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A B S T R A C T

Objective: Immune responses are an integral part of the complex reactions to acute cerebral ischemia and
contribute to infarct expansion and tissue remodeling. Among damage-associated molecular patterns (DAMPs) the
high-mobility group box 1 protein (HMGB1) and calprotectin (S100A8/A9) are released from dying cells and
activate the innate immune system.
Methods: To assess DAMPs concentrations and related leukocytic infiltration directly and locally in human stroke
patients we performed microcatheter sampling from within the core of the occluded vascular compartment before
recanalization by mechanical thrombectomy. These samples from the core of a sealed cerebral-ischemic arterial
compartment were compared with systemic control samples from the internal carotid artery obtained after
recanalization.
Results: We found increased plasma levels of total free HMGB1 (þ33%) and increased S100A8/A9 (þ8%) locally
within the ischemic cerebral compartment vs. systemic levels. Local concentrations of HMGB1 were associated
with more extensive structural brain infarction on admission. In addition, local ischemic HMGB1 and S100A8/A9
concentrations were associated with the numbers of leukocytes that infiltrate the occluded compartment by
collateral pathways.
Conclusion: This is the first direct human observation of a local increase in DAMPs concentrations in a uniquely
sealed vascular compartment of the ischemic cerebral circulation. These data provide an important pathophysi-
ological link between ischemia-induced cell death and stroke-related inflammation.
1. Introduction

Increasing experimental evidence implies a significant contribution of
inflammation to cerebral injury during early ischemia (Stoll and Nies-
wandt, 2019). However, the molecular triggers that initiate
stroke-evoked inflammatory responses are largely unknown, thus
hampering the translation of pathophysiological understanding and
intervention from experimental models to the human system.
High-mobility group box 1 protein (HMGB1) and calprotectin
(S100A8/A9) are damage-associated molecular patterns (DAMPs) which
are passively released from dying cells or actively secreted by macro-
phages and many other cell types during injury or severe stress and can
profoundly activate the innate immune system (Gong et al., 2020). In the
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experimental setting, DAMPs are increasingly recognized to modulate
cerebral inflammation and brain injury (Ye et al., 2019). Accordingly,
increased systemic levels of DAMPs are related to worse functional
outcome in human ischemic stroke (IS) (Ye et al., 2019; Guo et al., 2020;
Wang et al., 2020). However, the local cerebral concentrations of DAMPs
directly at the site of ischemic injury have never been assessed in human
IS patients. This was attempted in the current study within the brain
vascular territory that during hyperacute stroke is under the occlusion
condition. We and others established the technique of microcatheter
aspiration of local cerebral-ischemic blood samples from an arterial
compartment entirely deprived of antegrade blood flow and immediately
before it is re-opened by mechanical thrombectomy (MT) (Kollikowski
et al., 2020; Fraser et al., 2019). This method was used to quantify the
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Table 1
Demographic, clinical, imaging, interventional, and sampling related character-
istics (n ¼ 61).

Demographics n ¼ 61

Age [years], median (IQR) 77 (68–83)
Male sex, n (%) 23 (38%)
Medical history
Hypertension, n (%) 54 (89%)
Diabetes mellitus, n (%) 12 (20%)
Hyperlipidemia, n (%) 19 (31%)
Atrial fibrillation, n (%) 35 (57%)
Current smoker, n (%) 5 (8%)

Baseline medication
Antithrombotic medication, n (%) 30 (49%)
Antihypertensive drugs, n (%) 50 (82%)

Clinical characteristics
Systolic blood pressure [mmHg], median (IQR) 160 (150–180)
Diastolic blood pressure [mmHg], median (IQR) 85 (71–96)
Heart rate [min-1], median (IQR) 80 (69–90)
NIHSS at presentation, median (IQR) 15 (10–17)
Unknown time of symptom onset, n (%) 14 (23%)
Qualifying ASPECTS, median (IQR) 8 (7–9)

Treatment
Thrombolysis
IV rt-PA, n (%) 25 (41%)

Intervention
Onset-to-puncture [min], median (IQR) 255 (170–343)
Angiographic occlusion location*

M1, n (%) 44 (72%)
M2, n (%) 14 (23%)
ICA, n (%) 10 (16%)

Stent-retrieval maneuvers, median (IQR) 2 (1–3)
Successful recanalization, n (%)y 54 (89%)
Onset-to-recanalization time [min], median (IQR) 322 (245–389)

Sampling
Onset-to-ischemic sampling time [min], median (IQR) 282 (200–367)
Onset-to-systemic sampling time [min], median (IQR) 325 (261–401)

Ischemic-to-systemic sampling time [min], median (IQR) 33 (18–69)

ASPECTS, Alberta Stroke Program Early CT score; IV rt-PA, intravenous recom-
binant tissue plasminogen activator; NIHSS, National Institutes of Health Stroke
Scale; *Including multiple sites per patient; M1/M2, middle cerebral artery
section; ICA, internal carotid artery; ydefinied as mTICI (modified treatment in
cerebral infarction) scale 2b or 3.
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local infiltration of immune cells into the deep center of the ischemic
field by collateral vascular pathways. At the same location, we measured
local DAMPs concentration levels of total free HMGB1 and S100A8/A9.

