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Introduction: High-mobility group box 1 (HMGB1) protein is a critical mediator of 
neutrophil extracellular trap (NET) formation (NETosis). Myeloperoxidase (MPO)-
DNA complexes, a biomarker of NETs, and HMGB1 have been associated with 
delayed cerebral ischemia (DCI) after aneurysmal subarachnoid hemorrhage 
(aSAH). Additional mechanistic NET-related biomarkers and their role in the 
neuroinflammatory cascade surrounding DCI remain to be explored.

Methods: A post-hoc analysis of a prospective, blinded, single-center biomarker 
observational study was performed. De novo measurements of serum citrullinated 
histone H3-DNA complexes (H3Cit-DNA), peptidylarginine deiminase 4 (PAD4), 
cell-free DNA (cf-DNA), and DNase 1 activity were conducted on admission (D0) 
and day 4 (D4). Delayed cerebral infarction (DCI) was defined as new cerebral 
infarction on CT head not present on the post-treatment scan.

Results: H3Cit-DNA, PAD4, cf-DNA, and DNase 1 activity were within quantifiable 
ranges in all serum samples analyzed at D0 and D4. Admission biomarker levels 
were not associated with DCI development. From D0 to D4, in both the DCI and 
the non-DCI groups, H3Cit-DNA levels significantly decreased, cf-DNA levels 
significantly increased, and PAD4 levels remained stable. In contrast, DNase 1 
activity significantly decreased from D0 to D4 in the DCI group (p  <  0.001) but 
not in the non-DCI group.

Conclusion: This exploratory analysis demonstrated NET-related biomarkers 
such as H3Cit-DNA, PAD4, cf-DNA, and DNase 1 activity in all aSAH patients. A 
decline of systemic DNase 1 activity in the early phase might increase the risk of 
delayed cerebral ischemia.
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Introduction

Neuroinflammation plays a key role in the pathophysiology 
cascades after aneurysmal subarachnoid hemorrhage (aSAH) but 
remains poorly understood in the context of aSAH sequelae (1–3). 
Hence, neuroprotective treatment options to mitigate disease burden 
are still limited. Platelets are increasingly recognized for their role in 
inflammatory processes. Their interplay with the coagulation system 
and the innate immune system is referred to as immunothrombosis 
and thromboinflammation, signifying their dual role (4, 5). Platelet-
derived release of HMGB1 stimulates neutrophils to release reticulated 
chromatin structures termed neutrophil extracellular traps (NETs). 
NETs can entrap pathogens in the bloodstream, thereby contributing 
to host defense. However, neutrophil overstimulation causes excessive 
NET release, which initiates and promotes thrombus formation on the 
arterial and venous vascular beds (4, 6, 7). Recently, we conducted a 
prospective, blinded, observational single-center biomarker study to 
investigate the role of HMGB1  in aSAH (HIMOBASH cohort). 
We  identified admission HMGB1 serum levels in aneurysmal 
subarachnoid hemorrhage patients to be associated with the risk of 
developing new infarctions on the CT head. We conducted a post-hoc 
analysis with de novo investigation of myeloperoxidase (MPO)-DNA 
complexes, a biomarker of released NETs in circulation. Effectively, for 
the first time, it was demonstrated that MPO-DNA complex levels 
were significantly associated with DCI (8, 9). These observations in 
context with the current literature incited us to further explore NET 
and NET-related biomarkers in the same cohort that are 
complementary to HMGB1 and MPO-DNA complexes. Here, 
we  conducted a secondary post-hoc analysis of the HIMOBASH 
cohort with de novo serum measurements of serum citrullinated 
histone H3-DNA complexes (H3Cit-DNA), peptidylarginine 
deiminase 4 (PAD4), cell-free DNA (cf-DNA), and the measurement 
of DNase 1 activity as a potential regulator of serum NET levels.

Methods

The Saarland Medical Association ethics committee approved the 
study (118/17). All participants or their legal representatives provided 
written informed consent. In HIMOBASH, consecutive patients with 
spontaneous, non-traumatic subarachnoid hemorrhage on CT head 
with suspected aneurysmal etiology were enrolled between 07/2018 
and 09/2020. In 83/100 patients, aneurysmal subarachnoid 
hemorrhage was confirmed by digital subtraction angiography (DSA) 
or CT angiography (CTA). In 13/100 patients, initial DSA and repeat 
DSA 7–10 days after ictus were angio-negative. In 4/100 patients, DSA 
or CTA was not performed, and patients deceased <24 h. As previously 
reported (8, 9), all patients were treated according to contemporary 
guidelines and institutional protocol. Briefly, acute treatment was 
performed in a dedicated neurointensive care unit, including 
monitoring, acute hydrocephalus treatment via external ventricular 
drain (EVD) placement, endovascular or surgical aneurysm treatment 
within 24 h of admission, oral nimodipine administration, and bedside 
transcranial Doppler surveillance twice a day and additionally as 
required. After an aneurysm treatment, a post-treatment scan on day 
1 was obtained. Delayed ischemic neurological deficits (DIND) were 
treated by increasing the mean arterial blood pressure using 
vasopressors. Decision for endovascular vasospasm treatment was 
made on a case-by-case basis reaching consensus between the on-call 

