presymptomatic
and symptomatic COVID-19 patients depends on the time points
of samplings. Asymptomatic carriers had a lower level of viral load
and shorter viral shedding duration, indicating that the transmissi-
bility of asymptomatic carriers was relative weaker. In the 4 familial
clusters, asymptomatic carriers were mostly children and young
adults, mild patients were young and middle-aged adults between
18 and 60 years, and severe cases were older than 60 years with
comorbidities. Family members were exposed to the same source
of infection. However, they had diverse clinical manifestations. Our
observation is quite in consistent with the previous studies that
children acquire SARS-CoV-2 infection mostly have mild respira-
tory symptoms or are asymptomatic, whereas elderly patients with
COVID-19, especially male patients, are more likely to progress into
severe-type and even die of this disease [36–39]. Thus, the host
immunity and underlying inflammation, which is often affected
by ageing, comorbidities, and dysregulated macrophage response
[17,37,38,40], should be the major determinants of disease sever-
ity of COVID-19. Although asymptomatic carriers often acquire
the infection from family members, they can transmit SARS-CoV-
2 into family members and hospital centers, and eventually kill
aged members. As a considerable percentage of SARS-CoV-2 infec-
tions may  be asymptomatic or presymptomatic, enhanced testing
approaches are needed to detect those who transmit the virus.

Our study has some limitations. First, follow-up should be
extended to observe the duration of SARS-CoV-2-specific antibod-
ies. Second, sample size of asymptomatic carriers with SARS-CoV-2
infected was relatively small.

Conclusions

Asymptomatic carriers have a higher level of antiviral immunity

and lower level of inflammation than do symptomatic COVID-19
patients. This antiviral immunity should not be contributable to
humoral immunity because both IgM and IgG against SARS-CoV-2
are declining more rapidly in asymptomatic carriers than in COVID-
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9 patients. The severity of COVID-19 is associated with older age
nd comorbidities in familial clustering cases. Our data also suggest
hat boosting vaccination with SARS-CoV-2 should be important.
his study may  help elucidate the mechanisms by which SARS-
oV-2 interacts with host immunity in determining the outcome
f SARS-CoV-2 infection, and optimize the strategy of vaccination
o terminate SARS-CoV-2 pandemic.

unding

This study was  supported by grants from National Natural
cience Foundation of China (82041022), Science and Tech-
ology Commission Shanghai Municipality (No. 20JC1410200;
0431900404), Science and Technology Bureau of Putuo district,
houshan Municipality (No. 2020GY306), and Ningbo Science and
echnology Major Project (2020C50001).

onflicts of interest

None declared.

thics approval and consent to participate

This study was  approved by the Ethics Commission of Ningbo
DC and Putuo CDC.

vailability of data and materials

The datasets used and analyzed during the current study are
vailable from the corresponding author on reasonable request.

uthors’ contributions

Miao Liu and Yi Chen: investigation, field survey, data organi-
ation. Ping Li and Yibo Ding: quality control, data analysis, and
omposition of figures and table. Leijie Liu and Bo Yi: investigation,
tiological identification, antibody test. Hongjun Dong, Xuying Lao
nd Ting Wu:  project management. Dongliang Zhang and Xiaojie
an: data entry and analysis. Keqing Ding, Haibo Wang and Zhongfa
ang: laboratory test and etiological identification. Guozhang Xu

nd Guangwen Cao: conceptualization, investigation, supervision,
nd funding acquisition. Guangwen Cao wrote this manuscript.

cknowledgments

We acknowledge all health-care workers involved in the diag-
osis and treatment of patients in Ningbo and Zhoushan.

eferences

[1] Zhu N, Zhang D, Wang W,  Li X, Yang B, Song J, et al. A novel coronavirus from
patients with pneumonia in China, 2019. N Engl J Med 2020;382(8):727–33,
http://dx.doi.org/10.1056/NEJMoa2001017.

[2] WHO. WHO  Coronavirus Disease (COVID-19) Dashboard. https://covid19.who.
int.

