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IMPORTANCE The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) threatens global public health. The
association between clinical characteristics of the virus and neutralizing antibodies (NAbs)
against this virus have not been well studied.

Supplemental content

OBJECTIVE To examine the association between clinical characteristics and levels of NAbs in
patients who recovered from COVID-19.

DESIGN, SETTING, AND PARTICIPANTS In this cohort study, a total of 175 patients with mild
symptoms of COVID-19 who were hospitalized from January 24 to February 26, 2020, were
followed up until March 16, 2020, at Shanghai Public Health Clinical Center, Shanghai, China.

EXPOSURES SARS-CoV-2 infections were diagnosed and confirmed by reverse
transcriptase-polymerase chain reaction testing of nasopharyngeal samples.

MAIN OUTCOMES AND MEASURES The primary outcome was SARS-CoV-2-specific NAb titers.
Secondary outcomes included spike-binding antibodies, cross-reactivity against
SARS-associated CoV, kinetics of NAb development, and clinical information, including age,
sex, disease duration, length of stay, lymphocyte counts, and blood C-reactive protein level.

RESULTS Of the 175 patients with COVID-19, 93 were female (53%); the median age was 50
(interquartile range [IQR], 37-63) years. The median length of hospital stay was 16 (IQR, 13-21)
days, and the median disease duration was 22 (IQR, 18-26) days. Variable levels of
SARS-CoV-2-specific NAbs were observed at the time of discharge (50% inhibitory dose [ID50],
1076 [IQR, 448-2048]). There were 10 patients whose NAD titers were less than the detectable
level of the assay (ID50, <40), and 2 patients who showed very high titers of NAbs, with ID50
levels of 15 989 and 21567. NAbs were detected in patients from day 4 to 6 and reached peak
levels from day 10 to 15 after disease onset. NAbs were unable to cross-react with
SARS-associated CoV and NAD titers correlated with the spike-binding antibodies targeting S1

(r = 0.451; 95% Cl, 0.320-0.564; P < .001), receptor binding domain (r = 0.484; 95% Cl,
0.358-0.592; P < .001), and S2 regions (r = 0.346; 95% Cl, 0.204-0.473; P < .001). NADb titers at
the time of discharge were significantly higher in the 82 men (1417 [IQR, 541-2253]) than those in
the 93 women (905 [IQR, 371-1687]) (median difference, 512; 95% Cl, 82-688; P = .01) and at
the time of follow-up in 56 male patients (1049 [IQR, 552-24541]) vs 61 female patients (751 [IQR,
216-1301]) (median difference, 298; 95% Cl, 86-732; P = .009). Plasma NADb titers were
significantly higher in 56 older (1537 [IQR, 877-2427) and 63 middle-aged (1291 [IQR, 504-2126])
patients than in 56 younger patients (459 [IQR, 225-998]) (older vs younger: median difference,
1078; 95% Cl, 548-1287; P < .001; middle-aged vs younger: median difference, 832; 95% Cl,
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284-1013; P < .001). The NADb titers were correlated with plasma C-reactive protein levels
(r=0.508; 95% Cl, 0.386-0.614; P < .001) and negatively correlated with lymphocyte counts
(r=-0.427; 95% Cl, -0.544 to -0.293; P < .001) at the time of admission.

CONCLUSIONS AND RELEVANCE In this cohort study, among 175 patients who recovered from
mild COVID-19 in Shanghai, China, NAb titers to SARS-CoV-2 appeared to vary substantially.
Further research is needed to understand the clinical implications of differing NADb titers for
protection against future infection.

JAMA Intern Med. 2020;180(10):1356-1362. doi:10.1001/jamainternmed.2020.4616
Published online August 18, 2020. Corrected on October 5, 2020.

Downloaded From: https://jamanetwor k.com/ on 08/27/2022

Author Affiliations: Shanghai Public
Health Clinical Center and Key
Laboratory of Medical Molecular
Virology (MOE/NHC/CAMS), School
of Basic Medical Sciences, Fudan
University, Shanghai, China.

Corresponding Author: Jinghe
Huang, PhD, Shanghai Public Health
Clinical Center and Key Laboratory of
Medical Molecular Virology (MOE/
NHC/CAMS), School of Basic Medical
Sciences, Fudan University, Shanghai,
China (jinghehuang@fudan.edu.cn);
Fan Wu, PhD (wufan@fudan.edu.cn).

jamainternalmedicine.com


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2020.4616?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2020.4616
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2020.4624?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2020.4616
https://jamanetwork.com/journals/imd/fullarticle/10.1001/jamainternmed.2020.4616?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2020.4616
mailto:jinghehuang@fudan.edu.cn
mailto:wufan@fudan.edu.cn
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2020.4616

Clinical Characteristics and Neutralizing Antibody Levels in Patients Who Have Recovered From Mild COVID-19

s of July 30, 2020, severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) had caused a total of

16 812755 infections and resulted in 662 095 deaths
worldwide.! In a study of 72 314 patients with SARS-CoV-2 in-
fection in China, about 81% of the patients showed mild symp-
toms, but 14% had severe symptoms, such as dyspnea, high re-
spiratory rate, and low blood oxygen saturation.? Approximately
6.3% of patients died from respiratory or multiple organ failure.!
Currently, no licensed vaccine is available; there are limited drugs
available for treatment (eg, remdesivir and dexamethasone), but
most treatment is based on supportive care.