neurosurgery and neuroradiology team. Patients who failed EVD 
weaning underwent ventriculoperitoneal shunting. HIMOBASH 
outcome variable definition followed the proposed aSAH outcomes 
measures (10). New cerebral infarction on CT not present on the day 
was defined as DCI. A composite of DIND and/or pathological TCDs 
was defined as clinical vasospasm (CVS).

Laboratory analyses

Serum samples were thawed at room temperature and analyzed 
for levels of citrullinated histone H3-DNA complexes (H3Cit-DNA), 
peptidylarginine deiminase 4 (PAD4), and cell-free DNA (cf-DNA). 
H3Cit-DNA complexes were measured using a sandwich ELISA 
protocol modified from Thålin et  al. with capture antibody anti-
histone H3 citrulline R8 (Abcam, ab232939, 1.25 μg/mL) and 
detection antibody peroxidase-conjugated mouse anti-DNA 
monoclonal antibody (Cell Death Detection ELISAPLUS, Roche, 
11,774,425,001, 1:50 dilution) (11). PAD4 levels were quantified 
according to the manufacturer’s instructions with the PAD4 (human) 
ELISA Kit (Cayman Chemical, 501,460). cf-DNA levels were estimated 
from standard curves generated with the Quant-iTTM Picogreen™ 
dsDNA Assay (Invitrogen, P7589).

Measurement of DNase 1 activity

DNase 1 activity was measured in the serum samples using the 
fluorometric DNase 1 Assay Kit from Abcam (ab234056), which 
quantifies DNase 1 activity based on cleavage of an exogenous DNA 
probe emitting a fluorescent signal. After diluting serum samples 1:2 in 
double-distilled water, a labeled DNA probe, reconstituted in 
resuspension buffer, was added to the serum samples (final dilution of 
the samples 1:4). DNase 1 activity was immediately measured every 30 s 
for 90 min at 37°C using a fluorescent plate reader (Cytation 5FV, 
excitation 620/40 ms, and emission 680/30 ms). All DNase activity values 
were normalized to the DNase activity values of the human recovered 
citrate (3.2%) plasma pool (Tebu-Bio, 088SER-PLP50-CUSNaC).

Statistical analysis

Variables are displayed as frequency and percentages and median 
and interquartile ranges (IQR), respectively. Chi-square, Fisher’s exact, 
and Mann–Whitney U-tests were performed as appropriate. For 
paired analyses, the Wilcoxon signed-rank test was performed and 
Cohen’s effect sizes were calculated. p-values of <0.05 were considered 
statistically significant. SPSSv25 (IBM Corp., Armonk, NY) and 
GraphPad Prism 8 (San Diego, CA) were used for statistical analysis 
and graphical presentation.

Results

Study sample

A follow-up scan to determine the presence or absence of DCI 
was available in 78 aSAH patients. In two patients, de novo 
measurement samples could not be  performed due to a lack of 
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sufficient blood samples. Eventually, 76 aSAH patients were eligible 
for analysis of whom 36.8% (28/76) developed new cerebral infarction 
on the CT head (i.e., DCI). Baseline demographics of DCI and 
non-DCI patients are shown in Table 1. In patients who developed 
DCI compared to those who did not, median Hunt and Hess scale 
grades and modified Fisher scores were numerically higher (p = 0.083 
and p = 0.057, respectively). Radiological and clinical vasospasm was 
more frequent in the DCI compared to the non-DCI group (67.9% vs. 
20.8%, p < 0.001, and 60.7% vs. 25.0%, p = 0.002, respectively).

NET biomarker and DNase 1 activity levels 
at D0 and D4

On admission, H3Cit-DNAH3Cit-DNA, PAD4, cf-DNA, and 
DNase 1 activity did not show significant differences between DCI and 

non-DCI patients. On day 4, H3Cit-DNA, PAD4, cf-DNA, and DNase 
1 activity were similar between DCI and non-DCI patients. Overall, 
case fatality accounted for the DCI and non-DCI cohorts to 
be decreased by one and six cases for the day 4 analysis (Table 1).

