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Mechanisms off hromboinflammation
lessons from human diseases
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Rudolf Virchow recognized the inflammatory nature
of atherosclerotic plagues (mid 19th century)

GLY a2YSZI LI NI A Od:
the softening manifests itself even In
the arteries not as the consequence o

a really fatty process, but as a direct
LINE RdzOU 2F Ay FE I Y

Virchow R. Cellular Pathology. London: John Churchill; 1858.



The New England Journal of Medicine

Review Article ]ﬂnl]flr}" 14'., 1999

Mechanisms of Disease

FRANKLIN H. EPSTEIN, M.D., Editor

ATHEROSCLEROSIS — AN
INFLAMMATORY DISEASE

RusseLL Ross, PH.D.

FACTORS THAT INDUCE AND I'PROMOTE
INFLAMMATION OR ATHEROGENESIS

Numerous pathophysiologic observations in hu-
mans and animals led to the formulation of the re-
sponse-to-injury hypothesis of atherosclerosis, which
initially proposed that endothelial denudation was
the first step in atherosclerosis.® The most recent ver-
sion of this hypothesis emphasizes endothelial dys-
function rather than denudation. Whichever process
1s at work, each characteristic lesion of atherosclero-
sis represents a different stage in a chronic inflamma-
tory process in the artery; it unabated and excessive,
this process will result in an advanced, complicated
I P ... DOction
mod-

case. 1 approximately 50 percent of patients with cardio- oking,

A THE Thus, although hypercholesterolemia is important

chole:

vascular disease,®> other factors need to be taken into

altera-

consideration. Atherosclerosis is clearly an inflamma-
tory disease and does not result simply trom the ac-
cumulation of lipids. If we can selectively modity the



Observation studies: hsCRP and CVD
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Inflammation and thrombosis in realife

ACommon chronic Inflammatory and autoimmune diseases are
associatedvith highcumulativerisk for atherosclerosigndthrombotic
complications

AInfectiousinflammation(sepsis)andthrombosis(DIC)

AMetaboIicsyndromeand subclinical]Jow gradesystemidanflammation

AEmerginganti-inflammatorystrategiesagainstthrombosis




High CVD risk patients

1. HELLENIC SCORH%

2. One but very high CVD risk factagd severe
hypertension, excessive smoking)

3. Familial hypercholesterolemia (FH)

EAAnvikn ETaipeia

Hellenic Journal of Atherosclerosis 2014;5(3):-163 AOnpooAnp RS,
www.atherosclerosis.gr



Autoimmune and inflammatory

Venousﬁ\)rterial Thrombosis disesses, sepsDlc I mmun Oth rom bOS|5£

Large vessels (e)

thromboinflammation

o Alnflammation and thrombosis are tightly

Sterile mfIammatlon Small vessels

-m:‘ Interrelated using common molecular pathways
JROECT VA and mechanisms in a host defense effector

Immunothrombosis

Host defense mechanism termedmmunothrombosis
_ (d)

AThe dysregulated and excessive activation of

EI L | immunethrombosisesults in
6 NeiFopul thromboinflammation, causing tissue damage
«® and organ dysfunctiomicro- and macrevascular
Coagulation ) Immunity thrombosis)
Chordata

A\Aciouscircle(s) ofnnate immune cells (mainly
neutrophils), platelets, complement systenand

Arthropoda coagulationcascadeactivation
Coagula’uon/ ‘ (insects, spiders, crustaceans)

Immun'ty = Stakos& SkendrosThrombHaemost 2020;Stark KMassbergS Nat RevCardiol 2021

(mammals, humans)
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Thromboinflammation

acute highgrade chronic lowgrade
Immediate events Longterm
Immunothrombosiénfection atherosclerosis
vascular thrombosis/atherothrombosis vascular fibrosis/remodeling

[ fibrous cap rupture




The concept othromboinflammation
Reciprocal relationship and dynamic interplay
between inflammation and thrombosis
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Venous thrombosis

*Cancer DIC

*Sepsis
e T

+Ischemia/Reperfusion Injury

*Angiogenesis
*Antiphospholipid syndrome *Metastasis

*Arthritis

Mitroulis |, KambasK, AnyfantiP,Doumad\, RitisK.ExpertOpinTherTargets 2011



Mechanism of PAR1 activation

Thrombin PART PAR1”

C Coagulation/thrombosis
Inflammatory responses

Modified: Coughlin SR. Nature 2000



Immunity

The Coagulation and Immune Systems Are Directly
Linked through the Activation of Interleukin-1a by

