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Adult-onset Still’s disease (AOSD) is an autoinflammatory disease with multisystem
involvement. Early identification of patients with severe complications and those refractory
to glucocorticoid is crucial to improve therapeutic strategy in AOSD. Exaggerated neutrophil
activation and enhanced formation of neutrophil extracellular traps (NETs) in patients with
AOSD were found to be closely associated with etiopathogenesis. In this study, we aim to
investigate, to our knowledge for the first time, the clinical value of circulating NETs by
machine learning to distinguish AOSD patients with organ involvement and refractory to
glucocorticoid. Plasma samples were used to measure cell-free DNA, NE-DNA, MPO-DNA,
and citH3-DNA complexes from training and validation sets. The training set included 40
AOSD patients and 24 healthy controls (HCs), and the validation set included 26 AOSD
patients and 16 HCs. Support vector machines (SVM) were used for modeling and validation
of circulating NETs signature for the diagnosis of AOSD and identifying patients refractory to
low-dose glucocorticoid treatment. The training set was used to build a model, and the
validation set was used to test the predictive capacity of the model. A total of four circulating
NETs showed similar trends in different individuals and could distinguish patients with AOSD
fromHCs by SVM (AUC value: 0.88). Circulating NETs in plasma were closely correlated with
systemic score, laboratory tests, and cytokines. Moreover, circulating NETs had the potential
to distinguish patients with liver and cardiopulmonary system involvement. Furthermore, the
AUC value of combined NETs to identify patients who were refractory to low-dose
glucocorticoid was 0.917. In conclusion, circulating NETs signature provide added clinical
value in monitoring AOSD patients. It may provide evidence to predict who is prone to be
refractory to low-dose glucocorticoid and help to make efficient therapeutic strategy.

Keywords: adult-onset Still’s disease, circulating neutrophil extracellular traps, organ involvement, response to
glucocorticoid, machine learning
org November 2020 | Volume 11 | Article 5633351

https://www.frontiersin.org/articles/10.3389/fimmu.2020.563335/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.563335/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.563335/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.563335/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.563335/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:huqiongyi131@163.com
mailto:yangchengde@sina.com
https://doi.org/10.3389/fimmu.2020.563335
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.563335
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.563335&domain=pdf&date_stamp=2020-11-09


Jia et al. Circulating NETs in AOSD
INTRODUCTION

Adult-onset Still’s disease (AOSD) is a systemic autoinflammatory
disease, typically characterized by fever of unknown origin,
evanescent rash, polyarthralgia, and even life-threatening
complications, such as macrophage activation syndrome (MAS),
fulminant hepatitis, and cardiopulmonary system involvement (1).
Cardiopulmonary involvement was defined as pericarditis,
pneumonia, pleuritic, and pulmonary arterial hypertension (PAH)
as well as any cardiac or pulmonary disorder related to the AOSD
(2). Due to the non-specific clinical and laboratory features, the
diagnosis of AOSD often necessitates the exclusion of infectious,
neoplastic, and autoimmune disease, leaving a challenge in practice
(3). In our previous study of 61 AOSD patients, we reported that
some patients exhibited an unfavorable outcome, and 6 patients
died of severe pneumonia, liver failure, and MAS (4). Therefore,
identification of predictive models to distinguish who is prone to
develop life-threatening complications is crucial to improve the
efficacy of treatment in AOSD.

Due to the complexity of the disease characteristics, therapy
of AOSD remains empirical (5). Glucocorticoid therapy is
considered as the first-line therapy of AOSD, whereas low-dose
prednisone is not effective in controlling the disease in some
patients. Intravenous infusion of high-dose methylprednisolone,
use of disease modifying antirheumatic drugs (DMARDs), and
several biologic agents are essential for refractory AOSD or
patients with severe complications (6). For this reason, how to
balance the side effects and effectiveness is of great clinical
significance in the therapy of AOSD. Thus, identification of
biomarkers to predict treatment response is also an urgent need.

To date, the pathogenesis of AOSD is mostly hypothetical, but
a generally growing understanding of AOSD suggest the
involvement of neutrophils (7). More than 80% of AOSD
patients present with neutrophilic leukocytosis during the
acute flare (2). Histology of the rash, lymph nodes, and liver
are also characterized by neutrophil infiltration (8), suggesting
that neutrophils are critical effector cells in AOSD.

Along with releasing various granule proteins, neutrophils also
release neutrophil extracellular traps (NETs), which have been
shown to play a role in immune-mediated conditions (9). NETs
can mediate sterile tissue damage and promote inflammatory
responses, including systemic lupus erythematosus (SLE),
Abbreviations: AOSD, adult-onset Still’s disease; HCs, healthy controls; MAS,
macrophage activation syndrome; PAH, pulmonary arterial hypertension;
DMARDs, disease modifying antirheumatic drugs; NETs, neutrophil
extracellular traps; SLE, systemic lupus erythematosus; RA, rheumatoid arthritis;
NLRP3, NLR family; pyrin domain containing 3; PAD4, protein-arginine
deiminase 4; citH3, citrullinated histone 3; MPO, myeloperoxidase; NE,
neutrophil elastase; cfDNA, cell-free DNA; RF, rheumatoid factor; ACPA, anti-
citrullinated protein/peptide antibodies; dsDNA, double-stranded DNA; IL,
interleukin; TNF, tumor necrosis factor; SD, standard deviation; SVM, support
vector machines; ROC, receiver operating characteristic; AUC, area under curve;
miRNAs, microRNAs; DAMPs, danger-associated molecular patterns; ARDS,
acute respiratory distress syndrome; MTX, methotrexate ; HCQ,
hydroxychloroquine; IVIG, intravenous immunoglobulin; CsA, cyclosporine A;
JAK, Janus kinases; TF, tissue factor; FMF, familial Mediterranean fever; ESR,
erythrocyte sedimentation rate; CRP, C-reactive protein; ALT, alanine
aminotransferase; AST, aspartate aminotransferase.
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rheumatoid arthritis (RA), and vasculitis (10). In view of the
crucial role of neutrophils in AOSD pathogenesis, much attention
has been paid to the role of NETs, a new way of neutrophil death
(11). Our previous study has demonstrated a greater ability of
neutrophils fromAOSD patients to formNETs, which could induce
inflammatorymacrophages by activating NLR family, pyrin domain
containing 3 (NLRP3) inflammasome, and stimulating cytokine
production (12). Upon citrullinated, citrullinated histone 3 (citH3)
in neutrophils contributes to chromatin decondensation and
nuclear membrane disruption. Granule proteins, including
myeloperoxidase (MPO) and neutrophil elastase (NE), are
involved in the breakdown of membranaceous structures,
allowing for mixture of nuclear and cytoplasmic contents. Finally,
cell-free DNA (cfDNA) and granule proteins are released as NETs
(13). Recent studies have indicated that circulating NETs are
potential biomarkers in many rheumatic diseases (14). In SLE
patients, circulating levels of NETs could identify patients with
active disease and severe disease, including kidney involvement and
cardiovascular disease (15, 16). MPO-DNA, a circulating NET
complex, was found to be positively associated with rheumatoid
factor (RF) levels, anti-citrullinated protein/peptide antibodies
(ACPA) titers, and neutrophil counts in patients with RA (17). In
view of the diagnostic role of circulating NETs, it may shed new
light on the identification of a novel diagnostic model in AOSD.

