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Abstract

Background

Although hyperinflammatory response influences the severity of coronavirus disease 2019
(COVID-19), little has been reported about the utility of tumor necrosis factor (TNF)-related
biomarkers in reflecting the prognosis. We examined whether TNF receptors (TNFRs:
TNFR1, TNFR2) and progranulin (PGRN) levels, in addition to interleukin 6 (IL-6) and C-
reactive protein (CRP), are associated with mortality or disease severity in COVID-19
patients.

Methods

This retrospective study was conducted at Juntendo University Hospital. Eighty hospitalized
patients with various severities of COVID-19 were enrolled. Furthermore, serum levels of
TNF-related biomarkers were measured using enzyme-linked immunosorbent assay.

Results

Twenty-five patients died during hospitalization, and 55 were discharged. The median (25th
and 75th percentiles) age of the study patients was 70 (61-76) years, 44 (55.0%) patients
were males, and 26 (32.5%) patients had chronic kidney disease (CKD). When comparing
with patients who received and did not receive treatment at the intensive care unit (ICU), the
former had a higher tendency of being male and have diabetes, hypertension, and CKD;
had higher levels of white blood cells, D-dimer, and lactate dehydrogenase; and had lower
body mass index, estimated glomerular filtration rate, and lymphocyte counts. Significant
differences were observed in TNFR, PGRN, IL-6, and CRP levels between each severity
(mild—severe) group. Furthermore, the serum levels of TNFR, IL-6, and CRP, but not
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PGRN, in ICU patients were significantly higher than in the patients who were not admitted
to the ICU. Multivariate logistic regression analysis demonstrated that high levels of TNFR2
were only associated with mortality in patients with COVID-19 even after adjustment for rele-
vant clinical parameters.

Conclusions

High TNFR2 level might be helpful for predicting mortality or disease severity in patients
with COVID-19.

1. Introduction

Since December 2019, coronavirus disease 2019 (COVID-19), a severe respiratory illness
caused by severe acute respiratory syndrome coronavirus-2 (SARS-Cov-2), has resulted in a
pandemic and many deaths. However, most patients have an asymptomatic or a mild illness
course [1, 2]. It has been widely known that the hyperinflammatory reaction caused by SARS-
CoV-2 infection, called a cytokine storm, may lead to vascular endothelial cell injury and
thrombus formation in the blood vessels of each organ, particularly in severe COVID-19
patients, resulting in lung damage, acute respiratory distress syndrome, and multiple organ
dysfunction [3]. Various hematological abnormalities have reportedly been associated with the
severity of COVID-19 [4]. Rahman et al. reported that levels of C-reactive protein (CRP) in
addition to ferritin and d-dimer are good indicators of COVID-19 severity [5].

The global prevalence of diabetes and chronic kidney disease (CKD) is estimated to be
around 10% [6, 7]. Both diseases are associated with a marked increase in mortality and risk
factors for COVID-19 [8, 9]. Inflammation is closely involved in the pathogenesis of both dis-
eases [10, 11]. Numerous studies have reported that inflammatory biomarkers predict the pro-
gression of diabetic kidney disease (DKD) and mortality [12, 13]. We have reported that
tumor necrosis factor (TNF)-related biomarkers, such as TNF receptors (TNFR1 and TNFR2)
and progranulin (PGRN)), are associated with the pathogenesis of obesity, diabetes, and CKD
[14-16], and predict GFR loss and/or mortality in patients with diabetes and/or CKD [17-20].

However, the data on the circulating levels of TNF-related biomarkers in COVID-19
patients are limited [21-24]. Therefore, in this study, we evaluated whether the circulating lev-
els of TNFR1, TNFR2, and PGRN, in addition to interleukin 6 (IL-6) and CRP, are associated
with disease severity and mortality in 80 hospitalized COVID-19 patients.

2. Materials and methods
2.1 Patients

This retrospective study was conducted at the Juntendo University Hospital, a 1,051-bed uni-
versity-affiliated hospital in Tokyo, Japan. We enrolled some hospitalized patients with poly-
merase chain reaction-confirmed COVID-19 between April 21, 2020 and September 25, 2021.
Patients were divided into four categories according to the COVID-19 severity classification,
developed by the Ministry of Health, Labor, and Welfare of Japan (S1 Table) [25]. First, we
selected 40 patients admitted to the intensive care unit (ICU) and then contemporary 40
patients with less severe illness (non-ICU) from each category [mild (n = 18), moderate I

(n =12), moderate II (n = 10)]. Blood samples were obtained from patients as part of the stan-
dard medical hospital procedure on the first day or following admission and frozen at —80°C
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until assayed. This study was conducted following the tenets of the Helsinki Declaration and
was approved by the institutional review board (IRB) of Juntendo University Hospital, Tokyo,
Japan (IRB # 20-036). The need for informed consent from individual patients was waived as
all samples were de-identified according to the Declaration of Helsinki.

2.2 Measurement of serum TNFR1, TNFR2, and PGRN

The serum concentrations of TNFR1, TNFR2, and PGRN were measured using enzyme-linked
immunosorbent assay (ELISA) kits (cat. # DRT100, DRT200, DPGRNO; R&D Systems, Minne-
apolis, MN, USA) as previously described [26, 27]. Serum levels of IL-6 were analyzed using a
commercial chemiluminescent enzyme immunoassay (SRL, Tokyo, Japan). The serum CRP
was measured through nephelometry, a latex-enhanced immunoturbidimetric assay (QUALI-
GENT CRP; Sekisui Medical Co., Ltd., Tokyo, Japan) at our institution.