Pairwise comparison of NET biomarker and 
DNase 1 activity levels D0 vs. D4

Among all aSAH patients, H3Cit-DNA levels significantly 
decreased from day 0 to day 4 (p = 0.001). In the paired analysis, a 
significant decrease was observed in the DCI as well as the non-DCI 
subgroups (p = 0.014, r = −0.33 and p = 0.021, r = −0.25, respectively; 
Figure  1). PAD4 levels remained stable between day 0 and day 4 
among all patients (p = 0.293). This was observed for both the DCI and 
non-DCI groups (p = 0.929 and p = 0.171, respectively). Cf-DNA levels 

TABLE 1 Demographics in DCI vs. no-DCI patients.

Variable DCI (n  =  28) Ø DCI (n  =  48) p-value

Age (IQR) 60 (46–64) 57 (51–66) 0.788

Female 15 (53.6%) 26 (54.2%) 0.960

Anterior circulation 24 (85.7%) 40 (83.3%) 1.000

Multiple aneurysms (≥ 2) 6 (21.4%) 14 (29.2%) 0.592

Arterial hypertension 15 (53.6%) 25 (52.1%) 0.900

Smoking (ever) 15 (53.6%) 23 (47.9%) 0.634

Ischemic vascular disease 3 (10.7%) 5 (10.4%) 1.000

Prior stroke 3 (10.7%) 4 (8.3%) 0.704

WFNS scale (median, IQR) 3 (1–5) 2 (1–4) 0.129

WFNS III/IV/V 14 (50.0%) 19 (39.6%) 0.377

Hunt and Hess grade (median, IQR) 3 (2–5) 3 (2–5) 0.083

Hunt and Hess IV/V 12 (42.9%) 13 (27.1%) 0.158

Modified Fisher scale (median, IQR) 4 (3–4) 3 (3–4) 0.057

modified Fisher scale III/IV 26 (92.9%) 38 (79.2%) 0.192

Intraventricular hemorrhage 21 (75.0%) 28 (58.3%) 0.143

Intracerebral hemorrhage 6 (21.4%) 9 (18.8%) 0.777

Hydrocephalus admission 22 (78.6%) 31 (64.6%) 0.200

Aneurysm treatment via clipping 10 (35.7%) 21 (43.8%) 0.492

Cerebral edema admission 10 (35.7%) 2 (4.2%) 0.351

Cerebral infarction day 1 13 (46.4%) 18 (37.5%) 0.445

Radiological vasospasm (CTA and DSA) 19 (67.9%) 10 (20.8%) <0.001

Clinical vasospasm (DIND and TCD) 17 (60.7%) 12 (25.0%) 0.002

Citrullinated histone H3-DNA complexes day 0 (IQR) 528 (394–749) 701 (480–954) 0.053

Citrullinated histone H3-DNA complexes day 4*& (IQR) 434 (230–605) 475 (328–754) 0.219

Peptidylarginine deiminase day 0 (IQR) 7.8 (3.3–16.9) 4.9 (1.9–10.0) 0.086

Peptidylarginine deiminase day 4†& (IQR) 9.1 (3.8–13.4) 7.0 (4.7–15.1) 0.605

Cell-free DNA day 0 (IQR) 793 (618–1,090) 752 (585–908) 0.371

Cell-free DNA day 4*§ (IQR) 1,266 (1064–1816) 1,284 (885–1,513) 0.307

DNase 1 activity day 0 (IQR) 52.1 (40.7–62.1) 45.9 (41.3–79.1) 1.000

DNase 1 activity day 4†& (IQR) 42.7 (35.5–54.7) 48.1 (36.4–75.6) 0.286

Data not available in 1 (*) and 2 (†) DCI patients, and 6 (&) and 7 (§) non-DCI patients, respectively.
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significantly increased among all aSAH patients (p < 0.001) and the 
DCI vs. non-DCI groups (p < 0.001, r = 0.57 and p < 0.001, r = 0.54, 
respectively). Among all aSAH patients, DNase activity levels 
significantly decreased from day 0 to day 4 (p = 0.001). Of note, this 
decline was significant in the DCI group (p = 0.001, r = 0.47 medium 
effect size) but not in the non-DCI group (p = 0.067; Figure 1).

Discussion

This exploratory study demonstrated that the NET biomarkers 
H3Cit-DNA and PAD4 as well as NET-related biomarkers cf-DNA, 
and DNase 1 activity could be quantified in blood samples from aSAH 
patients. These biomarkers have a heteromorphic correlation and 
show different dynamics in the early phase after aSAH.