As main finding, we here report with strong statistical confidence the
local increase of HMGB1 and S100A8/A9 plasma levels. DAMPs con-
centrations as represented by these two molecular markers were related
to the extent of local immune cell recruitment.

2. Patients and methods

From August 2018 to Mai 2020, we attempted local microcatheter
sampling of cerebral-ischemic arterial blood in 258 consecutive patients
undergoing emergency MT due to acute large-vessel-occlusion stroke of
the anterior circulation. Citrate–phosphate–dextrose–adenine-1 (CPDA)
anticoagulated blood from within the cerebral ischemic arterial
compartment and systemic control samples from the cervical internal
carotid artery (controlled for uncompromised flow conditions) were
drawn as described previously (Kollikowski et al., 2020). Briefly, MT by
stent-embolus retrieval of angiographically fully occlusive lesions (distal
internal carotid artery, middle cerebral artery M1 and proximal M2
segment) was preceded by microcatheter navigation into the midinsular
middle cerebral artery M2 segment. After microcatheter positioning and
discarding the microcatheter-specific dead space volume, a sample of 1
ml of cerebral-ischemic blood was drawn if possible. Systemic control
samples were obtained analogously after embolus removal and/or
termination of the thrombectomy procedure. A flow-chart of patient in-
clusion without missing cases is provided in the appendix (supplemental
material, Fig. S1). The cohort of consecutive patients meeting all
pre-specified criteria comprised 71 patients. The samples were first
analyzed for differential leukocyte counts. After centrifugation to obtain
cell free samples, plasma was immediately stored at �20�C. Plasma
samples were available in n ¼ 61 unselected patients. Plasmatic HMGB1
(limit of detection: 0.2 ng/ml) was quantified by ELISA (IBL-Interna-
tional, M€annedorf, Switzerland) according to the manufacturer�s in-
structions. The concentration of S100A8/A9 (limit of detection: 0.8
ng/ml) was determined by a LEGENDplex® fluorescent bead immuno-
assay (Biolegend, San Diego, USA).

2.1. Study approval

This prospective observational study was approved by the local ethics
committee of the Medical Faculty of the University of Würzburg, Ger-
many (approval # 135/17). Written informed consent was provided by
all participants or their legal representatives.

2.2. Statistics

Statistical analyses were performed using Graph Pad Prism 9 (Graph
Pad Software, San Diego, USA). Data are given as mean with 95% con-
fidence interval (CI), as median with interquartile range (IQR), or abso-
lute and relative frequency distribution. Univariate regression analysis
was performed to identify associations between ischemic target vari-
ables. Normal distribution of datasets was tested using the D�Agostino-
Pearsons Test. Wilcoxon Rank-Sum-Test was performed to test for sig-
nificance. P-values <0.05 (two-sided) were considered statistically
significant.

2.3. Data sharing statement

For original data requests contact stoll_g@ukw.de.

3. Results and discussion

Quantification of HMGB1, S100A8/A9 concentrations, and differen-
tial local immune cell counting was performed in a total of 122 samples
of 61 unselected patients that met all pre-specified inclusion criteria
2

(Kollikowski et al., 2020). Patient characteristics are shown in Table 1.
The median age of patients was 77 years (IQR 68–83), and 38% were of
male gender. The median pre-interventional clinical stroke severity as
assessed by the National Institutes of Health Stroke Scale (NIHSS) was 15
(IQR 10–17). The local ischemic plasma levels of HMGB1 (þ33%) and
S100A8/A9 (þ8%) were significantly increased when compared to sys-
temic blood which was sampled after recanalization of the occluding
thrombus in the cervical ipsilateral internal carotid artery (Fig. 1 A,B;
HMGB1(mean): systemic 1959 pg/ml 95% CI: 1610 to 2307 vs. ischemic
2613 pg/ml 95% CI: 1947 to 3278, p ¼ 0.0012 (A); S100A8/A9 (mean):
systemic 3450 ng/ml 95% CI: 2281 to 4620 vs. ischemic 3734 ng/ml
95% CI: 2543 to 4925, p ¼ 0.003 (B)). Correlation analysis (Fig. 1 C–I;
supplemental material, Table S1 and Table S2) revealed a positive as-
sociation of structural infarct extent as determined by the Alberta Stroke
Program Early CT Score (ASPECTS) imaging prior to MT and local
ischemic HMGB1 concentrations (β¼ -0.0001675, 95% CI¼ -0.0003242
to �0.00001073, R2 ¼ 0.07434, p ¼ 0.0367). In addition,
cerebral-ischemic infiltration of leukocytes was associated with the local
concentrations of HMGB1 and S100A8/A9 (HMGB1: neutrophils:
p<0.0001; lymphocytes: p ¼ 0.0013; monocytes: p ¼ 0.0004.
S100A8/A9: neutrophils: p<0.0001; lymphocytes: p ¼ 0.3555; mono-
cytes: p ¼ 0.0002).