2.3 Statistical analyses

Data are expressed as the median (25" and 75th percentiles) or percentage. Cross-sectional
comparisons were examined using the Mann-Whitney U, Kruskal-Wallis, chi-squared, and
Fisher’s exact tests. Spearman’s correlation coefficient was used to test the correlations between
different variables. Univariate and multivariate logistic regression analyses were performed to
explore the risk factors associated with mortality. The area under the receiver operating char-
acteristic (ROC) curve was used to evaluate prognostic efficacy. Statistical analyses were per-
formed using SAS software v.9.4 (SAS Institute, Cary, NC, USA). P-values of <0.05 were
considered statistically significant.

3. Results
3.1 Clinical characteristics of the patients

Clinical characteristics related to disease severity and survival are shown in Table 1 and S2
Table, respectively. The median (25th and 75th percentiles) age was 70 (61-76) years, and 44
(55.0%) patients were male.

As shown in Table 1, patients who received treatment in the ICU had a higher tendency to
be male and have diabetes, hypertension, and CKD than those who received treatment in non-
ICU wards. Patients who received treatment in the ICU had significantly higher levels of white
blood cells (WBCs), D-dimer, and lactate dehydrogenase (LDH); however, they had signifi-
cantly lower body mass index (BMI), lymphocyte count, and estimated glomerular filtration
rate (eGFR) than those who received treatment in the non-ICU wards. In contrast, no differ-
ence was found in age, frequency of prior CVD, or systolic/diastolic BP.

3.2 Circulating inflammatory marker levels

The levels of all inflammatory markers were significantly higher among patients who received
treatment in the ICU than those who did not (Table 1). Table 2 shows significant differences
in the inflammatory marker levels among patients with varying disease severity. The levels of
CRP and IL-6 were significantly lower among patients with mild disease compared with all
other groups, and were significantly higher among patients in the severe group compared with
the mild and moderate I groups. However, the levels of these markers were not significantly
different between the severe and moderate II groups. No significant difference in TNFR1 or
TNER?2 levels was observed between the mild, moderate I, and moderate II groups; however,
the severe group exhibited significantly higher levels of these markers than all other groups.
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Table 1. Clinical characteristics and inflammatory markers related to disease severity at the time of admission.

Characteristics Non-ICU (n = 40) ICU (n = 40) p-value
Age (years) 69 (61-75) 72 (61-79) 0.63
Male (%) 26 (27.3%) 32 (72.7%) <0.0001
BMI 28.4 (26.4-29.7) 25.4 (23.9-27.5) 0.005
Systolic BP (mmHg) 119 (111-134) 115 (103-126) 0.32
Diastolic BP (mmHg) 72 (65-88) 70 (61-77) 0.29
Hypertension (%) 9 (22.5%) 18 (45.0%) 0.03
Diabetes (%) 5(12.5%) 14 (35.0%) 0.02
CKD (GFR <60) (%) 7 (17.5%) 19 (47.5%) 0.004
Prior CVD (%) 4(10.0%) 9 (22.5%) 0.13
eGFR (ml/min/1.73 m?) 76 (65-88) 70 (32-84) 0.005
WBC (/uL) 4300 (3350-6000) 6950 (4400-10450) <0.0001
Lymphocyte (/uL) 1081 (803-1414) 554 (413-851) <0.0001
Ferritin (ng/mL) 279 (141-543) 848 (376-1461) <0.0001
LDH (IU/L) 210 (170-249) 313 (267-436) <0.0001
D-dimer (u/mL) 1.6 (1.2-2.1) 2.6 (1.8-5.0) <0.0001
TNFRI1 (pg/mL) 1797 (1546-2623) 3818 (2511-5885) <0.0001
TNFR2 (pg/mL) 3716 (3019-4936) 6488 (5307-8435) <0.0001
PGRN (ng/mL) 119 (79-152) 165 (97-201) 0.02
CRP (mg/dL) 0.89 (0.16-3.55) 5.15 (3.53-12.36) <0.0001
IL-6 (pg/mL) 8.7 (3.4-20.8) 43.3 (18.2-105.3) <0.0001

Data are presented as mean + standard deviation, median (quartiles), or %.

Abbreviations: BMI, body mass index; BP, blood pressure; CKD, chronic kidney disease; CRP, C-reactive protein; CVD, cardiovascular disease; eGFR, estimated
glomerular filtration rate; ICU, intensive care unit; IL-6, interleukin 6; LDH, lactate dehydrogenase; PGRN, progranulin; TNFR, tumor necrosis factor receptor; WBC,
white blood cell.

BMI: non-ICU (n = 40), ICU (n = 37); Ferritin: non-ICU (n = 40), ICU (n = 39); IL-6: non-ICU (n = 38), ICU (n = 36)

https://doi.org/10.1371/journal.pone.0275745.t001

Table 2. Circulating levels of inflammatory markers in relation to disease severity.