Previous studies focus on the pro-inflammatory and tissue-
damaging effects of NETs, while the associations between
circulating NETs and clinical manifestations, especially important
organ involvement and treatment response in AOSD, are still
undetermined. NETs are the complex of various granule proteins,
so we hypothesize that a multidimensional feature model of NETs
will result in good prediction and evaluation. In this study, a total of
four circulating NETs, including citH3-DNA, NE-DNA, MPO-
DNA, and cfDNA, were investigated in patients with AOSD to
evaluate the relationship of circulating NETs with disease activity,
clinical parameters, organ involvement, and treatment response
to glucocorticoid.
METHODS

Patients and Healthy Subjects
The study population consisted of 66 AOSD patients fulfilling
Yamaguchi’s criteria after exclusion of those with infectious,
neoplastic, and autoimmune disorders. Information on
demographic and clinical data was entered into a database
together with the laboratory test results. The training set
included 40 AOSD and 24 healthy controls (HCs). An
independent set of 26 AOSD and 16 HCs was included as a
validation set. The systemic disease activity of each AOSD
patient was assessed using a modified Pouchot’s score (18).
The study was performed in accordance with the Declaration
of Helsinki and the principles of Good Clinical Practice.
Biological samples were obtained under a protocol approved
by the Institutional Research Ethics Committee of Ruijin
Hospital (ID: 2016–62), Shanghai, China. All subjects signed
written informed consent.
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Quantification of Cell-Free DNA and
NET-DNA Complexes in the Serum of
AOSD Patients
Cell-free DNA was quantified in serum using the Quant-iT
PicoGreen double-stranded DNA (dsDNA) assay kit
(Invitrogen, USA) according to the manufacturer’s instructions.
Ten percent serum was added per well, followed by incubation for
10 min away from light. NE-DNA, MPO-DNA, and citH3-DNA
complexes were quantified using the Quant-iT PicoGreen as
previously described (19). As the capturing antibody, anti-citH3,
NE, and MPO monoclonal antibody (Abcam, Serotec, USA) was
coated onto 96-well microtiter plates overnight at 4°C. After
blocking in 1% BSA for 90 min at room temperature, 10%
serum was added per well, followed by incubation overnight at
4°C. The plate was washed 5 times, followed by the addition of
PicoGreen from the kit described above.

MSD for Detecting Interleukin (IL)-1b,
IL-6, IL-10, IL-18, and Tumor Necrosis
Factor (TNF)
Serum levels of IL-1b, IL-6, IL-10, IL-18, and TNFweremeasured by
the Meso Scale Discovery electrochemiluminescence assay (MSD,
Rockville, MD, USA) according to the manufacturer’s instructions.

Support Vector Machines
To explore whether circulating NETs signature might serve as a
potential biomarker for the diagnosis of AOSD and identifying
patients refractory to low-dose glucocorticoid treatment, support
vector machines (SVM) approach (MATLAB R2020a) was
performed. Grid search and Gaussian radial basis function
kernels were implemented for tuning parameters. By using SVM,
circulating NETs and clinical data of the patients in the training set
were used to build a model. Then each sample in the validation set
was predicted using the model and assigned a classification label.
Thepredictivepowerof themodelwasassessedusing the areaunder
the receiver operating characteristic (ROC) curve with area under
curve (AUC), sensitivity, and specificity. Overall accuracy is the
ratio of correctly predicted patients.

Statistical Analysis
Continuous variables arepresentedwithmean± standard deviation
(SD).Categorical variables are expressedas counts andproportions.
Comparisons were performed using the nonparametric Mann-
Whitney U test for unpaired data, Kruskal-Wallis, followed by
post hoc Dunn’s test for multiple comparisons. Spearman’s
correlation test was used to assess the correlations. Statistical
significance was analyzed by SPSS version 25.0 software (SPSS
Inc., Chicago, IL, USA) and GraphPad Prism V 8.00 (GraphPad
Software, San Diego, California, USA).
RESULTS

Establishing Circulating NETs as a
Biomarker in AOSD
A summary of the demographics, clinical characteristics, and
laboratory findings of the study subjects can be found in Table 1.
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The training set included 40 patients with AOSD (23 active and
17 inactive) and 24 HCs. The validation set consisted of 26
patients with AOSD (18 active and 8 inactive) and 16 HCs. We
then assessed circulating cfDNA and NET-DNA complexes in
serum of AOSD patients and HCs, and the levels of circulating
NETs in the training set are shown in Figure 1A. We hypothesize
that NETs were associated with disease activity. All circulating
NETs were higher in active AOSD than HCs (citH3-
DNA: p=0.0103; NE-DNA: p=0.0017; MPO-DNA: p=0.0005;
cfDNA: p<0.0001). The levels of circulating citH3-DNA, MPO-
DNA, and cfDNA were significantly higher in active AOSD
patients than in inactive patients (citH3-DNA: p=0.0144; MPO-
DNA: p=0.0495; cfDNA: p=0.0035). There was no significant
difference in the NE-DNA level between active and inactive
patients with AOSD. Moreover, the levels of NE-DNA were
elevated in inactive AOSD patients compared with HCs (NE-
DNA: p=0.0241). In the validation set, all circulating NETs were
also higher in active AOSD than HCs, similar to that in the
training set (Figure 1B, citH3-DNA: p=0.0104; NE-DNA:
p=0.0327; MPO-DNA: p<0.0001; cfDNA: p<0.0001).

Next, we introduced combined circulating NETs to
commonly used classifier SVM. The model produced by the
training set exhibited excellent performance in the validation set
(Figure 1C, accuracy = 88.10%, p<0.0001). The ROC analysis
revealed that the sensitivity was 87.5%, the specificity was 88.5%,
and AUC was 0.880 (Figure 1D). These studies suggest that the
circulating NETs signature could be a potential biomarker for
AOSD patients.
Correlation of Circulating NETs With
Disease Activity and Other Biomarkers
of AOSD
To further reveal the association of circulating NETs with disease
activity, we examined the correlation between NETs and AOSD
systemic disease activity score. Significant correlations between
systemic score and serum levels of citH3-DNA, MPO-DNA, as
well as cfDNA were observed (Figure 2A, citH3-DNA: r=0.4574,
p=0.0001; MPO-DNA: r=0.4388, p=0.0002; cfDNA: r=0.6420,
p<0.0001). NE-DNA also showed a slight correlation with
systemic score (Figure 2A, r=0.2654, p=0.0313). Taken
together, our results suggest that serum levels of NETs are
higher during AOSD attacks.

Next, we compared the levels of NETs in AOSD patients with
routine inflammatory parameters and cytokines of AOSD. A
correlation matrix were created based on the Spearman r values
of the cross comparisons. The levels of citH3-DNA, MPO-DNA,
and cfDNA were significantly correlated with routine
inflammatory parameters. And NE-DNA only showed a slight
correlation with C-reactive protein (CRP) (Figure 2B).

