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Zusammenfassung

In der vorliegenden Dissertation wurden die vielfiltigen Rollen der Immunzellen, insbesondere der CD4* T-

Zellen in der Atherothrombose sowie in der Thrombose bei Infektionen und Tumormetastasen untersucht.

Die morphologische und strukturelle Charakterisierung grof®r Thromben aus Karotis- und
Oberschenkelarterien zeigte deutliche regionale Unterschiede in der Fibrindichte und der Verteilung von
Immunzellen. CD4" T-Zellen, insbesondere aktivierte Subtypen, waren (berwiegend in fibrin- und
thrombozytenreichen Bereichen lokalisiert, was darauf hindeutet, dass sie die Fibrinolyse durch Regulatoren
wie UPA und TAFI modulieren. In pulmonalen Thromben von COVID-19-Patienten korrelierten CD4* T-
Zellen negativ mit dem Ausmafl3der mikrovaskul&en Thrombose. Diese Korrelation war bei COVID-19
staker ausgepragt als bei Influenza-Virus-Infektionen, was das einzigartige Zusammenspiel von

Entzindungs- und Thromboseprozessen in der COVID-19-Pathophysiologie unterstreicht.

Bei chronischer arterieller Thrombose trat Neovaskularisation auf, wobei Mikothromben in Mikrogefé®n
eingebettet waren, die h&ufig T-Helferzellen enthielten. Dies konnte darauf hindeuten, dass CD4* T-Zellen
langfristige Regulatoren der Thrombose sind und potenziell zur Aufrechterhaltung des Blutflusses durch

organisiertes thrombotisches Gewebe beitragen.

Bei experimentellen Infektionen mit E. coli wurde festgestellt, dass CD4* T-Zellen in die Fibrinolyse
eingebunden sind, indem sie den Fibrinolyseninhibitor TAFI binden. Sie wirkten der TAFI-vermittelten
Hemmung der Fibrinolyse entgegen, indem sie insbesondere die Bindung von TAFI an Fibrin verhinderten.
Dariber hinaus wurden in einem murinen Modell der S. pneumoniae-Infektion aktivierte Th17-Zellen als
starke Anlocker von tPA in der mikrovaskul&en Thrombose innerhalb von Lebersinusoiden identifiziert,

was auf eine spezialisierte Rolle dieses T-Zell-Subtyps in der Fibrinolyse wéarend einer Infektion hindeutet.

In Tiermodellen der Pankreasmetastase beeinflusste die mikrovaskul&e Thrombose die Extravasation von
Tumorzellen. Wé&rend Rivaroxaban die Extravasation in schwach prokoagulanten Tumorzelllinien
reduzierte, erhchte es die Extravasation in stark prokoagulanten Tumorzelllinien, was darauf hindeutet, dass
unter spezifischen Bedingungen die mikrovaskul&e Thrombose die frthe Metastasierung durch

Beeinflussung der Gefddermeabilit& potenziell beschleunigen kénnte.

Diese Dissertation liefert bedeutende Einblicke in die komplexen Rollen von Thrombose und CD4" T-Zellen
in unterschiedlichen pathologischen Settings und ebnet den Weg fir zielgerichtete therapeutische Strategien

bei Thrombose und verwandten Erkrankungen.



Summary

In the present thesis, the multifaceted roles of immune cells, especially of CD4" T cells in
atherothrombosis as well as in thrombosis in infection, infection and tumor metastasis have

been investigated.

The morphological and structural characterization of large thrombi from carotid and femoral
arteries highlighted distinct regional differences in fibrin density and immune cell distribution.
CDA4* T cells, particularly activated subsets, were predominantly located in fibrin and platelet-
rich regions, potentially modulating fibrinolysis through fibrinolysis regulators such as uPA
and TAFI. In pulmonary thrombi from COVID-19 patients, CD4" T cells negatively correlated
with the extent of microvascular thrombosis. This correlation was stronger in COVID-19 than
in influenza virus infection, highlighting the unique inflammatory and thrombotic interplay in
COVID-19 pathophysiology.

In chronic arterial thrombosis, neovascularization occurred with microthrombi embedded in
microvessels that often contained T helper cells. This could suggest that CD4" T cells are long-
term regulators of thrombosis, potentially contributing to contributing to the maintenance of
blood flow through organized thrombotic tissue.

In experimental infection with E. coli, CD4" T cells were found to be engaged in fibrinolysis
by means of the binding the fibrinolysis inhibitor (TAFI). CD4" T cells counteracted TAFI-
mediated fibrinolysis inhibition in particular by preventing binding of TAFI to fibrin. Moreover,
in a murine model of S. pneumoniae infection, activated Th17 cells were identified as potent
attractors of tPA in microvascular thrombosis within liver sinusoids, suggesting a specialized
role for this T cell subtype in fibrinolysis during infection.

In animal models of pancreatic metastasis, microvascular thrombosis influenced tumor cell
extravasation. While rivaroxaban reduced extravasation in poorly pro-coagulant tumor cell
lines, it increased extravasation in highly pro-coagulant tumor cell lines, suggesting that under
specific conditions, microvascular thrombosis might potentially accelerate early metastasis by

influencing vessel permeability.

This thesis provides significant insights into the intricate roles of thrombosis and CD4* T cells
across different pathological settings, paving the way for targeted therapeutic strategies in

thrombosis and related diseases.
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Abbreviations

Ab Antibody

ADP Adenosine diphosphate

APC Allophycocyanin

BSA Bovine serum albumin

Ca* Calcium

CD Cluster of differentiation
COVID-19 Coronavirus disease 2019

CTI Corn trypsin inhibitor

DAPI 4',6-diamidino-2-phenylindole
ddH20 Double distilled water

DMSO Dimethylsulfoxide

DNA Desoxyribonucleic acid

ECM Extracellular matrix

EDTA Ethylene-diamine-tetra-acetic acid
F Factor

FACS Fluorescence-activated cell sorting.
FBS Foetal bovine serum

FDPs Fibrin degradation products

FITC Fluorescein isothiocyanate
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HMWK High-molecular-weight kininogen
ICC Immunocytochemistry

IL Interleukin

19G Immunoglobulin-G

IHC Immunohistochemical

LSM Laser scanning microscope
MACS Magnetic-activated cell sorting
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MC Monocyte

Mo Macrophage

MMPs Matrix metalloproteinases

NETs Neutrophil extracellular traps

PAD Peripheral artery disease

PBMCs Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PFA Paraformaldehyde

PK Prekallikrein

pNA P-nitroaniline

RBCs Red blood cell

RT Room Temperature

ROTEM Rotational Thromboelastometry

ROS Reactive oxygen species

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
TAFI Thrombin-activatable fibrinolysis inhibitor
TEG Thromboelastrography

TNF Tumor necrosis factor

tPA Tissue-type plasminogen activator

TxA2 Thromboxane A2

uPA Urokinase-type plasminogen activator
uPAR Urokinase-type plasminogen activator receptor
VEGF Vascular endothelial growth factor

WBCs White blood cells

WT Wild type

Table 1
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l.Introduction

1.1 Hemostasis

Hemostasis is a highly coordinated and intricate process that initiates in response to vascular
injury or damage. It involves a way of the mechanical vascular spasm, platelet aggregation, and
fibrin clot formation. Hemostasis effectively prevents excessive bleeding or inappropriate clot
formation. Each component of hemostasis is closely interlinked with each other.

1.1.1 Vascular spasm

When blood vessel injury occurs, the vascular smooth muscle surrounding the vessel rapidly
contracts to constrict the blood vessels. This transient vascular spasm helps minimize blood

loss and prepares for subsequent hemostasis steps.

1.1.2 Platelet aggregation

The exposed subendothelial extracellular matrix of damaged blood vessels, including collagen
fibers, binds to platelets through a binding molecule, von Willebrand factor (VWF), which itself
binds to the platelet GPIba receptor, the crucial role of platelets in stopping bleeding. This leads
to the rapid aggregation and adhesion of platelets at the injury site. Subsequently, the adhered
platelets are activated through various substances through degranulation, including adenosine
diphosphate (ADP), thromboxane A2 (TxA2), and serotonin. Serotonin enhances
vasoconstriction, ADP facilitates additional platelet aggregation, and TxA2 promotes
vasoconstriction and additional platelet activation. This positive regulation process leads to the
formation of a platelet plug, which temporarily seals the wound, a stage defined as primary

hemostasis.[*.

1.1.3 Fibrin clot formation

During primary hemostasis, fibrin clot formation is initiated continuously. This occurs via a
series of interconnected reactions involving the different coagulation factors and is known as
the coagulation cascade, comprising the intrinsic, extrinsic, and common pathways. The
intrinsic and extrinsic pathways merge downstream to initiate the common pathway with
activation of factor X (FX), the pivotal intersection point in clot formation (Fig.1). Factor Xa

activates prothrombin (FI1) into thrombin (Fl1a). Thrombin then converts the soluble fibrinogen

12



(FI) into fibrin (Fla). With the assistance of factor Xllla, fibrin polymerizes into a robust
network structure, further strengthening the platelet plug and completing the blood clot
formation process. This stage is also known as secondary hemostasis.?/.

The extrinsic pathway of coagulation is invariably triggered by damage to the vascular
endothelium. Once vascular injury occurs, tissue factor (TF, also known as Fl1Il) is released and
binds to circulating clotting factor VII (FVII) to form the active complex TF-FVIla. This
complex can activate downstream FX to FXa, thereby swiftly initiating the common pathway!®!.

Its rapid response is crucial in protecting the body against hemorrhage.!,

The intrinsic pathway, known as the contact activation pathway, primarily occurs within blood
vessels and operates independently of TF release. Instead, it is initiated by factor XII, which is
activated by high-molecular-weight kininogen (HMWK) or pre-kallikrein (PK) in the
bloodstream.™ ©l. FXlla can proceed to activate factor XI downstream. FXla then continues the
cascade by activating factor 1X to factor IXa (FIXa). Subsequently, F1Xa and FVIlla collaborate
to convert FX to FXa, thus initiating the common pathway. The intrinsic pathway typically
progresses more slowly compared with the extrinsic pathway. under physiological conditions,
the extrinsic pathway appear to play a more crucial role, while the two pathways often

intertwine, while in pathological conditions!” &,

Contact activation Tissue factor
(intrinsic) pathway (extrinsic) pathway

Damaged surface

l Trauma
TFPI
Xl Xila o
T T Vila Vil
XI Xla — N
* ~ ™= » | Tissue factor <—— Trauma
: IX IXa Villa | :

e Antithrombin

Xa :
. Prothrombin (Il) - —> Thrombln (lla) Common
" /\ " pathway
\/ " Fibrinogen () ~ Fibrin (la)
|
Active Protem o} Xllla Xi
Protein S L ' Crf’JSS.;-Iinked
o fibrin clot

Protein C + Thrombomodulin

Figure 1: Major mechanisms regulating in fibrin formation. source: David Knesek et al. 2012
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1.2 Fibrinolysis

Once ablood clot has formed, the fibrinolytic system is activated to establish a dynamic balance
between coagulation and fibrinolysis. The breakdown of excess fibrin clots by fibrinolysis in
the vessels facilitates blood flow, enhances tissue remodelling, angiogenesis, and wound
healing. tPA and uPA are the two primary trigger enzymes for fibrinolysis (Fig.2). tPA is
secreted by vascular endothelial cells and, once released into the bloodstream, efficiently binds
to fibrin, promoting the conversion of plasminogen to plasmin. uPA is primarily synthesized
by endothelial cells. It converts plasminogen to plasmin by binding to its urokinase-type
plasminogen activator receptor(UPAR), which is widely expressed in various cells, for instance,
immune cells (neutrophils, MC, Mg, T cells), endothelial cells, fibroblasts, and even some
tumor cells®*?l. This mechanism allows uPA effectively regulate the concentration and
localization of fibrinolysis*®l. The C-terminal lysine and arginine residues in fibrin degradation
products provide high-affinity binding sites for plasminogen and tPA, increasing the conversion
efficiency and plasminogen, thereby enhancing fibrinolysis*“. However, the thrombolysis
antagonist thrombin-activatable fibrinolysis inhibitor (TAFI) in plasma can remove the C-
terminal lysine residues on FDPs, reducing the efficiency of plasminogen conversion to plasmin

and thus negatively regulating fibrinolysis™! (Figure 2).

