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Purpose: Acute pancreatitis (AP) is an inflammatory disease. AP starts with sterile
inflammation and is often complicated with critical local or systemic infection or sepsis
in severe cases. Septic AP activates peptidyl arginine deiminase (PAD) and citrullinates
histone H3 (CitH3), leading to neutrophil extracellular trap (NET) formation. Investigating
the role of NETs and underlying mechanisms in septic AP may facilitate developing
diagnostic and therapeutic approaches. In this study, we sought to identify the expression
of CitH3 in septic AP patients and to analyze the correlation of CitH3 concentration with
NET components as well as clinical outcomes.

Methods: Seventy AP patients with or without sepsis (40 septic cases, 30 nonseptic
cases) and 30 healthy volunteers were recruited in this study. Concentration of NET
components (CitH3 and double-strain DNA) and key enzymes (PAD2/4) were measured.
Clinical and laboratory characteristics of patients were recorded and analyzed.

Results: Levels of CitH3 were elevated significantly in septic AP patients compared with
those in nonseptic AP and healthy volunteers. The area under the curve (AUC, 95%
confidence interval) for diagnosing septic AP was 0.93 (0.86–1.003), and the cutoff was
43.05 pg/ml. Among septic AP cases (n = 40), the concentration of CitH3 was significantly
increased in those who did not survive or were admitted to the intensive care unit, when
compared with that in those who survived or did not require intensive care unit.
Association analysis revealed that CitH3 concentration was positively correlated with
PAD2, PAD4, dsDNA concentration, and Sequential Organ Failure Assessment scores.

Conclusion: CitH3 concentration increased in septic AP patients and was closely
correlated with disease severity and clinical outcomes. CitH3 may potentially be a
diagnostic and prognostic biomarker of septic AP.
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1 INTRODUCTION

Acute pancreatitis (AP) is an inflammatory disease caused by
digestive enzyme activation and self digestion (1). AP causes
local or systemic sterile inflammation at early stages; however, up
to 40%–70% of AP patients develop pancreatitis-related infection
during the late stage or sepsis in severe cases (2). Sepsis is the
leading cause of death in AP; thus, early diagnosis of septic AP
and prompt initiation of treatments are the key to improving
outcomes (3). Microbe culture is the gold standard to distinguish
septic pancreatitis from sterile pancreatitis (4, 5), but the test is
time consuming and can be unreliable because of false-positive
and false-negative results. Identification of reliable circulating
biomarkers to diagnose sepsis is therefore highly desirable.
Procalcitonin (PCT) has been recognized as a promising sepsis
biomarker and is widely used in the clinic (6). However,
diagnostic efficacy of PCT is compromised significantly
because of its nonspecificity (7). Therefore, novel strategies to
identify key pathological signal pathways and improve the rapid
diagnosis of septic AP are desperately needed.

Neutrophil extracellular traps (NETs) play a key role in the
pathophysiology of septic AP. AP recruits and activates
neutrophils, releasing nuclear and cytosolic components such
as DNA, histones, and antimicrobial enzymes (8). This process is
called NETosis (9). NETs combat infection in septic AP patients
by trapping and killing invading microbes. However, recent
studies revealed that NETs may also be involved in the
pathogenesis of AP through inducing trypsin activation and
promoting systemic inflammatory responses and tissue damage
(10–13). Moritz et al. have reported in Nature Communications
that NETs aggregate and occlude pancreatic ducts, driving
pancreatitis. Excessive NETs exacerbate sepsis (14), while
blockade of NETosis has been proven to ameliorate AP and
improve outcomes (15–17).

Previous studies have proven that peptidylarginine deiminase
(PAD) activation and downstream citrullination of histone H3
(CitH3) triggers NET formation (18, 19). Among PAD isoforms,
PAD2/4 are mainly expressed in immune cells and are involved
in the signaling pathway of infectious NETosis. Studies have
shown that inhibition of PAD2 or PAD4 significantly decreases
sepsis-induced NET formation (20, 21). PAD2/4 activation and
CitH3 generation stimulate sepsis-specific gene expression and
signaling transduction (22). We have proven that serum levels of
CitH3 are increased significantly in both cecal ligation and
puncture (CLP) and lipopolysaccharide (LPS)-induced septic
mice but not in sterile inflammatory mice, and CitH3 may
thus be a reliable diagnostic biomarker of sepsis (23, 24).
Moreover, high levels of CitH3 in blood worsen sepsis, while
clearance of CitH3 by anti-CitH3 antibodies can significantly
improve survival of septic animals (25, 26) through attenuation
of sepsis-induced acute lung injury and inflammatory
cytokine cascade.

