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ARTICLE INFO ABSTRACT

Keywords: COVID-19, a novel coronavirus-related illness, has spread worldwide. Patients with apparently mild/moderate
COV¥Dj19 symptoms can suddenly develop severe pneumonia. Therefore, almost all COVID-19 patients require hospitali-
Predictive marker zation, which can reduce limited medical resources in addition to overwhelming medical facilities.

ICF%Z To identify predictive markers for the development of severe pneumonia, a comprehensive analysis of serum
P-10 chemokines and cytokines was conducted using serial serum samples from COVID-19 patients. The expression
CXCLY profiles were analyzed along the time axis. Serum samples of common diseases were enrolled from a BioBank to
1L-6 confirm the usefulness of predictive markers.

Five factors, IFN-A3, IL-6, IP-10, CXCL9, and CCL17, were identified as predicting the onset of severe/critical
symptoms. The factors were classified into two categories. Category A included IFN-A3, IL-6, IP-10, and CXCL9,
and their values surged and decreased rapidly before the onset of severe pneumonia. Category B included CCL17,
which provided complete separation between the mild/moderate and the severe/critical groups at an early phase
of SARS-CoV-2 infection. The five markers provided a high predictive value (area under the receiver operating
characteristic curve (AUROC): 0.9-1.0, p < 0.001). Low expression of CCL17 was specifically observed in pre-
severe COVID-19 patients compared with other common diseases, and the predictive ability of CCL17 was
confirmed in validation samples of COVID-19.

The factors identified could be promising prognostic markers to distinguish between mild/moderate and severe/
critical patients, enabling triage at an early phase of infection, thus avoiding overwhelming medical facilities.

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; AUROC, area under the receiver operating
characteristic curve; SpO,, oxygen saturation levels; ECMO, extracorporeal membrane oxygenation; ARDS, acute respiratory distress syndrome; CHC, chronic
hepatitis C; CAP, Child and Adolescent Psychiatry; CRF, chronic renal failure; CHF, chronic heart failure; IP, interstitial pneumonia; RA, rheumatoid arthritis; ALB,
albumin; AST, aspartate aminotransferase; ALT, alanine transaminase; LDH, lactate dehydrogenase; CRP, C-reactive protein; WBC, white blood cell; PLT, platelets;
HIV-+, human immunodeficiency virus positive; HBV+, Hepatitis B virus positive; CKD, chronic kidney disease; HT, hypertension; T2DM, type 2 diabetes mellitus;
DL, dyslipidemia; COPD, chronic obstructive pulmonary disease; CABG, coronary artery bypass grafting; HA, heart arrhythmia; ACEi/ARB, ACE inhibitor and/or
angiotensin II receptor blocker treatment; pB, beta-blocker treatment; EFS, event-free survival; AD, atopic dermatitis; SNPs, single nucleotide polymorphisms; BALF,
bronchoalveolar lavage fluid.
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1. Introduction

An outbreak of novel coronavirus disease 2019 (COVID-19) spread
from China worldwide since December 2019 (Zhu et al., 2020). Over 5
million people have been infected with severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). Approximately 80% of patients
have mild/moderate symptoms, similar to the common cold or light
pneumonia, whereas the remaining 20% develop severe pneumonia
necessitating supplemental oxygen or invasive cardiopulmonary sup-
port (Guan et al., 2020; Kutsuna, 2020; Ma et al., 2020). To complicate
matters, some patients with apparently mild/moderate symptoms have
progressed to severe pneumonia (Cummings et al., 2020). Therefore,
most COVID-19 patients require hospitalization or isolated observation,
but large numbers of patients could overwhelm healthcare systems
globally. It is important for us to avoid an increasing number of COVID-
19-related deaths by early detection of the high-risk group.

Previous studies have reported the clinical features of severe/critical
patients, and they compared laboratory data between mild/moderate
and severe/critical patients (Noroozi et al., 2020). However, these pa-
pers focused on clinical characteristics or selected biomarkers (Bi et al.,
2020; Chen et al., 2020b; Petrilli et al., 2020; Zhang et al., 2020a).
Therefore, accurate discrimination of high-risk patients is difficult,
because profiles of clinical features and commonly-used factors would
resemble those of other common diseases.