TAFI

Thrombin (lla) —

\ Xllla
Fibrin(la)\—'—x» Cross-linked ——, Fibrin degradation
/ fibrin productions

Fibrinogen (1)

Plasmin Plasminogen

PAI1

Figure 2: Fibrinolysis and its inhibitors.
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1.3 Thrombosis

Thrombosis, a potentially life-threatening disease, is characterized by abnormal coagulation
activation and platelets aggregation within the circulatory system, thrombosis can lead to severe
complications such as blood flow obstruction, ischemia, and others. Thrombi may either adhere
to the vessel wall or travel through the bloodstream, potentially causing an embolism, as
exemplified by the deep vein thrombi resulting in pulmonary embolism (PE).

Thrombosis is categorized based on the location within the blood vessels. Arterial thrombosis
constitutes a major etiological factor in coronary artery disease (CAD) and stroke, whereas
venous thrombosis can precipitate venous thromboembolism (VTE) and PE™ !, Thrombi can
present in various morphological forms and are categorized as red, white, or mixed thrombi.
Red thrombi usually develop in veins, primarily in the deep veins of the legs, and are composed
mainly of RBC and fibrin, with a reduced presence of platelets. In contrast, thrombi in arteries
under high shear flow are predominantly present as white thrombi and mixed thrombi. White
thrombi consist mainly of platelets, with relatively smaller amounts of fibrin and RBCs than
red thrombi. The rapid aggregation of platelets and compression under high shear flow are the
two crucial factors contributing to the structure of white thrombi. The mixed thrombi can be
regarded as a structure containing both white and red thrombi. Fibrin, platelets, and RBC

intermingle, forming an alternating and layered red structure known as lines of Zahn[*],

Venous thrombosis

®© - .
>0
Platelets RBC Fibrin WBC

Figure 3: Different composition of arterial and venous thrombosis.
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1.3.1 Arterial thrombosis

Avrterial thrombosis is often triggered by the rupture of atherosclerotic plaques, and leads to the
formation of blood clots within big arteries such as cardiovascular and cerebrovascular (Fig.3).
Arterial thrombosis can cause catastrophic obstruction of blood flow and hypoxia, posing a
significant threat especially to vital organs such as the heart and brain. Therefore,
comprehending the pathological processes of arterial thrombosis is vital for reducing the
incidence of severe cardiovascular events, directly impacting on disease prevention, and

alleviating the financial burden associated with these conditions.

According to the American Heart Association (AHA) cardiovascular disease (CVD) mortality
in 2021 rose to about 19.8 million worldwide, surpassing deaths from COVID-19 and cancer,
maintaining its position as the top cause of death globally™®. Coronary artery disease (CAD),
Ischemic stroke, and peripheral artery disease (PAD) make up over fifty percent of CVDs death
in USA in 2021(Fig. 4).

40.30% Coronary artery disease
14.00% Ischemic stroke

2.60% Peripheral arterial disease
9.40% Hypertensive

9.30% Heart failure

3.30% Hemorrhagic stroke
5.00% Other diseases

goouoon

00000000
000000000
000000000
000000000
000000000
000000000
000000000
000000000
000000000

@
@
@
@
@)
@)
@
@)
o

Percentage of total CVDs deaths

Figure 4: Percentage distribution of CVDs deaths in the United States, 202181,

According to morphological classification, thrombi in arteries predominantly manifest as white
thrombi and mixed thrombi. Arterial thrombosis entails intricate interactions among various
blood components, including immune cells and their released molecules. The pivotal role of
immune cells in regulating atherothrombosis has garnered increasing attention in recent years.

Multiple studies analyzing clinical arterial thrombus samples have identified a significant
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presence of immune cells within arterial thrombi, predominantly neutrophils, monocytes,
macrophages, and T cells. In contrast, dendritic cells and B cells are relatively scarcel**??],
Immune cells are highly likely to significantly influence the formation. development, and of

arterial thrombosis.

1.3.2 Infection and thrombosis

Mounting and compelling evidence indicate a profound correlation between infection and
thrombosis!*® 2% 4l Pathogens, including bacteria, viruses, fungi, and parasites, disseminate
through the body's tissues and organs via the bloodstream or lymphatic system, a process
referred to as systemic infection. When the immune system aberrantly responds to the invasion
of pathogens, it can release a substantial quantity of inflammatory mediators in a brief period,
triggering Systemic Inflammatory Response Syndrome (SIRS). This exaggerated response can
result in organ dysfunction, manifesting as sepsis or septicemia.l”®). However, Severe
inflammatory responses also induce thrombosis through multiple mechanisms. The primary
causative factor for thrombosis development in infection is the extent of inflammation. Acute
inflammation can lead to endothelial cell damage or activation, prompting the expression and
release of tissue factor, thereby initiating the extrinsic coagulation pathway. This response plays
a protective role in local defense and hemostasis. However, if uncontrolled, it may result in
widespread thrombosis and even trigger disseminated intravascular coagulation (DIC)[?% 271,
Secretion of proinflammatory cytokines can mobilize and recruit immune cells that activate the
coagulation system[?®l. Moreover, platelets also can amplify prothrombotic events by secreting
cytokines and chemokines. Activated platelets release dense granules (calcium ions, etc.) and
a-granules (containing fibrinogen, coagulation factors V and VIII, etc.), which further promote
the coagulation cascade. The surface of activated platelets also provides a platform for the
assembly of coagulation factors, particularly factors Va and VIlla, which accelerate thrombin
generation. ?° %1 Certain pathogens can directly activate the coagulation system. For instance,
some bacteria and their toxins can trigger the release of coagulation factors!. Animal model
studies have confirmed the dynamic relationship between bacterial infection and thrombosis.
For instance, in a Salmonella-induced thrombosis model in mice, it was observed that
thrombosis in the spleen formed rapidly within 24 hours post-infection and resolved quickly,
whereas thrombi in the liver appeared only after 7 days and could persist for several weeks.

This indicates significant differences in thrombosis formation and resolution process across
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different tissues, potentially related to the levels of resident immune cells at the time of

infection®?, and underscores the complexity and diversity of infection-induced thrombosis.

On the background of the recent COVID-19 pandemic, the relationship between virus infection
and thrombosis has gained particular attention. Several meta-analyses have demonstrated that
the incidence of VTE in critically ill COVID-19 patients can became as high as 30%-50% [*
1, VTE and PE are the common and severe thrombotic complications in COVID-19 patients.
However, a distinctive feature of SARS-CoV-2 infection is the frequent formation of micro-
thrombosis in the microcirculation, particularly in the lungs. These microthrombi can obstruct
small vessels, resulting in hypoxia and injury to lung tissue, thereby aggravating respiratory
distress®> 361, The formation of microthrombi can be attributed to several key factors: direct
endothelial damage caused by the virus and hypoxemia, the "cytokine storm™ induced by SIRS,
which promotes the expression of TF by a large number of monocytes and macrophages, the
extensive formation of neutrophil extracellular traps (NETS) during the innate immune response
to clear the virus, and the excessive activation of the complement system, these factors can

synergistically increase the risk of thrombosis in SARS-CoV-2 infections [ 37411,

1.3.3 Immunothrombosis

The concept of immunothrombosis proposes that thrombosis can be part of a physiological
innate immune response within blood vessels. Particularly, immunothrombosis develops in the
microcirculation and integrates the functions of the coagulation and immune systems.?®l. This
process serves to capture and eliminate pathogens in the bloodstream. However, aberration of

immunothrombosis can result in severe consequences 81,

Neutrophils: Neutrophils, the body's first line of defense, play a significant role in
immunothrombosis %> 241, Upon stimulation by agents such as IL-8 or LPS, neutrophils undergo
a process called NETosis that releases an extracellular web-like structure composed of nuclear
DNA, mitochondrial DNA, histones, neutrophil elastase (NE), and myeloperoxidase (MPO)
[%2l(Fig.5). These components synergistically function within NETSs to capture and neutralize
pathogens, inhibiting their dissemination®®l. Neutrophil extracellular traps (NETs) defend
against systemic bacterial, fungal, and viral infections“‘l. However, their improper regulation
can lead to various immune-related conditions, particularly the loss of control over
immunothrombosis. NETSs, as a highly adhesive extracellular scaffold, also induce platelet
adhesion, activation, and aggregation by binding to von Willebrand factor?® > 461, Moreover,

negatively charged histones and extracellular DNA on Nets recruit TF and Factor XIl,
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simultaneously amplifying extrinsic and intrinsic coagulation pathways and promoting fibrin
deposition*”*°l, During the process of NETosis, reactive oxygen species (ROS) are released,
and while myeloperoxidase (MPO) kills pathogens, it also causes damage to vascular
endothelial cells(*l, Furthermore, these cytokines and chemokines released vua NETS recruit
more neutrophils and other immune cells to the site of thrombosis, exacerbating inflammation

and promoting pathologic thrombosis™.,
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Figure 5: Nets promote thrombosis. source: Jason Knight et al. 2022

Monocytes: The regulatory roles of monocytes and macrophages in immunothrombosis are
likely also relevant. Monocytes are recruited to the vessel wall in the early stages of thrombosis
and express TF to initiate the coagulation cascadel*”!. Following thrombus stabilization and
flow reduction, part of monocytes can differentiate into macrophages. These macrophages
synthesize various chemokines, including IL-6, tumor necrosis factor (TNF), and monocyte
chemoattractant protein-1 (MCP-1), attracting more immune cells to the thrombus site and
promoting inflammation and thrombosis®. In the later stages of thrombosis, macrophages play
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a more crucial role in thrombolysis and tissue remodeling by releasing matrix
metalloproteinases (MMPs) and uPA, which degrade extracellular matrix components aiding

in thrombus resolution and tissue repair 52,

CD4* T cells: T cells, or T lymphocytes, are essential white blood cells of major relevance for
adaptive immunity. Their differentiation begins with hematopoietic stem cells in the bone
marrow, which migrate to the thymus and differentiate into double-negative (DN) cells. These
DN cells progress through various developmental stages to become double-positive (DP) cells
expressing CD4 and CD8 molecules. DP cells undergo rigorous positive and negative selection
processes within the thymus to ensure that they can recognize MHC molecules without strongly
reacting to self-antigens. Depending on their recognition of MHC molecule types, DP cells
further differentiate into single-positive (SP) cells: CD4* T cells (which recognize MHC class
I1 molecules) or CD8" T cells (which recognize MHC class | molecules), thus completing their

development!®3-5°],

After maturation, naive T cells circulate in the peripheral blood and lymphoid system, screening
for pathogens or specific antigens. Upon recognizing a specific antigen, naive T cells activate
and differentiate into effector T cells (cytotoxic T cells or T helper cells) and memory T cells
(Tem). This differentiation allows them to effectively combat specific pathogens and establish

long-term immune memory™4 1,

CD4" T cells are the primary regulatory cells within the T cell population, capable of
differentiating into four subtypes: Thl, Th2, Treg, and Th17(Figure 6). Each subtype secretes
a distinct array of cytokines, contributing to their multifunctional roles. This versatility could

be crucial for their potential function in immunothrombosis.
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Figure 6: CD4* T helper cell differentiation.