Investigating the pathogenic role of PADs and CitH3 in septic
AP patients will facilitate the development of novel diagnostic
biomarkers and therapeutic targets. In this study, we sought to
measure the concentration of CitH3, to identify the correlation of
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CitH3 with PAD2/4, and to analyze the potential relationship
between CitH3 levels and disease severity and outcomes.
2 MATERIAL AND METHODS

2.1 Enrollment of Study Objects
Forty septic AP patients (SP), 30 noninfectious AP patients
(NIP), and 30 healthy volunteers (HV) who were admitted
into Xiangya Hospital, Central South University were enrolled
in this study. Patients in the SP group were adults who were
diagnosed with AP (3) and met the consensus definition for
sepsis: confirmed infection (positive microbe culture of peripheral
blood or peripancreatic tissue); two or more systemic
inflammatory response criteria; and organ dysfunction (27).
NIP adult controls were diagnosed with AP for less than 72 h
without any sign of infection (fever, radiological sign of
peripancreas infection, and negative microbe culture). HV were
ambulatory age- and sex-matched adults who had no chronic
medical problems or any medications. All procedures were
approved by the Institute Review Board of Xiangya Hospital,
Central South University. Patients were informed, and consent
forms were obtained for research purposes. Clinical data were
collected at the time of confirmation of septic or noninfectious
AP. Sixty-day survival rates were determined through follow-
up study.

2.2 Blood Sample Analysis
Blood samples from the SP group were collected at the time when
AP patients met the sepsis criteria. Blood samples from the NIP
group were collected when AP was confirmed for less than 72 h
without signs of infection. Samples were processed by trained
researchers and were stored at −80°C until the time of assay.

Quantification of CitH3 was performed by an enzyme-linked
immunosorbent assay (ELISA) that we developed previously
(23). In brief, anti-CitH3 monoclonal antibody raised by CitH3
peptides (R2+R8+R17+R26, 30 amino acids) (25) was coated
onto 96-well plates as capture antibody and was then blocked by
protein-free blocking buffer (Thermo Scientific, Rockford, IL,
USA). Blood samples or CitH3 peptide (R2+R8+R17+R26) were
incubated in the wells for 2 h, followed by incubation with rabbit
anti-CitH3 polyclonal antibody (Abcam, Cambridge, MA, USA).
Next, 96-well plates were probed with antirabbit horseradish
peroxidase (HRP)-conjugated IgG (Jackson Immuno-Research,
West Grove, PA, USA). 3,3′,5,5′-Tetramethylbenzidine (TMB,
Thermo Fisheer Scientific, Waltham, MA, USA) was added into
wells and incubated for 20 min at room temperature in the dark
before adding stop solution (R&D Systems Inc., Minneapolis,
MN, USA).

PAD2 and PAD4 were measured using commercial ELISA
kits (PAD2, #501450, Cayman Chemical, Ann Arbor, MI, USA;
PAD4, #501460, Cayman Chemical). NET-associated double-
stranded DNA (dsDNA) was quantified by a PicoGreen assay kit
(Invitrogen, San Diego, CA, USA). All procedures were
performed in accordance with the manufacturer’s instructions.
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2.3 Clinical and Laboratory Data Collection
Clinical and laboratory data including age, sex, hospital stay,
intensive care unit (ICU) stay, lactate, and PCT were obtained
during hospitalization. Sequential organ failure assessment
(SOFA) score and its components were recorded based on
laboratory results at the same time as blood sample
collection (27).

2.4 Statistical Analysis
Categorical values were presented as numbers (percentages), and
continuous variables were presented as means (standard
deviations) or medians (interquartile ranges). One-way analysis
followed by Bonferroni’s multiple comparison test was
performed for comparison between three or more groups. The
Mann-Whitney U test was performed for comparisons between
two groups. Receiver operating characteristic curves (ROC) were
used to identify the diagnostic and prognostic efficacy of CitH3
and PCT. Optimal cutoff values were determined when the
Youden index (sensitivity + specificity − 1) was maximized.
Correlation between CitH3 and PAD2, PAD4, dsDNA, and
SOFA scores were determined by Pearson’s regression model.
Analyses were performed with GraphPad Prism 7 (GraphPad
Software Inc., La Jolla, CA, USA). p < 0.05 was defined as
statistically significant.
3 RESULTS

3.1 Baseline Characteristics
A total of 100 individuals were enrolled in this study, including 40
septic AP patients, 30 noninfectious AP patients and 30 healthy
volunteers (SP, NIP, and HV groups, respectively) from Xiangya
Hospital, Central South University. Baseline characteristics are
presented in Table 1 (Supplementary Materials).

No significant difference in age and sex were observed
between SP, NIP, and HV groups. However, patients in the SP
group experienced increased levels of lactate, prolonged hospital
and ICU stay, and decreased survival rate. Furthermore, patients
in the SP group experienced higher SOFA score (total,
respiratory, renal, cardiovascular, neurologic, hepatic, and
coagulation SOFA), which suggested that the SP group suffered
more severe multiple organ failure.