Mild (n =18) Moderate I (n=12) Moderate II (n = 10) Severe (n = 40) P
TNFR1 1647 (1430-1870) 2176 (1686-2623) 2432 (1606-3206) 3818 (2511-5885)* ¥ <0.0001
TNFR2 3117 (2822-3754) 4017 (3215-5100) 4342 (3319-5127) 6488 (5307-8435)* ™ <0.0001
PGRN 103 (70-143) 118 (109-159) 158 (130-181) 165 (97-201)* 0.0009
IL-6 3.4 (1.9-4.8) 17.2 (6.8—23.9)§ 25.0 (11.5-38.2)" 43.3 (18.2—105.3)71: <0.0001
CRP 0.16 (0.07-0.40) 2.33 (0.38—4.88)§ 3.46 (1.87-4.86)" 5.15 (3.53—12.36)1rjk <0.0001

Abbreviations: CRP, C-reactive protein; IL-6, interleukin 6; PGRN, progranulin; TNFR, tumor necrosis factor receptor.
1L6; Mild: IL-6 (n = 17), Moderate II (n = 9), Severe (n = 36)

Notes:

*Severe vs. Moderate II p < 0.05,

*Severe vs. Moderate I p < 0.05,

*Severe vs. Mild p < 0.05;

SModerate I vs. Mild p < 0.05;

*Moderate IT vs. Mild p < 0.05

https://doi.org/10.1371/journal.pone.0275745.t1002
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Table 3. Results of Spearman correlation coefficients in relation to clinical and inflammatory markers.

TNFR1 TNFR2 PGRN IL-6 CRP WBC Lymphocyte Ferritin D-dimer LDH
TNFR1 0.94* 0.16 0.69* 0.69* 0.54* —0.45* 0.45* 0.67* 0.56*
TNFR2 0.24° 0.72* 0.73* 0.46* -0.43* 0.51* 0.66* 0.61*
PGRN 0.32* 0.24° -0.19 -0.22 0.15 0.01 -0.00
IL-6 0.78* 0.42" —0.48* 0.62* 0.63* 0.61*
CRP 0.45* -0.51* 0.62* 0.64* 0.58*
WBC -0.03 0.30* 0.53* 0.48*
Lymphocyte -0.42* -0.48* -0.33*
Ferritin 0.44* 0.59*
D-dimer 0.64*

Abbreviations: BMI, body mass index; BP, blood pressure; CKD, chronic kidney disease; CRP, C-reactive protein; CVD, cardiovascular disease; eGFR, estimated
glomerular filtration rate; ICU, intensive care unit; IL-6, interleukin 6; LDH, lactate dehydrogenase; PGRN, progranulin; TNFR, tumor necrosis factor receptor; WBC,
white blood cell.

*p < 0.0001,

p < 0.001,

*p<0.01,

$p<0.05

IL-6 (n = 74), Ferritin (n = 79), Other markers (n = 80)

https://doi.org/10.1371/journal.pone.0275745.1003

Therefore, CRP and IL-6 levels increased stepwise with the disease severity, whereas TNFR lev-
els increased steeply during severe illness.

3.3 Association between TNFRs, PGRN, IL-6, CRP, and clinical parameters

Significant correlations were noted between many of the measured parameters (Table 3). The
clinical parameters in routine practice, such as WBCs, lymphocytes, ferritin, D-dimer, and
LDH, showed correlation coefficients between 0.30 and 0.67, except for the relationship
between WBCs and lymphocytes (r = —0.03). Other inflammatory markers, such as TNFR1,
TNEFR2, IL-6, and CRP, except for PGRN, were associated with moderate-to-strong correlation
coefficients between 0.69 and 0.94. Moreover, TNFR1, TNFR2, IL-6, and CRP, except for
PGRN, were moderately associated with all clinical parameters in routine clinical practice
(correlation coefficients between 0.42 and 0.67). The relationship between eGFR and inflam-
matory markers were shown in S3 Table.

3.4 Association between inflammatory markers and mortality using
univariate and multivariate logistic analyses

As shown in Table 4, many clinical and inflammatory markers except for PGRN were associ-
ated with mortality, following univariate logistic regression analysis. The ROC was plotted
using levels of inflammatory markers to assess the efficacy of the predictors of mortality
(Table 5 and Fig 1). Both TNFR1 and TNFR2 demonstrated favorable diagnostic performance
according to ROC analysis (Table 5 and Fig 1); the area under curve (AUC) value for TNFR2
was 0.841 (95% confidence interval [CI] 0.752-0.931) with a cutoff of 5278 pg/mL, 88% sensi-
tivity, and 73% specificity. The AUC value for TNFR1 was 0.834 (95% CI 0.743-0.925) with a
cutoff of 3247 pg/mL, 72% sensitivity, and 80% specificity. Both CRP and IL-6 showed fair
diagnostic performance according to ROC analysis (Table 5 and Fig 1). Age (odds ratio [OR],
1.19; 95% CI, 1.08-1.31; p = 0.0005), WBCs (OR, 1.88; 95%CI, 1.01-3.51; p = 0.047), and
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Table 4. Results of univariate logistic regression analysis of the clinical parameters and inflammatory markers for
mortality.