In addition to neutrophils and monocytes-macrophages, CD4" T cells represent the third largest
population of immune cells in human arterial thrombosis®®®!. In the early stages of thrombosis,
CD4"* T cells promote platelet activation and aggregation through cross-talk with platelets and
endothelial cells. CD4" T cells express P-selectin glycoprotein ligand-1 (PSGL-1), which binds
to P-selectin on platelets, facilitating platelet aggregation®”!. On the other hand, various T cell
subtypes demonstrate dual regulatory plasticity, assuming either pro-inflammatory or anti-
inflammatory functions, depending on the stage of thrombus formation. For example, in the
initial stages of thrombosis, Tem can induce the aggregation and activation of myeloid cells by
secreting interferon-gamma (IFN-y), which facilitates the formation of NETs and delays
thrombus resolution®®]. Conversely, infiltrated Tregs modulate thrombolysis by regulating
monocyte recruitment and differentiation and promoting matrix metalloproteinase (MMP)
activity™. In summary, the complex and intricate immunoregulatory functions of CD4* T cells
are likely to regulate several aspects of thrombosis, including platelet aggregation and

coagulation activation and fibrinolysis.
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1.3.4 Thrombosis and tumor metastasis

Malignant tumors induce a hypercoagulable state through various mechanisms, including
platelet activation, the release of inflammatory factors, and the secretion of tumor-derived

exosomes, thereby increasing the risk of thrombosis.

Pancreatic cancer, a highly metastatic malignancy, is strongly associated with a
hypercoagulable state. Pancreatic cancer cells promote platelet activation and trigger the
coagulation cascade by releasing TF, mucins, exosomes, and inflammatory cytokines. These
factors contribute to endothelial dysfunction and the development of a systemic prothrombotic
environment, significantly increasing the risk of VTE [60-62],

Activated platelets form a protective shield with fibrin around circulating tumor cells (CTCs),
guarding them against immune cell surveillance and attack®®l. Furthermore, fibrin networks
generated in thrombi provide a scaffold for CTCs to adhere to vascular endothelium, enhancing
their extravasation and colonization in distant organs(®* . For instance, in the liver, pancreatic
cancer cells take advantage of the thrombotic environment within the sinusoids to create

metastatic niches.
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Figure 7: Thrombosis and circulating tumor cells (CTCs). Source: John Castle et al. 2021
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I1.Objectives of the study

Thrombosis plays a critical role in various pathological conditions, including cardiovascular
ischemic events, infections like COVID-19, and tumor metastasis. Understanding the complex
interactions between the coagulation system and immune cells is essential for unravelling the
mechanisms underlying these processes. Specifically, the following goals were addressed in the

present thesis.

To investigate the structural and cellular composition of arterial thrombi, focusing on the
regional distribution of fibrin, platelets, red blood cells, and immune cells, and to understand

the role of CD4* T cells in modulating fibrin deposition within thrombi.

To evaluate the role of immune cells in thrombosis during infection, especially in COVID-19,
exploring the correlation between microvascular CD4" T cell levels and the severity of

microvascular thrombosis.

To study the interaction between immune cells and fibrinolytic regulators, including
plasminogen activators and TAFI, and to determine their impact on fibrinolytic balance and

thrombus dynamics in infection.

To explore the relationship between thrombosis and early pancreatic cancer metastasis in the
liver microcirculation, focusing on how fibrin deposition influences tumor cell extravasation.
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I11.Materials

I11.1 Primary antibodies

Antibody | Conjugation | Concentration Host Reactivity | Manufacturer
CD3 1:100 Rabbit | uman Novusbio
Mouse, Rat
Alexa _ :
CD4 Fluor® 488 1:200 Rabbit Human Abcam
CD4 1:200 Rat Human Novusbio
Sino
CD4 1:100 Mouse Human . .
Biological
. Sino
CD14 1:100 Rabbit Human . i
Biological
Alexa _ .
CD16 Fluor® 647 1:200 Rabbit Human Abcam
CD31 1:100 Rabbit Human Abcam
CD41a 1:50 Mouse Human Abcam
CD69 1:200 Mouse Human Invitrogen
CD69 1:200 Goat Mouse R&D
Collagen | 1:200 Mouse Human Abcam
Fibrin 1:100 Mouse Human LOXO
Fibrin 1:200 Mouse | Mouse WAK
Human
Fibrinogen 1:200 Rabbit Human Dako
Foxp3 1:100 Rabbit Human, Novushio
Mouse
Human, .
GATA3 1:200 Mouse Invitrogen

Mouse, Rat
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Clt-I—Hh;tone 1:200 Mouse Human Santa Cruz

Laminin 1:200 Rabbit Human, Abcam

Mouse

MPO 1:50 Rabbit Human Abcam
T-bet 1:100 Rabbit Mouse Antlbgdles-

online

. Human, .
tPA 1:200 Rabbit Proteintech
Mouse, Rat
. Human, .
uPAR 1:100 Rabbit Proteintech
Mouse
uPA 1:100 Rabbit Human, Proteintech
Mouse, Rat
RORY T 1:50 Mouse Human Biorbyt
Table 2
I11..2 Secondary antibodies

Antibody | Conjugation | Concentration Host Reactivity Company
Alexa488 AlexZgguor® 1:1000 Goat Mouse Invitrogen
Alexa488 AlexZgzlguor® 1:1000 Goat Rabbit Invitrogen
Alexa488 Alengguor® 1:1000 Goat Rat Invitrogen
Alexad48 AlexZgzlguor® 1:1000 Donkey Goat Invitrogen
Alexa555 AIexgEéuor@ 1:1000 Goat Mouse Invitrogen
Alexab55 AlexaFluor® 1:1000 Goat Rabbit Invitrogen

555
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Alexa555 Alexgglsuor® 1:1000 Goat Rat Invitrogen
Alexa594 AIexg;Luor@ 1:1000 Goat Mouse Invitrogen
Alexab594 AIEXZELUO@ 1:1000 Goat Rabbit Invitrogen
Alexa594 AIexg;Luor@ 1:1000 Goat Rat Invitrogen
Alexa647 AIengI?uor® 1:1000 Goat Mouse Invitrogen
Alexa647 AIEXZZ;UO@ 1:1000 Goat Rabbit Invitrogen
Alexa647 AIEXZZLUO@ 1:1000 Goat Rat Invitrogen

Table 3

111.3 Buffers

Blocking buffer
0.05% Tween-20

10% Goat or Donkey serum

1x PBS

Buffer B

40mM Tris-HCL
75 mM CaCl:
0.01% Tween-20
pH 7.4

Buffer C
40mM Tris-HCL
75 mM CaCl;

26




0.01% Tween-20
1mg/ml BSA
pH 7.4

Sodium Citrate pH 6.0 (Heat-induced epitope retrieval bufffer)

Tri-sodium citrate(dihydrate) 10mM
0.05% Tween 20
pH 6.0

Tris-EDTA pH 9.0 (Heat-induced epitope retrieval bufffer)

Tris Base 10mM
EDTA solustion 1ImM
0.05% Tween 20

pH 9.0

CaCly/Hepes (ROTEM)
10 mM Hepes

100 mM CaCl;
ddH0, pH 7.4

Dialysis Buffer
NaCl 150 mM,

EDTA 1 mM 0,05%
Chloramphenicol 0,05% (w/v)
pH 7.4

HEPES Buffer
NaCl 140 mM

KCL 2.7mM
HEPES 3.8 mM
EGTA5mM
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pH 7.4

MACS Buffer & FACS Buffer

1x sterile PBS
0.5% Bovine serum albumin

EDTA 2 mM

Permeabilization buffer

10% goat serum or 2% BSA
0.5% Triton X-100

EDTA solustion 1mM

1x PBS

PBS (Phosphate Buffered Saline)

NazHPO4 8.1mmol/L
KH2PO4 1.5 mmol/L
NaCl 137 mmol/L
KCI 2.7 mmol/L
ddH20

pH 7.4

Trisodium citrate (Bood drowing)

3.68 g TNC
100 ml ddH,0
pH 7.4

Washing buffer

0.05% Tween-20
1x PBS
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111.4 Equipments

Equipment

Manufacturer

Axio Imager M2 Laser scanning systems
Balance MC1 LC 620 S

Cell culture incubator

Cell culture microscope

Centrifuge

Count chamber Neubauer Improved
Cryotome Machine

Culture Hood

Freezer -80 C HERA freeze

Lamin Air flow HLB 2472

LS Column

LSM 510 Meta

Micropipettes (10pul, 20pul, 100pul, 200ul, 1000ul)

MidiMACS™ Separator

PH meter

Pipet boy

SpectraMax® Paradigm® Plate reader
Serological pipette (5ml, 10ml, 25ml)
Syringe (5ml,10 ml)

Rotational Thromboelastometry

Thermomixer R
Ultracentrifuge
Vortexer

Water bath Julabo U3

Leica (Wetzlar, Germany)
Sartorius (Gd@tingen, Germany)
Binder (ThCringen, Germany)
Zeiss (Jena, Germany)
Hettich(Kirchlengern, Germany)
Brand (Wertheim, Germany)
Leica (Wetzlar, Germany)

Thermo Scientific (Waltham,USA)

Thermo Scientific (Waltham,USA)
Miltenyi Biotec (Cologne, Germany)
Zeiss (Jena, Germany)

Eppendorf (Hamburg, Germany)

Miltenyi Biotec (Cologne, Germany)

HANNA instruments
(Quebec, Canada)
IntegraBioscience(Biebertal,Germany)

Molecular Devices (California, USA)
Omnilabs GmbH (Bremen, Germany)

BD Pharmingen
(FranklinLakes, USA)
ROTEG (Dortmund,Germany)

Eppendorf (Hamburg, Germany)
Beckman (California, USA)
Sartorius (Gdtingen, Germany)

Julabo Labortechnik (Allentown,USA)

Table 4
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I11.5 Reagents and chemicals

Substance

Manufacturer

Alexa Fluor 488 Conjugation Kit
Antibody Labeling Kit Alexa488
Antibody Labeling Kit Alexa555
Anillin blue solution

Bovine serum albumin (BSA)

Calcium chloride dihydrate 99%
CD4+ T Cell Isolation Kit, human

Chromogenic Substrate S-2222

Cell culture Flasks: 175cm2 straight neck

Cell culture Flasks: 25cm?2 straight neck

CellTracker™ Red CMTPX Dye
Corn trypsin Inhibitor (CTI)

Covering solution with DAPI

DAKO Pen

Donkey serum

DMEM, high glucose, L-glutamine, no sodium
pyruvate, no phenol red

(Dimethyl sulfoxide) DMSO

DRAQ5
Dulbecco's Modified Eagle Medium (4.5 g/L)

Ethylenediaminetetraacetic acid (EDTA)

Abcam (Cambridge, UK)

Thermo Scientific (Waltham, USA)
Thermo Scientific (Waltham, USA)
Rowley Biochemical (Danvers, USA)

Sigma-Aldrich GmbH (Hamburg,
Germany)

Carl Roth (Karlsruhe, Germany)
Miltenyi Biotec (Cologne, Germany)

Haemochrom Diagnostica
(Essen, Germany)

BD Pharmingen

(FranklinLakes, USA)

BD Pharmingen

(FranklinLakes, USA)

Thermo Scientific (Waltham, USA)

Haematologic Technologies Inc.
(Essex Junction, USA)

Abcam (Cambridge, UK)
Dako (Glostrup, Denmark)

Sigma-Aldrich GmbH (Hamburg,
Germany)
R&D Systems (Minneapolis, USA)

PAN Biotech GmbH (Aidenbach,
Germany)

Thermo Fisher (Waltham, USA)
Thermo Fisher (Waltham, USA)

Sigma-Aldrich GmbH (Hamburg,
Germany)
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Ethanol 99,8%
Fc Block

Ferric Ammonium Sulfate, 5%
Fetal bovine serum (FBS)

Fibrinogen from human plasma

Ficoll-Paque PREMIUM

Formalin

Freezing Medium Classic

Goat serum

Hepes 99%

Hydrochloric acid 37% reconstituted
Potassium hydroxide Potassium hydroxide
LB-medium