Delayed cerebral ischemia (DCI) and early brain injury are the 
predominant drivers of poor outcomes and high case fatality after 
aneurysmal subarachnoid hemorrhage (aSAH) (12–14). Various 
pathomechanisms have been identified to initiate, promote, or 
contribute to DCI as well as EBI following cerebral aneurysm rupture. 
The occurrence of DCI in the absence of relevant macrovascular 
vasospasm as well as the non-success of aggressive vasospasm 
management to prevent secondary infarction in many patients has 
shifted the focus toward mitigating the neuroinflammatory cascades 
(15). Cerebral aneurysm rupture and aSAH cause eucaryotic cells to 
passively release a plethora of damage-associated molecular patterns 
(DAMPs). These DAMPs are recognized by the innate immune system 

and promote sterile inflammation. High-mobility group box 1 
(HMGB1) is a prototypical DAMP (16, 17). Platelets can actively 
release HMGB1 and thus stimulate neutrophils. Activated neutrophils 
release NETs that promote intravascular scaffolds of chromatin, 
protein, and blood cells resulting in perivascular inflammation and 
(micro-)thrombosis (6). The mechanisms of NET formation are not 
yet fully understood. Reactive oxygen species are involved in the 
release of myeloperoxidase (MPO) and neutrophil elastase, whereas 
PAD4 catalyzes the citrullination of histones H3 and H4. These 
processes facilitate chromatin decondensation, nucleus swelling, and 
ultimately nuclear membrane loss (7).

In our previous study, we  observed that MPO-DNA complexes 
significantly decreased from day 0 to day 4 and hypothesized that 
thrombus-bound complexes evade serum level detection (8). Here, 
H3Cit-DNA levels also significantly decreased. In contrast, PAD4 activity 
remained stable in the first 4 days. This might indicate that PAD4-
catalyzed NET formation is ongoing while MPO-DNA and H3Cit-DNA 
are removed from the serum by thrombus formation or thrombus 
binding. However, it yet remains to be determined why MPO-DNA 
decrease was associated with DCI but H3Cit-DNA decrease did not.

Serum cf-DNA are fragments of extracellular DNA (18). In the 
setting of aSAH, cf-DNA concentrations base on the extent of primary 
tissue injury suffered from cerebral aneurysm rupture and secondary 
injury from processes summarized as early brain injury and the 
neuroinflammatory response status. This could explain the observed 
significant increase in cf-DNA from admission to day 4  in all aSAH 
patients. Under healthy conditions, there is homeostasis of cf-DNA and 

FIGURE 1

NET biomarkers H3Cit-DNA (A) and PAD4 (B) and NET-related biomarkers cf-DNA (C) and DNase 1 activity (D) are displayed in separate panels. Each 
panel compares biomarker levels of subgroups who suffered DCI on admission (D0-DCI) and day 4 (D4-DCI) and did not suffer DCI on admission 
(D0-ØDCI) and day 4 (D4-ØDCI). Within the DCI and non-DCI (ØDCI) groups, a pairwise comparison was performed between admission day and day 
four.
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their degradation via deoxyribunocleases (DNases) (18). Decreased 
DNase 1 activity not capable of dismantling NETs has been linked to 
progressive lupus nephritis (19). Additionally, the interplay of cf-DNA 
and DNase activity was found to be associated with the clinical course and 
sequelae of large vessel occlusion, stroke, and ischemic stroke (20). In an 
experimental SAH model, Hao et al. demonstrated a strong correlation 
between NETs and cerebral microthrombosis in the first 24 h after 
experimental subarachnoid hemorrhage SAH. Infusion of DNase 1 
significantly inhibited NETosis, microthrombosis, brain edema, neuronal 
injury, and blood–brain barrier disruption (21). Similarly, in a murine 
SAH model, Zeng et al. found that exogenous DNase 1 administration 
mitigated NET-induced inflammatory processes (22). In our study, 
we observed a significant decline of DNase 1 activity from admission to 
day 4 in those patients who developed DCI but not in those who did not 
develop DCI. The risk of DCI development in these patients might 
be explained by a disequilibrium of NET formation to NET degradation 
eventually increasing the risk of microthrombosis and with that secondary 
infarction. The role of HMGB1 in the interplay of cf-DNA and DNase 
activity remains to be explored.

Limitations and strengths

This cohort is limited to early-phase NET and NET-related 
biomarker assessment and complementary DNase activity 
measurement. Additional individual laboratory assessments potentially 
display dynamics not portrayed here. This cohort was not biased by not 
including poor-grade patients and overall represented aSAH-specific 
event variables comparable to large-scale aSAH cohorts. As the first of 
its kind in human aSAH, it acts as a framework for future biomarker 
study designs and may prompt additional bench research.

Conclusion

This exploratory analysis measured NET and NET-related 
biomarkers, such as H3Cit-DNA, PAD4, cf-DNA, and DNase 1 
activity, in a cohort of aSAH patients. A decline of DNase 1 activity in 
the early phase might increase the risk of delayed cerebral ischemia. 
This could be indicative of a disequilibrium of NET formation and 
NET degradation. Pharmacological targeting of this disequilibrium 
might attenuate aSAH sequelae such as DCI.
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