Characteristics OR (95% CI) p-value
Clinical parameters

Age 1.12 (1.05-1.19) 0.0007
Male 2.87 (1.03-7.96) 0.04
BMI 0.96 (0.81-1.13) 0.61
Hypertension 1.92 (0.72-5.11) 0.19
Systolic BP 0.89 (0.67-1.18) 0.43
Diastolic BP 0.50 (0.30-0.83) 0.01
Diabetes 1.39 (0.47-4.11) 0.55
CKD 6.00 (2.13-16.94) 0.0007
Prior CVD 2.17 (0.64-7.28) 0.21
WBC 2.09 (1.23-3.55) 0.007
Lymphocyte 0.37 (0.20-0.67) 0.001
Ferritin 1.51 (0.91-2.50) 0.11
LDH 2.09 (1.25-3.49) 0.005
D-dimer 2.37(1.33-4.21) 0.003
Inflammatory markers

TNFR1 4.62 (2.13-10.00) 0.0001
TNFR2 7.69 (3.36-17.62) 0.0001
PGRN 1.63 (0.98-2.73) 0.06
IL-6° 3.16 (1.61-6.20) 0.0008
CRP 4.23 (1.81-9.89) 0.0009
SIL-6 (n = 74)

Abbreviations: BMI, body mass index; BP, blood pressure; CI, confidence interval; CKD, chronic kidney disease;
CRP, C-reactive protein; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; ICU, intensive care
unit; IL-6, interleukin 6; LDH, lactate dehydrogenase; OR, odds ratio; PGRN, progranulin; TNFR, tumor necrosis
factor receptor; WBC, white blood cell.

Data are presented as odds ratio (95% confidence interval). All odds ratios are for a continuous Log10 change in

biomarker levels.

https://doi.org/10.1371/journal.pone.0275745.1004

lymphocyte count (OR, 0.16; 95%CI, 0.06-0.44; p = 0.0003) were associated with mortality in
the multivariate model using only clinical parameters (clinical model). When each inflamma-
tory marker was added to the clinical model (Table 6), high levels of TNFR2 were only associ-
ated with mortality after adjustment for relevant clinical parameters.

Table 5. Results of receiver operating characteristic analysis of promising markers for mortality of COVID-19.

Biomarker AUC 95% CI Cut off value Sensitivity Specificity
TNFR1 0.834 0.743-0.925 3247 pg/mL 72% 80%
TNFR2 0.841 0.752-0.931 5278 pg/mL 88% 73%
PGRN 0.622 0.486-0.758 153 ng/mL 56% 65%
IL-6 0.778 0.671-0.886 28.2 mg/dL 70% 75%
CRP 0.781 0.680-0.882 3.5 pg/mL 88% 65%

AUCG, area under the curve; CI, confidence interval; CRP, C-reactive protein; IL-6, interleukin 6; PGRN, progranulin; TNFR, TNF receptor.

https://doi.org/10.1371/journal.pone.0275745.t1005
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Fig 1. Graph illustrating the diagnostic value of biomarkers for mortality in COVID-19 patients. The diagnostic
value of tumor necrosis factor receptor 1 and 2, Interleukin-6, C-reactive protein, and progranulin for mortality. The
area under curve values were 0.834, 0.841, 0.778, 0.781, and 0.622, respectively.

https://doi.org/10.1371/journal.pone.0275745.9001

4. Discussion

In the present study, we measured the serum levels of TNF-related biomarkers in various
severities of 80 hospitalized COVID-19 patients, of which 25 died during hospitalization. We
found that older age, being male, low diastolic BP, lymphocytopenia, high WBC levels, high

Table 6. Results of multivariate logistic regression analysis of the inflammatory markers for mortality.

OR (95% CI)* p-value
TNFR1 1.12 (0.88-10.62) 0.08
TNFR2 4.17 (1.14-15.24) 0.03
PGRN 1.69 (0.81-3.52) 0.16
IL-6° 1.91 (0.69-5.34) 0.21
CRP 1.96 (0.70-5.51) 0.20

*Adjustment for age, white blood cells, and lymphocyte count.

SIL-6 (n = 74)

Abbreviations: CI, confidence interval; CRP, C-reactive protein; IL-6, interleukin 6; OR, odds ratio; PGRN,
progranulin; TNFR, tumor necrosis factor receptor.

Data are presented as odds ratio (95% confidence interval). All odds ratios are for a continuous Log10 change in
biomarker levels.

https://doi.org/10.1371/journal.pone.0275745.t1006
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LDH and D-dimer levels, and high levels of inflammatory markers were related to mortality.
Furthermore, the levels of TNFR 1 and 2 in ICU-treated patients (severe illness) were signifi-
cantly higher than those in non-ICU-treated patients (mild-to-moderate illness), and high lev-
els of TNFR2 were only associated with mortality after adjustment of relevant factors.

The implication of TNFRs and IL-6 in COVID-19 severity appears to be slightly different.
IL-6 and CRP levels elevated with the progression of disease severity, whereas TNFR levels
steeply increased at the onset of severe illness. Therefore, increase in IL-6 and CRP might be
helpful to distinguish the early stage (mild to moderate) of COVID-19 patients. However,
these biomarker levels remained unchanged between patients with moderate IT and severe ill-
ness. The levels of TNFR did not differ between patients with mild-to-moderate illness,
although the TNFR levels in patients with severe illness were significantly higher than in those
with moderate II illness. These profile differences may also explain why TNFR is a better pre-
dictor of mortality than IL-6 in COVID-19 patients.