3.2 Serum CitH3 as a Diagnostic
Biomarker of Septic AP Patients
As mentioned, severe AP patients often are complicated with
local or systemic infection at late stages. On set of sepsis usually
indicates poor outcome. Thus, early diagnosis of sepsis in AP
patients is of significant value. In this study, levels of CitH3 were
dramatically increased in SP patients compared with both HV
and NIP groups (Figure 1A) [median (interquartile range): SP
127.3 pg/ml (82.4–210.2), NIP 27.5 pg/ml (21–33.5), HV 26 pg/
ml (22.5–35.5); p < 0.0001 for SP vs. NIP, p = 0.001 for SP vs.
HV]. No significant difference was observed between HV and
NIP groups. This suggests that CitH3 may distinguish septic AP
cases from nonseptic AP cases.
Frontiers in Immunology | www.frontiersin.org 3
Clinically, PCT is a widely used biomarker for diagnosing
infection. Comparison study of PCT and CitH3 were conducted
to evaluate the diagnostic value of CitH3. As shown in
Figure 1B, no significant change in PCT concentration was
observed among HV, NIP, and SP groups. Furthermore, ROC
curve analysis was conducted in both PCT and CitH3. When
comparing HV and SP groups (Figure 1C), the areas under the
curves (AUCs) and 95% confidence interval (CI) for CitH3 and
PCT were 0.94 (0.86–1.02) and 0.92 (0.84–0.99), respectively
(p < 0.0001). When comparing NIP and SP groups (Figure 1D),
AUCs (95% CI) for CitH3 and PCT were 0.93 (0.86–1.003) and
0.50 (0.36–0.64), respectively (p < 0.0001). This suggests
that CitH3 exerts better diagnostic power compared with
PCT, especially in distinguishing septic AP patients from
noninfectious AP suffers.

Based on the Youden index, CitH3 concentration above 43.05
pg/ml was suggestive of sepsis in AP patients compared with that
in HV and NIP patients (Figure 1E).

3.3 Serum CitH3 as a Prognostic
Biomarker of Septic AP Patients
Survival rate, admittance to the ICU, and SOFA score are the
hallmarks of prognosis. All SP AP patients were subgrouped into
survival (n = 33) and death (n = 7) groups or non-ICU (n = 31)
and ICU (n = 9) groups.

3.3.1 Survival Group vs. Death Group
Levels of CitH3 were also increased dramatically in dead cases
compared with those in the survival group (Figure 2A) (p =
0.0024). ROC curve analysis revealed that the AUC (95% CI) was
0.85 (69.29–101.3) when comparing survival and death groups
(Figure 2B). The cutoff value was 120.1 pg/ml, which suggested that
SP patients with CitH3 above 120.1 pg/ml may experience poorer
outcome than those with CitH3 lower than 120.1 pg/ml (Figure 2E).

3.3.2 Non-ICU Group vs. ICU Group
Levels of CitH3 were also increased dramatically in cases who
were admitted to the ICU compared with those in cases who did
not require intensive care (Figure 2C) (p = 0.0006) (Figure 2E).
ROC curve analysis showed that the AUC (95% CI) was 0.86
(73.55–98.14) when comparing non-ICU and ICU groups
(Figure 2D). The cutoff value was 129.1 pg/ml, suggesting that
septic AP patients with CitH3 above 129.1 pg/ml may suffer a
higher possibility of being admitted to the ICU than those with
CitH3 lower than 129.1 pg/ml (Figure 2E).

3.3.3 SOFA Score
Total SOFA score comprises respiratory, cardiovascular, renal,
coagulation, hepatic, and neurologic scores and is a widely used
tool for quick assessment of organ dysfunction (28). The higher
the score, the more severe the organ dysfunction. Positive
correlations were found between CitH3 concentration and total
SOFA score (r = 0.599, p < 0.0001), respiratory SOFA score (r =
0.569, p < 0.0001), renal SOFA score (r = 0.437, p = 0.0048),
coagulation SOFA score (r = 0.614, p < 0.0001), and hepatic
SOFA score (r = 0.334, p = 0.035) (Figures 3A–E). No obvious
correlation was observed between CitH3 concentration and
November 2021 | Volume 12 | Article 766391
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cardiovascular SOFA score (r = 0.225, p = 0.1677), and
neurologic SOFA score (r = 0.092, p = 0.57) (Figures 3F, G).