Regarding cytokines, citH3-DNA and cfDNA were correlated
well with IL-1b, IL-10, and IL-18. MPO-DNA was correlated
with IL-1b and IL-10 while NE-DNA was correlated with IL-10
and IL-18. Interestingly, only NE-DNA was correlated with IL-6
and TNF (Figure 2B). These data suggest that different types of
NETs may play distinct roles and participate in diverse
immune responses.
November 2020 | Volume 11 | Article 563335
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Association Between Circulating NETs
With Clinical Manifestations of AOSD
To assess the clinical potential of NETs, we analyzed levels of
circulating NETs in AOSD patients with various manifestations.
Patients with fever, arthralgia, skin rash, sore throat, myalgia,
lymphadenopathy, hepatomegaly, splenomegaly, pericarditis,
pneumonia, and pleuritis had a higher level of cfDNA than those
without these symptoms (Table 2). Interestingly, the levels of NE-
DNA were higher in patients with fever, skin rash, hepatomegaly,
splenomegaly, pericarditis, pneumonia, and pleuritis (Table 2).
The levels of citH3-DNA were increased in patients with fever,
arthralgia, skin rash, myalgia, lymphadenopathy, hepatomegaly,
pericarditis, pleuritic, and PAH (Table 2). We also observed higher
levels of MPO-DNA in patients with fever, arthralgia, skin rash,
myalgia, lymphadenopathy, hepatomegaly, splenomegaly, and
pericarditis (Table 2).
Circulating NETs Are Associated With
Liver and Cardiopulmonary System
Involvement
To further explore the possible clinical relevance of circulatingNETs
in patients with important organ involvement, we combined active
Frontiers in Immunology | www.frontiersin.org 4
AOSD from the training and validation sets and performed ROC
curve analysis in patients with liver and cardiopulmonary
involvements (Figure 3A, B, D–F). Circulating NETs performed
better as compared to serum cytokines in identifying liver
dysfunction in active AOSD patients. MPO-DNA could identify
patients with liver dysfunction with an AUC of 0.842 (95%CI:
0.719–0.965, p=0.0002, se: 84.2%, sp: 72.7% for the value of 12.89
ng/ml). The AUC of citH3-DNA was 0.719 (95%CI: 0.561–0.877,
p=0.017, se: 68.4%, sp: 63.4% for the value of 17.88 ng/ml) and the
AUC of cfDNA was 0.725 (95%CI: 0.559–0.891, p=0.014, se: 79.0%,
sp: 63.6% for the value of 77.47 ng/ml) (Figure 3A, B). The p value
of ROC curves for diagnosis of liver dysfunction according to NE-
DNA (Figure 3B) or cytokines levels (Supplemental Figure 1) were
not statistically significant. The diagnostic value of the circulating
NETs in the hepatitis of AOSD was further assessed by analyzing
the correlations with gold standard liver enzymes, including ALT
and AST. The circulating NETs showed strong associations with
ALT and AST. In particular, ALT was correlated with citH3-DNA,
MPO-DNA, and cfDNA (Figure 3C, citH3-DNA: r=0.3877,
p=0.0024; MPO-DNA: r=0.4713, p=0.0002; cfDNA: r=0.3905,
p=0.0022); AST was also correlated with citH3-DNA, MPO-
DNA, and cfDNA (Figure 3D, citH3-DNA: r=0.3362, p=0.0170;
MPO-DNA: r=0.4064, p=0.0034; cfDNA: r=0.4711, p=0.0006).
TABLE 1 | Clinical characteristics of AOSD patients in the training and validation set.

Training set Validation set

AOSD (n=40) AOSD (n=26)

Active(n=23) Inactive(n=17) HC(n=24) Active(n=18) Inactive(n=8) HC(n=16)

Age (Years) 35
(29,44)

41
(25.5, 54.5)

35
(29, 42)

29.5
(21.75, 53)

36.5
(27.5, 51.75)

31.5
(29.8, 34.3)

Sex (F/M) 18/5 14/3 16/8 15/3 6/2 8/8
Clinical
Manifestations
Fever 19 (82.6) 0 17 (94.4) 0
Arthralgia 19 (82.6) 0 14 (77.8) 0
Skin rash 20 (87.0) 14 (77.8) 0
Sore throat 9 (39.1) 0 9 (50.0) 0
Lymphadenopathy 11 (47.8) 1 (5.9) 15 (83.3) 0
Splenomegaly 8 (34.8) 0 9 (50.0) 0
Hepatomegaly 0 (0) 0 2 (11.1) 0
Myalgia 6 (26.1) 0 6 (33.3) 0
Pericarditis 1 (4.3) 0 4 (22.2) 0
Pleuritis 3 (13.0) 0 5 (27.8) 0
Pneumonia 5 (21.7) 0 7 (38.9) 0
PAH 1 (4.3) 0 2 (11.1) 0
Laboratory features
Hemoglobin (g/L) 111 (104, 129) 130 (117, 138) 106 (91, 118) 126 (111, 127)
Leukocytes (109/L) 12.3 (9.0, 18.4) 8.1 (6.9, 10.1) 16.5 (11.4, 18.5) 8.5 (6.5, 10.6)
Platelets (109/L) 257 (180, 311) 178 (148, 221) 257 (164, 337) 230 (188, 290)
ESR (mm/h) 50 (37, 71) 18 (15, 32.5) 86 (70.8, 107.5) 9.5 (8, 21.5)
CRP (mg/L) 34.8 (21.6, 96.3) 2.1 (1.0, 11.7) 84.8 (58.9, 110.5) 2.8 (0.9, 15.5)
ALT (U/L) 40 (27, 56) 21 (13, 32.5) 65 (20, 86) 13.5 (8.8, 31.5)
AST (U/L) 31 (21, 52) 19 (16, 35) 43 (24.5, 85.5) 17 (14, 27.5)
Ferritin (ng/mL) 2218

(1458, 8351)
815.3

(429.2, 1986)
10688

(5928, 15852)
1219

(634.4, 3125)
ANA positivity 3 (13.0) 1 (5.9) 3 (16.7) 0
RF positivity 0 0 0 0
November 2020 | Volume 11 | Art
Data are presented as median (IQR) for continuous variables, and as frequency counts (%) for categorical variables. AOSD, adult-onset Still’s disease; HC, healthy control; PAH, pulmonary
arterial hypertension; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ANA, antinuclear antibody; RF,
rheumatoid factor.
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For discriminating cardiopulmonary involvement in active
AOSD patients, we found NE-DNA was the sole NETs with
statistical significance (Figure 3D, E). The AUC value of NE-
DNA to identify cardiopulmonary involvement in active AOSD
was 0.881 (95%CI: 0.776–0.986, p<0.0001, se: 78.6%, sp: 85.2%
for the value of 21.75 ng/ml). IL-6, IL-18, and TNF could also
distinguish cardiopulmonary involvement with the AUCs of
0.710, 0.720, and 0.776, respectively (Figure 3D, F, IL-6: 95%
CI: 0.536–0.884, p=0.041, se: 84.6%, sp: 59.1% for the value of
1.685 pg/ml; IL-18: 95%CI: 0.519–0.921, p=0.032, se: 69.2%, sp:
81.8% for the value of 317.8 ng/ml; TNF: 95%CI: 0.619–0.934,
p=0.007, se: 84.6%, sp: 59.1% for the value of 4.215 pg/ml). Taken
together, we suspect that circulating NETs might be biomarkers
of liver and cardiopulmonary involvement in AOSD.