Haga et al. demonstrated that a disintegrin and metalloprotease 17 (ADAM17) are required
for spike-protein-induced shedding of the angiotensin-converting enzyme 2 (ACE2) ectodo-
main, and increased ADAM17 activity is related to internalization of the spike protein of
SARDS-CoV [28]. Exacerbation of ADAMI17 activity has been proposed as a possible mecha-
nism underlying the inflammatory immune responses and activation of the coagulation cas-
cade associated with COVID-19 infection [29]. Not only TNFq, IL-6R, and ACE2 but also
TNFR1 and TNFR2 were reported to be shed by ADAM17 sheddase [29, 30]. The biological
effects of TNF arise through binding to both TNFRs. Palacious et al. [22] demonstrated that
increased TNER levels are not due to excessive production, but to increased ADAM17 expres-
sion. Notably, TNFRI1 levels in COVID-19 patients with severe illness were higher than those
with mild illness, but did not differ from those with moderate illness, whereas TNFR2 levels
did not differ between each severity group. Unlike their study, both TNFR levels were associ-
ated with disease severity, as indicated by the strong correlation (r = 0.94) between TNFR1 and
TNFR?2 in the present study. These differences may be partially attributed to differences in eth-
nicities, differences in ELISA kit, and differences in clinical stratification of COVID-19,
among other etiologies.

We have previously reported that TNFR and PGRN levels are not only negatively associated
with eGFR [26] but also predict eGFR loss and mortality in patients with diabetes and/or CKD
[19, 20, 31]. Furthermore, TNF inhibitor, etanercept, improves the progression of DKD by inhib-
iting the anti-inflammatory action of the TNFa~TNFR2 pathway [14]. However, in this study,
the relationship between TNFRs and eGFR was not as strong (TNFR1, r = 0.47; TNFR2, r = 0.44)
as in our previous reports in patients with diabetes and CKD [26], indicating that elevated TNFR
levels in COVID-19 patients cannot be adequately explained by reduced eGFR alone.

PGRN expressions are upregulated in mouse models of sepsis and involved in host defense
against sepsis [32]. Furthermore PGRN binds to TNFR and inhibits inflammatory signals [33].
Yao et al. [34] reported that patients with COVID-19 had higher PGRN levels than healthy
controls, and that these levels decreased after successful treatment. In the present study, we
demonstrated that PGRN levels were higher among ICU-treated patients; however, these val-
ues were not predictive of mortality in patients with COVID-19.

This study has several limitations which should be acknowledged. First, selection bias may
exist owing to the fact that this study was conducted retrospectively at a single institution and
patients were of the same ethnicity. Therefore, it is unknown whether these results can be gen-
eralized to other ethnicities. Second, the length from the disease onset to the patients’ admis-
sion might be different, which might influence each biomarker level. Third, due to this
relatively small number of study patients it was not possible to adjust all relevant risk factors
for mortality in multivariate analysis and it does not reflect the global population with

PLOS ONE | https://doi.org/10.1371/journal.pone.0275745 October 11, 2022 8/11


https://doi.org/10.1371/journal.pone.0275745

PLOS ONE

Circulating TNFRs are associated with mortality and disease severity in COVID-19 patients

COVID-19. Fourth, we did not measure levels of biomarkers at different time points during
the period of hospitalization. Therefore, it is unknown whether the levels of these marker
changed after recovery from COVID-19. Lastly, there are some missing data for BMI, ferritin,
and IL-6.

In conclusion, our findings suggest that inflammatory marker levels may be associated with
disease severity. In particular, IL-6 and CRP levels might be useful to distinguish between
early-stage (mild to moderate) COVID-19 patients. In contrast, TNFR levels might help distin-
guish COVID-19 patients who require ICU care. Moreover, high levels of TNFR2 could effec-
tively predict in-hospital mortality independent of relevant clinical parameters in patients with
COVID-19.

Supporting information

S1 Table. Severity classification of COVID-19 patients developed by the Ministry of
Health, Labor, and Welfare (MHLW) of Japan.
(PDF)

S2 Table. Clinical characteristics and inflammatory markers related to the mortality.
(PDF)

§3 Table. Results of Spearman correlation coefficients in relation to estimated glomerular
filtration rate and inflammatory markers.
(PDF)

Acknowledgments

We thank the Department of Research Support Utilizing Bioresource Bank, Juntendo Univer-
sity Graduate School of Medicine, for allowing us to use their facilities.

Author Contributions
Conceptualization: Tomohito Gohda.

Data curation: Tomohito Gohda, Maki Murakoshi, Makoto Hiki, Toshio Naito, Kazuhisa
Takahashi, Yoko Tabe.

Formal analysis: Tomohito Gohda.
Investigation: Tomohito Gohda.
Methodology: Tomohito Gohda.

Project administration: Tomohito Gohda.
Resources: Maki Murakoshi.

Supervision: Yusuke Suzuki.

Writing - original draft: Tomohito Gohda.

Writing - review & editing: Tomohito Gohda, Yusuke Suzuki, Toshio Naito, Kazuhisa Taka-
hashi, Yoko Tabe.

References

1.  ZhuN, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus from Patients with Pneumo-
nia in China, 2019. The New England journal of medicine. 2020; 382(8):727-33. Epub 20200124.
https://doi.org/10.1056/NEJM0a2001017 PMID: 31978945

PLOS ONE | https://doi.org/10.1371/journal.pone.0275745 October 11, 2022 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275745.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275745.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275745.s003
https://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
https://doi.org/10.1371/journal.pone.0275745

PLOS ONE

Circulating TNFRs are associated with mortality and disease severity in COVID-19 patients

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Oran DP, Topol EJ. Prevalence of Asymptomatic SARS-CoV-2 Infection: A Narrative Review. Ann
Intern Med. 2020; 173(5):362—7. Epub 20200603. https://doi.org/10.7326/M20-3012 PMID: 32491919

Jose RJ, Manuel A. COVID-19 cytokine storm: the interplay between inflammation and coagulation.
Lancet Resp Med. 2020; 8(6):E46—E7. https://doi.org/10.1016/S52213-2600(20)30216-2 PMID:
32353251