3.4 Correlation of Serum CitH3 With
NETosis Pathway Components
As mentioned above, CitH3 mainly originates from NETosis.
PAD2/4 activation followed by CitH3 and dsDNA complex
release is the key mechanism. As shown in Figures 4A, C, E,
concentration of PAD2, PAD4, and dsDNA were significantly
increased in the SP group compared with those in the NIP group
and HV groups (p < 0.05). Correlation analysis revealed that that
serum CitH3 concentration was positively correlated with PAD2,
PAD4, and dsDNA [(r = 0.5756, p = 0.0001), (r = 0.3935, p =
0.012), (r = 0.5591, p = 0.0002), respectively] (Figures 4B, D, E).
These data strongly suggest that elevated serum CitH3 may be
released by netting neutrophils in septic AP patients.
4 DISCUSSION

Sepsis is a severe complication in the late stage of AP and
accounts for majority of fatal AP cases. Thus, early diagnosis of
septic AP and prompt initiation of treatments are essential for
improving prognosis. We have previously shown that serum
CitH3 is a reliable diagnostic biomarker for sepsis in a murine
model (23), and clearance of CitH3 by enzymatic inhibition or
antibody neutralization improves survival in septic mice (21, 25).
The goal of the current study was to identify whether the
diagnostic efficacy of CitH3 for sepsis was conserved in
humans. Furthermore, we planned to determine whether the
elevated CitH3 concentration in humans is originated from
NETosis, because this has been confirmed many times in
rodent models. In this study, we found that (1) circulating
CitH3 was increased dramatically in septic AP but not in
sterile AP or healthy subjects; (2) concentration of CitH3 was
Frontiers in Immunology | www.frontiersin.org 4
positively correlated with PAD2/PAD4 expression and serum
dsDNA concentration; (3) serum levels of CitH3 correlated
positively with disease severity and clinical outcomes.
Therefore, CitH3 may represent a diagnostic and prognostic
biomarker of septic AP, mediating the pathogenesis of sepsis
in AP.

Neutrophils are the most abundant leukocytes and have
been confirmed as the frontline of host immune defense.
Classical mechanisms of killing invasive microbes include
phagocytosis, degranulation, and reactive oxygen species.
Recently, however, a novel antimicrobe strategy—NETosis—
was discovered by Brinkmann et al. (9). When stimulated by
invading microbes, neutrophils release NETs, a net-like
structure consisting of DNA, histones (particularly CitH3),
and granule proteins inside neutrophils. NET can trap
pathogens by histones and various antipathogen proteinases.
Excessive NET formation, however, has been shown to be
related to tissue damage, organ dysfunction, and poor
outcome in different diseases. Studies have suggested that
NETs mediate pathogenesis of AP, and clearance of NETs
alleviates pancreatic injury and exerts protective effects (8,
12). Our data further supported these findings. We found
that NET components such as CitH3 and dsDNA were
increased significantly in septic AP and were closely
correlated with disease severity. Furthermore, the positive
association between CitH3 and PAD2/4 revealed that elevated
CitH3 may be caused by NETosis in septic AP patients.

NETosis is generally associated with activation of PADs and
histone citrullination. It has been well documented that only
PAD2 and PAD4 isoforms are expressed in immune cells and
can translocate into the nucleus to citrullinate histones, while
the crucial role of PAD4 in NETosis has been illustrated by
plenty of researchers (18, 29, 30). However, whether PAD2 can
promote NETosis remains unclear. Recently, Li et al. (31, 32)
published two papers suggesting that PAD2 also participates in
TABLE 1 | Baseline demographics and clinical characteristics for septic AP patients and noninfectious AP patients.