[3] Kluytmans-van den Bergh MFQ, Buiting AGM, Pas SD. Prevalence and clini-
cal  presentation of health care workers with symptoms of coronavirus disease
2019 in 2 Dutch Hospitals during an early phase of the pandemic. JAMA Netw
Open 2020;3(5):e209673, http://dx.doi.org/10.1001/jamanetworkopen.2020.
9673.

[4] Xia XY, Wu  J, Liu HL, Xia H, Jia B, Huang WX.  Epidemiological and initial clinical
characteristics of patients with family aggregation of COVID-19. J Clin Virol
2020;127:104360, http://dx.doi.org/10.1016/j.jcv.2020.104360.

[5]  Ortiz-Prado E, Henriquez-Trujillo AR, Rivera-Olivero IA, Lozada T, Garcia-

Bereguiain MA,  UDLA-COVID-19 team. High prevalence of SARS-CoV-2
infection among food delivery riders. A case study from Quito, Ecuador. Sci Total
Environ 2021;770:145225, http://dx.doi.org/10.1016/j.scitotenv.2021.145225.

[6] Ng OT, Marimuthu K, Koh V, Pang J, Linn KZ, Sun J, et al. SARS-CoV-2 sero-
prevalence and transmission risk factors among high-risk close contacts: a

dx.doi.org/10.1056/NEJMoa2001017
dx.doi.org/10.1056/NEJMoa2001017
dx.doi.org/10.1056/NEJMoa2001017
dx.doi.org/10.1056/NEJMoa2001017
dx.doi.org/10.1056/NEJMoa2001017
dx.doi.org/10.1056/NEJMoa2001017
dx.doi.org/10.1056/NEJMoa2001017
https://covid19.who.int
https://covid19.who.int
https://covid19.who.int
https://covid19.who.int
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1001/jamanetworkopen.2020.9673
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.jcv.2020.104360
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225
dx.doi.org/10.1016/j.scitotenv.2021.145225


[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Y. Chen et al. 

retrospective cohort study. Lancet Infect Dis 2020, http://dx.doi.org/10.1016/
S1473-3099(20)30833-1. S1473-3099(20)30833-1.

[7] Huff HV, Singh A. Asymptomatic transmission during the COVID-19 pandemic
and implications for public health strategies. Clin Infect Dis 2020:ciaa654,
http://dx.doi.org/10.1093/cid/ciaa654.

[8] Gorzalski AJ, Hartley P, Laverdure C, Kerwin H, Tillett R, Verma S, et al. Char-
acteristics of viral specimens collected from asymptomatic and fatal cases of
COVID-19. J Biomed Res 2020;34(6):431–6, http://dx.doi.org/10.7555/JBR.34.
20200110.

[9] Chen Y, Wang AH, Yi B, Ding KQ, Wang AHB, Wang JM,  et al. Epidemi-
ological characteristics of infection in COVID-19 close contacts in Ningbo
city.  Chin J Epidemiol 2020;41(5):667–71, http://dx.doi.org/10.3760/cma.j.
cn112338-20200304-00251 [in Chinese].

10] Li P, Fu JB, Li KF, Liu JN, Wang HL, Liu LJ, et al. Transmission of COVID-19 in
the  terminal stages of the incubation period: a familial cluster. Int J Infect Dis
2020;96:452–3, http://dx.doi.org/10.1016/j.ijid.2020.03.027.

11]  National Health Commission of the People’s Republic of China. Diagnosis and
Treatment Protocol for COVID-19 (Trial Version 7). (updated: 2020-03-29)
Available from: http://en.nhc.gov.cn/2020-03/29/c 78469.htm.

12]  Wang M,  Chen D, Wu W,  Tang H, Kan L, Zong Z, et al. Analytical performance
evaluation of five RT-PCR kits for severe acute respiratory syndrome coro-
navirus 2. J Clin Lab Anal 2021;35(1):e23643, http://dx.doi.org/10.1002/jcla.
23643.

13] Shen C, Wang Z, Zhao F, Yang Y, Li J, Yuan J, et al. Treatment of
5  critically ill patients with COVID-19 with convalescent plasma. JAMA
2020;323(16):1582–9, http://dx.doi.org/10.1001/jama.2020.4783.