Mayer’s Hematoxylin

MidiMACS™ Starting Kit

Mounting Medium With DAPI

Multiwell: 96-well

Paraformaldehyde

Penicillin-Streptomycin

Dulbecco's Phosphate Buffered Saline (PBS)

Phosphotungstic acid 1%
Picric acid -Orange G solution

Poly-L-Lysine Solution

Carl Roth (Karlsruhe, Germany)
BD Pharmingen

(FranklinLakes, USA)
Rowley Biochemical (Danvers, USA)

Thermo Fisher (Waltham, USA)

Sigma-Aldrich GmbH (Hamburg,
Germany)

Cytiva Sweden AB (Uppsala, Sweden)

Sigma-Aldrich GmbH (Hamburg,
Germany)

ibidi GmbH (Gr&elfing, Germany)

Sigma-Aldrich GmbH (Hamburg,
Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Thermo Fisher (Waltham, USA)
Rowley Biochemical (Danvers, USA)
Miltenyi Biotec (Cologne, Germany)
Abcam Cambridge, UK)

BD Pharmingen

(FranklinLakes, USA)

Sigma-Aldrich GmbH (Hamburg,
Germany)

Invitrogen eBioscience
(Waltham, USA)

Sigma-Aldrich GmbH (Hamburg,
Germany)

Rowley Biochemical (Danvers,USA)
Rowley Biochemical (Danvers, USA)

Sigma-Aldrich (Hamburg, Germany)
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Ponceau Fuchsin- Solution
Potassium chloride
Potassium hydrogen phosphate

Rabbit serum
RBC Lysis Buffer 10x

Roti-Mount

ROTI®Histol

RPMI 1640 Medium, GlutaMAX™
Sodium chloride 99%

Sodium hydroxide solution min. 32%

Substrate S-2251

Tissue-Tek® O.C.T. Compound
Tris

Trisodium Citrate dihydrate
Trypsin-EDTA (0,25%)

Trypan blue

Tween20 (Polyoxethylene)

Xylene

Zinc chloride

+Plate 96 Well Square
Dish 35 mm imaging dish

Rowley Biochemical (Danvers, USA)
Merck KGaA (Darmstadt, Germany)
Carl Roth (Karlsruhe, Germany)

Sigma-Aldrich GmbH (Hamburg,
Germany)

Invitrogen eBioscience
(Waltham, USA)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Thermo Scientific (Waltham,USA)
Carl Roth (Karlsruhe, Germany)
Merck KGaA (Darmstadt, Germany)

Haemochrom Diagnostica
(Essen, Germany)

Sakura Finetek (Staufen, Germany)
Carl Roth (Karlsruhe, Germany)
Merck KGaA (Darmstadt, Germany)
Thermo Scientific (Waltham, USA)
Carl Roth (Karlsruhe, Germany)

Sigma-Aldrich GmbH (Hamburg,
Germany)

Honeywell International Inc.
(Muskegon, USA)

Sigma-Aldrich GmbH (Hamburg,
Germany)

Ibidi (Madison, USA)

Ibidi (Madison, USA)

Table 5
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I11.6 Human Tissue samples

Type

Source

Fresh PAD carotid and femoral plaque tissue
samples

Fresh PAD carotid and femoral thrombus
tissue samples

Paraffin PAD femoral thrombus and vessel
sections

Paraffin PAD carotid thrombus and vessel
sections

Munich Vascular Biobank

Rechts der Isar-TUM

Institut fUr Center for
. . Neuropathologie | Infection and
Paraffin COVID-19 lung sections . p, 9 Genomics of the
Charitée- Lung (CIGL)
Paraffin Influenza lung sections .Univer.sitasmediz Justus-Liebig-
in Berlin University,
Giessen
Table 6
I11.7 Mouse
Type Source
Wild type C57BL/6 Walter-Brendel-Centre, Munich, GE
Table 7
111.8 Cell lines
Type Sample location Genomic Kras status
8182 Mouse pancreatic cancer cell het
9091 Mouse pancreatic cancer cell CN-LOH
53631 Mouse pancreatic cancer cell amp-arm

Table 8
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1VV.Methods

IV.1 Preparation of human tissues

Human carotid and femoral plaques and thrombus specimens were collected from patients
undergoing thrombectomy for carotid artery or peripheral artery disease (PAD). Ethics
allowances were represented by TUM-MRI project # 2799/10 under the supervision of Prof.
Dr. Lars Maegdefessel (TUM Vascular Databank).

All tissue specimens were mechanically dissected with scalpel to obtain material from vessel
walls, plaques and thrombi (Fig.8). Arterial plaque material was weighed, then homogenized
with plastic pestle and then resuspended in dialysis buffer. 100 mg of plaque material was added
to 1 ml of dialysis buffer, resulting in a final concentration of 100 mg/ml. The fresh thrombus
material was were fixed in 4% paraformaldehyde (PFA) for 48 hours in case of Carstairs'
staining or for 24 hours for immunohistochemistry (IHC), and then embedded in paraffin blocks
or Tissue-Tek® O.C.T.

a) b)

Figure 8: a) Exaptation of atherosclerotic plaques obtained from the carotid artery. b) Exaptation of

arterial thrombi from the superficial obtained femoral artery.
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IV.2 Carstairs’ staining

In contrast to HE staining, Carstairs' staining typically involves the use of specific chemical
solutions to impart distinct colors to different cellular components. The staining method is
particularly useful for highlighting the morphology and distribution of fibrin, platelets, collagen,

and red blood cells.

All human thrombus tissues were fixed in a 4% PFA solution for 48 hours, followed by
embedding in paraffin blocks and subsequent cutting into Sum thick sections. The sections
underwent deparaffinization by immersion in ROTI®Histol for 20 minutes at room temperature,
followed by gradual rehydration in descending concentrations of ethanol solutions (100%, 90%,

75%, 50%) to distilled water, with each step lasting 5 minutes.

After rehydration, the sections were sequentially treated with 5% ferric ammonium sulfate for
5 minutes, Mayer's hematoxylin for 5 minutes, Picric acid orange G solution for 1 hour, Ponceau
fuchsin solution for 5 minutes, and then 1% phosphotungstic acid until the background turned
pale pink. Aniline blue solution was applied for 45 minutes, with distilled water rinses between
each step. Finally, the sections were dehydrated in ascending concentrations of ethanol, covered

with a glass coverslip, and mounted using ROTI®mount (Carl Roth) medium.

Components Colors
Fibrin Bright red
Platelets Gray blue or navy blue
Collagen Bright blue
Muscle Red
Red Blood Cells Clear yellow or dark red

Table9: Interpretation of the Carstairs' staining.
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IV.3 Immunohistochemistry of cryosections

All tissues embedded in the Tissue-Tek block were sectioned at a thickness of 6-8 um using the
cryotome and then mounted on Super Frost Plus™ slides. The cryosections were air-dried at
room temperature for 2 minutes, followed by three washes with a 0.05% Tween20 PBS solution
(PBST), blocked with a 10% goat or donkey serum in PBST solution at room temperature for
1 hour. Diluted primary antibodies were added to slides and incubated overnight at 4<C in a
humid, dark chamber. The next day, slides were washed with PBST three times, the sections
were incubated with the diluted secondary antibody at room temperature for 1 hour. After three
additional washes with PBST, the sections were immersed in sufficient amount of mounting medium
containing DAPI and then covered with a coverslip and sealed with nail polish. All the antibodies used
are listed in Tables 1 and 2. Images were acquired on an Axio Imager M2 Laser scanning

systems (confocal, MP) Cajal microscope and analyzed in LAS X software (Leica).

IV.4 Immunohistochemistry of paraffin sections

Compared with the cryosections, paraffin embedding slides offer the advantage of preserving
tissue architecture for detailed morphological analysis and long-term storage, facilitating
retrospective studies. However, the embedding process in paraffin may mask specific antigens,

necessitating epitope retrieval steps for optimal staining.

All paraffin-embedding blocks were sectioned using a microtome at a thickness of 5 pm,
followed by flotation of the slides in a water bath at 37 < and mounting onto Super Frost Plus™
slides. Subsequently, the slides were air-dried overnight at 37 <C and stored at room temperature

until further use.

For the staining steps, the slides were deparaffinized by immersing in ROTI®Histol for 20
minutes at room temperature firstly, followed by gradual rehydration through a series of
following decreasing ethanol concentrations and concluding with a final immersion in distilled

water.

a) 100% ethanol for 2 x 3 minutes
b) 90% ethanol for 3 minutes
c) 75 % ethanol for 3 minutes
d) 50 % ethanol for 3 minutes
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e) distilled water

While the slides were being deparaffinized and hydrated, epitope retrieval buffer (Tris-EDTA
buffer, pH 9.0) was heated to boiling in a pressure cooker. After being adequately hydrated, the
slides were taken from distilled water and immersed in the boiling epitope retrieval buffer.
Subsequently, the lid of the pressure cooker was sealed, and the slides were heated until
reaching maximum pressure for 5 minutes. After decompression, the slides underwent a 10-
minute rinse under running cold tap water, then washed in 0.025% Triton X TBS solution
(TBST) for 5 minutes, blocked with a solution containing 10% goat or donkey serum, and 2%
bovine serum albumin (BSA) in TBS. After incubating for two hours, the blocking solution was
gently aspirated and the primary antibodies were diluted in a TBS solution containing 1% BSA
and applied to the sections. Subsequently, sections were stored at 4<C overnight in a humid,
light-protected chamber. On the next day, following two 5-minute washes of the slides in TBST
with gentle agitation, the secondary antibodies were diluted in TBST and applied for 1 hour at
room temperature. For the final step, the sections were rinsed three times for five minutes each

with TBST, then covered with DAPI mounting medium and a coverslip.

IV.5 Human blood drawing

All venipunctures were conducted in strict adherence to protocols established by The Ethics
Committee at Ludwig-Maximilians-University's Medical Faculty in Munich. Prior informed

consent was obtained from all participants before commencing the venipuncture procedures.

Blood samples were collected from a cohort of healthy volunteers aged between 18 and 65
years, with an equal gender distribution (50% male and 50% female), who affirmed that they
had not taken any anticoagulant or anti-platelet medications within two weeks prior to donation.

Female donors also confirmed their non-menstrual status during the donation process.

The skin area designated for venipuncture was disinfected using medical-grade alcohol for at
least thirty seconds, followed by the application of a tourniquet to aid in drawing varying
volumes into syringes using butterfly needle catheters. VVolunteers were permitted to depart

after confirming the cessation of bleeding and absence of discomfort post-collection.

All procedures for isolating human blood cells were carried out promptly following blood

donation to ensure cell viability.
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Additionally, for the rotational thromboelastometry (ROTEM) experiments, 1 mL of 125 mM
Trisodium Citrate (TNC), along with 50 i of 1 g/l Corn Trypsin Inhibitor (CTI), were pre-
loaded into 10 mL syringes to prevent coagulation activation resulting from contact with

synthetic surfaces.

IV.6 Cell counting

The cell counting suspension consisted of 40 il of PBS, 5 J of Trypan Blue, and 5 i of the
cell suspension. Using a micropipette, 10 i of the well-mixed cell suspension was carefully
pipetted onto the edge of the counting chamber. Capillary action drew the liquid under the

coverslip, filling the chamber, ensuring it was not overfilled and the sample spread evenly.

The counting chamber was then placed on the microscope stage, and the grid lines were focused
on using low magnification (10x objective lens). Cells within the designated squares were
counted, avoiding double-counting by only including cells within the grid lines and those
touching the top and left borders. Non-viable cells absorbed the dye, appearing blue, while

viable cells remained unstained.

The cell count and calculated by the following formula:

Cell Count /ml = Total Counted Cells « Dilution Fact
ell Count/ml = Number of Squares Counted X Volume of Each Square Hution Factor

Dilution factor was equal to 10.