Thrombin

Graphical Abstract

Site of injury and/or local thrombin activation

1- Damaged epithelium/endothelium " 6 - Healing and pathogen elimination

5 — Initiation of immune response
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Cleaved IL-1a.
has full activity

3 —Membrane bound or released pro-IL-1a from local cells ./

Thrombin cleaves pro-IL-1c
at conserved site

pro-IL-1« has
low activity

Authors

Laura C. Burzynski, Melanie Humphry,
Katerina Pyrillou, ..., Paul B. Martin,
Martin R. Bennett, Murray C.H. Clarke

Correspondence
mchc2@cam.ac.uk

In Brief

Burzynski et al. reveal that the
coagulation protease thrombin directly
cleaves pro-interleukin (IL)-1e, rapidly
activating the downstream inflammatory
cascade. This cleavage site in IL-1a is
conserved throughout mammals,
suggesting that this link between
coagulation and inflammation may be
relevant in multiple disease settings.

Burzynski et al., 2019, Immunity 50, 1033-1042



Thrombin proteolytically cleaves and activates C5 and C3

Generation of C5a in the absence of C3: a new
complement activation pathway

Markus Huber-Lang!®, J Vidya Sarma®®, Firas S Zetoune>®, Daniel Rittirsch?, Thomas A Neff?,
Stephanie R McGuire?, John D Lambris®, Roscoe L Warner?, Michael A Flierl?, Laszlo M Hoesel?,
Florian Gebhard!, John G Younger4, Scott M Drouin?, Rick A Wetsel® & Peter A Ward?

JUNE 2006 NATURE MEDICINE

A meJournal of Molecular Intercommunication between the
B ITmmunolo gy Complement and Coagulation Systems

Umme Amara, Michael A. Flierl, Daniel Rittirsch, Andreas
Klos, Hui Chen, Barbara Acker, Uwe B. Briickner, Bo
Nilsson, Florian Gebhard, John D. Lambris and Markus

Huber-Lang
J Immunol 2010; 185:5628-5636:



"MESSI ALONE IS MORE
DANGEROUSTHAN 52
RONALDO, BALE  « -
AND BENZEMA | @

PUT TOGETHER"

- ATLETICO MADRID MANAGER
DIEGO SIMEONE

Neutrophil: key player inthromboinflammation



The Journal of Immunelogy, 2006, 177: 4794-4802.

A Novel C5a Receptor-Tissue Factor Cross-Talk in Neutrophils
Links Innate Immunity to Coagulation Pathways'

Konstantinos Ritis,”* Michael Doumas,* Dimitrios Mastellos,” Anastasia Micheli,*
Stavros Giaglis,* Paola Magotti,” Stavros Rafail,* Georgios Kartalis,* Paschalis Sideras,” and
John D. Lambris**
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Complement activated neutrophils are able to produce TF

Redechd&, Tilley RTencatiM, et al. Tissue factor: a link between C5a and
neutrophilactivation inantiphospholipicantibody induced fetal injury.
Blood2007.110:242331

Redechd, FranzkeCW,RufW, et al.Neutrophilactivation by the tissue
factor/FactorVIIdPAR2 axis mediates fetal death in a mouse model of
antiphospholipidsyndrome.

J Clinnvest2008118:345361

Kamba,MarkiewskiMM, PneumatikodA, et al. C5aand TNFalphaup-
regulatethe expressiorof tissuefactor in intra-alveolarneutrophilsof
patientswith the acuterespiratorydistresssyndrome

Jimmunol. 2008180:736875.

Kourtzelid, MarkiewskiMM, DoumadV, et al. Complement
anaphylatoxinC5acontributesto hemodialysisassociatedhrombosis
Blood 2010116:6319.
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Neutrophil Extracellular Traps Kill Bacteria
Volker Brinkmann, et al.

