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Abstract: High-mobility group box 1 protein (HMGBL1) is a damage-associated molecular pattern
(DAMP) involved in neutrophil extracellular trap (NET) formation and thrombosis. NETs are regu-
larly found in cerebral thromboemboli. We here analyzed associated HMGB1 expression in human
thromboemboli retrieved via mechanical thrombectomy from 37 stroke patients with large vessel
occlusion. HMGB1 was detected in all thromboemboli, accounting for 1.7% (IQR 0.6-6.2%) of the
total thromboemboli area and was found to be colocalized with neutrophils and NETs and in spatial
proximity to platelets. Correlation analysis revealed that the detection of HMGB1 was strongly
related to the number of neutrophils (r = 0.58, p = 0.0002) and platelets (r = 0.51, p = 0.001). Our
results demonstrate that HMGBI is a substantial constituent of thromboemboli causing large vessel
occlusion stroke.
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1. Introduction

High mobility group box 1 (HMGB1) is a non-histone protein, which is constitutively
expressed in most cell types and can be released actively or passively into the extracel-
lular space from necrotic or activated cells [1,2]. In cerebral ischemia, HMGB1 is mainly
released by dying neurons, and circulating HMGBI levels correlate with ischemic brain
damage [3-5]. In addition, platelets and leukocytes are another important source of damage-
associated molecular patterns (DAMPs) such as HMGB1, which has been largely neglected
in the stroke field [5,6]. Platelet-derived HMGBI is a critical mediator of thrombosis [7]
and neutrophil extracellular trap (NET) formation [8]. Recently, several publications re-
ported a significant contribution of NETosis in vessel occlusive thromboemboli retrieved
during mechanical thrombectomy (MT) in acute ischemic stroke patients [9-11]. NETs,
as extracellular, web-like structures consisting of DNA, histones and granules, are also
involved in thrombosis and might increase thrombus stability and impact thrombolytic re-
sistance [12,13]. We here analyzed whether or not cerebral thromboemboli contain HMGB1
and how HMGBI relates to cellular components such as platelets and neutrophils.

2. Results
2.1. HMGBI Expression in Cerebral Thromboemboli

HMGBI1 was expressed in all 37 thromboemboli, accounting for 1.7% (IQR 0.6-6.2%)
of the total thromboemboli area (Figure 1a), as revealed by immunohistochemistry in small
spotted areas within erythrocyte- and fibrin-rich areas (Figure 1b). Frequently, HMGB1 was
also found to be widely distributed, especially in peripheral outer regions of the cerebral
thromboemboli (Figure 1c).
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Figure 1. HMGBI and platelets in cerebral thromboemboli. (a) Representative HMGBI stained thromboemboli and
magnifications illustrating the presence of (b) small, spotted HMGB1 regions, whereas, especially in peripheral regions,
(c) extensive areas of HMGB1 were found. (d) Representative CD42b stained thromboemboli illustrating the diversity
of platelet-rich areas within cerebral thromboemboli. HMGB1 = high mobility group box 1. Scale bars: (a,d) 200 um,

(b,c) 50 um.

Quantitative analysis of CD42b-positive areas as a measure for platelets revealed that
cerebral thromboemboli contain an amount of platelet-rich material between 5.3 and 65.2%
(mean 30.7 + 14.3%) of the total thromboemboli area. Platelet rich areas are also highly
variable in thrombus” morphology and were found as curved, independent structures
within large erythrocyte-rich areas but also as large and widespread regions within cerebral
thromboemboli (Figure 1d).
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For cellular localization of HMGB], triple immunofluorescence staining was per-
formed for HMGB1, CD66b, a marker for granulocytes, and CD42b. Fluorescent co-staining
showed spatial colocalization of HMGB1 and CD66b and spatial proximity of HMGBI1
expression to CD42b-positive platelets, but no colocalization (Figure 2a,b). Higher magnifi-
cations confirmed the spatial coexpression of HMGB1 and DNA within CD66b-positive
granulocytes (Figure 2c), whereas areas covered by CD42b-positive platelets were found
frequently within the interspace of HMGBI positive areas and had only marginal direct
contact with HMGB1 (Figure 2d).