IV.7 Human CD4* T cells isolation

The isolation of human CD4" T cells included multiple steps: the lysis of red blood cells, the
separation of peripheral blood mononuclear cells (PBMCs) via density gradient centrifugation,

and subsequent magnetic-activated cell sorting (MACS).

IV.7.1 Lysis of red blood cells and PBMCs isolation

Whole blood was collected from a donor's vein using a pre-treated syringe containing EDTA
and gently mixed to prevent clotting. An appropriate volume of the whole blood was then
transferred into a sterile centrifuge tube and mixed with red blood cell lysis buffer at a ratio of
1:9. The mixture was incubated at room temperature for 10 minutes, after which the lysis

reaction was halted with two washes of sterile EDTA-PBS buffer. Following complete lysis of
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red blood cells, a suspension containing nucleated cells, platelets, plasma, and residual RBC
debris was obtained. Subsequently, the suspension tubes were centrifuged at 300 x g for 10
minutes at 4. After centrifugation, all supernatant was carefully discarded to avoid disturbing
the cell pellet at the bottom of the tube. The cells were then re-suspended in EDTA-PBS buffer.
To further enhance cell purity, centrifugation can be repeated, taking care not to lose the pelleted

cells when discarding the supernatant.

The density gradient centrifugation began by filling each 50 ml centrifuge tube with 35 ml of
cell suspension layered over 15 ml of Ficoll-Pagque. A critical aspect was the meticulous and
gradual pipetting of the cell suspension onto the Ficoll-Paque layer to prevent disturbances that
could lead to mixing of the two layers, ensuring a distinct separation. After centrifugation at
400 x g for 35 minutes, approximately two-thirds of the upper plasma layer was initially
aspirated and discarded. Peripheral blood mononuclear cells (PBMCs) were gently aspirated
from the cloudy cell suspension layer above the Ficoll-Paque layer and resuspended in EDTA-
PBS buffer. Subsequently, the cell suspension was centrifuged at 300 x g for 10 minutes at

room temperature.The resulting pellet was subsequently centrifuged at 200 x g for 10 minutes

at room temperature to remove platelets, after which it was suspended again for further use
(Fig.9).

Lysis buffer
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Centrifuge at 400 x g Granulocytes,RBC

for 35 mins at 4°C,

10 mins at RT /’ D /,,. -

- e . -PBMCs
= N/ .
- -Ficoll-Paque
RBC lysis “-/O“.‘ -Granulocytes,RBC
PBMCs

Figure 9: Diagram of red blood cells lysis and PBMCs isolation
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IV.7.2 Magnetic-activated cell sorting (MACYS)

The MACS principle is based on the use of antibodies conjugated to magnetic beads that
specifically bind to antigens on the surface of target cells. Following labeling, cells can be
separated within a MACS column in a magnetic field, with labeled cells being retained and

unlabeled cells remaining in suspension.

First, isolated PBMCs were resuspended in 40 A of MACS buffer and incubated with 10 i of
CD4" T cell Biotin-Antibody Cocktail for 5 minutes at 4<C. Subsequently, 30 I of MACS
buffer and 20 i of anti-CD4" T Cell Microbead Cocktail were added to the suspension and
incubated for an additional 10 minutes at 4<C. During the incubation period, the LS Column
was placed vertically in the MidiMACS™ separator and rinsed with the appropriate MACS
buffer. After incubation, the mixture suspension was added to the LS column, and the
unlabelled CD4" T cells passed through the magnetic field and were collected in a tube below

the LS column for subsequent use (Fig.10).

.
=% 4
N o7=<
.
- \¢#7
v % [
Antibodies conjugated @, » /
magnetic beads 2> : .

- ( | .
[ ] - )
& \ /
P \ y
P N S
y \
: Q )
\ /

oy v

PBMCs CD4" cells

Figure 10: Diagram of the MACS protocol.
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IV.8 Human CD4* T cells activation

According to the following protocol below, we activated CD4" T cells using a combination of
Anti-CD3 and Anti-CD28 antibodies in vitro.

The 96-well plate were coated with poly-L-ornithine and incubated at room temperature for 1
hour and then washed twice with sterile PBS. Subsequently, the plate was coated with a PBS
solution of anti-CD3 (Biolegend) antibody (2 jg/ml) and incubated at 37 <C for 2 hours. After
discarding the anti-CD3 solution, the resting CD4* T cells were incubated in the prepared plate
with phenol red-free RPMI 1640 GlutaMAX Cell medium (Gibco) mixed with a diluted anti-
CD20 (Biolegend) antibody solution (20 pg/ml) at 37 <C in a 5% CO2. 10% fetal bovine serum
(FBS) as a supplement were added after 1 hour to ensure full activation of CD4* T cells.
Subsequently, the cells were harvested following centrifugation at 300 < g for 10 minutes. The
supernatant was removed, and the activated CD4" T cells were then resuspended in sterile PBS
for further use.

IV.9 Flow cytometry (FACS) analysis

Flow cytometry was performed to analyse the population of activated CD4" T cells. CD4
positive cells were isolated from human peripheral blood by MACS and activated by anti-CD3-
and anti-CD28 antibodies in vitro. The cells were centrifuged in Falcon tubes at 400 rpm for 5
minutes to remove any residual medium. After centrifugation, the cells were re-suspended in
the FACS buffer and 100 of cell suspension (1 <1075 cells) was divided into 5 mL round-
bottomed polystyrene tubes. For blocking the Fc receptors to prevent non-specific binding of
antibodies, the cells were incubated with a blocking buffer at room temperature for 10 minutes.
Following this, the cells were incubated with FITC-conjugated CD4 and APC-conjugated
CD69 antibodies in the dark at 4<C for 30 minutes. After antibody incubation, the cells were
washed and resuspended in FACS buffer. For reliable data acquisition, a minimum of 10,000
events per sample were collected (Fig.11).
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Figure 11: The gating strategy of FACS to analyze the population of activated CD4* T cells. First,
cellular debris and anucleate cells were excluded, followed by the selection of single cells using FSC-A
and FSC-W panel. Subsequently, CD4 positive cells were gated. In the final analysis, CD69 was used
as an activation marker on CD4* T cells to differentiate activated cells from resting cells within the gated

population.

IV.10 Immunocytochemistry (ICC) of human blood cells

The ICC investigated whether the homogenized human arterial plagues would activate the
resting CD4" T cells in vitro. The cell culture dishes were coated with a 0.1% poly-L-lysine
solution, incubated at room temperature for 1 hour, and then rinsed three times with sterile PBS
to remove excess poly-L-lysine. Subsequently, they were completely dried and sterilized under

UV light for a minimum of 4 hours.

Isolated cells from whole blood were incubated with homogenized plaque material or treated
with antibodies at 37<C in a 5% CO2 environment for 24 hours. The next day, the cell culture
dishes were carefully rinsed twice with PBST and subsequently fixed in 4% PFA in PBS for 10
minutes at room temperature. After fixation, the cells were washed three times with PBS for 5
minutes each to remove excess fixative, followed by permeabilization through incubation in
0.1% Triton X-100 in PBS for an additional 10 minutes at room temperature. Following
permeabilization, the cells were washed three times with PBS for 5 minutes each and then
blocked with 5% BSA in PBS for 60 minutes at room temperature. This was followed by a one-
hour incubation with diluted labeled or unlabeled primary antibody at room temperature.
Subsequently, the cells were thrice washed with PBS and incubated with the secondary antibody.
In the final step, unbound secondary antibodies were removed by washing the cells with PBS
before mounting them using an appropriate medium containing DAPI.
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IV.11 Plasmin formation assay

S-2251 is a synthetic substrate engineered to selectively be cleaved by plasmin, incorporating
a peptide sequence (H-D-Val-Leu-Lys-pNA) that emulates the natural substrates of plasmin.
Upon enzymatic cleavage by plasmin, S-2251 liberates p-nitroaniline (pNA), a chromophore
that can be detected and quantified using the SpectraMax® Paradigm® Plate Reader. Utilizing
this principle, a plasmin formation assay was performed to evaluate the fibrinolytic capacity of
immune cells (Fig.12).

ﬂVﬂl—Leu-Lys-pNA

S ¢ €

X

plasminogen plasmin

Figure 12: Diagram of the plasmin formation assay principle.
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To prepare the clot mixture, plasminogen (1 mg/ml) and fibrinogen (2.5 mg/ml) were mixed at
a 1:80 (vol/vol) ratio then thrombin (4 U/ml) was added at a 3:1 (vol/vol) ratio. 60 ul of the clot
mixture was added to each well in a light-protected 96-well plate and incubated for 1 hour at
37<C. Subsequently, 80 I of S-2251 and 20 | of immune cell suspension samples were added
to each well. subsequently, the 96-well plate was immediately inserted into the SpectraMax®
Paradigm® Plate Reader. The operating parameters included shaking the plate in a circular
motion and measuring the absorbance at 405 nm every 10 minutes at 37 <C for one hour (Fig.13).

thrombin ®

fibrinogen plasminogen

Prepare clot mixture. Coat 96-well plate with Incubate at 37° for 1h.

clot mixture.

immune cells S-2251

_—
Add sample and S-2251 Shake the plate every 10 mins at 37°C and
to fibrin-coated plate. measure absorbance at 405 nm for 1 h.

Figure 13: Diagram of plasmin formation assay protocol.
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IV.12 Rotational thromboelastometry (ROTEM)

ROTEM is a technique that offers real-time insights into whole blood coagulation, clot
formation, and fibrinolysis processes®®l. As an experimental method, cell suspensions, drugs,
homogenized arteriosclerotic plaques, cytokines, etc., can be added to evaluate the effect on

coagulation.

In brief, ROTEM functions by immersing a pin into a test cup containing a blood sample,
oscillating periodically at an angle of 4°45'. The formation of a fibrin thrombus affects the
amplitude of pin movement, which directly correlates with clot strength. Concurrently, a
detector converts the optical signal, reflected by a mirror on the pin, into digital data. This data
is then analyzed by a processor to generate dynamic graphs that depict the procoagulant and
fibrinolytic properties of the blood sample (Fig.14).

oscillating axis

445 / @7 light source

Ly

mirror

counterforce
spring

detector data processor

ball bearing

clot formation

sensor pin

Figure 14: Diagram of ROTEM principle
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Real-time assessment of blood coagulation can measure some key coagulation parameters such
as clotting time (CT), clot formation time (CFT), maximum clot firmness (MCF), and Alpha-
angle. If the measurement time is sufficiently long, the parameters of the fibrinolysis process
can also be detected. The CT-value refers to the time required to form the first fibrin clot
(attaining a 2 mm amplitude). It reflects the combined effect of all coagulation factors involved
in the coagulation cascade, including the intrinsic, extrinsic, and common pathways.
Lengthening of the clotting time (CT) can be attributed to deficiencies in anticoagulants or
blood coagulation factors, indicating a hypercoagulable state, and vice versa. The value of CFT
is the time interval from the initiation of CT recording to the point where the amplitude reaches
20 mm. CFT is the second key parameter which reflects the combined effect of fibrin and
platelets during the early phase of clot formation, specifically indicating the speed of thrombus
formation and propagation. The MCF value represents the peak amplitude on the ROTEM
graph that represents the maximum strength and stability of the blood clot formation. Normally,
MCEF is primarily influenced by two factors: fibrinogen and platelets. The alpha-angle is the
angle formed between the horizontal baseline and the tangent to the clotting curve at the CFT
time point. The alpha angle reflects the rate of increase in clot strength and the efficiency of
fibrin polymerization. A larger alpha angle indicates a faster rate of clot formation and is

typically closely associated with fibrinogen levels and platelet function.

IV.13 Cell culture

Cell culture is an essential laboratory technique utilized for the cultivation and propagation of
cells under controlled artificial conditions. In this study, the primary pancreatic tumor-derived
cell lines 53631, 8182 and 9091 were generously provided by Prof. Dr. Roland Rad (Technical
University of Munich). These cells were cultured in cell culture flasks using DMEM medium
supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin, maintained at 20% O2, 5% CO., and a temperature of 37 <C.