14] Teng J, Dai J, Su Y, Zhou Z, Chi H, Wan  L, et al. Detection of IgM and IgG antibodies
against SARS-CoV-2 in patients with autoimmune diseases. Lancet Rheumatol
2020;2(7):e384–5, http://dx.doi.org/10.1016/S2665-9913(20)30128-4.

15]  Carsetti R, Zaffina S, Piano Mortari E, Terreri S, Corrente F, Capponi C, et al.
Different innate and adaptive immune responses to SARS-CoV-2 infection of
asymptomatic, mild, and severe cases. Front Immunol 2020;11:610300, http://
dx.doi.org/10.3389/fimmu.2020.610300.

16] Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin K, Gorin JB, Olsson A, et al.
Robust T cell immunity in convalescent individuals with asymptomatic or mild
COVID-19. Cell 2020;183(1):158–68, http://dx.doi.org/10.1016/j.cell.2020.08.
017, e14.

17] Yang PH, Ding YB, Xu Z, Pu R, Li P, Yan J, et al. Increased circulating level
of interleukin-6 and CD8+ T cell exhaustion are associated with progres-
sion of COVID-19. Infect Dis Poverty 2020;9(1):161, http://dx.doi.org/10.1186/
s40249-020-00780-6.

18] Li M, Guo W,  Dong Y, Wang X, Dai D, Liu X, et al. Elevated exhaustion levels
of NK and CD8+ T cells as indicators for progression and prognosis of COVID-
19 disease. Front Immunol 2020;11:580237, http://dx.doi.org/10.3389/fimmu.
2020.580237.

19] Zhang JY, Wang XM,  Xing X, Xu Z, Zhang C, Song JW,  et al. Single-cell land-
scape of immunological responses in patients with COVID-19. Nat Immunol
2020;21(9):1107–18, http://dx.doi.org/10.1038/s41590-020-0762-x.

20] Boum Y, Fai KN, Nicolay B, Mboringong AB, Bebell LM,  Ndifon M, et al. Per-
formance and operational feasibility of antigen and antibody rapid diagnostic
tests for COVID-19 in symptomatic and asymptomatic patients in Cameroon: a
clinical, prospective, diagnostic accuracy study. Lancet Infect Dis 2021, http://
dx.doi.org/10.1016/S1473-3099(21)00132-8. S1473-3099(21)00132-00138.

21] Chen Y, Zuiani A, Fischinger S, Mullur J, Atyeo C, Travers M,  et al.
Quick COVID-19 healers sustain anti-SARS-CoV-2 antibody production. Cell
2020;183(6):1496–507, http://dx.doi.org/10.1016/j.cell.2020.10.051, e16.
22] Self WH,  Tenforde MW,  Stubblefield WB,  Feldstein LR, Steingrub JS, Shapiro NI,
et al. Decline in SARS-CoV-2 antibodies after mild infection among frontline
health care personnel in a multistate hospital network—12 states, April-August
2020. MMWR  Morb Mortal Wkly Rep 2020;69(47):1762–6, http://dx.doi.org/
10.15585/mmwr.mm6947a2.

[

851
Journal of Infection and Public Health 14 (2021) 845–851

23] Anna F, Goyard S, Lalanne AI, Nevo F, Gransagne M, Souque P, et al. High sero-
prevalence but short-lived immune response to SARS-CoV-2 infection in Paris.
Eur  J Immunol 2020, http://dx.doi.org/10.1002/eji.202049058.

24] Long QX, Liu BZ, Deng HJ, Wu GC, Deng K, Chen YK, et al. Antibody responses
to  SARS-CoV-2 in patients with COVID-19. Nat Med 2020;26(6):845–8, http://
dx.doi.org/10.1038/s41591-020-0897-1.

25] Ni L, Ye F, Cheng ML,  Feng Y, Deng YQ, Zhao H, et al. Detection of SARS-
CoV-2-specific humoral and cellular immunity in COVID-19 convalescent
individuals. Immunity 2020;52(6):971–7, http://dx.doi.org/10.1016/j.immuni.
2020.04.023, e3.