(d)

Figure 2. Inmunofluorescent staining of HMGB1. Immunofluorescent co-staining identifies colocalization of (a) HMGBI,
CD66b and DNA (by DAPI) and spatial proximity of (b) HMGB1 and CD42b. Representative magnifications illustrate the
spatial coexistence of HMGB1 and CD66b, whereas CD42b was detected within the interspace of HMGB1-positive areas
and has only marginal contact with HMGB1. Scale bars: (a,b) 100 um, (c,d) 50 um. HMGB 1 = high mobility group box 1,
CD = cluster of differentiation, DAPI = 4,6-diamidino-2-phenylindole.

Additional fluorescent co-staining of HMGB1 and H3Cit revealed a spatial co-expression
of DNA, HMGB1 and H3Cit within large areas of NETs (Figure 3a), but also dotted areas,
implying NETosing neutrophils (Figure 3b).

2.2. HMGBI Correlates with the Amount of Neutrophils and Platelets

Quantitative analysis of HMGB1-positive areas, areas covered by CD42b-positive
platelets and the number of neutrophils per mm? were performed for the whole throm-
boembolus area. Correlation analysis of HMGB1 and structural components of cerebral
thromboemboli was performed: the amount of HMGBI strongly correlated with the num-
ber of neutrophils (r = 0.58, p = 0.0002) (Figure 4a). A positive correlation was also found for
HMGBI1-positive area and the area covered by CD42b-positive platelets (r = 0.51, p = 0.001)
(Figure 4b). Furthermore, the number of neutrophils was also associated with the area
covered by CD42b-positive platelets (r = 0.49, p = 0.002) (Figure 4c).
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(b)

H3Cit

Figure 3. Immunofluorescent coexistence of HMGB1 and NETs. Immunofluorescent co-staining identifies large areas with
colocalization of (a) DNA (by DAPI), HMGB1 and H3Cit demonstrating the existence of HMGB1 in NETs. Representative
magnifications illustrate small punctual coexistence (b) of HMGB1 and H3Cit revealing NETosing neutrophils. Scale bars:
(a,b) 20 pm. HMGBI1 = high mobility group box 1, DAPI = 4,6-diamidino-2-phenylindole.
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Figure 4. Correlation between (a) the area of HMGBL (in % of the total thromboembolus area) and the amount of neutrophils,
(b) the area of HMGBI and the area covered by CD42b-positive platelets, and (c) the amount of neutrophils with the area
covered by CD42b-positive platelets. p = level of significance. r = correlation coefficient. s = Spearman, p = Pearson.
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3. Discussion

Cerebral thromboemboli causing large vessel occlusion and subsequent ischemic
stroke exhibit a high structural complexity involving inflammatory cells [10,14,15]. HMGB1
is an endogenous DAMP-molecule, which can induce inflammation, but also thrombus for-
mation [16,17]. As the principal finding, we demonstrate that HMGBI is strongly expressed
in human cerebral thromboemboli, further linking inflammation and thrombus formation.
HMGBL is colocalized with NETosing neutrophils and large areas of extruded NETs, which
are regularly seen in cerebral thromboemboli [9-11]. CD42b-immunoreactivity-positive
platelets were in close vicinity to HMGB1-positive neutrophils and NETs, but did not
express HMGBL1 although they represent a major source of HMGBI. It is well established
that platelets release HMGB1 into the extracellular space upon activation [6,18]. Secreted
HMGBI1 can autoactivate platelets on the surface and thereby contribute to platelet aggre-
gation and thrombus formation [7,19]. More importantly, platelet-derived HMGB1 can
induce autophagy in neutrophils and formation of NETs [6,8]. NETosis itself augments
inflammation and has prothrombotic effects by activating platelets [20]. Thereby a vicious
cycle of activation and reactivation between platelets and neutrophils can emerge since
HMGBI can also be released by NETosed neutrophils [6]. The strong colocalization of
HMGBI1 and NETs in cerebral thromboemboli, together with the recent finding of a local
increase in HMGB1 plasma levels related to the extent of neutrophil recruitment in the
ischemic cerebral circulation of stroke patients [5], supports the notion that extracellular
HMGBI derived from activated platelets and NETosed neutrophils is an early mediator in
thrombus growth and cerebral embolism.

Taken together, our study identifies HMGB1 as an important structural component in
human cerebral thromboemboli and supports the notion that not only platelet aggregation
but also platelet-driven inflammation are an integral part of arterial thrombus formation.

