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Factors of Severity in Patients with COVID-19: Cytokine/Chemokine Concentrations, Viral Load,
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Abstract. The severity of COVID-19 ranges from mild to critical diseases. However, limited data have been published
on the detailed kinetics of viral load and host immune response throughout the disease course depending on disease
severity. In this study, we comprehensively analyzed viral load, antibody responses to SARS-CoV-2, and cytokines/
chemokines during the disease course, and identified the factors related to severity. Nasopharyngeal (NP) and plasma
specimens were obtained from 31 patients with COVID-19 during hospitalization. Viral RNA in NP specimens was
quantified by reverse transcription-PCR. Anti-SARS-CoV-2 antibodies and cytokines/chemokines in plasma specimens
were analyzed by ELISA and cytometric bead array. The viral load in patients with COVID-19 peaked at the early stage of
the disease and continuously decreased. Severe and critical cases showed higher viral load and prolonged viral shedding
than asymptomatic and mild cases. Whereas plasma IgG was gradually increased and maintained during hospitalization,
plasma IgM peaked at 3 weeks after symptom onset and dissipated. The antibody response in severe and critical cases
was slightly delayed but stronger than those in others. High levels of interferon (IFN)-a, IFN-y-induced protein-10,
monokine induced by IFN-y, and interleukin-6 at 5-10 days from symptom onset were associated with the severity of
COVID-19. Our data indicate that high viral load in the respiratory tract and excessive production of cytokines and
chemokines between 1 and 2 weeks from the symptom onset were significantly associated with the severity of COVID-19.

INTRODUCTION

In December 2019, cases of pneumonia with unknown eti-
ology were reported in Wuhan, China. In January 2020, a novel
coronavirus was identified as the cause of the pneumonia, and
its genome sequence had 79% identity to SARS-CoV; as
such, the virus was designated as SARS-CoV-2 and the dis-
ease it causes as COVID-19."2 The WHO declared the out-
break of COVID-19 as a worldwide pandemic in March 2020.

Previous studies on the epidemiology and clinical features
of COVID-19 have shown that SARS-CoV-2 infection usually
results in mild disease, although some patients occasionally
develop severe or critical iliness.® Poor clinical outcomes of
COVID-19 has been associated with older age, male gender,
and the presence of underlying conditions such as hyperten-
sion, obesity, and type 2 diabetes mellitus.*® However, the
pathophysiologic mechanisms by which SARS-CoV-2 causes
severe illness are largely unknown. Our previous single-cell
RNA sequencing study revealed that monocytes from patients
with severe COVID-19 exhibit increased type | interferon (IFN)
response in addition to tumor necrosis factor (TNF)/interleukin
(IL)-1B—driven inflammation’; by contrast, others reported that
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severe COVID-19 was associated with impaired type | IFN
response with an excessive release of TNF-a and IL-6.8

However, previous studies do not reflect the cytokine re-
sponses during the various courses of the disease. In this
study, we comprehensively analyzed the viral load, antibody
responses to SARS-CoV-2, and cytokine/chemokine profiles
during the disease course and identified the factors related to
the severity of COVID-19.

MATERIALS AND METHODS

Patients and clinical samples. We prospectively enrolled
31 confirmed cases of COVID-19 admitted to four university-
affiliated hospitals in the Republic of Korea—Asan Medical
Center, Chung-Ang University Hospital, Soonchunhyang
University Seoul Hospital, and Inje University Sanggye Paik
Hospital—from February 2020 to April 2020. COVID-19 was
confirmed by real-time reverse transcription-PCR (RT-PCR)
analysis for the RdRp gene of SARS-CoV-2. The severity of
COVID-19 was categorized into mild, moderate, severe, and
critical according to the WHO guidance.® Peripheral blood
was collected at admission and every 2—-3 days thereafter until
discharge. Plasma samples were immediately separated by
centrifugation and stored at —70°C until further analysis; for
cytokine and antibody analysis, approximately 1 mL of plasma
was irradiated with up to 6 million rad from a®°Co gamma
source according to the method used in our previous study. '
The study was approved by the respective institutional review
boards of each participating hospital.