Neutralizing antibodies (NAbs) are important for viral clear-
ance and are considered key to recovery and protection against
viral diseases. The level of NAbs has been used as a standard
to evaluate the efficacy of vaccines against smallpox, polio, and
influenza viruses.? Passive antibody therapy has been suc-
cessfully used to treat infectious viral diseases, including those
caused by SARS-associated CoV,* influenza viruses,” and Ebola
virus.® The efficacy of passive antibody therapy was associ-
ated with the concentration of NAbs in the plasma of recov-
ered donors.® Transfusion of convalescent plasma or serum
from patients who have recovered from coronavirus disease
2019 (COVID-19) has been used for treatment and prophy-
laxis of infection with SARS-CoV-2.78

Consistent with other viral diseases, it has been assumed
that patients who have recovered from COVID-19 would de-
velop NAbs and may be protected from reinfection with SARS-
CoV-2. To better understand the development of NAbs, we mea-
sured SARS-Cov-2-specific NAbs in plasma from patients with
mild symptoms and examined the association between clini-
cal characteristics and the level of NAbs.

Methods

Participants and Design

All patients admitted to Shanghai Public Health Clinical Center,
Shanghai, China, from January 24 to February 26, 2020, who
were diagnosed with laboratory-confirmed SARS-CoV-2 infec-
tion by positive results of reverse transcriptase-polymerase chain
reaction testing of nasopharyngeal samples were isolated and
hospitalized. We included in this study patients who were cat-
egorized as having mild symptoms according to the Guidelines
on the Diagnosis and Treatment of Novel Coronavirus issued by
the National Health Commission, China. Mild symptoms were
defined as fever, respiratory symptoms, and radiologic evi-
dence of pneumonia but not meeting any of the following mani-
festations: respiratory rate greater than 30/min, oxygen satura-
tion levels less than 93%, ratio between arterial partial pressure
of oxygen and fraction of inspired oxygen 300 mm Hg or less,
or pulmonary imaging showing multilobular lesions or lesion
progression exceeding 50% within 48 hours, as previously
described.® Patients with severe, critical COVID-19 were ex-
cluded from the study because they received passive antibody
treatment before sample collection. Patients were discharged af-
ter meeting national treatment standards, including testing as
afebrile for more than 3 days, improved respiratory symptoms,
pulmonary imaging showing lessening of inflammation, and 2
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Key Points

Question Are clinical characteristics of patients who recovered
from mild coronavirus disease 2019 (COVID-19) associated with
levels of neutralizing antibodies?

Findings In this cohort study of 175 patients who recovered from
mild COVID-19, neutralizing antibody titers to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) varied
substantially at the time of discharge. In addition, neutralizing
antibodies were not detected in 10 patients.

Meaning Further research is needed to understand the implications
of variable levels of SARS-CoV-2-specific neutralizing antibodies for
protection against future infections with SARS-CoV-2.

sequential negative tests for nucleic acid in nasopharyngeal
samples. Patients were followed up at 2 weeks post discharge
until March 16, 2020. Healthy volunteers in Shanghai Public
Health Clinical Center who did not have a history of exposure
to SARS-CoV-2 and had negative tests on 2 occasions for
SARS-CoV-2 viral RNA, were recruited as controls. This study was
conducted under a clinical protocol approved by the investiga-
tional review board of Shanghai Public Health Clinical Center.
All participants signed an informed consent form approved by
the investigational review board; participants did not receive fi-
nancial compensation. This study followed the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) reporting guideline for cohort studies.

Plasma was collected from the patients at the time of dis-
charge. NAb titers were measured using a single-round pseudovi-
rus infection assay. The reliability of single-round pseudovirus
infection assay was validated by comparison with a viral
cytopathology neutralization assay against live SARS-CoV-2
virus. Binding antibodies to SARS-CoV-2 spike (S) proteins, SI,
receptor binding domain (RBD), and S2 were measured by
enzyme-linked immunosorbent assay (ELISA). Plasma with high
titers of NAbs was measured for cross-reactivity against SARS-
associated CoV (SARS-CoV). To evaluate the kinetics of NAb de-
velopment, sequential plasma samples were collected from ad-
mission to discharge at intervals of 2 to 4 days. NAb titers were
also measured for patients who were followed up at 2 weeks post
discharge and evaluated in pairwise comparison with NAb titers
at the time of discharge. Clinical information, including age, sex,
complete blood cell counts, blood biochemistry tests on ad-
mission, disease duration, and length of stay, were collected to
explore the clinical characteristics associated with NAb levels.