IV.14 Cell splitting

Cell flasks were taken out from the incubator and placed in a biosafety cabinet. The old culture
medium was aspirated, and the cells were washed twice with sterile PBS to remove residual
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medium, followed by careful aspiration of the PBS. Trypsin-EDTA solution (3 ml) was added
to the flasks, ensuring it covered the cell layer, and flasks were incubated at 37 <C for 5 minutes
to let cell detachment. After incubation, medium containing FBS was added to neutralize the
trypsin, and the cell suspension was transferred into a centrifuge tube and centrifuged at 1,500
rpm for 5 minutes. The supernatant was aspirated, and the cell pellet was resuspended in sterile
PBS. The resuspended cells were then transferred into new flasks containing fresh culture
medium at the desired split ratio and placed back in the 37 <C incubator for continued growth.

IV.15 Preparation of tumor cells

Medium removal, detachment, neutralization, and centrifugation steps were performed as
described in Cell splitting 1V.14. The tumor cell suspension was transferred into a centrifuge
tube containing serum-free medium. CellTracker™ CMPTX dye was added and diluted to
10uM, followed by incubation at 37°C for 30 minutes. After staining, the cells were washed
three times with sterile PBS to remove unbound dye, then resuspended in sterile PBS and
counted. A total of 2x10° tumor cells were suspended in 350ul of sterile PBS for subsequent

tail vein injections.

IV.16 Preparation of bacteria

Streptococcus pneumoniae was initially inoculated into a sterilized LB medium and cultured
for 10 hours at 37 <C. Following this incubation period, the entire culture was transferred into
centrifuge tubes and centrifuged at 4000 rpm for 10 minutes, separating the bacteria from the
culture medium. The optical density (OD) at 600 nm was subsequently measured to estimate
the bacterial concentration. The bacterial suspension was then adjusted to a final concentration

of 3.2 <108 bacteria/mL, preparing it for animal injections.
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IV.17 Bacteria and tumor cells animal injection

WT mice were obtained from Charles River and maintained according to local animal
protection guidelines (Regierung von Oberbayern, Munich). All experiments were conducted
under pathogen-free conditions at the Walter Brendel Center animal facility.

My colleagues Mona Pilartz and Tonina T. Mueller conducted all experiments involving the
bacterial and tumor cell injections. Female and male wild-type (WT) mice aged 10-14 weeks

were injected with 1x1078 S. pneumoniae or 2x1076 tumor cells via intravenous injection.

Sacrifice and tissue harvest were performed at the indicated time points (Fig.15). The liver,

spleen, kidney, and heart were harvested.
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Figure 15 a): Rivaroxaban treatment model. b):72h extravasation. c)infection model.
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IV.18 Statistical analysis

The statistical analysis was performed using GraphPad Prism 9. Initially, the Shapiro-Wilk test
was employed to ascertain whether the data conformed to a normal distribution. Two-tailed
unpaired T-test was performed for the comparisons between two groups. One-way ANOVA
was conducted to compare the means across multiple groups, and two-way ANOVA was
utilized to evaluate the effects of two independent variables. A linear regression model was
applied to evaluate the linear relationship between two variables. The Pearson correlation
coefficient was calculated to analyse the strength and direction of this relationship. Levels of
significance: *p<0.05, **p <0.01, ***p<0.001 and ****p<0.0001.
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V.Results

V.1 Carstairs' staining of human arterial thrombi

To investigate the histological morphology and specifically delineate the calibration of the three
distinct components of a thrombus (aggregated platelets, erythrocytes, and fibrin network),
Fourteen arterial thrombus specimens were collected; eight cases involved atherosclerotic
thrombosis of the femoral artery, while six cases were attributed to carotid atherosclerotic
thrombosis. These specimens were sectioned and stained using Carstairs' staining. (Fig.16 and
Fig.17).

Vessel wall  Fibrin Collagen RBC Platelets

Figure 16: The color illustration of different components in Carstairs' staining.

Two major areas in arterial thrombi were observed according to morphological characteristics:

the fibrin and platelet-rich area (Fig.17b) and the fibrin and platelet-poor area (Fig.17c).
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Figure 17: Carstairs staining of human arterial thrombi. a) Overview of a human carotid arterial
thrombus. b) Representative image of fibrin and platelet-rich area. c) Representative image of fibrin and

platelet-poor area. d) The four main components and their proportions in human arterial thrombi.

Fig 17a illustrates the ruptured vessel wall, where numerous collagen fibers infiltrate the lumen
from the damaged vascular endothelium, forming a large thrombus and causing obstruction. In
fibrin and platelet-rich areas, coral-like trabeculae are formed by aggregated platelets, to which
white blood cells adhere, creating a boundary layer. This region's fibrin network structure is
exceptionally dense, with fibrin fibers twisting and intertwining to form thick bundles. In
Fig.17b, a limited number of red blood cells can be observed within the pores of the fibrin
network. Fig.17c shows an area where platelets are less aggregated and more dispersed within
a loose, spongy-like fibrin network. The concentration of red blood cells in this region is higher,
yet their distribution appears more scattered. In contrast, the quantity of white blood cells is

significantly lower in the fibrin and platelet-rich area, but the leukocytes are equally dispersed.
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Fig. 17d depicts the four major components of the entire thrombus: fibrin forms the greatest

part of the thrombus, filled with red blood cells, platelets, and leukocytes.

To provide more details on the structural characteristics of different areas in arterial thrombi
and compare the advantages and disadvantages of IHC and Carstairs' staining, both methods

were applied to the same cryosections from a single arterial thrombus sample (Fig. 18).

a)

Fibrin and platelet-poor area

Fibrin and platelet-rich area




Figure 18: a) Overview and magnification images of the distribution of fibrin and platelets distribution
in a human femoral arterial thrombus. DAPI (blue), CD41(Red), Fibrin (Green). b) Comparison of
IHC with Carstairs' staining. a) IHC of carotid arterial thrombus. DAPI (blue), CD41(Purple), Fibrin

(Green). b) Carstairs' staining of carotid arterial thrombus. Scale bars in overview images are 500pm.

Overall, both techniques can detect the distribution of different components in arterial thrombi,

and are able to distinguish fibrin and platelet-rich areas from fibrin and platelet-poor areas.

V.2 Distribution of immune cells in human arterial thrombi

To study the proportion of different immune cells in the arterial thrombi, their quantities were
analyzed following detection by IHC(Fig.19). Neutrophils and macrophages were found in

higher proportions than T helper cells as well as classical and non-classical monocytes.
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Figure 19: Quantification of different subsets of leukocytes in human arterial thrombi. Mean +/- SEM,
*p<0.05, **p <0.01, ***p<0.001 and ****p<0.0001.
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V.2.1 T helper cell distribution in different areas

To investigate the colocalization of CD4™ T cells, we examined their association with fibrin and
platelet-rich areas as well as fibrin and platelet-poor areas. (Fig.20). T helper cells were mostly
present in the fibrin and platelet-rich area.
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Figure 20: a) Representative image of the CD4* T cell co-localization with platelets and fibrin in two
different areas. b) Number of CD4* T cells in fibrin and platelet-rich areas and fibrin and platelet-poor
areas. c) Percentage of CD4* T cells of total nucleated cells in fibrin and platelet-rich areas and fibrin
and platelet-poor areas. DAPI (Blue), CD41 (Red), fibrin (Green), CD4 (White), Scale bars are 10um,
Mean +/- SEM, **** p < 0.0001.

Fig.20 indicates that most CD4 positive cells were concentrated in fibrin- and platelet-rich areas.
However, the CD4 molecule can be present on the surface of other immune cells, not only T
helper cells. CD4* T cells can be identified by the concurrent expression of CD3 and CD4
surface markers. A co-staining strategy incorporating both anti-CD3 and anti-CD4 antibodies

was employed for a more precise identification (Figure 21).
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Figure 21: a) Representative image of a CD4" T cells (CD3*CD4") interacting with platelets in an arterial
thrombus. b) The percentage of CD4* T cells within the CD4"* cell population. DAPI (Blue), CD41 (Red),
CD4 (Green), CD3 (Purple), Scale bar: 50um, Mean +/- SEM, ns p > 0.05.

V.2.2 Activated CD4* T cells in human arterial thrombi

CD69 is one of the earliest markers expressed after T helper cell activation. IHC was performed

to detect the activated T helper cells in human arterial thrombi (Fig. 22).

a)
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Figure 22: a) Overview of activated CD4" cells in an arterial thrombus. The area to the left of the white
dashed line represents the fibrin and platelet-rich area, while the area to the right indicates the fibrin and
platelet-poor area. DAPI (Blue), CD4 antibody (Red), fibrin (Green), CD69 (Purple). Scale bar is 500um.
b) Representative magnified image of CD69*CD4* T cells in arterial thrombus. DAPI (Blue), CD4
(Green), CD69 (Purple). Scale bar is 20um. c¢) Percentages of CD69* CD4" T cells of total CD4* T cells.
d) Number of activated CD4* T cells in fibrin and platelet-rich areas and fibrin and platelet-poor areas.
Mean +/- SEM, ** p < 0.01**** p < 0.0001.

Fig. 22a suggests that activated CD4" T cells are more concentrated in fibrin and platelet-rich
areas compared to fibrin and platelet-poor areas. This indicates a potential relationship between

the components of the thrombus and T cell activation.

V.2.3 Fibrinolytic properties of activated CD4* T cells

Urokinase-type plasminogen activator (UPA) and its receptor (UPAR) are key players of the
fibrinolytic system and also participate in various physiological and pathological processes,
including immune responses, tissue remodeling and cell migration. Two series of
immunostainings followed by quantitative analyses were conducted to investigate the
associations between uPA, UPAR, and activated CD4" T cells (Fig. 23).
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Figure 23: Co-localization of uPA and uPAR with activated CD4* T cells in human arterial thrombi.

a) UPAR expressed on the surface of activated CD4* T cells. b) soluble uPA molecules accumulate on
the surface of activated CD4* T cells. ¢) Number of activated CD4* upaR* T cells in fibrin and platelet-
rich areas and fibrin and platelet-poor areas. ¢) Number of activated CD4* upaR* T cells in fibrin and
platelet-rich areas and fibrin and platelet-poor areas. DAPI(Blue), CD4(Green), uPA(Red), uPAR(Red),
CD69 (Purple). Scale bars in Fig.22a and Fig.22b are 10 um. Mean + SEM, **** p <(.0001.

Fig.23 shows that the majority of activated CD4" T cells can express uPAR and attract uPA molecules

in human arterial thrombosis.
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V.2.4 CD4" T cells are present in an in vivo aged arterial thrombus

Notably, numerous newly formed vessel lumens (CD31*) were observed in an in vivo aged
femoral arterial thrombus. Extensive reendothelialization of the thrombus was evident, as
demonstrated by Carstairs' staining and IHC. "CD4" T cells were widely distributed in the aged
thrombus and newly formed microvessels and were also observed at the interface of the

organized extracellular matrix (Fig.24).

a) b)

Figure 24: a) Carstairs' staining of an in vivo aged femoral arterial thrombus specimen revealed
neovascularization within the organized thrombus, demarcated by the red dotted circle. The yellow

dotted lines and circles delineate regions of cholesterol-rich plaque tissue. Scale bars is 500 um. b) IHC
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of the same femoral arterial thrombus specimen. DAPI (White), CD31 (Purple), Scale bar is 500 pm. c)
Representative pictures of the colocalization of CD4* T cells in the aged an in vivo arterial thrombus.
DAPI (Blue), CD4 (Green), CD31 (Purple), Scale bars are 50um.

V.3 CD4* T cell activation examination by Flow cytometry

CD4" T cells isolated from PBMCs were activated with anti-CD3 and anti-CD28 antibodies
and analyzed by flow cytometry to evaluate the population of activated CD4" T cells (Fig. 25).