SARS-CoV-2 RT-PCR. Viral RNA was extracted from the
upper respiratory tract swab samples using the MagNA Pure 96
system (Roche Diagnostics, Mannheim, Germany) according to
the manufacturer’s instructions. RNA was analyzed with the
PowerChek 2019-nCoV Real-Time PCR Kit (KogeneBiotech,
Seoul, Republic of Korea) that targets the RdRp gene of SARS-
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TaBLE 1
Baseline characteristics and outcomes in 31 patients with COVID-19
Asymptomatic Moderate Severe and P-value (asymptomatic ~ P-value (asymptomatic and  P-value (moderate vs.
Variable Total (n=31), %  and mild (n = 6) n=17), % critical (n = 8) and mild vs. moderate) mild vs severe and critical) severe and critical)
Age, mean (+SD) 50.0 (£3.3) 32.8(x9.5) 45.8(x17.0) 71.9(x12.9) 0.105 < 0.001 < 0.001
(years)
Female gender 18/31 (58) 3/6 11/17 (65) 4/8 0.521 0.236 0.665
Underlying condition or illness
Diabetes mellitus 4/31 (13) 0/6 1/17 (6) 3/8 1.000 0.542 0.081
Hypertension 9/31 (29) 1/6 2/17 (12) 6/8 1.000 0.103 0.004
Chronic lung 2/31 (6) 0/6 0/17 2/8 1.000 0.473 0.093
disease
Chronic liver 1/31 (3) 0/6 1/17 (6) 0/8 1.000 1.000 1.000
disease
Obesity (body mass  1/31 (3) 0/6 0/17 1/8 1.000 1.000 0.320
index > 25)
Smoking 2/31 (6) 2/6 0/17 0/8 0.059 0.165 1.000
Symptoms and signs at admission
Fever 17/31 (55) 0/6 9/17 (53) 8/8 0.048 < 0.001 0.026
Chill 2/19 (11) 0/3* 2/13t (15) 0/3% 1.000 1.000 1.000
Cough 20/31 (65) 2/6 10/17 (59) 8/8 0.371 0.007 0.057
Sputum 11/31 (35) 1/6 5/17 (29) 5/8 1.000 0.138 1.000
Sore throat 7/31 (23) 0/6 4/17 (24) 3/8 0.539 0.209 0.194
Dyspnea 2/31 (6) 0/6 0/17 2/8 1.000 0.473 0.093
Rhinorrhea 2/31 (6) 1/6 1/17 (6) 0/8 0.463 0.429 1.000
Chest pain 2/31 (6) 2/6 0/17 0/8 0.059 0.165 1.000
Headache 5/31 (16) 0/6 3/17 (18) 2/8 0.539 0.473 1.000
Myalgia 7/31 (23) 0/6 3/17 (18) 4/8 0.539 0.849 0.156
Nasal congestion 2/31 (6) 1/6 1/17 (6) 0/8 0.463 0.429 1.000
Hyposmia 6/31 (19) 1/6 5/17 (29) 0/8 1.000 0.429 0.140
Hypogeusia 5/31 (16) 1/6 4/17 (24) 0/8 1.000 0.429 0.239
Pneumonia 23/31(74) 0/6 15/17 (88) 8/8 0.001 < 0.001 1.000
Time from symptom 6 (3-8) 2 (0-4) 6 (3-8) 8 (8-9) 0.005 < 0.001 0.024
onset to admission
Hospital stay 24 (18-33) 19(10-28) 27 (21-33) 24 (19-29) 0.182 0.361 0.739
(interquartile
range) (days)
Treatment
Lopinavir/ritonavir ~ 15/31 (48) 0/6 8/17 (47) 7/8 0.058 0.005 0.088
Hydroxychloroquine 14/31 (45) 4/6 5/17 (29) 5/8 0.162 1.000 0.194
Steroid 1/31 (3) 0/6 0/17 1/8 1.000 1.000 0.320
Antibiotics 6/31(19) 0/6 0/17 6/8 1.000 0.001 < 0.001
Plasmapheresis 1/31 (3) 0/6 0/17 1/8 1.000 1.000 0.320
Pneumonia during  25/31 (81) 0/6 17/17 (100) 8/8 0.001 < 0.001 1.000
hospitalization
O, supply 8/31 (26) 0/6 0/17 8/8 1.000 < 0.001 < 0.001
Respiratory failure 2/31 (6) 0/6 0/17 2/8 1.000 0.473 0.093
Septic shock 2/31 (6) 0/6 0/17 2/8 1.000 0.473 0.093
Multiple organ 1/31 (3) 0/6 0/17 1/8 1.000 1.000 0.320
failure
Intensive care 3/31 (10) 0/6 0/17 3/8 1.000 0.209 0.024
unit care
Mechanical 2/31 (6) 0/6 0/17 2/8 1.000 0.473 0.093
ventilation
Extracorporeal 1/31 (3) 0/6 0/17 1/8 1.000 1.000 0.320
membrane

oxygenation

Values in parentheses indicate percentage of patients positive for variables in each group.