The Levels of Circulating NETs Predict
Treatment Response to Prednisone in
AOSD Patients
Among the enrolled AOSD patients, all patients received
glucocorticoids with various doses. We converted different
Frontiers in Immunology | www.frontiersin.org 5
kinds of glucocorticoid into equivalent dose of prednisone and
defined low-dose glucocorticoid as prednisone ≤ 1 mg/kg/day
and high-dose glucocorticoid as prednisone > 1 mg/kg/day.
Patients refractory to low-dose steroids were treated with high-
dose glucocorticoid with or without DMARD.

As shown in Figure 4A, the combined circulatingNETs showed
higher trends in patients refractory to low-dose steroids and could
separate patients with different response to low-dose steroids by
Andrew’s curves. Andrew’s curves are a method of the space
transformed visualization techniques for visualizing multivariate
data by mapping each observation onto a function. To further
evaluate the role of circulating NETs in terms of predicting
treatment response, we introduced circulating NETs to SVM. In
the validation set, 23 of 26 sampleswere correctly classified, with an
accuracy of 88.46% (Figure 4B, p=0.0001). We found that the
sensitivity was 100%, the specificity was 83.3%, andAUCwas 0.917
(Figure 4C). These results indicate that the circulating NETs could
be potential biomarkers for predicting AOSD treatment response,
and thismodel is capable of discriminatingAOSDpatients resistant
to low-dose prednisone.
A

B

C D

FIGURE 1 | Circulating NETs signature for AOSD diagnosis in a training and validation set. (A, B) Comparison levels of circulating NETs (citH3-DNA, NE-DNA,
MPO-DNA, and cfDNA) in AOSD patients and HCs. (C) SVM prediction for the validation set in distinguishing AOSD from HCs. tAOSD or tHC meant the real AOSD
or HC in the validation set and pAOSD or pHC meant the predicted AOSD or HC by SVM model. (D) ROC curve of combined NETs signature in the validation set
was analyzed by SVM analysis. AOSD, adult-onset Still’s disease; HC, healthy control; SVM, support vector machines; tAOSD, true AOSD; tHC, true HC; pAOSD,
predicted AOSD; pHC, predicted HC; ROC, receiver operating characteristic; AUC, area under curve. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
November 2020 | Volume 11 | Article 563335
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A

B

FIGURE 2 | Circulating NETs signature in AOSD patients was correlated with systemic inflammation. (A) Circulating NETs signature was correlated with systemic
score in training and validation set. (B) Correlation matrix of NETs signature with laboratory tests and serum cytokine level in AOSD. Heatmap manifests the strength
of relationship by Spearman’s correlation analysis. AOSD, adult-onset Still’s disease; HC, healthy control; ESR, erythrocyte sedimentation rate; CRP, C-reactive
protein; Hb, hemoglobin; IL, interleukin; TNF, tumor necrosis factor. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
TABLE 2 | Comparison of the circulating NET levels according to disease manifestations in AOSD patients.

citH3-DNA p value NE-DNA p value MPO-DNA p value cfDNA p value

Fever +, n=36 20.4 ± 9.2 0.0004 20.3 ± 5.8 0.0093 21.9 ± 16.4 0.0022 91.1 ± 31.8 <0.0001
-, n=30 13.9 ± 4.1 16.5 ± 4.9 10.8 ± 4.5 59.2 ± 10.4

Arthralgia +, n=33 20.3 ± 9.7 0.0127 19.9 ± 6.3 0.0598 22.4 ± 17.0 0.0073 90.4 ± 33.8 <0.0001
-, n=33 14.7 ± 4.2 17.2 ± 4.7 11.3 ± 4.6 62.8 ± 13.8

Skin rash +, n=34 20.6 ± 9.4 0.0006 20.2 ± 6.1 0.0132 21.6 ± 16.8 0.0128 89.8 ± 32.9 <0.0001
-, n=32 14.1 ± 4.1 16.8 ± 4.7 11.7 ± 5.8 62.6 ± 15.5

Sore throat +, n=18 20.5 ± 9.6 0.1052 20.1 ± 7.4 0.3723 23.2 ± 19.4 0.1712 95.5 ± 39.0 0.0046
-, n=48 16.4 ± 7.0 18.0 ± 4.8 14.4 ± 9.9 69.5 ± 20.9

Myalgia +, n=13 23.4 ± 8.4 0.0002 17.3 ± 5.7 0.4942 24.3 ± 16.6 0.0431 92.1 ± 30.2 0.0128
-, n=53 16.0 ± 7.2 18.9 ± 5.7 15.0 ± 12.2 72.8 ± 27.9

Lymphadenopathy +, n=27 21.0 ± 10.2 0.0135 19.9 ± 6.3 0.2786 23.6 ± 17.4 0.0045 91.7 ± 36.4 0.0018
-, n=39 15.1 ± 4.7 17.6 ± 5.1 12.2 ± 7.3 66.1 ± 16.6

Hepatomegaly +, n=2 40.1 ± 0.0 0.0056 35.5 ± 3.6 0.0009 47.6 ± 15.0 0.0177 133.8 ± 1.4 0.0084
-, n=64 16.8 ± 7.0 18.0 ± 4.9 15.9 ± 12.5 74.8 ± 27.8

Splenomegaly +, n=17 21.3 ± 10.5 0.0792 21.5 ± 7.1 0.0290 23.9 ± 18.4 0.0439 94.2 ± 36.1 0.0038
-, n=49 16.2 ± 6.5 17.5 ± 4.8 14.4 ± 10.6 70.5 ± 23.8

Pericarditis +, n=5 31.8 ± 14.3 0.0248 25.6 ± 4.5 0.0019 44.6 ± 21.8 0.0051 121.2 ± 52.1 0.0325
-, n=61 16.3 ± 6.0 18.0 ± 5.4 14.6 ± 10.0 72.9 ± 23.7

Pneumonia +, n=12 21.2 ± 9.1 0.1246 22.6 ± 6.4 0.0035 21.9 ± 18.5 0.4092 96.8 ± 40.0 0.0120
-, n=54 16.7 ± 7.5 17.6 ± 5.2 15.4 ± 12.1 71.4 ± 24.1

Pleuritis +, n=8 26.8 ± 13.0 0.0256 24.3 ± 4.5 0.0006 31.1 ± 24.8 0.2572 106.7 ± 45.7 0.0233
-, n=58 16.2 ± 6.1 17.8 ± 5.4 14.9 ± 10.1 72.4 ± 23.9