In this study, serially collected blood samples from COVID-19 pa-
tients were analyzed to identify markers that could accurately predict
the development of severe/critical symptoms by a comprehensive
analysis of cytokines and chemokines. If an effective triage marker could
be found, it would be possible to properly allocate medical resources to
patients requiring intensive care. In addition, humoral factor analysis of
serial blood samples was performed to show the natural course of
COVID-19, which could help understand the characteristics of this
infection.

2. Material and methods
2.1. Patients

For a screening cohort, a total of 28 patients who tested positive for
SARS-CoV-2 RNA and were admitted to the National Center Global
Health and Medicine Hospital from January to May 2020 were enrolled
in this screening study. The inclusion criteria were mild/moderate
symptoms of COVID-19 when hospitalized, serum collection on the first
day of hospitalization, and serial serum collection during hospitaliza-
tion. A total of 120 serum samples were used in this study. Blood samples
were analyzed for routine laboratory tests. The laboratory features of
patients on the first day of hospitalization are shown in Supplemental
Table 1.

For a validation cohort, 58 patients were enrolled to measure CCL17
in the early phase of hospitalization. Serum samples from these patients
were collected once between the first to third days of their
hospitalization.

Permission to conduct the study was given by the Ethics Committee
of the National Center for Global Health and Medicine, and written,
informed consent was obtained from all patients (NCGM-G-003472).

Disease severity was categorized into four stages, i.e., mild, moder-
ate, severe, and critical, according to the Guidelines on the Diagnosis
and Treatment of Novel Coronavirus issued by Ministry of Health, La-
bour and Welfare, Japan. Briefly, mild disease was defined as lack of
respiratory symptoms, no pulmonary radiological manifestations, and
oxygen saturation levels (SpO3) > 96%. Moderate disease was defined as
mild respiratory symptoms, radiological evidence of pneumonia, and
93% < SpO3 < 96%. Severe cases were defined as SpO2 < 93% requiring
oxygen support. Critical was defined as requiring heart-lung machine or
extracorporeal membrane oxygenation (ECMO) support for acute res-
piratory distress syndrome (ARDS).
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2.2. Chemokine and cytokine screening

A total of 71 humoral factors were quantified by the Bio-Plex 3D
system (Bio-Rad, Hercules, CA) and the HISCL-5000 (Sugiyama et al.,
2012) (Sysmex Corp., Kobe, Japan) (Supplemental Table 2) according to
the manufacturers’ instructions.

2.3. Control population

Patients with common diseases were enrolled in this study. The list of
common diseases included: chronic hepatitis C (CHC); Child and
Adolescent Psychiatry (CAP); type 2 diabetes mellitus (T2DM); chronic
renal failure (CRF); chronic heart failure (CHF); interstitial pneumonia
(IP); and rheumatoid arthritis (RA). All serum samples and their related
clinical information were obtained from the National Center for Global
Health and Medicine BioBank.

2.4. Statistical analysis

Continuous and categorical variables are presented as means + SD or
medians (interquartile range; IQR); statistical analyses were performed
using the chi-squared test, the Mann-Whitney test, and Student’s t-test,
as appropriate. Multivariate logistic regression analysis was performed
based on the univariate analyses. Cut-off values were evaluated by
receiver operator characteristic (ROC) curve analysis. The outcomes of
oxygen support were compared by Kaplan-Meier analysis as event-free
survival curves. GraphPad Prism software v8 and SPSS v24 were used
for all statistical analyses.

3. Results
3.1. Patients

For a screening experiment, a total of 28 patients with COVID-19
who were eligible based on the study’s criteria participated. All pa-
tients had mild/moderate symptoms at baseline. The baseline charac-
teristics of the patients were analyzed on the first day of hospitalization
(Supplemental Table 1). The severe/critical group, who developed se-
vere or critical symptoms after several days of hospitalization, showed
significant differences in albumin (ALB), lactate dehydrogenase (LDH),
C-reactive protein (CRP), and neutrophil counts compared with the
mild/moderate group. There was no difference in the baseline SpO,.
Patients who developed severe/critical symptoms were significantly
more likely to have hypertension than the mild/moderate group.