26] Qu J, Wu C, Li X, Zhang G, Jiang Z, Li X, et al. Profile of immunoglobulin G
and IgM antibodies against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Clin Infect Dis 2020;71:2255–8, http://dx.doi.org/10.1093/cid/
ciaa489.

27] Bao Y, Ling Y, Chen YY, Tian D, Zhao GP, Zhang XH, et al. Dynamic anti-spike
protein antibody profiles in COVID-19 patients. Int J Infect Dis 2021;103:540–8,
http://dx.doi.org/10.1016/j.ijid.2020.12.014.

28] Interim Guidelines for COVID-19 Antibody Testing is available at https://www.
cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.
html.

29] Long QX, Tang XJ, Shi QL, Li Q, Deng HJ, Yuan J, et al. Clinical and
immunological assessment of asymptomatic SARS-CoV-2 infections. Nat Med
2020;26(8):1200–4, http://dx.doi.org/10.1038/s41591-020-0965-6.

30] Vetter P, Eberhardt CS, Meyer B, Martinez Murillo PA, Torriani G, Pigny F, et al.
Daily viral kinetics and innate and adaptive immune response assessment in
COVID-19: a case series. mSphere 2020;5(6):e00827–20, http://dx.doi.org/10.
1128/mSphere.00827-20.

31] Li H, Ren L, Zhang L, Wang Y, Guo L, Wang C, et al. High anal swab viral
load predisposes adverse clinical outcomes in severe COVID-19 patients.
Emerg Microbes Infect 2020:1–26, http://dx.doi.org/10.1080/22221751.2020.
1858700.

32] Arons MM,  Hatfield KM,  Reddy SC, Kimball A, James A, Jacobs JR, et al. Presymp-
tomatic SARS-CoV-2 infections and transmission in a skilled nursing facility. N
Engl J Med  2020;382:2081–90, http://dx.doi.org/10.1056/NEJMoa2008457.

33] Kim SE, Jeong HS, Yu Y, Shin SU, Kim S, Oh TH, et al. Viral kinetics of SARS-
CoV-2 in asymptomatic carriers and presymptomatic patients. Int J Infect Dis
2020;95:441–3, http://dx.doi.org/10.1016/j.ijid.2020.04.083.

34] Cevik M,  Tate M,  Lloyd O, Maraolo AE, Schafers J, Ho A. SARS-CoV-2, SARS-CoV,
and  MERS-CoV viral load dynamics, duration of viral shedding, and infectious-
ness: a systematic review and meta-analysis. Lancet Microbe 2021;2:e13–22,
http://dx.doi.org/10.1016/S2666-5247(20)30172-5.

35] He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, et al. Temporal dynamics in viral
shedding and transmissibility of COVID-19. Nat Med  2020;26:672–5, http://dx.
doi.org/10.1038/s41591-020-0869-5.

36] Castagnoli R, Votto M,  Licari A, Brambilla I, Bruno R, Perlini S, et al. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in children and
adolescents: a systematic review. JAMA Pediatr 2020;174(9):882–9, http://dx.
doi.org/10.1001/jamapediatrics.2020.1467.

37] Liu K, Chen Y, Lin R, Han  K. Clinical features of COVID-19 in elderly patients: a
comparison with young and middle-aged patients. J Infect 2020;80(6):e14–8,
http://dx.doi.org/10.1016/j.jinf.2020.03.005.

38] Grasselli G, Zangrillo A, Zanella A, Antonelli M,  Cabrini L, Castelli A, et al. Base-
line  characteristics and outcomes of 1591 patients infected with SARS-CoV-2
admitted to ICUs of the Lombardy Region, Italy. JAMA 2020;323(16):1574–81,
http://dx.doi.org/10.1001/jama.2020.5394.

39] Tan YP, Tan BY, Pan J, Wu  J, Zeng SZ, Wei  HY. Epidemiologic and clinical char-

acteristics of 10 children with coronavirus disease 2019 in Changsha, China. J
Clin Virol 2020;127:104353, http://dx.doi.org/10.1016/j.jcv.2020.104353.