*Not checked in three asymptomatic and mild.
1 Not checked in four moderate.
1 Not checked in five severe and critical.

CoV-2 and the E gene of beta-coronavirus, and the Allplex""
2019-nCoV assay (Seegene) that targets the RdRp gene and N
gene of SARS-CoV-2 and the E gene of beta-coronavirus. Ct
values < 40 for RdRp gene were considered as positive results.

SARS-CoV-2 serology. We measured the levels of human
anti-SARS-CoV-2 IgG and IgM by using laboratory-developed
ELISA. SARS-CoV-2 S1-His protein (Sino Biological, Beijing,
China) was coated onto 96-well plates (MaxiSorp, Thermo Fisher
Scientific, Waltham, MA) at a concentration of 2 pg/mL in PBS.
Plasma samples were used at dilutions of 1:100, 1:1,000, and

1:10,000. horseradish peroxidase-conjugated antihuman IgG
(Jackson Immunoresearch, West Grove, PA) and IgM (Milli-
poreSigma, Burlington, MA) were used as secondary antibodies.
The optical density (OD) value of 450 nm (OD,s0) was measured.
If ODg4s0 of 1/100 or 1/1,000 diluted sample exceeds 2.5, the
ODysp of next diluted sample was multiplied by dilution factor
(OD4s0 ratio) and determined as the endpoint titer. The OD4s of
plasma specimens that were not previously exposed to SARS-
CoV-2 were used to determine the cutoff value (i.e., OD450 = 0.4)
for both IgG and IgM.
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Viral load and antibody kinetics in COVID-19 patients during the course of disease. The kinetics of viral load of the upper respiratory

tract from symptom onset (A) and the viral load at the first day of hospitalization (B). The kinetics of plasma IgG (C) and IgM (D) titer against SARS-
CoV-2 S1 protein. If ODys50 of 1/100 or 1/1,000 diluted sample exceeds 2.5, the endpoint titer (ODys0 ratio) of IgG and IgM was determined by
multiplication of dilution factor and OD4s0. Black significance bars compare two groups; asymptomatic and mild vs moderate, asymptomatic and
mild vs severe and critical, or moderate vs severe and critical. Red bars indicate statistical differences among three groups. Blue dot = moderate;
green dot = asymptomatic and mild; red dot = severe and critical. *P < 0.05, **P < 0.01, **P < 0.001.

Cytokine analysis. Collected plasma samples were stored
at —70°C until analysis and analyzed at once, on the same
day. We simultaneously measured plasma concentrations of
granulocyte colony-stimulating factor, granulocyte-macrophage
colony-stimulating factor, IFN-a, IFN-y, TNF-a, IL-183, IL-2, IL-6,
IL-7, IL-8, IL-10, IL-12p70, IL-13, IL-17A, monocyte chemotactic
protein (MCP)-1, macrophage inflammatory protein (MIP)-1q,
MIP-18, regulated on activation and normally T-cell expressed
and secreted, monokine induced by IFN-y (MIG), IFN-y—induced
protein (IP)-10, and vascular endothelial growth factor (VEGF)
using a cytometric bead array based on microspheres for
detecting cytokine/chemokine according to the manufacturer’s
instruction (BD Bioscience, San Jose, CA). Data were acquired
using the FACS CANTO Il flow cytometer, FACSDiva software
(BD Bioscience), and FlowJo software (FlowJo LLC, Ashland,
OR), as described in our previous study.'®"!

Statistical analyses. Categorical variables were compared
using the Fisher’s exact test or the x2 test, and continuous
variables were compared with the Kruskal-Wallis test,
Mann-Whitney U test, or unpaired Student’s t-test. All tests of
significance were two-tailed and P-values less than 0.05 were
considered statistically significant. Statistical analyses were
performed using GraphPad Prism 8.4.3 (GraphPad Software,
Inc., LA Jolla, CA).

RESULTS

Clinical characteristics and outcomes. A total of 31 pa-
tients with COVID-19 confirmed by SARS-CoV-2-specific RT-
PCR of Nasopharyngeal (NP) swab specimen were enrolled in
this study. The patients were classified according to disease
severity: five (16%) mild, 17 (55%) moderate, six (19%) severe,

and two (7%) critical patients; one (3%) patient did not have
any signs or symptoms and was therefore classified as an
asymptomatic case (Table 1); for analysis, the patients were
categorized into three groups: asymptomatic and mild (19%),
moderate (55%), and severe and critical (26%). Of the 31 pa-
tients, 18 (58%) were female, and the mean age (+SD) was
50.0 (£3.3) years. The median time interquartile range (IQR)
from symptom onset to admission was 6 days (3-8). The
median time (IQR) from admission to discharge was 24 (18-33)
days. Old age, initial low WBC count, low platelet count, high
CRP level, and fever were identified as factors associated with
severity. Detailed baseline characteristics, laboratory tests,
and outcomes are shown in Tables 1 and 2.