3.2. Chemokine/cytokine screening

A total of 71 humoral factors were screened to detect predictive
markers associated with the development of severe/critical disease and
to show the dynamics of humoral factors using serial serum samples.
Five factors, CCL17, IFN-A3, IL-6, IP-10, and, CXCL9 were identified
(Fig. 1). The other factors were not predictive of severe/critical disease
(data not shown). The five factors were categorized into 2 groups.
Category A (Cat-A) contained CCL17, which showed higher values in the
mild/moderate group than in the severe/critical group at an early phase
of infection. Cat-B contained IFN-A3, IL-6, IP-10, and CXCL9, the values
of each of which surged and then dropped suddenly before the devel-
opment of severe deterioration requiring oxygen support. CCL17 in Cat-
A was analyzed using the first value on hospitalization (Table 1), and it
was found that the average CCL17 value was significantly lower in the
severe/critical group than in the mild/moderate group. The peak values
of Cat-B, which were observed before the onset of severe symptoms,
were compared between the mild/moderate and severe/critical groups
(Table 1). The peak values of Cat-B factors were significantly higher in
the severe/critical group than in the mild/moderate group.
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3.3. Cut-off values of predictive markers

Cut-off values were determined by ROC curve analysis using the data
in Table 1. The cut-off values of CCL17, IFN-A3, IL-6, IP-10, and, CXCL9
to predict the onset of severe/critical symptoms were 87.5 pg/mL (AUC:
1.0 (1.0-1.0), p < 0.001), 13.6 pg/mL (AUC: 0.96 (0.89-1.0), p <
0.001), 23.3 pg/mL (AUC: 0.93 (0.84-1.0), p < 0.001), 2151.0 pg/mL
(AUC: 0.94 (0.86-1.0), p < 0.001), and 146.0 pg/mL (AUC: 0.90
(0.76-1.0), p < 0.001), respectively (Fig. 2).

Next, event-free survival (EFS) curves were plotted using the cut-off
values obtained from Fig. 2 (Supplemental Fig. 1). The start of oxygen
support was defined as the event for this analysis. Patients with critical
symptoms were treated by a heart-lung machine or ECMO following
oxygen support. All patients were divided into two groups based on each
cut-off value (Supplemental Fig. 1). The five factors -clearly
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Table 1
Predictive markers for COVID-19 severity.
Mild/Moderate Severe/Critical

Variable n=16 n=12 p value
CCL17 246.8 + 116.9 43.0 £ 22.8 <0.001
IFN-A3 5.6 + 4.6 41.6 + 29.6 <0.001
IL-6 3.0+26 25.0 +£23.2 <0.001
IP-10 237.9 +£159.5 1360.8 + 1025.5 <0.001
CXCL9 209 +9.3 135.0 + 135.9 0.002

Data are means + SD.
The p value was calculated by the t-test.

distinguished between the mild/moderate and the severe/critical
groups. The EFS curve of CCL17 showed complete separation.
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Fig. 1. Dynamics of CCL17, IFN-A3, IL-6, IP-10, and CXCL9 in COVID-19 patients. Serial serum levels of each factor are shown in 16 mild/moderate and 12 severe/
critical patients. Mild/moderate cases are shown by the blue line. Severe cases are shown by the red line. Critical cases are shown by the black line.
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Fig. 2. Receiver operating characteristic (ROC) curves for the highest area under the curve (AUC) values. ROC curves are analyzed to determine the cut-off point for
each factor. The arrow shows the cut-off point of each factor. AUC, p value, sensitivity, and specificity are shown. All p values are less than 0.001.
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3.4. Comparisons of expression levels of predictive markers between
COVID-19 and other diseases

To confirm the discrimination ability of the predictive markers be-
tween the COVID-19 severe population and other diseases, 114 patients
with several common diseases, who were negative for SARS-CoV-2 RNA
(Supplemental Information and Supplemental Table 3), were enrolled.
These samples were selected from a representative sample of common
chronic diseases with a high number of patients. Childhood diseases
were added to the sample to account for the age range. Clinical infor-
mation available for each disease group was retrieved from the BioBank.
Fig. 3 compares the data for the five predictive markers. For Cat-B an-
alyses, the peak value observed before the onset of severe symptoms was
used to compare among common diseases. The IFN-A3 level had a broad