Materials and Assays

The human primary embryonic kidney cell line (293T) (CRL-
3216), Vero E6 (CRL-1586) cells were obtained (American Type
Culture Collection); 293T cells expressing human angiotensin-
converting enzyme II (ACE2) (293 T/ACE2) were constructed
as previously described!® and cultured in Dulbecco modified
Eagle medium (DMEM) with fetal bovine serum (FBS), 10%.
HEK293 cells expressed as SARS-CoV-2 S1, RBD, and S2 sub-
units, as well as SARS-CoV S1 and RBD subunits, were pur-
chased (Sino Biological Company). The expression plasmids
for SARS S protein pcDNA3.1-SARS-S (GenBank accession
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ABD72979.1) and SARS-CoV-2 S protein pcDNA3.1-SARS-CoV-
2-S (GenBank accession NC_045512) were synthesized by Gen-
script. The vesicular stomatitis virus glycoprotein (VSV-G) en-
velope eukaryotic expression vector pHEF-VSVG and the HIV-1
Env-deficient luciferase reporter vector pNL4-3.Luc.R-E were
obtained through the US National Institutes of Health AIDS
Reagent Program.

Pseudovirus samples of SARS-CoV-2, SARS-CoV, and VSV-G
virus were generated by cotransfection of 293T cells with pNL4-
3.Luc.R-E-backbone and viral envelope protein expression plas-
mids, pcDNA3.1-SARS-CoV-2-S, pcDNA3.1-SARS-S, or pHEF-
VSVG as previously described.! The neutralization assay was
performed in accordance with the following steps. First, 293
T/ACE2 cells were seeded in a 96-well plate at a concentration
of 10* cells per well in 100 pL of DMEM with FBS, 10%, and
cultured for 12 hours. Then, 10 pL of heat-inactivated plasma
was 5-fold serially diluted with DMEM with FBS, 10%, and
mixed with 40 pL of pseudovirus. After incubation at 37 °C for
30 minutes, the mixture was added to cultured 293 T/ACE2 for
infection. The culture medium was refreshed with 200 pL of
DMEM with FBS, 10%, after 12 hours and incubated for an ad-
ditional 48 hours. Assays were developed with a luciferase as-
say system (Promega), and the relative light units were read
on a luminometer (Perkin Elmer, EnSight).

Viral cytopathology neutralization assay was performed
in a biosafety level 3 facility in the School of Basic Medical Sci-
ences, Fudan University. Briefly, the plasma samples were se-
rially diluted using DMEM with FBS, 2%, and mixed with 200
plaque-formed units of SARS-CoV-2 SHOI isolate (GenBank ac-
cession MT121215.1). The mixtures were incubated at 37 °C for
1 hour before adding to 2 x 10* Vero-E6 cells seeded in a 96-
well plate. The cytopathologic changes of Vero-E6 cells was
evaluated 3 days later and recorded by microscope.

ELISA Analysis

For ELISA, SARS-CoV-2 RBD, S1, or S2 protein and SARS-CoV
RBD or S1 protein (1 pg/mL) was coated on a 96-well plate
(MaxiSorp Nunc-immuno, Thermo Scientific) and incubated
overnight at 4 °C. Wells were blocked with nonfat milk, 5%
(Biofroxx) in phosphate-buffered saline for 1 hour at room
temperature, followed by incubation with 1:200, 1:400, or se-
rially diluted heat-inactivated sera in disruption buffer (phos-
phate-buffered saline; FBS, 5%; bovine serum albumin, 2%
BSA, and Tween-20, 1%) for 1 hour at room temperature. A
1:2500 dilution of horseradish peroxidase-conjugated goat an-
tihuman IgG antibody (Jackson Immuno Research Laborato-
ries) was added for 1 hour at room temperature. Wells were
washed 5 times between each step with Tween-20, 0.2%, in
phosphate-buffered saline. Wells were developed using ABTS
(Thermo Scientific) for 30 minutes and read at 405 nm on a
plate reader (Multiskan FC, Thermo Scientific).

Outcomes

The primary outcome was the titers of SARS-CoV-2-specific
NAbs, which was calculated as a 50% inhibitory dose (ID50)
and expressed as the dilution of plasma that resulted in a 50%
reduction of luciferase luminescence compared with virus con-
trol in single-round pseudovirus infection assay, with higher
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values indicating higher levels of NAbs. The NAb titers were
defined aslow (ID50, <500), medium-low (ID50, 500-999), me-
dium-high (ID50, 1000-2500), and high (ID50, >2500), and the
detection limit was 40. The secondary outcomes included
spike-binding antibodies, which were expressed as absor-
bance (optical density [OD]) at 405 nm (OD 405) measured by
ELISA, ranging from O to 5, with higher values indicating higher
levels of binding antibodies; cross-reactivity against pseudo-
typed SARS-CoV virus; kinetics of NAbs development during
disease duration; clinical characteristics, including age, sex,
lymphocyte counts, blood C-reactive protein (CRP) level on ad-
mission, disease duration, and length of stay.

Statistical Analysis

Statistical analyses were carried out using Prism, version 7.0
(GraphPad). The data are expressed as median (interquartile
range [IQR]). All of the patients were included to analyze the NAb
titers at time of discharge. The patients were numbered in the
order of low to high ID50 values of NAbs. The nonparametric
Mann-Whitney t test was used to compare the differences be-
tween 2 unpaired groups. The Kruskal-Wallis test was used to
compare the differences between 3 or more groups and the Dunn
multiple comparisons test was used to correct for multiple com-
parisons. Correlation coefficients with 95% CIs were calculated
by the Spearman correlation coefficient test. The Wilcoxon
matched-pairs signed-rank test was used to compare the NAbs
difference between discharge and follow-up, with the exclu-
sion of the patients who were lost to follow-up. All of the tests
were 2-tailed, median difference with 95% CIwas calculated, and
P < .05 was considered statistically significant.