Liao D, Zhou F, Luo L, Xu M, Wang H, Xia J, et al. Haematological characteristics and risk factors in the
classification and prognosis evaluation of COVID-19: a retrospective cohort study. Lancet Haematol.
2020; 7(9):e671—e8. Epub 20200710. https://doi.org/10.1016/S2352-3026(20)30217-9 PMID:
32659214

Rahman MA, Shanjana Y, Tushar Ml, Mahmud T, Rahman GMS, Milan ZH, et al. Hematological abnor-
malities and comorbidities are associated with COVID-19 severity among hospitalized patients: Experi-
ence from Bangladesh. PLoS One. 2021; 16(7):e0255379. Epub 20210727. https://doi.org/10.1371/
journal.pone.0255379 PMID: 34314447

Saeedi P, Petersohn |, Salpea P, Malanda B, Karuranga S, Unwin N, et al. Global and regional diabetes
prevalence estimates for 2019 and projections for 2030 and 2045: Results from the International Diabe-
tes Federation Diabetes Atlas, 9(th) edition. Diabetes research and clinical practice. 2019; 157:107843.
Epub 20190910. https://doi.org/10.1016/j.diabres.2019.107843 PMID: 31518657.

Collaboration GBDCKD. Global, regional, and national burden of chronic kidney disease, 1990-2017: a
systematic analysis for the Global Burden of Disease Study 2017. Lancet (London, England). 2020; 395
(10225):709-33. Epub 20200213. https://doi.org/10.1016/S0140-6736(20)30045-3 PMID: 32061315

Tian W, Jiang W, Yao J, Nicholson CJ, Li RH, Sigurslid HH, et al. Predictors of mortality in hospitalized
COVID-19 patients: A systematic review and meta-analysis. J Med Virol. 2020; 92(10):1875-83. Epub
20200711. https://doi.org/10.1002/jmv.26050 PMID: 32441789

Tsuchihashi Y, Arima Y, Takahashi T, Kanou K, Kobayashi Y, Sunagawa T, et al. Clinical Characteris-
tics and Risk Factors for Severe Outcomes of Novel Coronavirus Infection, January-March 2020,
Japan. J Epidemiol. 2021; 31(8):487-94. Epub 20210622. https://doi.org/10.2188/jea.JE20200519
PMID: 34053961

Gohda T, Tomino Y. Novel biomarkers for the progression of diabetic nephropathy: soluble TNF recep-
tors. Curr Diab Rep. 2013; 13(4):560—6. Epub 2013/05/10. https://doi.org/10.1007/s11892-013-0385-9
PMID: 23657763.

Murakoshi M, Gohda T, Suzuki Y. Circulating Tumor Necrosis Factor Receptors: A Potential Biomarker
for the Progression of Diabetic Kidney Disease. Int J Mol Sci. 2020; 21(6). Epub 20200313. https://doi.
org/10.3390/ijms21061957 PMID: 32183005

Saulnier PJ, Gand E, Ragot S, Ducrocq G, Halimi JM, Hulin-Delmotte C, et al. Association of serum
concentration of TNFR1 with all-cause mortality in patients with type 2 diabetes and chronic kidney dis-
ease: follow-up of the SURDIAGENE Cohort. Diabetes Care. 2014; 37(5):1425-31. Epub 20140312.
https://doi.org/10.2337/dc13-2580 PMID: 24623026.

Niewczas MA, Pavkov ME, Skupien J, Smiles A, Md Dom ZI, Wilson JM, et al. A signature of circulating
inflammatory proteins and development of end-stage renal disease in diabetes. Nat Med. 2019; 25
(5):805—13. Epub 20190422. https://doi.org/10.1038/s41591-019-0415-5 PMID: 31011203

Omote K, Gohda T, Murakoshi M, Sasaki Y, Kazuno S, Fujimura T, et al. Role of the TNF pathway in
the progression of diabetic nephropathy in KK-A(y) mice. American journal of physiology Renal physiol-
ogy. 2014; 306(11):F1335—47. Epub 20140319. https://doi.org/10.1152/ajprenal.00509.2013 PMID:
24647715.

Li Z, Murakoshi M, Ichikawa S, Koshida T, Adachi E, Suzuki C, et al. The sodium-glucose cotransporter
2 inhibitor tofogliflozin prevents diabetic kidney disease progression in type 2 diabetic mice. FEBS
Open Bio. 2020; 10(12):2761-70. Epub 20201110. https://doi.org/10.1002/2211-5463.13014 PMID:
33098615

Murakoshi M, Gohda T, Adachi E, Ichikawa S, Hagiwara S, Suzuki Y. Differential organ-specific inflam-
matory response to progranulin in high-fat diet-fed mice. Sci Rep. 2021; 11(1):1194. Epub 20210113.
https://doi.org/10.1038/s41598-020-80940-8 PMID: 33441916

Niewczas MA, Gohda T, Skupien J, Smiles AM, Walker WH, Rosetti F, et al. Circulating TNF receptors
1 and 2 predict ESRD in type 2 diabetes. J Am Soc Nephrol. 2012; 23(3):507-15. Epub 20120119.
https://doi.org/10.1681/ASN.2011060627 PMID: 22266663

Gohda T, Niewczas MA, Ficociello LH, Walker WH, Skupien J, Rosetti F, et al. Circulating TNF recep-
tors 1 and 2 predict stage 3 CKD in type 1 diabetes. J Am Soc Nephrol. 2012; 23(3):516—24. Epub
20120119. https://doi.org/10.1681/ASN.2011060628 PMID: 22266664