CCL17
1500 150
*kk
B 1000 - - wkk 100
E dekk w TEI
g k% E
500 50-
*kk
A 0-
2 2 0 R & & X R o
%(5" {@o X o «,19 F V& 5® &
L e]\o be’( 080
o
@b\ 2140( \6\& R Q@\
W g
IP-10
20000 300
15000
200
= a
~Z 10000 \E
o
a oD
a
5000 **x 100
*kk
FEE dekdk kkk gekn FEK kkk
O_W
0-
2 > 0 KR N K KX Q o
a@*& 8@‘& FFH S T
&0 o o
o ¢ d
N &
W &5
CXCL9
2000
1500
4
£ 1000+
o
a
500
*kk kk T
*kk
O'M
2 2 0 LR & & X K o
b@@" Soo X ¥ &,‘9 F ¥
\‘(\0 &\o
é$<#$

*%

Gene 766 (2021) 145145

range in chronic hepatitis C (CHC) patients, though the adjusted p value
for the comparison between the severe/critical group and the others was
significant for all comparison pairs. IL-6 expression was high and had a
broad range in rheumatoid arthritis (RA). However, IP-10, CXCL9, and
CCL17 levels were specifically associated with the COVID-19 severe/
critical group. These data suggest that some predictive markers could
cross-react with other diseases. There was no effect of age or sex on the
expression levels of the five predictive markers.

Laboratory data showing significant associations with the develop-
ment of severe/critical symptoms (Supplemental Table 1) were
compared between COVID-19 and common diseases (Supplemental
Fig. 2). The ranges of all laboratory data except for CRP overlapped
between COVID-19 and common diseases. The range of CRP values also
overlapped between the mild/moderate and severe/critical groups.

Fig. 3. Comparison of 5 predictive markers
between COVID-19 and common diseases.
Five predictive markers for the onset of se-
vere/critical disease are compared among
common diseases. The p value was calcu-
lated between severe/critical and others, and
is ** p < 0.005 and *** p < 0.001. CHC:
Chronic hepatitis C, CAP: Child and Adoles-
cent Psychiatry, T2DM: type 2 diabetes
mellitus, CRF: chronic renal failure, CHF:
chronic heart failure, IP: interstitial pneu-
monia, RA: rheumatoid arthritis.
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Significant differences were observed in all comparisons between the

severe/critical group and the others, except for ALB levels between se-
vere/critical and CHC patients.

3.5. Validation of CCL17
Based on the above analyses, the value of CCL17 at an early phase of

infection could be useful to distinguish between mild/moderate and
severe/critical disease on the first day of hospitalization. To validate the
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predictive power of CCL17, independent samples from COVID-19 pa-
tients were added, and CCL17 levels at an early phase of hospitalization
were determined. The cut-off value, 87.5 pg/mL, was determined from
Fig. 2. The baseline clinical characteristics of the validation samples are
shown in Supplemental Table 4. Univariate analysis showed significant
differences in age, fever, respiratory rate, ALB, aspartate aminotrans-
ferase (AST), LDH, CRP, neutrophil counts, and lymphocyte counts. The
results for CCL17 in the validation samples were: sensitivity 91.5% (95%
confidence interval (CI) 79.6-95.5%); specificity 82.4% (95%CI

Fig. 4. Validation study and combined
analysis of CCL17. A) A total of 58 indepen-
dent samples were enrolled in the validation
study. CCL17 data were collected at an early
phase of hospitalization. The cut-off value,
87.5 pg/ml, is used for the validation sam-
ples. B) ROC curve analysis using both
screening and validation samples. The com-
bined cut-off value is 95.0 pg/mL. C) The
combined cut-off value is used for all samples
of both screening and validation samples.
PPV: positive predictive value, NPV: negative
predictive value.
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56.6-96.2%); positive predictive value 93.5% (95%CI 82.1-98.6%); and
negative predictive value 77.8% (95%CI 53.4-93.6%) (Fig. 4). On
multivariate analysis using the validation samples, CCL17 was signifi-
cant (p < 0.009) (Supplemental Table 4).