. |
Results

Atotal of 175 patients who recovered from COVID-19 and were
discharged from the Shanghai Public Health Clinical Center as
of February 26, 2020, were included in the study. Their symp-
toms were mild, and none of them was admitted to the inten-
sive care unit. The median age of the patients was 50 (IQR, 37-
63) years; 93 patients (53%) were women and 82 patients (47%)
were men. The median length of hospital stay was 16 (IQR, 13-
21) days, and the median disease duration was 22 (IQR, 18-26)
days. A total of 117 of the 175 patients (67%) were followed up
until March 16, 2020. Clinical information of all 175 patients
is summarized in eTable 1 in the Supplement.

Plasma samples were collected from patients who recov-
ered from COVID-19 at the time of discharge and their neu-
tralizing titer were measured against SARS-CoV-2 infection of
293T/ACE2 cells. As shown in eFigure 1A in the Supplement,
plasma from the patients inhibited SARS-CoV-2 pseudovirus
infection of 293T/ACE2 cells in a concentration-dependent
manner. Most (165 of 175 [94%]) patients who recovered
from COVID-19 developed significantly higher SARS-CoV-2-
specific NAbs at the time of discharge compared with 13
uninfected controls (patients: 1076 [IQR, 448-2048] vs con-
trols: 40 [IQR, 40-40]; median difference, 1036; 95% CI, 534-
1602; P < .001) (Figure 1). The NAD titers in patients were
variable, ranging from below the limit of detection (ID50,
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<40) to 21567 at the time of discharge (eTable 1 in the Supple-
ment). The reliability of the pseudovirus neutralization assay
was validated using 3 plasma samples with different titers in
patient 3 (ID50, <40), patient 170 (ID50, 5121), and patient 174
(ID50, 15989), by the traditional viral cytopathology neutral-
ization assay against live SARS-CoV-2 virus. Consistent with
the pseudovirus neutralization results, plasma from patient 3
could not block live SARS-CoV-2 even at the lowest dilution
(1:40), while plasma from patients 170 and 174 completely
inhibited viral cytopathology at the dilutions of 1:320 and
1:1280, respectively (eFigure 1B in the Supplement).

Since SARS-CoV shares 77.2% amino acid identity with SARS-
CoV-2 in their S proteins,'? the cross-reactivity of SARS-CoV-2
plasmain patients against SARS-CoV was evaluated. Plasma with
high titers of NAbs showed higher binding abilities to the SARS-
CoV-2RBD, S1, and S2 domains (eFigure 1C in the Supplement).
Moreover, plasma from these patients showed cross-binding to
the SRAS-CoV RBD and S1 regions (eFigure 1D in the Supple-
ment) but could not inhibit SARS-CoV in the pseudovirus neu-
tralization assay. Twenty-six plasma samples from patients with
COVID-19, which showed strong SARS-CoV-2-neutralizing ac-
tivities, could neutralize neither SARS-CoV nor the control VSV-G
(eFigure 1E in the Supplement).

Of the 11 patients for whom sequential plasma samples af-
ter admission were available, the kinetics of SARS-CoV-2-
specific NAbs development were evaluated. NAD titers started
to increase at days 4 to 6 post disease onset and reached their
peaklevelsat days 10 to 15 post disease onset (Figure 2). The bind-
ing antibodies to the different domains (RBD, S1, and S2) of
SARS-CoV-2 spike protein were also measured in these plasma
samples. The kinetics of NAbs and binding antibodies targeting
RBD, S1, and S2 domains were aligned for individual patients
(eFigure 2A in the Supplement). The correlation of SARS-CoV-
2-specific NAb titers and the spike-binding antibody levels were
further evaluated in the plasma of the 175 recovered patients on
the day of discharge. SARS-CoV-2-specific NAb titers corre-
lated with spike-binding antibodies targeting RBD (r = 0.484;
95% CI, 0.358-0.592; P < .001), S1 (r = 0.451; 95% CI, 0.320-
0.564; P < .001),and S2 (r = 0.346; 95% CI, 0.204-0.473; P < .001)
(eFigure 2B in the Supplement). However, there were plasma
samples from, for example, patients 3 and 8, that could not neu-
tralize pseudovirus infection (ID50, <40) but developed high ti-
ters of spike-binding antibodies as measured by ELISA (eTable 1
and eFigure 2B in the Supplement).