We here provide the first human data on an early local DAMPs in-
crease in the ischemic cerebral circulation of IS patients under occlusion
condition. These observations are based on a novel pial blood sampling
approach by which cellular and molecular responses can be assessed
directly within the deep center of the ischemic field before it is reopened
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Fig. 1. Local DAMPs concentrations distal to middle cerebral artery occlusion in hyper-acute human stroke are increased, correlate with the extent of
tissue injury, and DAMPs release is paralleled by immune cell recruitment. (A, B) Local systemic (red points) and ischemic (blue points) plasma levels (n ¼ 61) of
HMGB1 (A) and S100A8/A9 (B). Data are shown as scatter dot plot with mean 95% confidence interval (CI). Wilcoxon Rank-Sum-Test was performed to test for
significance. p-values reported are 2-sided with p<0.05 being considered statistically significant. (C) Correlation analysis of ischemic HMGB1 with ASPECTS on
admission (n ¼ 61). (D–I) Increased ischemic concentrations of HMGB1 (n ¼ 61) and S100A8/A9 (n ¼ 61) are associated with ischemic neutrophil (D, G), lymphocyte
(E, H), and monocyte (F, I) counts. Dashed lines depict the 95% confidence interval of the regression lines. ASPECTS ¼ Alberta Stroke Program Early CT Score; R2 ¼
coefficient of determination; β ¼ regression coefficient. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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by MT (pathological condition of slow/low collateral flow) and by which
these data can be compared to systemic arterial control samples obtained
under physiological flow conditions (Kollikowski et al., 2020).

DAMPs, involving the cytokine-like nuclear protein HMGB1 and
S100A8/A9, are alarming signals set free by dying cells under various
conditions including ischemia and hypoxia (Kono and Rock, 2008). In
our study, the extent of ischemic brain damage was related to the con-
centration of local total free HMGB1 (þ33%; p ¼ 0.0012). This corre-
sponds to seminal experimental data in the
middle-cerebral-artery-occlusion-model (MCAO) in mice, describing a
rapid redistribution of HMGB1 from the nucleus of neurons to their
cytoplasm fromwhere it is released into the brain parenchyma within 3 h
after stroke onset (Qiu et al., 2008; Liesz et al., 2015).

In our study, the accumulation of leukocytes within the ischemic
vasculature was correlated with the amount of HMGB1 and S100A8/A9,
supporting the notion that inflammation, at least partly, is triggered by
local increase of DAMPs concentrations. The functional relevance of
HMGB1 in cerebral ischemia is supported by data in mice: Application of
HMGB1-neutralizing antibodies ameliorated stroke outcome during
3

MCAO (Liesz et al., 2015). As a note of caution, HMGB1 exists in different
redox forms as shown by mass spectrometry and, thereby, can interact
with different receptors (Antoine et al., 2014). Further studies, both in
experimental animals and human stroke patients, are needed to define
specific effects of HMGB1 subforms.

Although a functional contribution of S100 protein-driven neuro-
inflammation has been reported in the ischemic mouse brain, the cellular
source of S100A8/A9 is less clear than the widely established neuronal
HMGB1 expression. S100A8 and S100A9 are present in leukocytes, and
S100A8/A9 has been reported to induce neutrophil as well as monocyte
migration (Ryckman et al., 2003). This is in-line with the local human
observation in this study that S100A8/A9 concentrations correlated with
local neutrophil (p<0.0001) and monocyte counts (p ¼ 0.0002). Here,
we bridge the gap between experimental and human stroke research by
providing direct evidence of increased local DAMPs amounts in the
human brain. Other studies provided compelling, yet indirect, evidence
for a potentially detrimental role of HMGB1 and S100A8/A9 in human
stroke: Analysis of venous blood samples revealed that systemic HMGB1
levels rapidly increased within 24 h (Goldstein et al., 2006), were related
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to infarct size (Liesz et al., 2015), and independently predicted 1-year
clinical outcome (Huang et al., 2013). Similarly, Guo et al. (2020)
demonstrated that high plasma concentrations of S100A8/A9 were
independently associated with an increased risk of adverse clinical stroke
outcome at 3 months.

Although the precise signaling pathways from increased DAMPs
concentrations to stroke-related neuro-inflammation await further
elucidation, our data provide a first step in integrating experimental and
human data on ultra-early molecular events in the pathophysiology of
stroke. This may pave the way for novel anti-inflammatory treatment
strategies to augment efficacy of current treatment strategies that so far
remain focused on clot recanalization only.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://do
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