40] Merad M,  Martin JC. Pathological inflammation in patients with COVID-
19: a key role for monocytes and macrophages. Nat Rev Immunol
2020;20(6):355–62, http://dx.doi.org/10.1038/s41577-020-0331-4.

dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1016/S1473-3099(20)30833-1
dx.doi.org/10.1093/cid/ciaa654
dx.doi.org/10.1093/cid/ciaa654
dx.doi.org/10.1093/cid/ciaa654
dx.doi.org/10.1093/cid/ciaa654
dx.doi.org/10.1093/cid/ciaa654
dx.doi.org/10.1093/cid/ciaa654
dx.doi.org/10.1093/cid/ciaa654
dx.doi.org/10.1093/cid/ciaa654
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.7555/JBR.34.20200110
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.3760/cma.j.cn112338-20200304-00251
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
dx.doi.org/10.1016/j.ijid.2020.03.027
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
http://en.nhc.gov.cn/2020-03/29/c_78469.htm
dx.doi.org/10.1002/jcla.23643
dx.doi.org/10.1002/jcla.23643
dx.doi.org/10.1002/jcla.23643
dx.doi.org/10.1002/jcla.23643
dx.doi.org/10.1002/jcla.23643
dx.doi.org/10.1002/jcla.23643
dx.doi.org/10.1002/jcla.23643
dx.doi.org/10.1002/jcla.23643
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1001/jama.2020.4783
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.1016/S2665-9913(20)30128-4
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.3389/fimmu.2020.610300
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1016/j.cell.2020.08.017
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.1186/s40249-020-00780-6
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.3389/fimmu.2020.580237
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1038/s41590-020-0762-x
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/S1473-3099(21)00132-8
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.1016/j.cell.2020.10.051
dx.doi.org/10.15585/mmwr.mm6947a2
dx.doi.org/10.15585/mmwr.mm6947a2
dx.doi.org/10.15585/mmwr.mm6947a2
dx.doi.org/10.15585/mmwr.mm6947a2
dx.doi.org/10.15585/mmwr.mm6947a2
dx.doi.org/10.15585/mmwr.mm6947a2
dx.doi.org/10.15585/mmwr.mm6947a2
dx.doi.org/10.15585/mmwr.mm6947a2
dx.doi.org/10.1002/eji.202049058
dx.doi.org/10.1002/eji.202049058
dx.doi.org/10.1002/eji.202049058
dx.doi.org/10.1002/eji.202049058
dx.doi.org/10.1002/eji.202049058
dx.doi.org/10.1002/eji.202049058
dx.doi.org/10.1002/eji.202049058
dx.doi.org/10.1002/eji.202049058
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1038/s41591-020-0897-1
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1016/j.immuni.2020.04.023
dx.doi.org/10.1093/cid/ciaa489
dx.doi.org/10.1093/cid/ciaa489
dx.doi.org/10.1093/cid/ciaa489
dx.doi.org/10.1093/cid/ciaa489
dx.doi.org/10.1093/cid/ciaa489
dx.doi.org/10.1093/cid/ciaa489
dx.doi.org/10.1093/cid/ciaa489
dx.doi.org/10.1093/cid/ciaa489
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
dx.doi.org/10.1016/j.ijid.2020.12.014
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1038/s41591-020-0965-6
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1128/mSphere.00827-20
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1080/22221751.2020.1858700
dx.doi.org/10.1056/NEJMoa2008457
dx.doi.org/10.1056/NEJMoa2008457
dx.doi.org/10.1056/NEJMoa2008457
dx.doi.org/10.1056/NEJMoa2008457
dx.doi.org/10.1056/NEJMoa2008457
dx.doi.org/10.1056/NEJMoa2008457
dx.doi.org/10.1056/NEJMoa2008457
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/j.ijid.2020.04.083
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1016/S2666-5247(20)30172-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1038/s41591-020-0869-5
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1001/jamapediatrics.2020.1467
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1016/j.jinf.2020.03.005
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1001/jama.2020.5394
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1016/j.jcv.2020.104353
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4
dx.doi.org/10.1038/s41577-020-0331-4