PAH +, n=3 34.3 ± 10.1 0.0015 26.6 ± 5.8 0.0155 35.2 ± 26.5 0.3456 107.9 ± 38.9 0.1015
-, n=63 16.7 ± 7.0 18.2 ± 5.4 16.0 ± 12.4 75.1 ± 28.2
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Levels of circulating NETs are shown as mean ± SD, and differences between two groups were analyzed using the Mann-Whitney U test for nonparametric data.
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FIGURE 3 | Circulating NETs and cytokines in AOSD patients with organ involvement. (A) ROC curve for AOSD patients with liver involvement in combined cohorts.
(B) Sensitivity (Sen) and specificity (Spe) of circulating NETs using the cut-off determined by the ROC analysis. (C) Correlations of circulating NETs with ALT and AST.
(D) ROC curve for AOSD patients with cardiopulmonary involvement in combined cohorts. (E) Sensitivity (Sen) and specificity (Spe) of circulating NETs using the cut-
off determined by the ROC analysis. (F) Sensitivity (Sen) and specificity (Spe) of cytokines using the cut-off determined by the ROC analysis. AOSD, adult-onset Still’s
disease; HC, healthy control; ROC, receiver operating characteristic; AUC, area under curve.
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DISCUSSION

AOSD is a systemic autoinflammatory disorder of unknown
etiology, commonly manifested with fever of unknown origin
(1). Routine inflammatory markers, cytokines, and several
molecules reflecting innate immune activation are increased in
patients with AOSD and used in clinical practice (20). Our
previous study demonstrated that a combined microRNAs
(miRNAs) panel in plasma could be a non-invasive biomarker
for the diagnosis of AOSD and to differentiate it from sepsis,
providing some evidences in the study of biomarkers in AOSD
(21). However, biomarkers with high specificity and sensitivity
for diagnosis of AOSD organ involvement is still to be
determined. Moreover, no specific biomarker enables a reliable
prediction of the glucocorticoid response at the individual level
(2). Inspired by recent successes in the use of machine learning in
clinal practice (22), we hypothesized that machine learning
applications hold promise for identifying novel disease
diagnostic and prediction models in AOSD.

In the current study, we measured cfDNA and three different
NET complexes in the serum of AOSD patients and made a model
with multidimensional features to evaluate its clinical value. This is
the first time to formulate a prediction model by machine learning
for diagnosis of AOSD. We observed that significant higher levels
Frontiers in Immunology | www.frontiersin.org 8
of cfDNA, MPO-DNA, NE-DNA, and citH3-DNA were found in
active AOSD patients. In addition, high NET levels were strongly
correlated with routine inflammatory markers and disease activity.
Thus, circulating NETs reflects systemic inflammation in AOSD
patients. This hypothesis was also supported by our findings that
the levels of cytokine were also closely correlated with circulating
NETs. These results suggest that circulating NETs can serve as
novel biomarkers for evaluating and monitoring AOSD
disease activity.

Neutrophils activation has long been considered as a hallmark
of AOSD pathogenesis (23). NET formation is a potent effector
of activated neutrophils, with pleiotropic functions such as
enhancement of immune cell recruitment, release of danger-
associated molecular patterns (DAMPs), and generation of tissue
damage at the site of inflammation (24). More recently, we have
revealed that NETs are potential inducers of inflammasomes in
macrophages, subsequently releasing inflammatory cytokines in
AOSD (12). Furthermore, many studies have demonstrated that
circulating NETs have great potential as novel biomarkers for
autoimmune and autoinflammatory diseases (25). Much
attention has been paid on the presence of NETs in AOSD
patients, as well as the pro-inflammatory properties of NETs in
vitro; however, the clinical relevance of NETs formation in
AOSD has not been elucidated.
A

B C

FIGURE 4 | Circulating NETs signature for AOSD with different response to low-dose glucocorticoid. (A) Parallel coordinates plot and Andrews curve of circulating NETs in
AOSD patients with different responses to low-dose glucocorticoid. (B) SVM prediction for the validation set in distinguishing AOSD refractory to low-dose glucocorticoid.
tHigh or tLow meant the real AOSD refractory or respond to low-dose glucocorticoid and pHigh or pLow meant the predicted AOSD refractory or respond to low-dose
glucocorticoid. (C) ROC curve of combined NETs signature in the validation set was analyzed by SVM analysis. AOSD, adult-onset Still’s disease; HC, healthy control;
SVM, support vector machines; tHigh, true AOSD refractory to low-dose glucocorticoid; tLow, true AOSD respond to low-dose glucocorticoid; pHigh, predicted AOSD
refractory to low-dose glucocorticoid; pLow, predicted AOSD respond to low-dose glucocorticoid; ROC, receiver operating characteristic; AUC, area under curve.
November 2020 | Volume 11 | Article 563335
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Increased level of liver enzymes, which is included in the minor
criteria by Yamaguchi et al., is common in AOSD (3). Histology of
AOSD liver is often characterized by mild hepatitis accompanied
by neutrophilic infiltration (8). Although uninvestigated in the
liver of AOSD, NETosis has been described to have a potential role
in many other hepatic inflammatory conditions, i.e., by favoring
the influx of monocyte-derived macrophages and enhancing
production of inflammatory cytokines (26). In addition, it has
been reported that NET-induced nuclear and mitochondrial
damage in hepatocytes can contribute to liver injury (27). Using
specific inhibitors to counteract neutrophil activation and NET
release, the extent of liver injury was significantly reduced (28).
Finally, it has long been suggested that NET components have
cytotoxic properties that can damage endothelial cells in the liver
vasculature (29). Specifically, we found that circulating NETs were
correlated with liver enzymes in our AOSD patients. Emerging
evidences have suggested that pro-inflammatory cytokines play
pathogenic roles in mediating liver inflammation and injury (30).
IL-18 has been previously reported to be associated with liver
involvement of active AOSD patients (31). Of note, in this report,
we demonstrated circulating NETs had better ability to evaluate
liver inflammation than serum cytokines.

Cardiac and pulmonary involvements, especially pericarditis,
pleural effusion, and pneumonia, are frequent in AOSD (32).
Serious cardiac or pulmonary manifestations, such as
myocarditis, PAH, or acute respiratory distress syndrome
(ARDS), can be life-threatening in several cases (2). However,
underlying pathogenesis and potential biomarkers associated
with cardiopulmonary involvement in AOSD have not been
investigated. The excessive infiltration of neutrophils has been
recognized as pro-inflammatory and tissue-damaging in highly
vascularized tissues including the heart and lungs (33). Further, it
has been recognized that neutrophil-derived NETs and NETs-
contained enzymes can promote epithelial and endothelial
dysfunction, exacerbate inflammatory exudation, and immune
cell chemotaxis (34). Here, we observed that NETs levels were
closely associated with cardiopulmonary manifestations in
AOSD. NE-DNA and cfDNA levels were higher in AOSD
patients with pericarditis, pneumonia, and pleuritis. In
particular, we found that NE-DNA level had a better
performance than other NET components or cytokines by
using ROC curve analysis. Numerous studies have revealed the
critical role of NE in lung and heart diseases (35, 36). In addition
to its proteolytic effect, NE is also known to induce pro-
inflammatory cytokines in epithelial cells, thus exacerbating
inflammatory damage (37, 38). Moreover, the NETs’ DNA-
backbone has been demonstrated to enhance the activity of NE
by protecting it from inhibition by antiproteases (39).
Considering the pathogenic role of the interaction between
neutrophils and endothelium in AOSD (40), NE-DNA
complex may mediate vascular damage, leading to serositis and
interstitial lung infiltration in AOSD. Further studies are needed
to validate our findings and clarify the detailed role of NE-DNA
in AOSD patients with cardiopulmonary manifestations.