Figure 25: a) Activated CD4* T cells were gated as CD4*CD69* cells. b) Resting CD4* T cells were
gated as CD4*CD69 cells. c) Unstained resting CD4* T cells were used as controls. d) Activated CD4*

T cells were gated by CD4*CD69" markers to eliminate APC autofluorescence as control group.
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V.4 Activated CD4* T cells by Arteriosclerotic plaques in vitro

ICC experiments were performed to investigate whether resting CD4" T cells could be activated
directly by homogenized human arterial plagues. Resting CD4™ T cells were incubated with the
plaques in poly-L-lysine-treated dishes. 1gG, as well as anti-CD3 plus anti-CD28 antibodies,
were added as negative and positive controls, respectively. (Figure 26).

a)
b)
c)

Figure 26: a) Resting CD4" T cells were incubated with IgG as negative control. b) Resting CD4* T

cells were incubated with homogenized plaques. ¢) Resting CD4* T cells were treated anti-CD3 plus
anti-CD28 antibodies as positive controls. DAPI (Blue), CD4 (Green), CD69 (Red). White arrows

represent the CD4" T cells and yellow arrows show plaque material. All scale bars above are 10um.

Fig.26b indicates that plaque material exerts a relatively weak effect on CD4™ T cell activation

compared with the positive control.
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V.5 Homogenized arterial plaque material efforts on human whole blood

ROTEM experiments were performed to assess the effect of ruptured atherosclerotic plaques
on thrombus formation. This was achieved by analyzing coagulation parameters in human
whole blood mixed with homogenized plaque material. 0.1 mg and 0.3 mg of homogenized
atherosclerotic plaques were added to 300ul of whole blood for each measurement, with PBS

serving as a blank control (Fig. 27).
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Figure 27: Effects of Homogenized arterial plagues on human whole blood coagulation. CT (Clotting
Time), CFT (Clot Formation Time), MCF (Maximum Clot Firmness). Considering the normal
distribution of the data one-way ANOVA test was used to calculate significances. The sample size for
each group was n = 6. The statistical significance of the results was evaluated at the following levels:
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Fig. 27 shows noticeable decreases in CFT and CT values as the concentration of homogenized
plaques increases, accompanied by an increase in the o angle. MCF was unaffected. The results

suggest that plaques exert a robust procoagulant effect.

V.6 Effect of CD4" T cells on plaque-induced human thrombus formation

Given that CD4" T cells are positive for UPAR and uPA, the next step was to explore whether
CD4" T cells exhibited procoagulant or anticoagulant roles. In ROTEM experiments,
homogenized plaques were utilized to induce thrombosis, simulating the pathological
conditions following plaque rupture. Some of cells were activated using anti-CD3 and anti-
CD28 antibodies.
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Figure 28: Effect of CD4* T cells on plaque-induced human whole blood coagulation. Two-way
ANOVA test was used to calculate significances. The sample size for each group was n = 6. The
statistical significance of the results was evaluated at the following levels: *p < 0.05, **p < 0.01, ***p
< 0.001, and ****p < 0.0001.

Fig. 28 shows no significant changes in CT values upon the addition of resting or activated
CD4* T cells. In contrast, resting and activated CD4" T cells increased or tended to increase
CFT while lowering a-angle and MCF values compared to controls. This suggested that CD4*
T cells might delay thrombus formation by impeding fibrin-platelet interactions and decreasing

the stability of the thrombi.
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V.7 Plasmin formation by human CD4* T cells

To determine the fibrinolytic activity of human CD4" T cells, plasmin formation assay was
measured. Na'we CD4" T cells were isolated from peripheral venous blood of donators. Then
an anti-CD3 plus anti-CD28 antibodies cocktail was adding to activate CD4" T cells. In vitro

assays were conducted with pre-formed clots to evaluate the fibrinolytic activity of CD4* T

cells.
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Figure 29: Fibrinolytic activities of activated and resting CD4* T cells isolated from human blood.

Fig.29 shows that CD4" T cells have the function of regulating fibrinolysis, and the fibrinolytic
activity of activated CD4" T cells is higher than that of resting CD4* T cells.

V.8 CD4" T helper cells in SARS-CoV-2 infections thrombosis

Severe COVID-19 cases often involve dysregulation of the intravascular immune responses
that might compromise the functions of CD4" T cells. Thrombosis is a frequent complication
of SARS-CoV-2 infection, particularly in severe cases** 671, We stained paraffin-embedded
lung sections from patients with SARS-CoV-2 infections and compared them with autopsy
samples from patients with influenza. Moreover, it was analyzed whether the activity of CD4+

T cells exhibited a relation to thrombosis (Fig.30).
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Figure 30: a) Representative image of CD4" T cells within a microthrombus in influenza virus
pneumonia. b) Representative image of CD4* T cells within a microthrombus in SARS-CoV-2
infections. CD4* T cells are shown by white arrows. DAPI (Blue), CD4 (Red), fibrin (Green), CD31
(Purple). All scale bars are 10um.

Fig. 30a depicts the fibrin structure in influenza, showing loose and sparse fibrin fibers with the
vascular wall structure remaining intact (marked by CD31). In contrast, dense fibrin bundles
completely obstructed the thrombus in SARS-CoV-2 infections, resulting in significant damage
to the vascular wall structure (Fig. 30b). CD4" T cells were present within blood vessels in both

types of infectious thrombosis.
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V.8.1 Correlation between CD4" T cells levels and thrombosis in viral pulmonary

infections

Based on the quantification of the IHC results, Pearson's correlation was used to determine
whether there was a correlation between CD4* T cell levels and pulmonary thrombosis in

SARS-CoV-2 infections and influenza virus pneumonia.

r=-0.7818, p=0.0010(***) r=-0.6780,p=0.0312(*)
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Figure 31: Correlations between CD4* T cells levels and pulmonary thrombosis in viral infections.
Individual patients are represented by dots. Data include results collected by Mona Pilartz. Pearson’s
correlation was calculated, with a 95% confidence interval. *p<0.05; ***p<0.001

In summary, pulmonary thrombosis during infection negatively correlates with microvascular
CD4* T cell levels, with COVID-19 infection demonstrating a stronger correlation than

influenza virus infection.

V.8.2 CD4* T cells might restrict fibrin development in thrombosis during SARS-CoV-2
infection by attracting TAFI

Thrombin-activatable fibrinolysis inhibitor (TAFI) is a zymogen (inactive precursor) produced
in the liver and released into the bloodstream, where it undergoes conversion to activated TAFI
(TAFIa) to inhibit fibrinolysis. TAFI plays a crucial role in modulating the balance between
coagulation and fibrinolysis, thereby impacting clot stability and degradation. To investigate
how T helper cells negatively regulate thrombosis in COVID-19, IHC of the lung samples was
performed to detect whether there was a co-localization between CD4" T cells, TAFI, and fibrin

(Fig. 32).
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Figure 32: Representative image illustrating the co-localization of TAFI with fibrin in pulmonary
thrombosis of a SARS-CoV-2-infected lung. DAPI (Blue), TAFI (Red), fibrin (Green). Scale bars
arelOum.

Within the thrombotic area surrounded by the fibrin network, the signal of TAFI is substantially

enriched compared to the surrounding tissue matrix or blood vessels. (Fig. 33).

Figure 33: Representative image of co-localization of TAFI, CD4* T cells, and fibrin in a SARS-CoV-
2 pulmonary thrombosis sample. DAPI (Blue), TAFI (Purple), fibrin (Red), CD4 (Green). CD4* T cells
are shown by white and yellow arrows. Scale bars are 10um.

In Fig. 33, the two CD4" T cells are indicated by white and yellow arrows, respectively. The
CD4" T cell indicated by the white arrow is TAFI-negative and located far away from the
thrombotic clot, while the one close to the clot is TAFI-positive. The fibrin fiber network in
Fig.33 appears much looser, with numerous gaps, compared to the thrombi in Fig.32. The TAFI
signal in the fibrin-covered region shown in Fig.33 is weaker than that in Fig.32it surrounds

CD4" T cell indicated by the yellow arrow.
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V.9 Th17 cells enhance fibrinolysis during bacterial infection-related thrombosis

In mice infected with S. pneumoniae, we observed microthrombi in liver sinusoids and
identified activated CD4" T cells within the thrombus. (Fig.34).

M(irged+ Transmitted light

Figure 34: Representative image of activated CD4" T cells in microthrombi from mice infected with
S. pneumoniae. DAPI (Blue), CD4 (Red), CD69 (Green). Scale bars are 10um.

Given that activated CD4" T cells can promote thrombolysis, it was of interest to determine
which subtypes of CD4" T cells might support fibrinolysis. The main CD4" T cell subtypes
include Thi, Th2, Treg, and Th17. Therefore, we visualized these four subtypes using markers
T-bet, GATA3, RORyt, and FoxP3.

Next, we investigated which subtype of CD4" T cell was positive for fibrinolytic proteins
(Fig.35).
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Figure35 a): Co-localization of CD69 with four subtypes of T helper cells in liver sinusoids in S.

pneumoniae infection. DAPI (Blue), T-bet, GATA3, FoxP3 and RORyt (Grey), CD4 (Red), CD69
(Green). Scale bars are 10um.
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Figure35 b): Colocalization of tPA with four subtypes of T helper cells in liver sinusoids in S.
pneumoniae infection. DAPI (Blue), T-bet, GATA3, FoxP3 and RORyt (Green), tPA (Red),
CD4 (Purple). Scale bars are 10um.
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Figure35 c): Colocalization of tPA and CD69 with four subtypes of T cells in liver sinusoids in S.
pneumoniae infection. DAPI (Blue), T-bet, GATA3, FoxP3 and RORyt (Green), tPA (Red), CD69
(Purple). Scale bars are 10um.
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Taken together, the results of the three sets of colocalization stainings indicate that activated
Th17 cells most effectively attract tPA in the liver sinusoids of S. pneumoniae-infected mice.



V.10 Thrombosis and metastasis

Here, we selected two representatives strongly procoagulant and poorly procoagulant human pancreatic
cancer cell lines, 8182 and 9091, respectively, to investigate their potential pro-thrombotic and pro-

metastatic effects.

V.10.1 Pro-thrombotic activity of 9091 and 8182 cell lines in liver vessels and sinusoids

We began by examining the pro-thrombotic effects of cell lines 9091 (Fig. 36a) and 8182 (Fig. 36b)
through IHC analysis. The cell lines, labeled with CMPTX, were injected into wild-type mice via the
tail vein. After three days, the mice were sacrificed, and fibrin deposition in the liver vessels and

sinusoids was analyzed.

a)




Figure36 a): Representative image showing thrombosis formation in the liver vessels and sinusoids of
mice injected with the CMPTX-labeled cell line 9091 after 3 days. b): Representative image showing
thrombosis formation in the liver vessels and sinusoids of mice injected with the CMPTX-labeled cell
line 8182 after 3 days. DAPI (blue), fibrin (green), CMPTX (red). Scale bars are 10um.

IHC images analysis revealed that both cell lines, 9091 and 8182, can induce thrombosis in the
larger liver vessels. However, magnified images of the sinusoids demonstrated that after

injection of 8182, the formation of microthrombi was enhanced.

