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Platelets play a crucial role for blood hemostasis, the process that prevents bleeding. In
addition, platelets have been demonstrated to promote cancer progression and cancer related
complications like metastasis and thrombosis. Platelets can affect cancer related diseases either
directly or by interacting with other blood cells or molecules in the circulation of individuals
with cancer. The current thesis addresses the role of platelets in tumor progression and tumorinduced systemic effects of cancer, with a special focus on the effects on the vasculature.
In the first paper, the role of platelets in tumor progression in histidine-rich glycoprotein
(HRG)-deficient mice was addressed. We report that HRG-deficient mice show enhanced tumor
growth, epithelial to mesenchymal transition (EMT) and metastasis. The enhanced platelet
activity in the absence of HRG is responsible for the accelerated tumor progression.
In the second paper, we demonstrate that platelet-derived PDGFB is a central player to keep
the tumor vessels functional. Moreover, in a pancreatic neuroendocrine carcinoma model with
PDGFB-deficient platelets, spontaneous liver metastasis was enhanced. With this finding we
identify a previously unknown role of platelet derived PDGFB.
In the third paper, we found that TBK1 mediates platelet-induced EMT by activation of NFkB signaling, which suggest that TBK1 contributes to tumor invasiveness in mammary epithelial
tumors.
In the last paper, we report that the vascular function in organs that are neither affected by
the primary tumor, nor represent metastatic sites, is impaired in mice with cancer. We show that
tumor-induced formation of intravascular neutrophil extracellular traps (NETs), a fibril matrix
consisting of neutrophils with externalized DNA and histones, granule proteases and platelets,
are responsible for the impaired peripheral vessel function.
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Introduction

1 Tumor growth and development
1.1 Cancer
Cancer is a large group of diseases, in which tumor cells divide out of control and can invade other normal tissues. Normal cells from healthy tissues
are regulated by multiple mechanisms to keep themselves and the neighboring cells under strictly regulated growth and division control. Tumors arise
from normal tissues, and it is a multi-step process. For a single or a large
cohort of normal cells to become tumors, they need to obtain a number of
capabilities, which protect them from the body’s defense mechanisms. There
are more than 100 distinct cancer types1, but they share some common characteristics. In 2000, six hallmarks of cancer were described2 and later in
2011, two more emerging hallmarks were added to the list3. These eight
hallmarks include:
Sustaining proliferative signaling: Normal cells need mitogenic signals
which are carefully controlled to induce proliferation. Tumor cells can deregulate those signals by self-producing or by affecting stroma cells to supply themselves with these mitogenic factors to divide constitutively.
Resisting cell death: Normal cells will undergo apoptosis (programmed
cell death) when required, for example during embryonic development or
irreparable DNA damage. Many tumors evolve a series of strategies to evade
apoptosis, for example, mutation of p53, which is an important DNA damage sensor to induce apoptosis cascade.
Evading growth suppressors: Normal cells are under control of contact
inhibition; when they grow and form contacts with surrounding cells they are
suppressed to proliferate further. Tumor cells have commonly lost this inhibition mechanism, for instance, lacking functional Rb gene, which is an important cell cycle gatekeeper.
Inducing angiogenesis: Under normal physiological conditions, the blood
vessels are quiescent. Angiogenesis (new blood vessel formation) happens
during embryogenesis (then called vasculogenesis), or wound healing and
female menstruation in adults normally. Tumors need angiogenesis to grow
bigger than 1-2 mm diameter. Angiogenesis is sustained in several ways, for
instance by up-regulation of vascular endothelial growth factor (VEGF).
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Activating invasion and metastasis: Malignant tumors can invade and metastasize to distant organs. In this process, adhesion molecules like Ecadherin are down regulated and matrix degrading proteases are upregulated.
Metastasis causes 90% of all cancer-associated mortality4.
Enabling replicative immortality: Normal cells will undergo senescence
eventually, due to shortening of telomeres (DNA sequence repeats at the
chromosome ends) at each cell division. Tumor cells can escape this crisis
and become immortalized by expression of telomerase.
Reprogramming energy metabolism: In normal situations, cells process
glucose either by oxidative phosphorylation in mitochondria or by anaerobic
glycolysis in cytoplasm. Tumor cells can however reprogram their energy
metabolism to aerobic glycolysis, which might be associated with upregulation of glucose transporters or multiple glycolytic enzymes.
Evading immune destruction: Cells and tissues are constantly monitored
by immune surveillance. Tumor cells have developed several ways to escape
immune destruction5: they can suppress MHC class I expression to evade
immune detection; they repress expression of ligands which bind to
NKG2D-receptor of NK cells; they induce immune cells apoptosis by secreting TGF-β or other immune suppressive factors; etc.