4. Materials and Methods
4.1. Patient Population and Thrombectomy Procedure

For immunohistochemical analysis, 37 human thromboemboli causing acute ischemic
stroke were retrieved during mechanical thrombectomy at the Department of Neuroradi-
ology, University Hospital of Wiirzburg, Germany, as previously described [10,14]. The
ethics committee of the Medical Faculty of the University of Wiirzburg approved the
study protocol (reference number 36/12, 13 March 2012). Mechanical thrombectomy was
performed according to local standards using stent retrievers. Patients received general
anesthesia during the intervention.

4.2. Immunohistochemistry and Quantification

Thromboembolus processing after retrieval and immunohistochemical staining proto-
cols were performed as described previously [10,14]. Immunohistological staining was per-
formed for HMGB1, CD42b and CD66b. Primary antibodies (mouse anti-human HMGB1
polyclonal antibody (1:50, Ab190377, Abcam, Cambridge, UK), rabbit anti-human CD66b
polyclonal antibody (1:50, Ab197678, Abcam, Cambridge, UK), mouse anti-human CD42b
polyclonal antibody (1:100, MA5-11642, Invitrogen, Carlsbad, CA, USA) were used. Im-
munofluorescence staining protocol was performed as explained earlier [10]. As primary
antibodies, mouse anti-human HMGBL1 polyclonal antibody (1:50, Ab190377, Abcam, Cam-
bridge, UK), rabbit anti-human CD42b antibody (1:100, ab183345, Abcam, Cambridge,
UK), rabbit anti-human CD66b polyclonal antibody (1:50, Ab197678, Abcam, Cambridge,
UK) and rabbit anti-human H3Cit antibody (1:50, ab 5103, Abcam, Cambridge, UK) were
applied. As secondary antibodies (Alexa Fluor 488 goat anti-mouse IgG (1:100, A11001,
Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 594 goat anti-rabbit IgG (1:100 A21244, In-
vitrogen, Carlsbad, CA, USA) were incubated. Leica DMi8 and LasX software was used for
image acquisition. The HMGB1-positive area and CD42-positive area was determined by
Image ] software (https://imagej.nih.gov/ij/ (accessed on 13 August 2019)) in percentage
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of the total thromboembolus area. Quantification of neutrophils was performed as already
described [10].

4.3. Quantification and Statistical Analysis

Statistical analysis was performed with Graph Pad Prism 8.0.2 (Graph Pad Software,
San Diego, CA, USA). Normal distribution was tested by means of the Kolmogorov—-
Smirnov normality test. Pearson/Spearman correlations were performed to test for signifi-
cance. p values < 0.05 were considered to indicate statistical significance.

Author Contributions: FEE. performed experiments. FE., L.B.,, C.V.,, AMK, MP, LS, K.GH,PK,
G.S. and M.K.S. analyzed data, discussed results, revised the manuscript and provided important
intellectual content throughout the study. EE., G.S. and M.K.S. wrote the manuscript with input
and approval from all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the DFG project number 374031971-TRR 240 to M.P,, G.S.
and MK.S,, EE., C.V. and A M.K. were supported by the German Research Council (Deutsche
Forschungsgemeinschaft, DFG), Project No. 413657723 (Clinician Scientist-Programme UNION
CVD). This publication was supported by the Open Access Publication Fund of the University
of Wiirzburg.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
the Medical Faculty of the University of Wiirzburg (reference number 36/12, 13 March 2012).

Informed Consent Statement: Written Informed consent was obtained from all participants involved
in the study.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author. The data are not publicly available due to privacy and ethical
restrictions.

Acknowledgments: The authors thank Gabriele Kéllner for excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. K.G.H. reports study grants by Bayer
and Sanofi-Aventis, lecture fees/advisory board fees from AMARIN, Abbott, Sanofi-Aventis, Pfizer,
Bristol-Myers-Squibb, Boehringer Ingelheim, Daiichi Sankyo, W.L. Gore and Associates, Biotronik
and Medtronic. PK. reports a study grant by Daiichi Sankyo, lecture fees/advisory board fees from
Daiichi Sankyo and Pfizer.