The percentages of patients with different NAD titers are
shown in Figure 3 and eTable 2 in the Supplement. Fifty-two pa-
tients (30%) who had recovered from COVID-19 generated low
levels of NAbs (ID50, <500; median, 327; IQR, 189-404) (Figure 3;
eTable 1 in the Supplement). NAb titers in 10 of these patients
(19%) were below the limit of detection (ID50, <40), although
SARS-CoV-2 was confirmed by polymerase chain reaction in all
of these patients (eTable 1 in the Supplement). Those 10 pa-
tients who did not develop NAbs were younger (median age, 34
[IQR, 29-39.25] years) and most were women (8 [80%]) (eTable 1
in the Supplement). NAD titers were medium-low in 29 pa-
tients (17%) (ID50, 500-999; median, 715 [IQR, 571-881]), me-
dium-high in 69 patients (39%) (ID50,1000-2500; median, 1642
[IQR, 1282-2090]), and high in 25 patients (14%) (ID50, >2500;
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Figure 1. Neutralizing Antibody (NAb) Titers in Plasma From Patients
Who Recovered From Coronavirus Disease 2019 (COVID-19)
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The 50% inhibitory dose (ID50) of severe acute respiratory syndrome coronavirus
2-specific (SARS-CoV-2) NAbs in plasma from 175 patients who recovered from
COVID-19 (1076; interquartile range [IQR], 448-2048) were significantly higher
than plasma from 13 healthy controls (40; IQR, 40-40); median difference, 1036;
95% Cl, 534-1602; P < .001, Mann-Whitney test). The 10 patients who recovered
without detectable NAbs are shown at the foot of the IQR bar.

median, 3800 [IQR, 3316-4970]) (Figure 3; eTable 2 in the Supple-
ment). The patients in this cohort who developed high titers of
NAbs (>2500) were older (median age, 63 [IQR, 44-68] years) and
14 were men (56%) (eTable 1in the Supplement). The NAb titers
in 82 men (47%) (1417 [IQR, 541-2253]) were significantly higher
than those in 93 women (53%) at the time of discharge (905 [IQR,
371-1687]; median difference, 512; 95% CI, 82-688; P = .01) (eFig-
ure 3A in the Supplement).

In the 117 patients available for follow-up at 2 weeks post dis-
charge, the median NAb titer in plasma at follow-up was 886
(IQR, 378-1658), which was significantly lower than that at the
time of discharge (1110 [IQR, 447-2042]; median difference, -224;
95% CI, -241t0 -21; P < .01). Furthermore, the patients who did
not generate NAbs at the time of discharge did not develop de-
tectable NAbs at the time of follow-up (eTable 1 in the Supple-
ment). NAb titers in 39 patients (33%) at follow-up were below
500 (median, 212 [IQR, 144-379]) (eTable 2 in the Supplement).
Among the 117 patients, NAb titers in 56 men (48%) (1049 [IQR,
522-2454]) were still significantly higher than those in 61 women
(52%) (751 [IQR, 216-1301]; median difference, 298; 95% CI, 86-
732; P =.009) (eFigure 3B in the Supplement).

We further explored the clinical manifestations associ-
ated with the NAb levels of the patients who recovered from
COVID-19. We found that older patients developed higher ti-
ters of NAbs than younger patients. The 175 patients were di-
vided into 3 groups based on their age: younger (15-39 years,
n = 56), middle-aged (40-59 years, n = 63), and older (60-85
years, n = 56). At the time of discharge, NAb titers of the older
(1537 [IQR, 877-2427]) and middle-aged (1291 [IQR, 504-
2126]) patients were significantly higher than those of the
younger patients (younger: 459 [IQR, 225-998]; median dif-
ference, 1078; 95% CI, 548-1287; P < .001 vs younger: median
difference, 832; 95% CI, 284-1013; P < .001) (eFigure 4A;
eTable 3 in the Supplement). A moderate correlation was ob-
served between age and NADb titers (r = 0.414; 95% CI, 0.279-
0.533; P < .001) (eFigure 4B in the Supplement). Older and
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Figure 2. Kinetics of Neutralizing Antibody (NAb) Development During the Course of the Disease in 11 Patients

8192+
Patient No.
4096 - 165
— 157
E 20487 151 Patients are numbered in order from
g 10244 > — 143 low to high NAb titers at the time of
= ~ — 125 discharge. Sequential plasma samples
;Z‘E 5121 — 122 of the patients were collected from
~ 2561 —r admission to discharge at 2- to 4-day
E _ ;é intervals. The start time was set as
h:'l‘ 128+ P Y symptom onset, which was
< 64l —_ 13 determined according to admission
presentation of the patients. Severe
321 acute respiratory syndrome
16 : ‘ : : : : : : : : : coronavirus 2 (SARS-CoV-2)-specific
2 4 6 8 10 12 14 16 18 20 22 24 NADb titers (50% inhibitory dose

Disease duration, d

[ID50]) at different time points post
disease onset are shown.

Figure 3. Variable Levels of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)-Specific Neutralizing Antibodies (NAbs)

in Patients Who Recovered From Coronavirus Disease 2019
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middle-aged patients also had significantly higher levels of
spike-binding antibodies than those of younger patients in
ELISA assay in either targeting RBD (older: OD 405, 1.995
[IQR, 1.365-2.8]; median difference, 0.885; 95% CI, 0.31-
1.01; P < .001 and middle-aged: OD 405, 1.66 [IQR, 1.04-
2.32]; median difference, 0.52; 95% CI, 0.03-0.7; P = .03 vs
younger: OD 405, 1.14 [IQR, 0.783-2.05]), S1 (older: OD 405,
1.44 [IQR, 0.872-1.92]; median difference, 0.645; 95%
CI, 0.23-0.75; P < .001 and middle-aged: OD 405, 1.2 [IQR,
0.87-1.77]; median difference, 0.405; 95% CI, 0.13-0.58;
P =.002 vs younger: OD 405, 0.795 [IQR, 0.592-1.258]), or
S2 (older: OD 405, 2.44 [IQR, 1.278-3.473]; median differ-
ence, 0.93; 95% CI, 0.23-1.21; P = .002 and middle-aged: OD
405, 2.01 [IQR, 1.4-2.72]; median difference, 0.5; 95% CI,
0.12-0.82; P = .006 vs younger: OD 405, 1.51 [IQR, 1.008-
2.178]) (eFigure 4C in the Supplement).