Gohda T, Maruyama S, Kamei N, Yamaguchi S, Shibata T, Murakoshi M, et al. Circulating TNF Recep-
tors 1 and 2 Predict Mortality in Patients with End-stage Renal Disease Undergoing Dialysis. Sci Rep.
2017; 7:43520. Epub 20170303. https://doi.org/10.1038/srep43520 PMID: 28256549

PLOS ONE | https://doi.org/10.1371/journal.pone.0275745 October 11, 2022 10/11


https://doi.org/10.7326/M20-3012
http://www.ncbi.nlm.nih.gov/pubmed/32491919
https://doi.org/10.1016/S2213-2600%2820%2930216-2
http://www.ncbi.nlm.nih.gov/pubmed/32353251
https://doi.org/10.1016/S2352-3026%2820%2930217-9
http://www.ncbi.nlm.nih.gov/pubmed/32659214
https://doi.org/10.1371/journal.pone.0255379
https://doi.org/10.1371/journal.pone.0255379
http://www.ncbi.nlm.nih.gov/pubmed/34314447
https://doi.org/10.1016/j.diabres.2019.107843
http://www.ncbi.nlm.nih.gov/pubmed/31518657
https://doi.org/10.1016/S0140-6736%2820%2930045-3
http://www.ncbi.nlm.nih.gov/pubmed/32061315
https://doi.org/10.1002/jmv.26050
http://www.ncbi.nlm.nih.gov/pubmed/32441789
https://doi.org/10.2188/jea.JE20200519
http://www.ncbi.nlm.nih.gov/pubmed/34053961
https://doi.org/10.1007/s11892-013-0385-9
http://www.ncbi.nlm.nih.gov/pubmed/23657763
https://doi.org/10.3390/ijms21061957
https://doi.org/10.3390/ijms21061957
http://www.ncbi.nlm.nih.gov/pubmed/32183005
https://doi.org/10.2337/dc13-2580
http://www.ncbi.nlm.nih.gov/pubmed/24623026
https://doi.org/10.1038/s41591-019-0415-5
http://www.ncbi.nlm.nih.gov/pubmed/31011203
https://doi.org/10.1152/ajprenal.00509.2013
http://www.ncbi.nlm.nih.gov/pubmed/24647715
https://doi.org/10.1002/2211-5463.13014
http://www.ncbi.nlm.nih.gov/pubmed/33098615
https://doi.org/10.1038/s41598-020-80940-8
http://www.ncbi.nlm.nih.gov/pubmed/33441916
https://doi.org/10.1681/ASN.2011060627
http://www.ncbi.nlm.nih.gov/pubmed/22266663
https://doi.org/10.1681/ASN.2011060628
http://www.ncbi.nlm.nih.gov/pubmed/22266664
https://doi.org/10.1038/srep43520
http://www.ncbi.nlm.nih.gov/pubmed/28256549
https://doi.org/10.1371/journal.pone.0275745

PLOS ONE

Circulating TNFRs are associated with mortality and disease severity in COVID-19 patients

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gohda T, Yanagisawa N, Murakoshi M, Ueda S, Nishizaki Y, Nojiri S, et al. Association Between Kidney
Function Decline and Baseline TNFR Levels or Change Ratio in TNFR by Febuxostat Chiefly in Non-
diabetic CKD Patients With Asymptomatic Hyperuricemia. Front Med (Lausanne). 2021; 8:634932.
Epub 20210712. https://doi.org/10.3389/fmed.2021.634932 PMID: 34322499

Del Valle DM, Kim-Schulze S, Huang HH, Beckmann ND, Nirenberg S, Wang B, et al. An inflammatory
cytokine signature predicts COVID-19 severity and survival. Nat Med. 2020; 26(10):1636—43. Epub
20200824. https://doi.org/10.1038/s41591-020-1051-9 PMID: 32839624

Palacios Y, Ruiz A, Ramon-Luing LA, Ocana-Guzman R, Barreto-Rodriguez O, Sanchez-Moncivais A,
et al. Severe COVID-19 Patients Show an Increase in Soluble TNFR1 and ADAM17, with a Relationship
to Mortality. Int J Mol Sci. 2021; 22(16). Epub 20210805. https://doi.org/10.3390/ijms22168423 PMID:
34445140

Mortaz E, Tabarsi P, Jamaati H, Dalil Roofchayee N, Dezfuli NK, Hashemian SM, et al. Increased
Serum Levels of Soluble TNF-alpha Receptor Is Associated With ICU Mortality in COVID-19 Patients.
Front Immunol. 2021; 12:592727. Epub 20210422. https://doi.org/10.3389/fimmu.2021.592727 PMID:
33968010

Bowman ER, Cameron CMA, Avery A, Gabriel J, Kettelhut A, Hecker M, et al. Levels of Soluble CD14
and Tumor Necrosis Factor Receptors 1 and 2 May Be Predictive of Death in Severe Coronavirus Dis-
ease 2019. J Infect Dis. 2021; 223(5):805—10. Epub 2020/11/30. https://doi.org/10.1093/infdis/jilaa744
PMID: 33249506

Clinical management of patients with COVID-19: a guide for front-line healthcare workers. version 2.1.
https://www.niph.go.jp/h-crisis/wp-content/uploads/2020/07/20200706103735_content_000646531.
pdf.