Variables SP (n = 40) NIP (n = 30) HV (n = 30) p-value

Age (mean (SD)) 47.3 (12.37) 55.8 (10.76) 50.9 >0.05
Female (n (%)) 8 (20) 8 (26.7) 9 (30) >0.05
PCT (ng/ml, median (IQR)) 0.43 (0.17–0.99) 0.27 (0.2–0.8) 0 (0–0.08) >0.05
Lactate (mmol/L, median (IQR)) 2 (1.8–2.4) 1.6 (1.3–1.9) <0.05
CitH3 (pg/ml, median (IQR)) 127.3 (82.4–210.2) 27.5 (21–33.5) 26.5 (20.5–39.75) <0.05
PAD2 (ng/ml, median (IQR)) 3.03 (2.1–3.68) 0.32 (0.21–0.49) 0.16 (0.1–0.26) <0.05
PAD4 (ng/ml, median (IQR)) 3.11 (2.53–4.71) 0.28 (0.14–0.51) 0.12 (0.07–0.21) <0.05
dsDNA (ng/ml, median (IQR)) 913.5 (812–1063) 257 (232.5–294) 89 (65–100) <0.05
Survivals (n (%)) 33 (82.5) 30 (100) <0.05
Length of hospital stay (day, median (IQR)) 28.5 (20.8–57) 13.5 (11.3–16.8) <0.05
Length of ICU stay (day, median (IQR)) 4 (1–7.25) 0 (0–0) <0.05
Total SOFA score (median (IQR)) 5 (3–8) 1 (1–2) <0.05
Respiratory SOFA (median (IQR)) 2 (2–3) 1 (1–2) <0.05
Renal SOFA (median (IQR)) 1 (0–3) 0 (0–0) <0.05
Cardiovascular SOFA (median (IQR)) 0 (0–0) 0 (0–0) <0.05
Neurologic SOFA (median (IQR)) 0 (0–0) 0 (0–0) <0.05
Hepatic SOFA (median (IQR)) 1 (0–1) 0 (0–0) <0.05
Coagulation SOFA (median (IQR)) 0 (0–1) 0 (0–0) <0.05
Nove
mber 2021 | Volume 12 | Article
Categorical variables are shown as number (%). For continuous variables, normally distributed values are shown as mean (SD) while not normally distributed are shown as median
(interquartile range Q1/Q3). AP, acute pancreatitis; PCT, procalcitonin; CitH3, citrullinated histone H3; PAD2/4, peptidylarginine deiminase 2/4; ICU, intensive care unit; SOFA, sequential
organ failure assessment.
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NETosis and PAD2 blockade significantly improves survival of
septic mice. In the present study, we also found that increased
levels of CitH3 positively correlated with PAD2 concentration
(r = 0.5756). Furthermore, concentration of CitH3 positively
correlates with the severity of septic AP. Collectively, we
Frontiers in Immunology | www.frontiersin.org 5
believe that PAD2/4 activation leads to excessive CitH3/
NETs release in septic AP patients, thus deteriorating
the outcomes.

The most crucial characteristic of a diagnostic biomarker is
specificity. As previously described, nonspecificity to sepsis is the
A

C

E

D

B

FIGURE 1 | All CitH3 concentration is elevated in septic AP patients and may be a reliable diagnostic biomarker of sepsis in AP. Blood samples from SP, NIP, and
HV groups were collected. CitH3 and PCT concentration were measured by ELISA kit. CitH3 concentration was increased significantly in the SP group compared
with that in the HV and NIP groups (A). No significant differences in PCT concentration were identified among SP, NIP, and HV groups (B). Receiver operating
characteristic curves analysis of CitH3 and PCT to diagnose septic AP compared with that of the HV (C) and NIP group (D). Detailed information of receiver
operating characteristic curve analysis is presented in the table (E). *p < 0.05; ns, non-significant.
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major weakness of PCT (7). In this study, we also found that PCT
was not specific to sepsis. The concentration of PCT increased
not only in the SP group but also in the NIP group without a
statistically significant difference (Figure 1B). Based on our data,
CitH3 may be a more reliable diagnostic biomarker of sepsis
compared with PCT. Lactate is widely measured in clinical
situations and is a helpful indicator of disease severity and
Frontiers in Immunology | www.frontiersin.org 6
outcome. However, lactate is a response to various acute
diseases (myocardial infarction, trauma, shock, etc.) and fails
to be specific to sepsis. As shown in Table 1, patients in both SP
and NIP groups experienced increased lactate concentrations.

This study has several limitations. For most cases,
concentration of CitH3 was only identified at the time of
diagnosis. Periodical measurement of CitH3 levels may be
A

C

E

D

B

FIGURE 2 | All CitH3 may be a promising prognostic biomarker in septic AP patients. AP patients were subgrouped into survival and death groups (A) or ICU
(cases admitted into ICU) and non-ICU (cases not admitted into ICU) groups (C). Concentration of CitH3 was measured by ELISA. Levels of CitH3 were increased
significantly in the death group and ICU group compared with those in survival group and non-ICU group, respectively. Receiver operating characteristic curve
analysis of CitH3 to distinguish survival and death cases (B) and cases admitted or not into ICU (D). The detailed information of receiver operating characteristic
curve analysis is presented in the table (E). *p < 0.05.
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FIGURE 3 | Blood concentration of CitH3 is positively correlated with SOFA score. Association between CitH3 concentration and total SOFA
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more informative of clinical course and responses to treatments.
Tracking of CitH3 changes during hospitalization may more
accurately reflect the diagnostic efficacy of CitH3. Additionally,
this study only showed clinical data and no animal models were
involved. More detailed experiments using animal models to
illustrate the presence of NETs may be more convincing. Future
studies should be performed to determine whether PAD2/4-
CitH3 pathway could be a therapeutic target for septic AP.