V.10.2 Extravasation of 9091 and 8182 cell lines after 72h injection

Tumor cell extravasation occurs through three primary stages: intravascular (Fig.37a),
perivascular (Fig. 37b) and extravascular (Fig. 37b). We analyzed the extravasation of cell lines
9091 and 8182 after 72 hours (Fig. 38).

a) b)

Intravascular Perivascular Extravascular

Figure37 a): Representative image showing the stages of tumor cells in liver sinusoids of mice 72 hours
post-injection. b): Representative image showing the perivascular and extravascular stage of tumor cells
in liver sinusoids of mice 72 hours post-injection. DAPI (blue), Stabilin-2 (green), CMPTX (red).
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Figure38 a): Percentage of perivascular tumor cells between cell lines 8182 and 9091.b): Percentage of
extravascular tumor cells between cell lines 8182 and 9091. c): Percentage of extravasated tumor cells
between cell lines 8182 and 9091. Mean +/- SEM, ns > 0.05, **p < 0.01

There was no significant difference in the percentage of total extravasated tumor cells or
perivascular cells between the 8182 and 9091 cell lines (Fig.38 a, b). However, the 9091cell

line exhibited a higher percentage of extravascular cells compared to 8182 (Fig.38 c).
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V.10.3 Effects of rivaroxaban treatment on early extravasation between 8182 and 9091

Next, we analyzed the extravasation of cancer cells at the early stage of metastasis after 6 hours
and the effect of the factor Xa inhibitor, rivaroxaban. (Fig. 39)
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Figure 39: Effect of rivaroxaban on early extravasation of pancreatic tumor cells.

Mean +/- SEM, *** p<0.001.

In mice injected with the 8082 cell line, rivaroxaban increased tumor cell extravasation
compared to the control group (Fig. 39). In contrast, no significant difference was observed
between the rivaroxaban-treated group and the control group for the 9091 cell line. These
findings could suggest that anticoagulant treatment can effectively reduce the extravasation of
tumor cells with high prothrombotic potential, but it does not exert the same effect on cells

lacking such a capacity.
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V.11 Extracellular matrix potentially participates in thrombosis during SARS-CoV-2

infection

Components of the extracellular matrix (ECM), such as collagen and laminin, are abundantly
present in subendothelial components. Upon vascular injury, these constituents are exposed to
the bloodstream, leading to platelet adhesion, activation, and eventual fibrin formation. To
reveal the potential role of the extracellular matrix (ECM) in fibrin formation during SARS-
CoV-2 infection, laminin and collagen | co-staining were visualized alongside fibrin. (Fig. 40
and Fig.41).

Merged

Figure 40: Co-localization of laminin with fibrin inside alveoli and blood vessels in patients with
COVID-19. DAPI (Blue), CD31 (Purple), fibrin (Red), laminin (Green). Scale bars are 10um.
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Figure 41: Co-localization of collagen | with fibrin inside alveoli and blood vessels in patients with
COVID-19. DAPI (Blue), CD31 (Purple), fibrin (Red), collagen I (Green). Scale bars are 10um.

Fig.40 and Fig. 41 both illustrate the colocalization of extracellular matrix present with fibrin

in alveoli and blood vessels in SARS-CoV-2 pulmonary infections.



V1.Discussion

In the first part of this study, we histologically characterized the morphology and distribution
of the main components of arterial thrombi, specifically focusing on the aggregation of platelets,
RBCs, and fibrin networks, as well as the distribution of leukocytes within these structures. Our
findings revealed that areas with a higher concentration of RBCs were predominantly located
in the body of the thrombus. In these areas, the fibrin network exhibited a loose, sponge-like
structure with sparsely distributed leukocytes and platelets. In contrast, the fibrin and platelet-
rich areas were primarily observed in the head and tail of the thrombus, where the structure was
more complex. The fibrin network in these areas was exceptionally dense, with twisted and
interwoven fibrin fibers forming thick, compact bundles. These bundles were interspersed with
large aggregates of platelets, creating a scaffold-like structure. Leukocytes were mainly located
along the edges of this platelet-derived scaffold.

The morphological differences across different parts of the same arterial thrombus raise
intriguing questions. Some studies suggest that aggregated platelets within the thrombus pull
on the fibrin, reducing the space between fibers and compressing the embedded RBCs, thereby
facilitating the formation of dense fibrin bundles®® %°1. The scaffold-like structures formed by
these thick fibrin bundles enhance the hardness, density, and friction coefficient of the thrombus.
As aresult, fibrin-rich thrombi contain a greater proportion of fibrin fibers with fewer interstitial
pores’® "1, From a clinical and surgical perspective, fibrin/platelet-rich thrombi, which have a
more complex structure compared to RBC-rich thrombi, may exhibit reduced permeability and
increased resistance to fibrinolytic agents. This structural complexity can pose challenges to

endovascular mechanical thrombectomy and pharmacological thrombolysis 2,

Next, we investigated the immune cells within arterial thrombi. Multiple IHC co-localization
and quantification analyses revealed the proportions of different immune cell populations.
Neutrophils were the most abundant immune cells, consistent with recent studies, followed by
macrophages, T-helper cells, and both classical and non-classical monocytes!’® "I, Many
studies demonstrated that immune cells, particularly T-helper cells, play a critical role in the
formation, progression, and eventual rupture of atherosclerotic plaques!”™ 61, T-helper cells
influence the degradation of the extracellular matrix by regulating the expression of matrix
metalloproteinases (MMPs), and elevated levels of MMPs can weaken the fibrous cap of
plaques, making them more prone to rupturel’’l. Additionally, T cells can secrete pro-

inflammatory cytokines, such as TNF-a and IFN-y, which activate macrophages and smooth
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muscle cells, further thinning the fibrous cap and promoting plaque instability !, Based on
these findings, we hypothesize that the complex inflammatory processes driven by T cells,
which occur in atherosclerotic lesions, may also influence the composition of arterial thrombi
following plaque rupture. Through multiple IHC co-localization analyses, we observed that the
majority of CD4-positive cells were concentrated in fibrin- and platelet-rich areas. Using co-
staining strategies for CD3 and CD4, we precisely identified these cells as CD4* T cells.
Furthermore, CDG69 positivity confirmed that these CD4" T cells were activated. In subsequent
IHC co-localization analyses, we observed uPAR expression on the cell membranes of activated
CD4" T cells and noted that scattered uPA molecules in the thrombus were heavily attracted to
the vicinity of these activated T cells. Based on these findings, we assumed a significant role
for CD4" T cells in thrombus formation, particularly in the regulation of fibrinolysis.
Regrettably, we were unable to determine whether the CD4* T cells observed within the
thrombus originated from atherosclerotic plaques exposed to the bloodstream following plaque
rupture or were recruited from circulating blood to the site of thrombus formation. In some
samples of chronic thrombi, we were surprised to observe numerous newly formed vascular
tissues and CD4" T cells that remained within the already organized thrombus tissue. This
finding suggests that CD4" T cells may act as "long-term regulators," of thrombosis potentially

playing a role in thrombus dissolution, organization, and recanalization.

We further focused on the potential regulatory functions of activated CD4* T cells in thrombus
formation, aiming to investigate whether CD4" T cells within the thrombus are activated by
cholesterol crystals from ruptured plaques during the early stages of thrombogenesis or
recruited by fibrin within the subsequently formed thrombus. Fig.25b indicates that plaque
material exerts a relatively weak effect on CD4* T cell activation compared with the positive

control.

Cholesterol crystals within atherosclerotic plaque materials exhibit strong pro-inflammatory
propertiest’®l. Using the ROTEM assay, which simulates venous blood flow to dynamically
evaluate coagulation function, we tested the effects of two different concentrations of
homogenized plague materials on whole blood thrombus formation. The results demonstrated
that with increasing concentrations of homogenized plaque material, CFT and CT values
significantly decreased, while the o angle increased, and MCF remained unaffected. These
findings confirm that plague materials possess strong pro-coagulant activity. Unexpectedly, the
size of thrombi induced by plaque materials did not significantly increase with higher

concentrations of plaque material.
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Recent studies have increasingly focused on the role of immune cells, including CD4* T cells,
in non-traditional immune functions, such as the regulation of the coagulation and fibrinolytic
systems. However, these effects are often indirect. For example, CD4" T cells can influence the
expression of key molecules in the fibrinolytic system by secreting cytokines such as IL-6, IL-
10, TNF-0, and IFN-y, thereby modulating plasmin activity. However, the specific direction
and mechanisms by which CD4" T cells regulate fibrinolysis in arterial thrombosis remain

largely unclear, presenting significant potential for further in-depth research.

In the second part of my study, | aimed to study the role of CD4" T cells in COVID-19-
associated thrombosis. CD4" T cells have been shown to contribute to the hyperinflammatory
state observed in COVID-19, which can exacerbate thrombotic events. Through co-localization
staining, | identified CD4" T cells within pulmonary thrombi in patients with COVID-19.
Quantitative analyses and correlation statistics revealed that pulmonary thrombosis during
infection is negatively correlated with microvascular CD4" T cell levels. Importantly, this
negative correlation was stronger in COVID-19 infections compared to influenza virus
infections, underscoring the unique impact of COVID-19 on the interplay between immune

regulation and thrombosis.

TAFI is a plasma zymogen that plays a critical role in regulating fibrinolysis. Activated by
thrombin in the presence of thrombomodulin, TAFI inhibits fibrinolysis by removing lysine
residues from partially degraded fibrin, which reduces plasminogen binding and plasmin
generation®®, This action stabilizes fibrin clots and prevents premature clot dissolution, making
TAFI a key modulator of clot stability and thrombosis. Co-localization staining revealed that
TAFI-positive CD4" T cells were located near thrombotic clots, while TAFI-negative CD4* T
cells were positioned farther away. Thrombi with TAFI-positive CD4" T cells showed a looser
fibrin network and weaker TAFI signals compared to other regions, suggesting that these cells

may influence fibrin structure and clot stability.

There is a critical regulatory relationship between TAFI and CD4* T cells. CD4" T cells directly
promote fibrinolysis by carrying plasminogen and its activators (e.g., tPA), counteracting the
fibrinolysis inhibition mediated by TAFI. Additionally, CD4" T cells weaken TAFI's inhibitory
effect on fibrinolysis by preventing its binding to fibrin, thereby playing a key role in
maintaining the balance of the fibrinolytic system and regulating fibrin deposition!®t. This
dynamic balance indicates that CD4" T cells play a crucial role in regulating the fibrinolytic

system and indirectly influence thrombus formation and stability.
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CD4* T cells consist of several subsets, each with distinct inflammatory properties. For
example, Thl cells promote pro-inflammatory responses, Th2 cells are involved in humoral
immunity, and Th17 cells are known for their role in neutrophil recruitment and
inflammation®3l. In a murine model of Streptococcus pneumoniae infection, we identified
activated CD4" T cells within the liver sinusoids. Through a series of co-localization stainings,
our findings collectively demonstrated that activated Th17 cells most effectively attract tPA in
the liver sinusoids of S. pneumoniae-infected mice, highlighting their potential role in

fibrinolysis during infection.

In the last part of this thesis, we conducted a preliminary and exploratory study on the role of
thrombosis in tumor metastasis. There is a close relationship between thrombosis and tumor
metastasis. Most studies suggest that thrombosis acts as both a promoting factor and a potential
therapeutic target in the metastatic process. Tumor cells activate the coagulation system by
releasing procoagulant factors and cytokines, leading to the formation of micro- and
macrothrombosis. Tumor cell-activated thrombi not only protect circulating tumor cells from
immune clearance but also interact with platelets, fibrin, and endothelial cells, facilitating tumor
cell adhesion to the vessel wall and invasion into new tissues, thereby accelerating metastasis.
We selected two pancreatic cancer cell lines with high and low procoagulant properties,
respectively. Through IHC, it was evident that the 8182 cell line exhibited pronounced fibrin
deposition in the liver sinusoids in the mouse model, while the 9091 cell line showed only weak
fibrin formation. 72 hours after tumor injection, there was no significant difference in the
overall extravasation of tumor cells between the two cell lines. However, the 9091 cell line,
which induced less fibrin deposition, exhibited stronger extravasation than the 8182 cell line.
In the 6-hour mice model, rivaroxaban intervention had little effect on tumor cell extravasation
of the 9091 cell line. However, it significantly increased tumor cell extravasation of the more
pro-coagulant 8182 cell line. These findings may suggest that anticoagulant therapy does not
universally reduce the risk of tumor metastasis by inhibiting thrombosis. For certain tumors,

thrombosis might serve as a potential protective mechanism to limit tumor cell extravasation.
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