It has been reported that older patients with COVID-19 are
at higher risk of developing severe and critical disease than
younger adults.’® Low lymphocyte counts and high CRP levels

JAMA Internal Medicine October 2020 Volume 180, Number 10
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were usually associated with poor outcome among patients with
COVID-19 .1 Consistent with the previous reports, the older and
middle-aged patients in this cohort had significantly lower lym-
phocyte counts (r = —0.355; 95% CI, -0.482 to —0.214; P < .001)
(eFigure 5A in the Supplement) and higher CRPlevels (r = 0.439;
95% CI, 0.307-0.554; P < .001) (eFigure 5B in the Supplement)
than younger patients at the time of admission. NAD titers at
discharge negatively correlated with blood lymphocyte counts
at admission (r = -0.427; 95% CI, -0.544 to -0.293; P<.001)
(eFigure 5C in the Supplement) but positively correlated with
blood CRP levels at admission (r = 0.508; 95% CI, 0.386-0.614;
P <.001) (eFigure 5D in the Supplement).

|
Discussion

In this observational study, NAbs in 175 patients who recov-
ered from mild COVID-19 were evaluated by pseudovirus neu-
tralization assay. The titers of SARS-COV-2-specific NAbs
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varied substantially, including 10 patients in whom NAbs were
below the limit of detection.

Most patients who recovered from mild COVID-19 devel-
oped SARS-CoV-2-specific NAbs at the convalescent phase of in-
fection. The titers of NAbs reached their peak at 10 to 15 days af-
ter disease onset. Antibodies targeting different domains of S
protein, including S1, RBD, and S2, may all contribute to the neu-
tralization. Plasma from patients who recovered from mild
COVID-19 showed cross-binding but did not neutralize SARS-
CoV, suggesting that the antigenicity of SARS-CoV-2 is distinct
from that of SARS-CoV. Conserved epitopes may exist between
SARS-CoV-2 and SARS-CoV since they share 77.2% identical
amino acids in their spike proteins.'? Few reports have re-
ported that SARS-CoV-specific monoclonal NAbs could cross-
neutralize SARS-CoV-2 pseudovirus infection.'>” Findings noted
in this study suggest that cross-neutralizing antibodies target-
ing the conserved epitopes of SARS-CoV and SARS-CoV-2 may
not be easily elicited during SARS-CoV-2 infection.

We noted variable levels of NAbs in patients. Thirty per-
cent of the patients developed NAbs with titers less than 500 af-
ter COVID-19, and 10 patients had NAD titers under the detect-
able limit of the assay (ID50, <40). However, the disease duration
of these 10 patients was not significantly different compared with
the duration in the other patients. It is not clear how these pa-
tients recovered without developing detectable virus-specific
NAbs. Whether other immune responses, including T cells or cy-
tokines, contributed to the recovery of these patients and
whether these patients are at risk for reinfection is not known.
Two patients had very high titers of Nabs (ID50, 15989 and
21567). Studies on how these patients developed high titers of
NAbs may provide useful information for the development of
SARS-CoV-2 vaccines. In addition, the variability in NAb titers
demonstrates the importance of titrating convalescent plasma
before its use for prevention and treatment of COVID-19.

We found the NAD titers in patients appeared to be asso-
ciated with age. Older patients had significantly higher titers
of NAbs than younger patients in this cohort. Age has been re-
ported to be an important predictor of adverse disease out-
comes after infection with coronavirus, including SARS-CoV,®

Original Investigation Research

Middle East respiratory syndrome-CoV,'° and SARS-CoV-2.1
Previous studies in SARS-CoV-infected macaques revealed that
aged macaques induced an elevated innate immune re-
sponse, resulting in more severe pathologic changes than in
younger adult macaques.2° The older patients in this cohort
also had higher blood CRP levels and lower lymphocyte counts
at the time of admission; the higher blood CRP levels sug-
gestsinduction of a stronger innate immune response than in
younger patients. Furthermore, NAb titers at discharge posi-
tively correlated with blood CRP levels but negatively corre-
lated with lymphocyte counts at admission, suggesting that
high levels of NAbs may be a consequence of strong inflam-
mation or innate immune response in these older patients in
whom the lower lymphocyte count may reflect poorer T cell
responses. Older patients developed higher NADb titers yet tend
to have worse outcomes from COVID-19. This finding calls into
question whether SARS-CoV-2 NAbs play protective rolesinill-
ness as assumed.