In conclusion, this clinical study demonstrates that serum
CitH3 increases in septic but not in sterile AP patients. Increased
levels of CitH3 are closely correlated with disease severity and
clinical outcomes. Association study of CitH3 and PAD2/4
further revealed that circulating CitH3 may originate from
septic AP-induced NETs. Overall, serum CitH3 may be a
reliable diagnostic and prognostic biomarker of septic AP.
Understanding the mechanistic role of the PAD-CitH3
pathway in the pathogenesis of septic AP may facilitate the
development of novel diagnostic and therapeutic approaches.
Frontiers in Immunology | www.frontiersin.org 8
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institute Review Board of Xiangya Hospital,
Central South University. The patients/participants provided
their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

BP, GH, and YO designed the study. BP, YZL, and YL performed
the experiments and interpreted the data. BP wrote the
A

C

E F

D

B

FIGURE 4 | Blood concentration of PAD2/4 and dsDNA is increased significantly in SP group and is positively correlated with CitH3 concentration. Levels of PAD2
(A), PAD4 (C), and dsDNA (E) were using commercialized kits. Association between CitH3 concentration and PAD2 (B), PAD4 (D), and dsDNA (F) were determined
by Pearson’s regression analysis *p < 0.05.
November 2021 | Volume 12 | Article 766391

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


Pan et al. CitH3 Diagnoses and Prognostigates Septic Acute Pancreatitis
manuscript, which was critically revised by WW and YO. BP and
YO acquired the funding. All authors contributed to the article
and approved the submitted version.
FUNDING

This work was funded by grants from Young Research Funding
of Xiangya Hospital, Central South University (2019Q10) and
Frontiers in Immunology | www.frontiersin.org 9
the Na t iona l and Sc i ence Founda t i on o f Hunan
Province (2020JJ4902).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
766391/full#supplementary-material
REFERENCES
1. Frey CF, Zhou H, Harvey DJ, White RH. The Incidence and Case-Fatality

Rates of Acute Biliary, Alcoholic, and Idiopathic Pancreatitis in California,
1994-2001. Pancreas (2006) 33(4):336–44. doi: 10.1097/01.mpa.
0000236727.16370.99

2. Susak YM, Dirda OO, Fedorchuk OG, Tkachenko OA, Skivka LM. Infectious
Complications of Acute Pancreatitis Is Associated With Peripheral Blood
Phagocyte Functional Exhaustion. Digestive Dis Sci (2021) 66(1):121–30. doi:
10.1007/s10620-020-06172-y

3. Frossard JL, Steer ML, Pastor CM. Acute Pancreatitis. Lancet (2008) 371
(9607):143–52. doi: 10.1016/S0140-6736(08)60107-5

4. Leppkes M, Maueroder C, Hirth S, Nowecki S, Gunther C, Billmeier U, et al.
Externalized Decondensed Neutrophil Chromatin Occludes Pancreatic Ducts
and Drives Pancreatitis. Nat Commun (2016) 7:10973. doi: 10.1038/
ncomms10973

5. Werner J, Feuerbach S, Uhl W, Buchler MW. Management of Acute
Pancreatitis: From Surgery to Interventional Intensive Care. Gut (2005) 54
(3):426–36. doi: 10.1136/gut.2003.035907

6. Stearns-Kurosawa DJ, Osuchowski MF, Valentine C, Kurosawa S, Remick
DG. The Pathogenesis of Sepsis. Annu Rev Pathol: Mech Dis (2011) 6:19–48.
doi: 10.1146/annurev-pathol-011110-130327

7. Kibe S, Adams K, Barlow G. Diagnostic and Prognostic Biomarkers of Sepsis
in Critical Care. J Antimicrobial Chemotherapy (2011) 66:Ii33–40. doi:
10.1093/jac/dkq523

8. Madhi R, Rahman M, Taha D, Morgelin M, Thorlacius H. Targeting
Peptidylarginine Deiminase Reduces Neutrophil Extracellular Trap
Formation and Tissue Injury in Severe Acute Pancreatitis. J Cell Physiol
(2019) 234(7):11850–60. doi: 10.1002/jcp.27874

9. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil Extracellular Traps Kill Bacteria. Science (2004) 303
(5663):1532–5. doi: 10.1126/science.1092385

10. Merza M, Hartman H, Rahman M, Hwaiz R, Zhang E, Renstrom E, et al.
Neutrophil Extracellular Traps Induce Trypsin ActivationInflammation, and
Tissue Damage in Mice With Severe Acute Pancreatitis. Gastroenterology
(2015) 149(7):1920–31.e8. doi: 10.1053/j.gastro.2015.08.026

11. Bilyy R, Fedorov V, Vovk V, Leppkes M, Dumych T, Chopyak V, et al.
Neutrophil Extracellular Traps Form a Barrier Between Necrotic and Viable
Areas in Acute Abdominal Inflammation. Front Immunol (2016) 7:424. doi:
10.3389/fimmu.2016.00424