Science 303, 1532 (2004);

DOI: 10.1126/science.1092385
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Excess NET formation can drive a variety of severe pathologies
Pre-NETotic NETotic
neutrophils neutrophils

.
Bone Peripheral
marrow neutrophils /
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Diseasespecific
environmental signals
NEUTROPHIL PLASTIC
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Figure 2 Plasticity of

neutrophils can lead to Phenotypespecific Phenotypespecific
f fi v di NETS cytokines/mediators bioactive NETs
unctionally diverse NEUTROPHIL DIVERS NET DIVERSITY

Skendrod® et al. CYTONET Project



NET releasel\{ETosﬁ,a
at¢tg2 KAUA Y2RST €

2nd trigger
NETosis
induction

X INFLAMMATION
THROMBOSIS

1sttrigger
Disease inflammatory

environment
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Mechanisms of neutrophil extracellular trap
(NETXhrombogenicity

Neutrophils

Inactivation/degradation of anti-coagulants
(antithrombin, TFPI, APC)
Expression/activation of coagulation factors
(TF, FX, FXII, FV)
Endothelial cell activation/thrombogenicity
(adhesion molecules/TF expression)
Increased thrombus stability
(thicker fibrin fibers, inhibition of tPA)
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Stakos& SkendrosThrombHaemost 2020



Neutrophils/NETs are key factors linking
iInnate immunity/inflammation to thrombus formation in
various clinical models




OPEN 8 ACCESS Freely available online @PLOS | ONE

Autophagy Mediates the Delivery of Thrombogenic
Tissue Factor to Neutrophil Extracellular Traps in Human

Sepsis PLoSOne. 2012;7(9):e45427

Konstantinos Kambas'?, loannis Mitroulis'®, Eirini Apostolidou’, Andreas Girod?,
Akrivi Chrysanthopoulou’, loannis Pneumatikos?®, Panagiotis Skendros', loannis Kourtzelis?,
Maria Koffa’, loannis Kotsianidis®, Konstantinos Ritis'*
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Basic and translational research

Impact
Factor

Annals of the
Rheumatic
Disecases

The EULAR Journal

renal

EXTENDED REPORT

Tissue factor expression in neutrophil extracellular
traps and neutrophil derived microparticles

In antineutrophil cytoplasmic antibody associated
vasculitis may promote thromboinflammation and
the thrombophilic state associated with the disease

Konstantinos Kambas,' Akrivi Chrysanthopoulou,' Dimitrios Vassilopoulos,?
Eirini Apostolidou,' Panagiotis Skendros,® Andreas Girod,* Stella Arelaki, '
Marios Froudarakis, Lydia Nakopoulou,® Alexandra Giatromanolaki,”
Prodromos Sidiropoulos,® Maria Koffa,” Dimitrios T Boumpas, "
Konstantinos Ritis,'> loannis Mitroulis' 2
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TRANSLATIONAL SCIENCE

REDD1/autophagy pathway promotes A Rheum Dis 2019
thromboinflammation and fibrosis in human systemic
lupus erythematosus (SLE) through NETs decorated
with tissue factor (TF) and interleukin-17A (IL-17A)

Eleni Frangou, '"?? Akrivi Chrysanthopoulou,? Alexandros Mitsios,?

Konstantinos Kambas,? Stella Arelaki,” lliana Angelidou,® Athanasios Arampatzioglou,®

Hariklia Gakiopoulou,® George K Bertsias,’ Panayotis Verginis,' Konstantinos Ritis,*®

Dimitrios T Boumpas'-%21° )
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European Heart Journal Advance Access published February 7, 2015

BASIC SCIENCE

European Heart Journal

EURCPEAN doi:10.1093/eurheartj/ehv007
SOCIETY OF
CARTIOLCGY =

Expression of functional tissue factor by neutrophil
extracellular traps in culprit artery of acute
myocardial infarction

Dimitrios A. Stakos1T, Konstantinos Kambas2', Theocharis Konstantinidis?2,
loannis Mitroulis?, Eirini Apostolidou?, Stella Arelaki?, Victoria Tsironidou?,
Alexandra Giatromanolaki4, Panagiotis Skendros?, Stavros Konstantinides'>,
and Konstantinos Ritis*

Translational perspective
Neutrophils are involved in the pathophysiology of infracted coronary arteries in STEMI via NET structures. Platelets, activated by thrombin,
are required for NET formation, while the integrity of NET scaffold contributes to the functionality of NET-bound TF. The blockage of NET
formation or local neutralization of NET-mediated TF signalling constitutes candidate therapeutic targets.

IRA thrombous



European Heart Journal (2016) 37, 1538-1549 ESC FASTTRAI
curorean  doi:10.1093/eurheartj/ehv419 ESC Basic and Translational Science Hot Lir

SOCIETY OF
CARPHOLOGY ®

Histopathological evaluation of thrombus in

patients presenting with stent thrombosis.