Until now, there has been no standard treatment strategy for
AOSD. Glucocorticoid therapy is the first line of treatment for
Frontiers in Immunology | www.frontiersin.org 9
AOSD, usually started at a dosage of 0.5–1 mg/kg/day, but higher
doses of glucocorticoid may be considered if there is severe
visceral involvement and/or failure to achieve remission (41).
Methotrexate (MTX) is the most frequently used second-line
therapy for AOSD, and hydroxychloroquine (HCQ), intravenous
immunoglobulin (IVIG), and cyclosporine A (CsA) can be
considered in prednisone-resistant AOSD patients (42). In
recent years, cytokine inhibitors targeting IL-6 and IL-1b and
Janus kinases (JAK)1/3 inhibitor tofacitinib were also found to
have beneficial effects in treating refractory AOSD, though
clinical evidence, especially placebo-controlled design, is
limited (43). Overall, no consensus of AOSD treatment exists,
and there is still a lack of reliable biomarker for predicting
response to glucocorticoid therapy at the beginning. Our study
suggested that circulating NETs performed well in predicting
treatment response to glucocorticoid and could be novel
biomarkers during first-line therapy of patients with AOSD.

Interestingly, different types of circulating NETs detected in
our study had distinct abilities to identify clinical features of
AOSD patients. Moreover, the correlations between different
NETs and cytokines were not consistent. Recently, growing
evidences have suggested that under different inflammatory
context, neutrophils may express and release distinct bioactive
proteins during NETosis (44). For example, NETs derived from
active SLE patients were decorated with IL-17A and tissue factor
(TF) (45). Conversely, neutrophils from patients with familial
Mediterranean fever (FMF) and AOSD released IL-1b bearing
NETs during disease attacks (46). Thus, differences in circulating
NET components may be caused by distinct inflammatory
microenvironment in AOSD patients. The interaction between
NETosis and other inflammatory components in AOSD is a
topic of critical interest for future study.

In all, we have demonstrated the close associations between
increased levels of circulating NETs and organ involvement as
well as glucocorticoid response in AOSD patients. Our
observation is important, as it could provide information for
closer monitoring disease activity or treatment of AOSD patients
with organ dysfunction. It also provides a role of NETs in the
pathogenesis of AOSD, suggesting that dysregulated NET
formation may be involved in the liver injury and cardio-
pulmonary inflammation.
DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/
supplementary material.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Research Ethics Committee of Ruijin
Hospital (ID: 2016-62), Shanghai, China. The patients/
participants provided their written informed consent to
participate in this study.
November 2020 | Volume 11 | Article 563335

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jia et al. Circulating NETs in AOSD
AUTHOR CONTRIBUTIONS

JJ, MW, and YM: participated in NET-DNA detection,
performed statistical analysis, and wrote the manuscript. JT,
HS, and HL: collected the clinical samples and data. YSun and
YSu: helped to revise the manuscript. JM, HC, and XChen:
followed up patients. XCheng and JY: prepared the figures. TL,
ZW, and LW: prepared the tables. ZZ and FW: analyzed the data
of MSD. CY: designed the experiments and revised the
manuscript. QH: designed experiments, performed statistical
analysis, and revised the manuscript. All authors contributed
to the article and approved the submitted version.
Frontiers in Immunology | www.frontiersin.org 10
FUNDING

This work was supported by Shanghai Pujiang Young
Rheumatologists Training program (SPROG201901), Ruijin
Youth NSFC cultivation Fund (2019QNPY01021), and National
Natural Science Foundation of China (81671589, 81871272).
ACKNOWLEDGMENTS

The authors thank all of the patients who were involved in
the study.
REFERENCES
1. Wang MY, Jia JC, Yang CD, Hu QY. Pathogenesis, disease course, and

prognosis of adult-onset Still’s disease: an update and review. Chin Med J
(Engl) (2019) 132(23):2856–64. doi: 10.1097/CM9.0000000000000538

2. Feist E, Mitrovic S, Fautrel B. Mechanisms, biomarkers and targets for adult-
onset Still’s disease. Nat Rev Rheumatol (2018) 14(10):603–18. doi: 10.1038/
s41584-018-0081-x

3. Mahroum N, Mahagna H, Amital H. Diagnosis and classification of adult
Still’s disease. J Autoimmun (2014) 48–49:34–7. doi: 10.1016/j.jaut.
2014.01.011

4. Zeng T, Zou YQ, Wu MF, Yang CD. Clinical features and prognosis of adult-
onset still’s disease: 61 cases from China. J Rheumatol (2009) 36(5):1026–31.
doi: 10.3899/jrheum.080365

5. Gerfaud-Valentin M, Jamilloux Y, Iwaz J, Seve P. Adult-onset Still’s disease.
Autoimmun Rev (2014) 13(7):708–22. doi: 10.1016/j.autrev.2014.01.058

6. Kalyoncu U, Solmaz D, Emmungil H, Yazici A, Kasifoglu T, Kimyon G, et al.
Response rate of initial conventional treatments, disease course, and related
factors of patients with adult-onset Still’s disease: Data from a large
multicenter cohort. J Autoimmun (2016) 69:59–63. doi: 10.1016/
j.jaut.2016.02.010

7. Jamilloux Y, Gerfaud-Valentin M, Martinon F, Belot A, Henry T, Seve P.
Pathogenesis of adult-onset Still’s disease: new insights from the juvenile
counterpart. Immunol Res (2015) 61(1–2):53–62. doi: 10.1007/s12026-014-
8561-9

8. Kim HA, Kwon JE, Yim H, Suh CH, Jung JY, Han JH. The pathologic findings
of skin, lymph node, liver, and bone marrow in patients with adult-onset still
disease: a comprehensive analysis of 40 cases.Med (Baltimore) (2015) 94(17):
e787. doi: 10.1097/MD.0000000000000787

9. Remijsen Q, Kuijpers TW, Wirawan E, Lippens S, Vandenabeele P, Vanden
Berghe T. Dying for a cause: NETosis, mechanisms behind an antimicrobial
cell death modality. Cell Death Differ (2011) 18(4):581–8. doi: 10.1038/
cdd.2011.1

10. Apel F, Zychlinsky A, Kenny EF. The role of neutrophil extracellular traps in
rheumatic diseases. Nat Rev Rheumatol (2018) 14(8):467–75. doi: 10.1038/
s41584-018-0039-z

11. Ahn MH, Han JH, Chwae YJ, Jung JY, Suh CH, Kwon JE, et al. Neutrophil
Extracellular Traps May Contribute to the Pathogenesis in Adult-onset Still
Disease. J Rheumatol (2019) 46(12):1560–9. doi: 10.3899/jrheum.181058

12. Hu Q, Shi H, Zeng T, Liu H, Su Y, Cheng X, et al. Increased neutrophil
extracellular traps activate NLRP3 and inflammatory macrophages in adult-
onset Still’s disease. Arthritis Res Ther (2019) 21(1):9. doi: 10.1186/s13075-
018-1800-z

13. Papayannopoulos V. Neutrophil extracellular traps in immunity and disease.
Nat Rev Immunol (2018) 18(2):134–47. doi: 10.1038/nri.2017.105