12. Korhonen JT, Dudeja V, Dawra R, Kubes P, Saluja A. Neutrophil Extracellular
Traps Provide a Grip on the Enigmatic Pathogenesis of Acute Pancreatitis.
Gastroenterology (2015) 149(7):1682–5. doi: 10.1053/j.gastro.2015.10.027

13. Yang ZW, Meng XX, Xu P. Central Role of Neutrophil in the Pathogenesis of
Severe Acute Pancreatitis. J Cell Mol Med (2015) 19(11):2513–20. doi:
10.1111/jcmm.12639

14. Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al.
Platelet TLR4 Activates Neutrophil Extracellular Traps to Ensnare Bacteria in
Septic Blood. Nat Med (2007) 13(4):463–9. doi: 10.1038/nm1565

15. Murthy P, Singhi AD, Ross MA, Loughran P, Paragomi P, Papachristou GI,
et al. Enhanced Neutrophil Extracellular Trap Formation in Acute
Pancreatitis Contributes to Disease Severity and Is Reduced by
Chloroquine. Front Immunol (2019) 10:28. doi: 10.3389/fimmu.2019.00028

16. Wu Z, Lu G, Zhang L, Ke L, Yuan C, Ma N, et al. Protectin D1 Decreases
Pancreatitis Severity in Mice by Inhibiting Neutrophil Extracellular Trap
Formation. Int Immunopharmacol (2021) 94:107486. doi: 10.1016/
j.intimp.2021.107486

17. Hu J, Kang HX, Chen H, Yao JQ, Yi XL, Tang WF, et al. Targeting Neutrophil
Extracellular Traps in Severe Acute Pancreatitis Treatment. Ther Adv
Gastroenterol (2020) 13:1756284820974913. doi: 10.1177/1756284820974913

18. Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, et al. Histone
Hypercitrullination Mediates Chromatin Decondensation and Neutrophil
Extracellular Trap Formation. J Cell Biol (2009) 184(2):205–13. doi:
10.1083/jcb.200806072

19. Neeli I, Khan SN, Radic M. Histone Deimination as a Response to
Inflammatory Stimuli in Neutrophils. J Immunol (2008) 180(3):1895–902.
doi: 10.4049/jimmunol.180.3.1895

20. Liang Y, Pan B, Alam HB, Deng Q, Wang Y, Chen E, et al. Inhibition of
Peptidylarginine Deiminase Alleviates LPS-Induced Pulmonary Dysfunction
and Improves Survival in a Mouse Model of Lethal Endotoxemia. Eur J
Pharmacol (2018) 833:432–40. doi: 10.1016/j.ejphar.2018.07.005

21. Zhao T, Pan B, Alam HB, Liu B, Bronson RT, Deng Q, et al. Protective Effect
of Cl-Amidine Against CLP-Induced Lethal Septic Shock in Mice. Sci Rep
(2016) 6:36696. doi: 10.1038/srep36696

22. Clancy KW, Russell AM, Subramanian V, Nguyen H, Qian Y, Campbell RM,
et al. Citrullination/Methylation Crosstalk on Histone H3 Regulates ER-
Target Gene Transcription. ACS Chem Biol (2017) 12(6):1691–702. doi:
10.1021/acschembio.7b00241

23. Pan B, Alam HB, Chong W, Mobley J, Liu B, Deng Q, et al. CitH3: A Reliable
Blood Biomarker for Diagnosis and Treatment of Endotoxic Shock. Sci Rep
(2017) 7(1):8972. doi: 10.1038/s41598-017-09337-4

24. Park Y, Ryu B, Deng Q, Pan B, Song Y, Tian Y, et al. An Integrated Plasmo-
Photoelectronic Nanostructure Biosensor Detects an Infection Biomarker
Accompanying Cell Death in Neutrophils. Small (2020) 16(1):e1905611.
doi: 10.1002/smll.201905611

25. Deng Q, Pan B, Alam HB, Liang Y, Wu Z, Liu B, et al. Citrullinated Histone
H3 as a Therapeutic Target for Endotoxic Shock in Mice. Front Immunol
(2019) 10:2957. doi: 10.3389/fimmu.2019.02957

26. Li Y, Liu Z, Liu B, Zhao T, Chong W, Wang Y, et al. Citrullinated Histone H3:
A Novel Target for the Treatment of Sepsis. Surgery (2014) 156(2):229–34.
doi: 10.1016/j.surg.2014.04.009

27. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D,
Bauer M, et al. The Third International Consensus Definitions for Sepsis
and Septic Shock (Sepsis-3). JAMA (2016) 315(8):801–10. doi: 10.1001/
jama.2016.0287