Finally, screening and validation samples were combined to analyze
the predictive power of CCL17. The cut-off value of the combined data
was 95.0 pg/mL on ROC curve analysis. The combined data using 95.0
pg/mL as the cut-off value showed sensitivity of 91.9% (95%CI
82.2-97.3%), specificity of 95.8% (95%CI 78.9-99.9%), positive pre-
dictive value of 98.3% (95%CI 90.8-100%), and negative predictive
value of 82.1% (95%CI 63.1-93.9%).

4. Discussion

Approximately 80% of COVID-19 patients have mild or moderate
disease and recover within a few weeks, but as previously reported, the
remaining COVID-19 patients develop severe or critical symptoms
(Guan et al., 2020; Wu and McGoogan, 2020). Predictive markers for the
onset of severe/critical symptoms are necessary for triage to avoid
overwhelming medical facilities. Several papers have analyzed their
clinical and laboratory data to predict the development of severe and
critical disease (Bi et al., 2020; Chen et al., 2020b; Zhang et al., 2020a).
The present data of clinical features confirmed the results of previous
papers. ALB, LDH, CRP, and neutrophil counts were associated with the
development of severe pneumonia (Gong et al., 2020; Mo et al., 2020;
Wang et al., 2020a; Zhang et al., 2020a), and COVID-19 patients with
hypertension were also significantly more likely to develop severe dis-
ease (Wu et al., 2020).

Although these clinical data provided important information to un-
derstand COVID-19 outcomes, these clinical features identified as pre-
dictive markers could have low accuracy and precision for outcome
prediction, because overlapping values are observed between mild/
moderate and severe/critical cases in COVID-19.

In the present study, serial blood samples from all enrolled patients
were collected from the first day of hospitalization. These samples were
screened for a large number of humoral factors to identify predictive
markers for the development of severe COVID-19 pneumonia. Five
factors that could be classified into two groups, which we called Cat-A
and Cat-B, were identified. CCL17 was in Cat-A; it was expressed in
low levels in severe/critical patients at an early phase of infection. IFN-
A3, IL-6, IP-10, and CXCL9 belonged to Cat-B, in which the values of each
factor surged and then dropped suddenly before the development of
severe disease requiring oxygen support. Based on these data, CCL17
may be useful as a first triage marker, and then Cat-B markers can help
anticipate the onset of severe disease in the high-risk group with low or
borderline CCL17 levels.

The present data showed the natural history of the cytokine and
chemokine profiles and their relationships to prognosis in COVID-19 at
an early phase of SARS-CoV-2 infection. Interestingly, a flare-up of Cat-B
factors might be a trigger for cytokine storm with severe pneumonia; it
could be considered an alarm marker for the development of severe
pneumonia when the Cat-B values have passed their peak.

CCL17 is a thymus and activation-regulated chemokine and induces
T cell development in the thymus and its activation at inflammatory
regions (Imai et al., 1996), and it is known as a reliable biomarker of
atopic dermatitis (AD) progression (Kataoka, 2014) and asthma (Silkoff
et al., 2017). Patients with severe AD and asthma have high serum
CCL17 levels. The present finding of low CCL17 expression in a disease
state would be the first such report. The previous paper reporting an
association between CCL17 and disease progression showed over-
expression of CCL17. In COVID-19, the CCL17 expression range was very
narrow in the severe/critical group. These characteristics could be
useful as a predictive marker to discriminate between the pre-severe/
critical population and the others. Interestingly, baseline CCL17 levels
are higher in children than in adults (Kataoka, 2014). This feature might
explain why many more children with COVID-19 have mild symptoms
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than adult patients. The specific immune response would occur at an
early phase of infection in severe/critical patients. A previous report
showed that CCL17 induced regulatory T cells via the CCR4 receptor and
that CCR4-deficient mice developed pulmonary inflammation (Sather
et al., 2007; Yoshie and Matsushima, 2015). Dysfunction of Treg cells in
the lung could induce severe/critical pneumonia in COVID-19 patients.
The mechanism of CCL17 suppression in COVID-19 is unknown. Sup-
plemental CCL17 treatment might prevent the development of severe/
critical symptoms.