Limitations

This study has several limitations. First, the kinetics of NAb
development were based on 11 of the 175 patients owing to the
limited availability of sequential samples. Second, the pa-
tients were followed up for 2 weeks after discharge and only
117 patients were available for follow-up. Third, the disease du-
ration was calculated from disease onset to discharge, which
was longer than the symptom duration. Fourth, patients in se-
vere and critical condition were excluded from the study be-
cause they received passive antibody treatment before sample
collection.

. |
Conclusions

The findings of this study noted that, among patients who recov-
ered from mild COVID-19 in Shanghai, China, neutralizing anti-
body titers to SARS-CoV-2 appeared to vary substantially. The
potential clinical implications of these findings for vaccine devel-
opment and future protection from infection are unknown.

ARTICLE INFORMATION
Accepted for Publication: July 19, 2020.

Published Online: August 18, 2020.
doi:10.1001/jamainternmed.2020.4616

Correction: This article was corrected on October
5, 2020, to fix an error in the Results section of the
Abstract.

Open Access: This is an open access article
distributed under the terms of the CC-BY License.
© 2020 Wu F et al. JAMA Internal Medicine.

Author Contributions: Drs Huang and Fan Wu had
full access to all of the data in the study and take
responsibility for the integrity of the data and the
accuracy of the data analysis.

Concept and design: F. Wu, Gu, Zhu, H. Lu, Wen,
Huang.

Acquisition, analysis, or interpretation of data: F.
Wu, Liu, A. Wang, L. Lu, Q. Wang, Chen, Y. Wu, Xia,
Ling, Y. Zhang, Xun, R. Zhang, Xie, Jiang, Huang.

jamainternalmedicine.com

Downloaded From: https://jamanetwor k.com/ on 08/27/2022

Drafting of the manuscript: F. Wu, L. Lu, Gu, Y. Wu,
Ling, Huang.

Critical revision of the manuscript for important
intellectual content: F. Wu, Liu, A. Wang, Q. Wang,
Chen, Xia, Y. Zhang, Xun, R. Zhang, Xie, Jiang, Zhu,
H. Lu, Wen, Huang.

Statistical analysis: F. Wu, Liu, Gu, Ling, Y. Zhang,
Huang.

Obtained funding: F. Wu, Huang.

Administrative, technical, or material support: F. Wu,

Liu, A. Wang, L. Lu, Q. Wang, Chen, Xia, Y. Zhang,
Xun, R. Zhang, Xie, Jiang, Huang.
Supervision: F. Wu, Zhu, H. Lu, Wen, Huang.

Conflict of Interest Disclosures: None reported.

Funding/Support: This work was supported by the
National Major Science and Technology Projects of
China (grants 20172X10202102 and
20187X10301403), National Natural Science
Foundation of China (grant 31771008), Hundred
Talent Program of Shanghai Municipal Health
Commission (grant 2018BR08), and the Chinese

Academy of Medical Sciences (grant
2019PT350002).

Role of the Funder/Sponsor: The funding
organizations had no role in the design and conduct
of the study: collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Additional Contributions: Vanessa M. Hirsch, PhD,
DVM (National Institute of Allergy and Infectious
Diseases, National Institutes of Health), reviewed
the manuscript. Neither Dr Hirsch nor the National
Institutes of Health received any compensation for
her review.

REFERENCE

1. World Health Organization. Coronavirus disease
2019 (COVID-19) situation report. Accessed May
28, 2020 https://www.who.int/emergencies/
diseases/novel-coronavirus-2019/situation-reports/

JAMA Internal Medicine October 2020 Volume 180, Number 10


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2020.4616?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2020.4616
https://jamanetwork.com/journals/jamainternalmedicine/pages/instructions-for-authors?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2020.4616#SecOpenAccess
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2020.4616

1362

Clinical Characteristics and Neutralizing Antibody Levels in Patients Who Have Recovered From Mild COVID-19

Research Original Investigation

2. Wu Z, McGoogan JM. Characteristics of and
important lessons from the coronavirus disease
2019 (COVID-19) outbreak in China: summary of a
report of 72 314 cases from the Chinese Center for
Disease Control and Prevention. JAMA. 2020;323
(13):1239-1242. doi:10.1001/jama.2020.2648

3. Zinkernagel RM. On natural and artificial
vaccinations. Annu Rev Immunol. 2003;21:515-546.
doi:10.1146/annurev.immunol.21.120601.141045

4. Wong VW, Dai D, Wu AK, Sung JJ. Treatment of
severe acute respiratory syndrome with convalescent
plasma. Hong Kong Med J. 2003;9(3):199-201.