14. Gupta S, Kaplan MJ. The role of neutrophils and NETosis in autoimmune and
renal diseases. Nat Rev Nephrol (2016) 12(7):402–13. doi: 10.1038/
nrneph.2016.71

15. Moore S, Juo HH, Nielsen CT, Tyden H, Bengtsson AA, Lood C. Neutrophil
extracellular traps identify patients at risk of increased disease activity and
cardiovascular comorbidity in systemic lupus erythematosus. J Rheumatol
(2019). doi: 10.3899/jrheum.190875

16. Bruschi M, Bonanni A, Petretto A, Vaglio A, Pratesi F, Santucci L, et al.
Neutrophil Extracellular Traps Profiles in Patients with Incident Systemic
Lupus Erythematosus and Lupus Nephritis. J Rheumatol (2020) 47(3):377–86.
doi: 10.3899/jrheum.181232

17. Wang W, Peng W, Ning X. Increased levels of neutrophil extracellular trap
remnants in the serum of patients with rheumatoid arthritis. Int J Rheum Dis
(2018) 21(2):415–21. doi: 10.1111/1756-185X.13226

18. Rau M, Schiller M, Krienke S, Heyder P, Lorenz H, Blank N. Clinical
manifestations but not cytokine profiles differentiate adult-onset Still’s disease
and sepsis. J Rheumatol (2010) 37(11):2369–76. doi: 10.3899/jrheum.100247

19. Kessenbrock K, Krumbholz M, Schonermarck U, BackW, Gross WL, Werb Z,
et al. Netting neutrophils in autoimmune small-vessel vasculitis. Nat Med
(2009) 15(6):623–5. doi: 10.1038/nm.1959

20. Mitrovic S, Fautrel B. New Markers for Adult-Onset Still’s Disease. Joint Bone
Spine (2018) 85(3):285–93. doi: 10.1016/j.jbspin.2017.05.011

21. Hu Q, Gong W, Gu J, Geng G, Li T, Tian R, et al. Plasma microRNA Profiles
as a Potential Biomarker in Differentiating Adult-Onset Still’s Disease From
Sepsis. Front Immunol (2018) 9:3099. doi: 10.3389/fimmu.2018.03099

22. Long NP, Park S, Anh NH, Min JE, Yoon SJ, Kim HM, et al. Efficacy of
Integrating a Novel 16-Gene Biomarker Panel and Intelligence Classifiers for
Differential Diagnosis of Rheumatoid Arthritis and Osteoarthritis. J Clin Med
(2019) 8(1):50. doi: 10.3390/jcm8010050

23. Giacomelli R, Ruscitti P, Shoenfeld Y. A comprehensive review on adult onset
Still’s disease. J Autoimmun (2018) 93:24–36. doi: 10.1016/j.jaut.2018.07.018

24. Delgado-Rizo V,Martinez-GuzmanMA, Iniguez-Gutierrez L, Garcia-Orozco A,
Alvarado-Navarro A, Fafutis-Morris M. Neutrophil Extracellular Traps and Its
Implications in Inflammation: An Overview. Front Immunol (2017) 8:81.
doi: 10.3389/fimmu.2017.00081

25. Darrah E, Andrade F. NETs: the missing link between cell death and systemic
autoimmune diseases? Front Immunol (2012) 3:428. doi: 10.3389/fimmu.
2012.00428

26. van der Windt DJ, Sud V, Zhang H, Varley PR, Goswami J, Yazdani HO, et al.
Neutrophil extracellular traps promote inflammation and development of
hepatocellular carcinoma in nonalcoholic steatohepatitis. Hepatology (2018)
68(4):1347–60. doi: 10.1002/hep.29914

27. Arumugam S, Girish Subbiah K, Kemparaju K, Thirunavukkarasu C.
Neutrophil extracellular traps in acrolein promoted hepatic ischemia
reperfusion injury: Therapeutic potential of NOX2 and p38MAPK
inhibitors. J Cell Physiol (2018) 233(4):3244–61. doi: 10.1002/jcp.26167

28. Huang H, Tohme S, Al-Khafaji AB, Tai S, Loughran P, Chen L, et al. Damage-
associated molecular pattern-activated neutrophil extracellular trap
exacerbates sterile inflammatory liver injury. Hepatology (2015) 62(2):600–
14. doi: 10.1002/hep.27841

29. Honda M, Kubes P. Neutrophils and neutrophil extracellular traps in the liver
and gastrointestinal system. Nat Rev Gastroenterol Hepatol (2018) 15(4):206–
21. doi: 10.1038/nrgastro.2017.183

30. Koyama Y, Brenner DA. Liver inflammation and fibrosis. J Clin Invest (2017)
127(1):55–64. doi: 10.1172/JCI88881
November 2020 | Volume 11 | Article 563335

https://doi.org/10.1097/CM9.0000000000000538
https://doi.org/10.1038/s41584-018-0081-x
https://doi.org/10.1038/s41584-018-0081-x
https://doi.org/10.1016/j.jaut.2014.01.011
https://doi.org/10.1016/j.jaut.2014.01.011
https://doi.org/10.3899/jrheum.080365
https://doi.org/10.1016/j.autrev.2014.01.058
https://doi.org/10.1016/j.jaut.2016.02.010
https://doi.org/10.1016/j.jaut.2016.02.010
https://doi.org/10.1007/s12026-014-8561-9
https://doi.org/10.1007/s12026-014-8561-9
https://doi.org/10.1097/MD.0000000000000787
https://doi.org/10.1038/cdd.2011.1
https://doi.org/10.1038/cdd.2011.1
https://doi.org/10.1038/s41584-018-0039-z
https://doi.org/10.1038/s41584-018-0039-z
https://doi.org/10.3899/jrheum.181058
https://doi.org/10.1186/s13075-018-1800-z
https://doi.org/10.1186/s13075-018-1800-z
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1038/nrneph.2016.71
https://doi.org/10.1038/nrneph.2016.71
https://doi.org/10.3899/jrheum.190875
https://doi.org/10.3899/jrheum.181232
https://doi.org/10.1111/1756-185X.13226
https://doi.org/10.3899/jrheum.100247
https://doi.org/10.1038/nm.1959
https://doi.org/10.1016/j.jbspin.2017.05.011
https://doi.org/10.3389/fimmu.2018.03099
https://doi.org/10.3390/jcm8010050
https://doi.org/10.1016/j.jaut.2018.07.018
https://doi.org/10.3389/fimmu.2017.00081
https://doi.org/10.3389/fimmu.2012.00428
https://doi.org/10.3389/fimmu.2012.00428
https://doi.org/10.1002/hep.29914
https://doi.org/10.1002/jcp.26167
https://doi.org/10.1002/hep.27841
https://doi.org/10.1038/nrgastro.2017.183
https://doi.org/10.1172/JCI88881
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jia et al. Circulating NETs in AOSD
31. Priori R, Barone F, Alessandri C, Colafrancesco S, McInnes IB, Pitzalis C, et al.
Markedly increased IL-18 liver expression in adult-onset Still’s disease-related
hepatitis. Rheumatol (Oxford) (2011) 50(4):776–80. doi: 10.1093/
rheumatology/keq397