High expression of IP-10 was associated with severe disease in
COVID-19 (Ma et al., 2020; Runfeng et al., 2020; Xiong et al., 2020;
Yang et al., 2020). IP-10 was found to be induced by IFN-A3-treated
plasmacytoid dendritic cells (Finotti et al., 2016, 2017), which sug-
gested that IP-10 belongs to an interferon-stimulated gene of IFN-A3.
IFN-A3 is an initial molecule released from immune cells against a
pathogen (Kotenko et al., 2003; Sheppard et al., 2003). IFN-A3 might be
a key molecule for the development of severe/critical symptoms. IFN-A3
inhibition, such as by a specific antibody, might be a promising thera-
peutic strategy for severe/critical patients.

The associations of IFN-A3 and IP-10 with SARS-CoV-2 infection
were similar to the profile of chronic hepatitis C (CHC), in which the
related virus, the hepatitis C virus, is an RNA virus (Marukian et al.,
2011). Interestingly, there were no associations for both IFN-A1 and 2
in COVID-19, and IFN-)A1 or 2 genes were not associated with response
to interferon-a (IFN-a) treatment for CHC (Ge et al., 2009). Single
nucleotide polymorphisms (SNPs) around IFN-A3 are associated with
response to IFN-a treatment in CHC (Ge et al., 2009; Tanaka et al.,
2009). Therefore, clinical trials of IFN-a treatment for COVID-19 that
classified patients by SNP type showed that it could provide good re-
sults (Li and De Clercq, 2020; Wang et al., 2020b). Based on the above
relationships, whether patients have a background of CHC should be
considered when IFN-)A3 data are used for prediction of severe/critical
disease.

Recently, high expressions of IFN-As were reported in the bron-
choalveolar lavage fluid (BALF) of severe SARS-CoV-2-positive patients
(Broggi et al., 2020). However, these data were cross-sectional and did
not distinguish between IFN-A2 and 3, and their experimental model was
a mouse model using chemical and bacterial pathogens, not SARS-CoV-
2. The present data showed for the first time that IFN-)A3 itself is a key
molecule for the development of severe pneumonia, and the natural
course of IFN-A3 in COVID-19 patients was shown using serial serum
samples.

The association of IL-6 with COVID-19 has been previously reported
(Chen et al., 2020a; Gao et al., 2020; Zhang et al., 2020c). The present
data confirmed the association and its usefulness as a predictive marker
for severe/critical disease. As previously reported, IL-6 upregulation was
observed in RA and other immune diseases (Houssiau et al., 1988). The
present data suggest that COVID-19 patients with RA have high levels of
IL-6 without severe/critical symptoms. Molecular targeted therapy
against IL-6 might interfere with the development of severe symptoms
(Houssiau et al., 1988; Zhang et al., 2020b). SNPs around IL-6 or CRP
have had an effect on their high expression in serum. In addition, IL-6
and the related SNPs have been shown to regulate CRP expression
levels in the general population (Dehghan et al., 2011; Okada et al.,
2011). These data suggest that the SNP type of individuals should be
considered to understand the profiles of predictive markers, in addition
to COVID-19 outcomes.

CXCL9, which has been reported to be produced mainly by mono-
cytes (Liao et al., 1995), was also upregulated at an early phase of
SARS-CoV-2 infection in the present study. However, Yang et al. re-
ported that CXCL9 levels were elevated during disease progression of
COVID-19, but they were not useful as predictive markers (Yang et al.,
2020). Their data using serial samples were limited to showing CXCL9
dynamics at an early phase of infection, though these dynamics were
observed in the present study because of the mandatory requirement
for blood collection on the first day of hospitalization, followed by
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serial collection.

The present study involved a small sample in a single hospital. There
could be a possibility of overfitting in the analyses. To confirm these
predictive markers, we are conducting a multicenter, prospective study.
Although these predictive markers should be confirmed in COVID-19
patients with some complications, not enough data were obtained in
the present study. Further research on the function of each factor is
needed to confirm our hypothesis.

In summary, two types of predictive markers for the development of
severe/critical COVID-19 were discovered by analyzing serial serum
samples. The Cat-A marker, CCL17, could be decreased in the early
phase of infection in patients who develop severe pneumonia. Cat-B
markers, IFN-A3, IL-6, and CXCL9, might indicate an alarm when they
flare-up before patients develop severe pneumonia. Several important
humoral factors, which could be triggers for the onset of severe/critical
symptoms in the natural history of COVID-19, were identified.
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