28. Vincent JL, de Mendonca A, Cantraine F, Moreno R, Takala J, Suter PM, et al.
Use of the SOFA Score to Assess the Incidence of Organ Dysfunction/Failure
in Intensive Care Units: Results of a Multicenter, Prospective Study. Working
Group on "Sepsis-Related Problems" of the European Society of Intensive Care
Medicine. Crit Care Med (1998) 26(11):1793–800. doi: 10.1097/00003246-
199811000-00016

29. Li P, Li M, Lindberg MR, Kennett MJ, Xiong N,Wang Y. PAD4 is Essential for
Antibacterial Innate Immunity Mediated by Neutrophil Extracellular Traps.
J Exp Med (2010) 207(9):1853–62. doi: 10.1084/jem.20100239

30. Rohrbach AS, Slade DJ, Thompson PR, Mowen KA. Activation of PAD4
in NET Formation. Front Immunol (2012) 3:360. doi: 10.3389/
fimmu.2012.00360

31. Tian Y, Qu S, Alam HB, Williams AM, Wu Z, Deng Q, et al. Peptidylarginine
Deiminase 2 has Potential as Both a Biomarker and Therapeutic Target of
Sepsis. JCI Insight (2020) 5(20):e138873. doi: 10.1172/jci.insight.138873
November 2021 | Volume 12 | Article 766391

https://www.frontiersin.org/articles/10.3389/fimmu.2021.766391/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.766391/full#supplementary-material
https://doi.org/10.1097/01.mpa.0000236727.16370.99
https://doi.org/10.1097/01.mpa.0000236727.16370.99
https://doi.org/10.1007/s10620-020-06172-y
https://doi.org/10.1016/S0140-6736(08)60107-5
https://doi.org/10.1038/ncomms10973
https://doi.org/10.1038/ncomms10973
https://doi.org/10.1136/gut.2003.035907
https://doi.org/10.1146/annurev-pathol-011110-130327
https://doi.org/10.1093/jac/dkq523
https://doi.org/10.1002/jcp.27874
https://doi.org/10.1126/science.1092385
https://doi.org/10.1053/j.gastro.2015.08.026
https://doi.org/10.3389/fimmu.2016.00424
https://doi.org/10.1053/j.gastro.2015.10.027
https://doi.org/10.1111/jcmm.12639
https://doi.org/10.1038/nm1565
https://doi.org/10.3389/fimmu.2019.00028
https://doi.org/10.1016/j.intimp.2021.107486
https://doi.org/10.1016/j.intimp.2021.107486
https://doi.org/10.1177/1756284820974913
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.4049/jimmunol.180.3.1895
https://doi.org/10.1016/j.ejphar.2018.07.005
https://doi.org/10.1038/srep36696
https://doi.org/10.1021/acschembio.7b00241
https://doi.org/10.1038/s41598-017-09337-4
https://doi.org/10.1002/smll.201905611
https://doi.org/10.3389/fimmu.2019.02957
https://doi.org/10.1016/j.surg.2014.04.009
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1097/00003246-199811000-00016
https://doi.org/10.1097/00003246-199811000-00016
https://doi.org/10.1084/jem.20100239
https://doi.org/10.3389/fimmu.2012.00360
https://doi.org/10.3389/fimmu.2012.00360
https://doi.org/10.1172/jci.insight.138873
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Pan et al. CitH3 Diagnoses and Prognostigates Septic Acute Pancreatitis
32. Wu Z, Deng Q, Pan B, Alam HB, Tian Y, Bhatti UF, et al. Inhibition of PAD2
Improves Survival in a Mouse Model of Lethal LPS-Induced Endotoxic Shock.
Inflammation (2020) 43(4):1436–45. doi: 10.1007/s10753-020-01221-0

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
Frontiers in Immunology | www.frontiersin.org 10
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Pan, Li, Liu, Wang, Huang and Ouyang. 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 2021 | Volume 12 | Article 766391

https://doi.org/10.1007/s10753-020-01221-0
http://creativecommons.org/licenses/by/4.0/
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 CitH3 Is a Reliable Diagnostic and Prognostic Biomarker of Septic Patients in Acute Pancreatitis
	1 Introduction
	2 Material and Methods
	2.1 Enrollment of Study Objects
	2.2 Blood Sample Analysis
	2.3 Clinical and Laboratory Data Collection
	2.4 Statistical Analysis

	3 Results
	3.1 Baseline Characteristics
	3.2 Serum CitH3 as a Diagnostic Biomarker of Septic AP Patients
	3.3 Serum CitH3 as a Prognostic Biomarker of Septic AP Patients
	3.3.1 Survival Group vs. Death Group
	3.3.2 Non-ICU Group vs. ICU Group
	3.3.3 SOFA Score

	3.4 Correlation of Serum CitH3 With NETosis Pathway Components

	4 Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	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 false
  /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 false
  /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 false
  /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