32. Narula N, Narula T, Abril A. Seizing the clinical presentation in adult onset
Still’s disease. Extens Literature Rev Autoimmun Rev (2015) 14(5):472–7.
doi: 10.1016/j.autrev.2015.01.007

33. Radermecker C, Sabatel C, Vanwinge C, Ruscitti C, Marechal P, Perin F, et al.
Locally instructed CXCR4(hi) neutrophils trigger environment-driven allergic
asthma through the release of neutrophil extracellular traps. Nat Immunol
(2019) 20(11):1444–55. doi: 10.1038/s41590-019-0496-9

34. Daniel C, Leppkes M, Munoz LE, Schley G, Schett G, Herrmann M.
Extracellular DNA traps in inflammation, injury and healing. Nat Rev
Nephrol (2019) 15(9):559–75. doi: 10.1038/s41581-019-0163-2

35. Polverino E, Rosales-Mayor E, Dale GE, Dembowsky K, Torres A. The Role of
Neutrophil Elastase Inhibitors in Lung Diseases. Chest (2017) 152(2):249–62.
doi: 10.1016/j.chest.2017.03.056

36. Wen G, An W, Chen J, Maguire EM, Chen Q, Yang F, et al. Genetic and
Pharmacologic Inhibition of the Neutrophil Elastase Inhibits Experimental
Atherosclerosis. J Am Heart Assoc (2018) 7(4):e008187. doi: 10.1161/
JAHA.117.008187

37. Alfaidi M, Wilson H, Daigneault M, Burnett A, Ridger V, Chamberlain J, et al.
Neutrophil elastase promotes interleukin-1beta secretion from human
coronary endothelium. J Biol Chem (2015) 290(40):24067–78. doi: 10.1074/
jbc.M115.659029

38. Genschmer KR, Russell DW, Lal C, Szul T, Bratcher PE, Noerager BD, et al.
Activated PMN Exosomes: Pathogenic Entities Causing Matrix Destruction
and Disease in the Lung. Cell (2019) 176(1-2):113–26.e115. doi: 10.1016/
j.cell.2018.12.002

39. Barbosa da Cruz D, Helms J, Aquino LR, Stiel L, Cougourdan L, Broussard C,
et al. DNA-bound elastase of neutrophil extracellular traps degrades
plasminogen, reduces plasmin formation, and decreases fibrinolysis: proof
of concept in septic shock plasma. FASEB J (2019) 33(12):14270–80.
doi: 10.1096/fj.201901363RRR

40. Bodard Q, Langlois V, Guilpain P, Le Quellec A, Vittecoq O, Noel D, et al.
Cardiac involvement in adult-onset Still’s disease: Manifestations, treatments
Frontiers in Immunology | www.frontiersin.org 11
and outcomes in a retrospective study of 28 patients. J Autoimmun (2020),
102541. doi: 10.1016/j.jaut.2020.102541

41. Kadavath S, Efthimiou P. Adult-onset Still’s disease-pathogenesis, clinical
manifestations, and new treatment options. Ann Med (2015) 47(1):6–14.
doi: 10.3109/07853890.2014.971052

42. Castaneda S, Blanco R, Gonzalez-Gay MA. Adult-onset Still’s disease:
Advances in the treatment. Best Pract Res Clin Rheumatol (2016) 30
(2):222–38. doi: 10.1016/j.berh.2016.08.003

43. Hu Q, Wang M, Jia J, Teng J, Chi H, Liu T, et al. Tofacitinib in refractory
adult-onset Still’s disease: 14 cases from a single centre in China. Ann
Rheumatic Dis (2020) 79(6):842–4. doi: 10.1136/annrheumdis-2019-
216699

44. Kenny EF, Herzig A, Kruger R, Muth A, Mondal S, Thompson PR, et al.
Diverse stimuli engage different neutrophil extracellular trap pathways. Elife
(2017) 6:e24437. doi: 10.7554/eLife.24437

45. Frangou E, Chrysanthopoulou A, Mitsios A, Kambas K, Arelaki S, Angelidou I,
et al. REDD1/autophagy pathway promotes thromboinflammation and fibrosis
in human systemic lupus erythematosus (SLE) through NETs decorated with
tissue factor (TF) and interleukin-17A (IL-17A). Ann Rheum Dis (2019) 78
(2):238–48. doi: 10.1136/annrheumdis-2018-213181

46. Apostolidou E, Skendros P, Kambas K, Mitroulis I, Konstantinidis T,
Chrysanthopoulou A, et al. Neutrophil extracellular traps regulate IL-1beta-
mediated inflammation in familial Mediterranean fever. Ann Rheum Dis
(2016) 75(1):269–77. doi: 10.1136/annrheumdis-2014-205958

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Jia, Wang, Ma, Teng, Shi, Liu, Sun, Su, Meng, Chi, Chen, Cheng,
Ye, Liu, Wang, Wan, Zhou, Wang, Yang and Hu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
November 2020 | Volume 11 | Article 563335

https://doi.org/10.1093/rheumatology/keq397
https://doi.org/10.1093/rheumatology/keq397
https://doi.org/10.1016/j.autrev.2015.01.007
https://doi.org/10.1038/s41590-019-0496-9
https://doi.org/10.1038/s41581-019-0163-2
https://doi.org/10.1016/j.chest.2017.03.056
https://doi.org/10.1161/JAHA.117.008187
https://doi.org/10.1161/JAHA.117.008187
https://doi.org/10.1074/jbc.M115.659029
https://doi.org/10.1074/jbc.M115.659029
https://doi.org/10.1016/j.cell.2018.12.002
https://doi.org/10.1016/j.cell.2018.12.002
https://doi.org/10.1096/fj.201901363RRR
https://doi.org/10.1016/j.jaut.2020.102541
https://doi.org/10.3109/07853890.2014.971052
https://doi.org/10.1016/j.berh.2016.08.003
https://doi.org/10.1136/annrheumdis-2019-216699
https://doi.org/10.1136/annrheumdis-2019-216699
https://doi.org/10.7554/eLife.24437
https://doi.org/10.1136/annrheumdis-2018-213181
https://doi.org/10.1136/annrheumdis-2014-205958
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Circulating Neutrophil Extracellular Traps Signature for Identifying Organ Involvement and Response to Glucocorticoid in Adult-Onset Still’s Disease: A Machine Learning Study
	Introduction
	Methods
	Patients and Healthy Subjects
	Quantification of Cell-Free DNA and NET-DNA Complexes in the Serum of AOSD Patients
	MSD for Detecting Interleukin (IL)-1β, IL-6, IL-10, IL-18, and Tumor Necrosis Factor (TNF)
	Support Vector Machines
	Statistical Analysis

	Results
	Establishing Circulating NETs as a Biomarker in AOSD
	Correlation of Circulating NETs With Disease Activity and Other Biomarkers of AOSD
	Association Between Circulating NETs With Clinical Manifestations of AOSD
	Circulating NETs Are Associated With Liver and Cardiopulmonary System Involvement
	The Levels of Circulating NETs Predict Treatment Response to Prednisone in AOSD Patients

	Discussion
	Data Availability Statement
	Ethics Statement 
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