Viral load kinetics. The detailed kinetics of viral loads in NP
swab specimens are shown in Figure 1A. The viral load within
16 days from symptom onset was lowest in asymptomatic and
mild group compared with those of moderate group and severe
and critical group (Figure 1A and Table 2, P = 0.044 and 0.034,
respectively). The viral load at 11-16 days from symptom onset
was significantly lower in asymptomatic and mild group than that
in severe and critical group (Figure 1A and Table 2, P=0.009). The
viral load gradually decreased over time in all patients.

The viral load on the day of admission was measured in 26
(84%) patients, and there was no significant difference in the
viral load according to disease severity (Figure 1B). The initial
viral load was compared at 5-10 days from symptom onset
because unlike the other groups, patients in the severe and
critical group were hospitalized at approximately a week later
from the day of symptom onset compared with other groups.
The mean (+SD) initial viral load at 5-10 days from symptom
onset in asymptomatic and mild group, moderate group, and
severe and critical group was 32.65 (+7.62), 27.68 (+6.98), and
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Ficure 2. Plasma cytokines and chemokine concentrations in COVID-19 patients during the course of disease, according to the severity of
illness. Black significance bars compare two groups; asymptomatic and mild vs. moderate, asymptomatic and mild vs. severe and critical, or
moderate vs. severe and critical. Red bars indicate statistical differences among three groups. Blue dot = moderate; green dot = asymptomatic and
mild; red dot = severe and critical. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001. IFN = interferon; IL = interleukin; IP = IFN-y-induced; MCP =

monocyte chemoattractant protein; MIG = monokine induced by IFN-y; VEGF = vascular endothelial growth factor.

26.52 (+4.82) cycles, respectively (P for trend = 0.038). The
median time (IQR) to negative conversion of the RT-PCR
result for SARS-CoV-2 from the day of symptom onset was
18 (14-24) days. The duration of positive RT-PCR results
was significantly shorter in the asymptomatic and mild
group than in the other groups (P = 0.021; Supplemental
Figure 1A).

Antibody analysis. The plasma concentrations of SARS-
CoV-2-specific IgG and IgM were measured, and the detailed
kinetics of antibody titers are shown in Figure 1C and D. The
median time (IQR) to seroconversion of IgG from symptom
onset in the asymptomatic and mild group, moderate
group, and the severe and critical group was 3 days
(1.5-12.0), 11 days (7.0-13.0), and 14 days (10.0-15.8),
respectively (P = 0.033, Supplemental Figure 1B). The
plasma IgG was gradually increased and maintained during
hospitalization in all groups. By contrast, the plasmalgM in
the asymptomatic and mild group peaked at around 3 weeks
after symptom onset, and then almost disappears and not in
other groups (P = 0.004). Although the severe and critical group
showed a relatively delayed response in terms of IgG and IgM,
the response size after 25 days since symptom onset was

significantly higher than those in other groups (P <0.001 and P =
0.004, respectively).

Cytokine analysis. A total of 131 plasma specimens were
available for multiplex cytokine bead array analysis. Among the
21 cytokines/chemokines measured, the plasma concentrations
of IFN-q, IP-10, MIG, IL-6, IL-8, MCP-1, IFN-y, VEGF, and IL-10
were found to be significantly higher in the severe and critical
group than those in other groups. The detailed kinetic profiles of
cytokines/chemokines in response to COVID-19 during hospi-
talization are shown in Figure 2 and Supplemental Figure 2. In
particular, the plasma concentrations of IFN-a, IFN-y, IP-10,
MIG, and IL-6 were elevated in the severe and critical group at
5-10 days from symptom onset. Although the plasma con-
centrations of VEGF and IP-10 gradually decreased with time,
their levels were significantly higher in the severe and critical
group throughout hospitalization (Figure 2). The concentrations
of other cytokines/chemokines were not significantly different
according to disease severity (Supplemental Figure 2). Among
21 cytokines/chemokines, only MCP-1 had correlation with viral
load (P = 0.034, Supplemental Figure 3). In addition, IFN-a and
IP-10 had a trend to correlate with viral load (P for trend = 078
and 0.061, respectively).
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DISCUSSION

In our present study, we explored the kinetics of cytokine/
chemokine, viral load, and antibodies in COVID-19 patients
according to the disease severity. We found that viral loads in
the upper respiratory tract were significantly higher in patients
with severe disease than in those with mild disease between
1 week and 2 weeks from symptom onset. Moreover, com-
pared with patients with mild disease, those with severe or
critical disease had higher plasma concentrations of IFN-a, IP-
10, MIG, IL-6, IL-8, MCP-1, IFN-y, VEGF, and IL-10 between
1 week and 2 weeks from the symptom onset followed by
higher antibody response after 3 weeks from symptom onset.