A multicenter European study: a report of the
prevention of late stent thrombosis by an
interdisciplinary global European effort

consortium? PRESTIGE Investigators

Results Overall 253 thrombus specimens were analysed; 79 (31.2%) from patients presenting with early ST, 174 (68.8%) from
late ST; 79 (31.2%) were from bare metal stents, 166 (65.6%) from drug-eluting stents, 8 (3.2%) were from stents of
unknown type. Thrombus specimens displayed heterogeneous morphology with platelet-rich thrombus and fibrin/fi-
brinogen fragments most abundant; mean platelet coverage was 57% of thrombus area. Leukocyte infiltrations were
hallmarks of both early and late ST (early: 2260 + 1550 per mm? vs. late: 2485 + 1778 per mm? P = 0.44); neutrophils
represented the most prominent subset (early: 1364 + 923 per mm?vs. late: 1428 + 1023 per mm?; P = 0.81). Leuko-
cyte counts were significantly higher compared with a control group of patients with thrombus aspiration in spontan-
eous myocardial infarction. Neutrophil extracellular traps were observed in 23% of samples. Eosinophils were present
in all stent types, with higher numbers in patients with late ST in sirolimus-and everolimus-eluting stents.

Conclusion In a large-scale study of histological thrombus analysis from patients presenting with ST, thrombus specimens displayed
heterogeneous morphology. Recruitment of leukocytes, particularly neutrophils, appears to be a hallmark of ST. The
presence of NETs supports their pathophysiological relevance. Eosinophil recruitment suggests an allergic component
to the process of ST.



https://www.ncbi.nlm.nih.gov/pubmed/?term=Prevention%20of%20Late%20Stent%20Thrombosis%20by%20an%20Interdisciplinary%20Global%20European%20Effort%20(PRESTIGE)%20Investigators%5bCorporate%20Author%5d

Thromb Haemost 2017;: 117: 1919-1929

Stroke, Systemic or Venous Thromboembolism

Neutrophil extracellular traps are increased in patients with acute
ischemic stroke: prognostic significance

Juana Vallés'; Aida Lago?; Maria Teresa Santos'; Ana Maria Latorre’; José . Tembl?; Juan B. Salom**; Candela Nieves?;
Antonio Moscardé'

'Hemostasis, Thrombosis, Atherosclerosis, and Vascular Biology Unit, Health Research Institute La Fe, Valencia, Spain; E'[Jlepzlar'tn'nant of Neurclogy, University and Polytechnic
Hospital La Fe, Valencia, Spain; *Cerebrovascular Research Joint Unit, Health Research Institute La Fe, Valencia, Spain; *Department of Physiology, University of Valencia, Valencia,

Spam A243 patients with acute ischemic stroke
Afollow-up 12 months after the ischemic event
Aplasmacitrullinated histone 3 (citH3) candidate prognostic &
therapeutic target in stroke

e NETs are elevated in acute ischemic stroke, and related with age,
atrial fibrillation or glucose levels.

e Higher NETs at the moment of stroke are independently associ-
ated with worse outcome at one year.



Thrombus Neutrophil Extracellular Traps Content Impair
tPA-Induced Thrombolysis in Acute Ischemic Stroke
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ANETSs content was associated with endovascular procedure length & device number of passes
AtPAand DNAsel coadministration accelerated ex vivthrombolysis

DucrouxC et al Stroke. 2018



Key Interactions between platelets and neutrophils or macrophages

proteoglycans
C AN
- ©

CXCL4

Martinod K,DeppermanrC. Platelets. 2021



Platelets

—

Support/induce
NET formation

Influence the migratory
properties of
neutrophils



Platelet TLR4 activates neutrophil extracellular traps
to ensnare bacteria in septic blood

Stephen R Clark!®, Adrienne C Ma®®, Samantha A Tavener', Braedon McDonald', Zahra Goodarzi',
Margaret M Kelly!?, Kamala D Patel'?, Subhadeep Chakrabarti!”’, Erin McAvoy!, Gary D Sinclair??,
Elizabeth M Keys?, Emma Allen-Vercoe*, Rebekah DeVinney*, Christopher ] Doig’, Francis H Y Green?
& Paul Kubes'

NATURE MEDICINE VOLUME 13 | NUMBER 4 | APRIL 2007

APlatelet TLR regulates adhesionof platelets to
neutrophils

APlateletsare necessaryor LPSinducedneutrophil
NETformation
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In STEMI thrombiractivated platelets interact with neutrophils to
release NETS, via secretion of inorgapmyP

Merge

STEMI thrombus

Chrysanthopoulo, et al. JPathol2017




Dynamic reorganization of neutrophil domains and receptors allows simultaneous interactions
with both the vascular wall and activated platelets in the circulation early during inflammation