References

1. Scaffidi, P; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 2002,
418, 191-195. [CrossRef] [PubMed]

2. Cai, J.; Wen, J.; Bauer, E.; Zhong, H.; Yuan, H.; Chen, A.F. The Role of HMGBI in Cardiovascular Biology: Danger Signals.
Antioxid. Redox Signal. 2015, 23, 1351-1369. [CrossRef] [PubMed]

3. Schulze, ].; Zierath, D.; Tanzi, P; Cain, K.; Shibata, D.; Dressel, A.; Becker, K. Severe stroke induces long-lasting alterations of
high-mobility group box 1. Stroke 2013, 44, 246-248. [CrossRef] [PubMed]

4. Huang, J-M.; Hu, J.; Chen, N.; Hu, M.-L. Relationship between plasma high-mobility group box-1 levels and clinical outcomes of
ischemic stroke. J. Crit. Care 2013, 28, 792-797. [CrossRef] [PubMed]

5. Schuhmann, M.K.; Kollikowski, A.M.; Mérz, A.G.; Bieber, M.; Pham, M.; Stoll, G. Danger-associated molecular patterns are
locally released during occlusion in hyper-acute stroke. Brain Behav. Immun.-Health 2021, 15, 100270. [CrossRef] [PubMed]

6. Maugeri, N.; Campana, L.; Gavina, M.; Covino, C.; De Metrio, M.; Panciroli, C.; Maiuri, L.; Maseri, A.; D’Angelo, A.; Bianchi, M.E,;
et al. Activated platelets present high mobility group box 1 to neutrophils, inducing autophagy and promoting the extrusion of
neutrophil extracellular traps. J. Thromb. Haemost. 2014, 12, 2074-2088. [CrossRef] [PubMed]

7.  Vogel, S;; Bodenstein, R.; Chen, Q.; Feil, S.; Feil, R.; Rheinlaender, J.; Schaffer, T.E.; Bohn, E.; Frick, J.S.; Borst, O.; et al. Platelet-
derived HMGBI is a critical mediator of thrombosis. J. Clin. Investig. 2015, 125, 4638-4654. [CrossRef] [PubMed]

8. Kim,SW.,; Lee, H,; Lee, HK.; Kim, L.D.; Lee, ] K. Neutrophil extracellular trap induced by HMGB1 exacerbates damages in the
ischemic brain. Acta Neuropathol. Commun. 2019, 7, 94. [CrossRef] [PubMed]

9. Laridan, E.; Denorme, E; Desender, L.; Francois, O.; Andersson, T.; Deckmyn, H.; Vanhoorelbeke, K.; De Meyer, S.F. Neutrophil

extracellular traps in ischemic stroke thrombi. Ann. Neurol. 2017, 82, 223-232. [CrossRef] [PubMed]


http://doi.org/10.1038/nature00858
http://www.ncbi.nlm.nih.gov/pubmed/12110890
http://doi.org/10.1089/ars.2015.6408
http://www.ncbi.nlm.nih.gov/pubmed/26066838
http://doi.org/10.1161/STROKEAHA.112.676072
http://www.ncbi.nlm.nih.gov/pubmed/23204053
http://doi.org/10.1016/j.jcrc.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23137435
http://doi.org/10.1016/j.bbih.2021.100270
http://www.ncbi.nlm.nih.gov/pubmed/34589775
http://doi.org/10.1111/jth.12710
http://www.ncbi.nlm.nih.gov/pubmed/25163512
http://doi.org/10.1172/JCI81660
http://www.ncbi.nlm.nih.gov/pubmed/26551681
http://doi.org/10.1186/s40478-019-0747-x
http://www.ncbi.nlm.nih.gov/pubmed/31177989
http://doi.org/10.1002/ana.24993
http://www.ncbi.nlm.nih.gov/pubmed/28696508

Int. J. Mol. Sci. 2021, 22, 11276 70f7

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Essig, F,; Kollikowski, A.M.; Pham, M.; Solymosi, L.; Stoll, G.; Haeusler, K.G.; Kraft, P.; Schuhmann, M.K. Immunohistological
Analysis of Neutrophils and Neutrophil Extracellular Traps in Human Thrombemboli Causing Acute Ischemic Stroke. Int. J. Mol.
Sci. 2020, 21, 7387. [CrossRef] [PubMed]

Novotny, J.; Oberdieck, P; Titova, A.; Pelisek, J.; Chandraratne, S.; Nicol, P.; Hapfelmeier, A.; Joner, M.; Maegdefessel, L.; Poppert,
H.; et al. Thrombus NET content is associated with clinical outcome in stroke and myocardial infarction. Neurology 2020, 94,
€2346-€2360. [CrossRef] [PubMed]