The pattern of viral load kinetics in COVID-19 is different
from that of SARS, despite the high degree of similarity be-
tween the two viruses.'? Whereas the peak viral load of SARS-
CoV-2 appears before symptom onset or immediately after, the
highest viral load of SARS-CoV is detected after 10 days from
symptom onset.'®'6 In this study, we compared the kinetics of
viral load from symptom onset according to disease severity, and
found that the viral load was higher in those with more severe
disease. This finding is consistent with a previous study in which
respiratory viral loads were higher in patients with severe COVID-
19 than those with mild COVID-19.*

In our study, humoral immune responses to SARS-CoV-2 de-
veloped in all patients within 2 and 3 weeks after symptom onset.
The median time to seroconversion tended to be longer in the
severe and critical group (approximately 2 weeks from symptom
onset) than in those with milder disease. Also, the levels of IgG and
IgM were significantly higher in severe COVID-19 patients, similar
to the results of previous studies.'”'® Collectively, our results on
viral load and antibody response show that the high amount of
SARS-CoV-2 RNA in patients with severe disease may contribute
to the induction of larger antibody response.

It is well known that excessive release of pro-inflammatory
cytokines and chemokines contributes to clinical outcomes in
various infections. Among the cytokine and chemokines
tested in our study, the levels of IFN-qa, IP-10, MIG, IL-6, IL-8,
MCP-1, IFN-y, VEGF, and IL-10 were notable in COVID-19 pa-
tients throughout the clinical course, which is consistent with the
findings of previous studies.'®2° One study reported that the use
of glucocorticoid after 7 days from symptom onset has beneficial
effect on 1-month mortality, suggesting that immunopathologi-
cal factors may dominate during the stage of the disease after the
first week from symptom onset.2! Therefore, our findings that the
plasma concentrations of IFN-a, IFN-y, IP-10, MIG, and IL-6 were
elevated in the severe and critical group at 5-10 days from
symptom onset support that the higher plasma concentrations of
pro-inflammatory cytokines after approximately 1 week from
symptom onset may have a role in the enhancement of severity.

It is worthwhile to note that in our patients, the plasma
concentration of IFN-a had increased around 1 week after
symptom onset and then quickly dissipated. Reports on the
vigor of type | IFN response in severe COVID-19 patients have
shown conflicting results, with some showing impaired re-
sponse® and others robust response.”??> However, previous
studies from a limited number of COVID-19 patients could not
fully reflect the cytokine responses during the varying clinical
course of COVID-19. In this aspect, our current findings sug-
gest that early increases in type | IFN response might be in-
volved in the pathophysiology of severe COVID-19 by eliciting
subsequent excessive responses of multiple cytokines and

chemokines. Intriguingly, a recent longitudinal analysis
showed that plasma IFN-a was sustained at high levels in
patients with severe COVID-19, whereas IFN-alevels declined
in those with moderate COVID-19 during their clinical
course.?® Therefore, further studies are needed to understand
the exact role of type | IFN in the pathogenesis of COVID-19.

There are several limitations to our current study. First, as a
relatively small number of patients were enrolled, we could not
properly investigate the factors associated with fatal outcome.
Second, we did not examine SARS-CoV-2-specific T cells. It
might be helpful to measure the T-cell response in COVID-19
to investigate the role of immunity in its pathogenesis and
vaccine development. Third, because of mild symptoms, the
date of SARS-CoV-2 infection and the date of symptom onset
that patients recognized can be very different in the asymp-
tomatic and mild group. The median time to seroconversion
was too earlier in the asymptomatic and mild group; it is
possible that the date of symptom onset in this group may be
the middle or late stage of the disease course of COVID-19.

In conclusion, our data on viral load kinetics, antibody re-
sponse, and cytokines showed that higher viral load, stronger
antibody response, and excessive inflammation at 1-2 weeks
from symptom onset are associated with the severity of
COVID-19.
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