%

SreeramkumalrV. et alNeutrophils scan for activated platelets to initiate inflammatioiscience 2014
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Clinical lessons of COVI® coagulopathy

# COVIEL9 is associatedwith venous and arterial thrombosis stroke,
pulmonaryembolism,andincreasedatesof cardiaccomplications

# Phenotype similar to Thrombotic Microangiopathy (TMA) and/or
AntiphospholipidSyndrome/CAPS

# Very high cumulative incidence of thrombotic complications in
hospitalizedpatientswith COVIBL9 pneumonia(20-50%)

# Many patientswith thrombosishavebeenin intensivecare units (ICUs),
however less seriously ill patients are also at significant risk of
thromboemboliccomplications

# Thromboticeventsmay be the initial presentingsymptomof COVIBEL9

AGuoT et al. JAM&ardiol 2020

A Ackermann M, et al. EnglJ Med. 2020
A Fox SE et al. LandeespiMed 2020

A Poissyl et al. Circulation. 2020
AZhang Y et al EnglJ Med. 2020

Aa dz3-Rilvas N et alThrombRes. 2021
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Pulmonary embolism in a severe COVID patient

A Male, 62yrs A Neutrophils: 15600+
A 13" day of disease | A Lymphocytes: 620>

A SpQ=84%FiQ,90% | A CRP: 10.2 mg/d|

A Arterial hypertension | A LDH: 588 U/L

A BMI 27 A D-Dimers: 4383 ng/ml

COVIBL9-2nd Wards, First Department of Internal Medicine, University Hospitalexfandroupolis



Severe thrombotic complication in a COVID patient

A Male,58yrs

A 16t day of disease

A SpQ = 97%Fi0, 35%

A No smoking, BMI 25

A Wellcontrolled hypertension
A No history of CVD event

P "

A Neutrophils: 12760
A Lymphocytes: 680>
A CRP: 7.71 mg/dl

A LDH: 1057 U/L

A D-Dimers: 976 ng/ml

COVIBEL9 2nd Wards, First Department of Intern
Medicine, University Hospital éflexandroupolis



Micro-CLOTs

Microthrombi in the
alveolar capillaries
(arrowheads)
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EClinicalMedicine 2930 (2020) 100639

Contents lists available at ScienceDirect

EClinicalMedicine

journal homepage: https://www.journals.elsevier.com/eclinicalmedicine

Research Paper

Thromboembolism risk of COVID-19 is high and associated with a higher
risk of mortality: A systematic review and meta-analysis

Mahmoud B. Malas'*, Isaac N. Naazie', Nadin Elsayed, Asma Mathlouthi, Rebecca Marmor,
Bryan Clary

Department of Surgery, University of California San Diego Health System, San Diego, CA 92093, United States 42 Stu d | eS/8 2 7 1 patl e ntS

Findings: Of 425 studies identified, 42 studies enrolling 8271 patients were included in the meta-analysis.
Overall venous TE rate was 21% (95% Cl:17—-26%): ICU, 31% (95% CI. 23—-39%). Overall deep vein thrombosis
rate was 20% (95% CI: 13—-28%): ICU, 28% (95% Cl: 16—41%); postmortem, 35% (95% Cl:15—-57%). Overall pul-
monary embolism rate was 13% (95% Cl: 11-16%): ICU, 19% (95% Cl:14-25%); postmortem, 22% (95%
Cl:16—-28%). Overall arterial TE rate was 2% (95% Cl: 1-4%): ICU, 5% (95%Cl: 3—7%). Pooled mortality rate
among patients with TE was 23% (95%Cl:14—32%) and 13% (95% Cl:6—-22%) among patients without TE. The

pooled odds of mortality were 74% higher among patients who developed TE compared to those who did not
(OR, 1.74; 95%CI, 1.01-2.98; P=0.04).



Understanding thammunothrombotic
mechanisms in COVHDO constitutes a
significant medical challenge today

2
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Control

Clinical Investigation
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Complement activation PMX53 Thromboinflammation
C5aR1
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Thromboinflammation

acute highgrade

|

Immediate events
Immunothrombosignfection
vascular thrombosis/atherothrombosis

] fibrous cap ruptur




The NLRP&;hflammasomeinstigates obesityinduced inflammation and

Insulin resistance
Vandanmagsaet al Nature MedicineVOL 17 ; 2 | FEBRUARY11