Martinod, K.; Wagner, D.D. Thrombosis: Tangled up in NETs. Blood 2014, 123, 2768-2776. [CrossRef] [PubMed]

Ducroux, C.; Di Meglio, L.; Loyau, S.; Delbosc, S.; Boisseau, W.; Deschildre, C.; Ben Maacha, M.; Blanc, R.; Redjem, H.; Ciccio, G.;
et al. Thrombus Neutrophil Extracellular Traps Content Impair tPA-Induced Thrombolysis in Acute Ischemic Stroke. Stroke 2018,
49, 754-757. [CrossRef] [PubMed]

Schuhmann, M.K.; Gunreben, I; Kleinschnitz, C.; Kraft, P. Inmunohistochemical Analysis of Cerebral Thrombi Retrieved by
Mechanical Thrombectomy from Patients with Acute Ischemic Stroke. Int. ]. Mol. Sci. 2016, 17, 298. [CrossRef] [PubMed]
Staessens, S.; Denorme, F.; Francois, O.; Desender, L.; Dewaele, T.; Vanacker, P.; Deckmyn, H.; Vanhoorelbeke, K.; Andersson, T.;
De Meyer, S.F. Structural analysis of ischemic stroke thrombi: Histological indications for therapy resistance. Haematologica 2020,
105, 498-507. [CrossRef] [PubMed]

Ye, Y;; Zeng, Z,; Jin, T.; Zhang, H.; Xiong, X.; Gu, L. The Role of High Mobility Group Box 1 in Ischemic Stroke. Front. Cell.
Neurosci. 2019, 13, 127. [CrossRef] [PubMed]

Wu, H.; Li, R.; Pei, L.G.; Wei, Z.H.; Kang, L.N.; Wang, L.; Xie, J.; Xu, B. Emerging Role of High Mobility Group Box-1 in
Thrombosis-Related Diseases. Cell. Physiol. Biochem. 2018, 47, 1319-1337. [CrossRef] [PubMed]

Rouhiainen, A.; Imai, S.; Rauvala, H.; Parkkinen, J. Occurrence of amphoterin (HMG1) as an endogenous protein of human
platelets that is exported to the cell surface upon platelet activation. Thromb. Haemost. 2000, 84, 1087-1094. [PubMed]

Yang, X.; Wang, H.; Zhang, M.; Liu, J.; Lv, B.; Chen, . HMGB1: A novel protein that induced platelets active and aggregation via
Toll-like receptor-4, NF-kappaB and cGMP dependent mechanisms. Diagn. Pathol. 2015, 10, 134. [CrossRef] [PubMed]

Kim, S.W.; Lee, ] K. Role of HMGBI in the Interplay between NETosis and Thrombosis in Ischemic Stroke: A Review. Cells 2020,
9,1794. [CrossRef] [PubMed]


http://doi.org/10.3390/ijms21197387
http://www.ncbi.nlm.nih.gov/pubmed/33036337
http://doi.org/10.1212/WNL.0000000000009532
http://www.ncbi.nlm.nih.gov/pubmed/32434865
http://doi.org/10.1182/blood-2013-10-463646
http://www.ncbi.nlm.nih.gov/pubmed/24366358
http://doi.org/10.1161/STROKEAHA.117.019896
http://www.ncbi.nlm.nih.gov/pubmed/29438080
http://doi.org/10.3390/ijms17030298
http://www.ncbi.nlm.nih.gov/pubmed/26927082
http://doi.org/10.3324/haematol.2019.219881
http://www.ncbi.nlm.nih.gov/pubmed/31048352
http://doi.org/10.3389/fncel.2019.00127
http://www.ncbi.nlm.nih.gov/pubmed/31001089
http://doi.org/10.1159/000490818
http://www.ncbi.nlm.nih.gov/pubmed/29940562
http://www.ncbi.nlm.nih.gov/pubmed/11154118
http://doi.org/10.1186/s13000-015-0348-3
http://www.ncbi.nlm.nih.gov/pubmed/26245198
http://doi.org/10.3390/cells9081794
http://www.ncbi.nlm.nih.gov/pubmed/32731558

	Introduction 
	Results 
	HMGB1 Expression in Cerebral Thromboemboli 
	HMGB1 Correlates with the Amount of Neutrophils and Platelets 

	Discussion 
	Materials and Methods 
	Patient Population and Thrombectomy Procedure 
	Immunohistochemistry and Quantification 
	Quantification and Statistical Analysis 

	References