5. Zhou B, Zhong N, Guan Y. Treatment with
convalescent plasma for influenza A (H5N1)
infection. N Engl J Med. 2007;357(14):1450-1451.
doi:10.1056/NEJMc070359

6. van Griensven J, Edwards T, de Lamballerie X,
et al; Ebola-Tx Consortium. Evaluation of
convalescent plasma for Ebola virus disease in
Guinea. N Engl J Med. 2016;374(1):33-42. doi:10.
1056/NEJMo0a1511812

7. Casadevall A, Pirofski LA. The convalescent sera
option for containing COVID-19. J Clin Invest. 2020;
130(4):1545-1548. doi:10.1172/JC138003

8. Shen C, Wang Z, Zhao F, et al. Treatment of 5
critically ill patients with COVID-19 with

convalescent plasma. JAMA. 2020;323(16):1582-1589.

doi:10.1001/jama.2020.4783

9. Zhang X, TanY, Ling Y, et al. Viral and host
factors related to the clinical outcome of COVID-19.
Nature. 2020;583(7816):437-440. doi:10.1038/
s41586-020-2355-0

10. HeY, Zhou Y, Liu S, et al. Receptor-binding
domain of SARS-CoV spike protein induces highly
potent neutralizing antibodies: implication for
developing subunit vaccine. Biochem Biophys Res
Commun. 2004;324(2):773-781. doi:10.1016/j.bbrc.
2004.09.106

11. XiaS, Liu M, Wang C, et al. Inhibition of
SARS-CoV-2 (previously 2019-nCoV) infection by a
highly potent pan-coronavirus fusion inhibitor
targeting its spike protein that harbors a high capacity
to mediate membrane fusion. Cell Res. 2020;30(4):
343-355. doi:10.1038/541422-020-0305-x

12. WuF, Zhao S, Yu B, et al. A new coronavirus
associated with human respiratory disease in China.
Nature. 2020;579(7798):265-269. doi:10.1038/
s41586-020-2008-3

13. ZhouF, YuT, Du R, et al. Clinical course and risk
factors for mortality of adult inpatients with
COVID-19 in Wuhan, China: a retrospective cohort
study. Lancet. 2020;395(10229):1054-1062.
doi:10.1016/50140-6736(20)30566-3

14. LiuY, Yang Y, Zhang C, et al. Clinical and
biochemical indexes from 2019-nCoV infected
patients linked to viral loads and lung injury. Sci
China Life Sci. 2020;63(3):364-374. doi:10.1007/
s11427-020-1643-8

15. Zhou P, Yang XL, Wang XG, et al. A pneumonia
outbreak associated with a new coronavirus of
probable bat origin. Nature. 2020;579(7798):270-
273. doi:10.1038/541586-020-2012-7

16. Wang C, Li W, Drabek D, et al. A human
monoclonal antibody blocking SARS-CoV-2
infection. Nat Commun. 2020;11(1):2251. doi:10.
1038/541467-020-16256-y

17. Hoffmann M, Kleine-Weber H, Schroeder S,
et al. SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS2 and is blocked by a clinically proven
protease inhibitor. Cell. 2020;181(2):271-280.e8.
doi:10.1016/j.cell.2020.02.052

18. Peiris JS, Chu CM, Cheng VC, et al; HKU/UCH
SARS Study Group. Clinical progression and viral
load in a community outbreak of coronavirus-
associated SARS pneumonia: a prospective study.
Lancet. 2003;361(9371):1767-1772. doi:10.1016/
50140-6736(03)13412-5

19. Hong KH, Choi JP, Hong SH, et al. Predictors of
mortality in Middle East respiratory syndrome
(MERS). Thorax. 2018;73(3):286-289. doi:10.1136/
thoraxjnl-2016-209313

20. Smits SL, de Lang A, van den Brand JM, et al.
Exacerbated innate host response to SARS-CoV in
aged non-human primates. PLoS Pathog. 2010;6
(2):e1000756. doi:10.1371/journal.ppat.1000756

Editor's Note

Neutralizing Antibodies Against SARS-CoV-2—
Important Questions, Unclear Answers

Mitchell H. Katz, MD

As clinicians struggling to care for patients with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, we
most want to read reports on randomized clinical trials of prom-
ising treatments or vaccines. However, descriptive epidemio-
logic studies can help us to develop those interventions.

In that spirit, I found the description of the development
of neutralizing antibodies among patients with mild SARS-
CoV-2 infection in China in this issue of JAMA Internal Medi-
cine of interest.! The authors describe substantial variability

in the development of these
< antibodies. To the extent that
Related article page 1356 these antibodies help pa-

tients to recover or protect
against infection, it is important to understand why some
patients develop a stronger antibody response than other
patients. In this study, higher antibody levels were seen in men,
older patients, and those with indicators of stronger immu-
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1. WuF, Liu M, Wang A, et al. Evaluating the
association of clinical characteristics with
neutralizing antibody levels in patients who have

nologic response, as well as older persons; however, men, older
patients, and those with stronger inflammatory response and
older age have generally fared worse, suggesting that the higher
titers of antibodies do not necessarily lead to higher recovery
rate. As this study looked only at patients with mild disease
who survived, it could not correlate antibody levels with prog-
nosis, and so we do not know whether certain groups need
higher antibody levels to overcome the illness. Equally un-
clear is whether higher levels of antibody production, gener-
ally seen as an intermediary indicator of vaccine success, will
result in greater protection against the virus. In this study, 10
of 175 patients had undetectable antibody levels despite
documented infection. Are these patients susceptible to fu-
ture infection, or do they have protection based on their in-
fection sensitizing killer T cells or memory B cells? Answers
to these pointed questions can lead to better protection when
faced with this still largely unknown adversary.

JAMA Intern Med. Published online August 18, 2020.
doi:10.1001/jamainternmed.2020.4616

recovered from mild COVID-19 in Shanghai, China.
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