Kamei N, Yamashita M, Nishizaki Y, Yanagisawa N, Nojiri S, Tanaka K, et al. Association between cir-
culating tumor necrosis factor-related biomarkers and estimated glomerular filtration rate in type 2 dia-
betes. Sci Rep. 2018; 8(1):15302. Epub 20181017. https://doi.org/10.1038/s41598-018-33590-w
PMID: 30333553

Gohda T, Kamei N, Kubota M, Tanaka K, Yamashita Y, Sakuma H, et al. Fractional excretion of tumor
necrosis factor receptor 1 and 2 in patients with type 2 diabetes and normal renal function. Journal of
diabetes investigation. 2021; 12(3):382-9. Epub 20200810. https://doi.org/10.1111/jdi.13351 PMID:
32643269

Haga S, Yamamoto N, Nakai-Murakami C, Osawa Y, Tokunaga K, Sata T, et al. Modulation of TNF-
alpha-converting enzyme by the spike protein of SARS-CoV and ACE2 induces TNF-alpha production
and facilitates viral entry. Proceedings of the National Academy of Sciences of the United States of
America. 2008; 105(22):7809—14. Epub 20080519. https://doi.org/10.1073/pnas.0711241105 PMID:
18490652

Zipeto D, Palmeira JDF, Arganaraz GA, Arganaraz ER. ACE2/ADAM17/TMPRSS2 Interplay May Be
the Main Risk Factor for COVID-19. Front Immunol. 2020; 11:576745. Epub 20201007. https://doi.org/
10.3389/fimmu.2020.576745 PMID: 33117379

Ruiz A, Palacios Y, Garcia |, Chavez-Galan L. Transmembrane TNF and Its Receptors TNFR1 and
TNFR2 in Mycobacterial Infections. Int J Mol Sci. 2021; 22(11). Epub 20210522. https://doi.org/10.
3390/ijms22115461 PMID: 34067256

Murakoshi M, Gohda T, Sakuma H, Shibata T, Adachi E, Kishida C, et al. Progranulin and Its Receptor
Predict Kidney Function Decline in Patients With Type 2 Diabetes. Front Endocrinol (Lausanne). 2022;
13:849457. Epub 20220401. https://doi.org/10.3389/fendo.2022.849457 PMID: 35432201

Song Z, Zhang X, Zhang L, Xu F, Tao X, Zhang H, et al. Progranulin Plays a Central Role in Host
Defense during Sepsis by Promoting Macrophage Recruitment. Am J Respir Crit Care Med. 2016; 194
(10):1219-32. https://doi.org/10.1164/rccm.201601-00560C PMID: 27149013.

Liu CJ, Bosch X. Progranulin: a growth factor, a novel TNFR ligand and a drug target. Pharmacol Ther.
2012; 133(1):124-32. Epub 20111008. https://doi.org/10.1016/j.pharmthera.2011.10.003 PMID:
22008260

Yao S, Luo N, LiuJ, ZhaH, Ai Y, Luo J, et al. Elevated Serum Levels of Progranulin and Soluble Vascu-
lar Cell Adhesion Molecule-1 in Patients with COVID-19. J Inflamm Res. 2021; 14:4785-94. Epub
20210921. https://doi.org/10.2147/JIR.S330356 PMID: 34584437

PLOS ONE | https://doi.org/10.1371/journal.pone.0275745 October 11, 2022 11/11


https://doi.org/10.3389/fmed.2021.634932
http://www.ncbi.nlm.nih.gov/pubmed/34322499
https://doi.org/10.1038/s41591-020-1051-9
http://www.ncbi.nlm.nih.gov/pubmed/32839624
https://doi.org/10.3390/ijms22168423
http://www.ncbi.nlm.nih.gov/pubmed/34445140
https://doi.org/10.3389/fimmu.2021.592727
http://www.ncbi.nlm.nih.gov/pubmed/33968010
https://doi.org/10.1093/infdis/jiaa744
http://www.ncbi.nlm.nih.gov/pubmed/33249506
https://www.niph.go.jp/h-crisis/wp-content/uploads/2020/07/20200706103735_content_000646531.pdf
https://www.niph.go.jp/h-crisis/wp-content/uploads/2020/07/20200706103735_content_000646531.pdf
https://doi.org/10.1038/s41598-018-33590-w
http://www.ncbi.nlm.nih.gov/pubmed/30333553
https://doi.org/10.1111/jdi.13351
http://www.ncbi.nlm.nih.gov/pubmed/32643269
https://doi.org/10.1073/pnas.0711241105
http://www.ncbi.nlm.nih.gov/pubmed/18490652
https://doi.org/10.3389/fimmu.2020.576745
https://doi.org/10.3389/fimmu.2020.576745
http://www.ncbi.nlm.nih.gov/pubmed/33117379
https://doi.org/10.3390/ijms22115461
https://doi.org/10.3390/ijms22115461
http://www.ncbi.nlm.nih.gov/pubmed/34067256
https://doi.org/10.3389/fendo.2022.849457
http://www.ncbi.nlm.nih.gov/pubmed/35432201
https://doi.org/10.1164/rccm.201601-0056OC
http://www.ncbi.nlm.nih.gov/pubmed/27149013
https://doi.org/10.1016/j.pharmthera.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22008260
https://doi.org/10.2147/JIR.S330356
http://www.ncbi.nlm.nih.gov/pubmed/34584437
https://doi.org/10.1371/journal.pone.0275745