1.2 Tumor microenvironment
A tumor contains not only the tumor cells, but also extracellular matrix
(ECM) and other types of cells, together called tumor stroma, which in most
solid tumors can account for 50-90%6. The stroma cells are comprised of
endothelial cells, immune cells, fibroblasts, pericytes, etc. The tumor cells
exist within the surrounding stroma, and they interact with each other closely
and constantly, together maintaining the tumor microenvironment. Tumor
stroma can promote tumor growth and development. The stroma supplies
tumors with oxygen and nutrients and produce different growth factors like
proangiogenic factor VEGF and FGF2, tumor growth factor EGF, etc. to
stimulate tumor growth7, 8. In some tumors, up to 50% of the VEGF is produced by stroma cells9. In addition, stroma cells can produce proinvasive
matrix degrading enzymes like MMP9, heparanase and cysteine cathepsin
proteases to induce metastasis8.
Immune cells and mediators are a pivotal component of the tumor microenvironment10. A tumor is also said to resemble a “wound that never heals”
which is under continuous inflammation in contrast to normal wound healing, where the inflammation is terminated when the wound is healed6.
Among the inflammatory cells, TAMs (tumor associated macrophages) are
very important and seem to have dual functions in the tumor context. M1
macrophages activated by IFN-γ can inhibit tumor growth by targeting tumor
cells and tumor vasculature, for example, by secreting CXCL10, an antiangiogenic chemokine. However, the M2 macrophages are more common in
12

tumors and are associated with wound healing and tissue remodeling. In the
tumor microenvironment, many factors like hypoxia, cytokines like IL-10
and IL-13, and colony stimulating factors (CSFs) can induce M2 phenotype,
which can promote tumor progression by inducing angiogenesis or by producing immunosuppressive cytokines11. Interestingly, a phenotypic dichotomy of neutrophils was also reported, which is very similar to that of macrophages: The N1 anti-tumor phenotype and the N2 protumor phenotype12, 13.
In addition, Neutrophil gelatinase-associated lipocalin (NGAL), a protein
mainly produced by (polymorphonuclear) neutrophils14 and upregulated in
the majority of human cancers15, is reported to have a pro-tumoral effect by
protecting MMP9 from degradation and acting as an intracellular iron carrier. On the contrary, NGAL was also reported to have an anti-tumoral and
anti-metastatic effects by inhibiting HIF-1α, FAK and VEGF synthesis16.
Taken together, the tumor microenvironment exploits and orchestrates
physiological programs like angiogenesis, tissue remodeling, inflammation,
and recruitment of bone-marrow derived cells to benefit their proliferation
and invasion.

1.3 Tumor angiogenesis
Angiogenesis
The vascular system, also called the circulatory system, is responsible for
transportation of oxygen, nutrients, circulating cells and signaling molecules
between different organs and tissues in vertebrates. It consists of two highly
branched, tree-like networks of blood vessels and lymphatic vessels, respectively. In the present text, the focus will be on blood vessels. All cells in the
body are dependent on the oxygen and nutrient supply from the blood vessels and can not live further away than 100-200 µm from a vessel in mammal17. Therefore, if an organ or tissue is growing, the vessels must grow
equally and form new branches. The de novo formation of a vascular system
is called vasculogenesis and occurs in embryonic development18, while formation of a new blood vessel from pre-existing ones is called angiogenesis19.
New blood vessel formation occurs very rarely in healthy adults and only
happens in some physiological conditions like wound healing and the menstrual cycle, which are under tight regulation of a balance between pro- and
anti-angiogenic factors20. But in some pathological conditions, including
inflammatory disease (e.g. rheumatoid arthritis), tumor growth, diabetic retinopathy and ischemia, angiogenesis also takes place.
There are four different mechanisms of angiogenesis described. Sprouting: when endothelial cells (ECs) are activated by angiogenic growth factors
like VEGF, they start to proliferate and migrate toward the source of the
stimulus to form new vessels. Intussusception: also know as splitting. Two
opposing walls within a capillary protrude together into the vessel lumen
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center, become perforated and form two lumens finally, which allows a big
increase of the capillary numbers without corresponding increase of ECs
number. This mechanism plays an important role in embryonic development
by benefiting from its efficiency and economy from a metabolic perspective,
since it is not based on ECs proliferation21. Recruiting bone marrow-derived
endothelial progenitor cells (EPCs): in response to pro-angiogenic factors
like VEGF, the EPCs mobilize and circulate into blood and participate in
neovessel formation by differentiating into mature ECs22, 23. Looping: under
biomedical forces, the surrounding pre-existing vessels translocate to the
wound area to form functional vessels in the granulation tissues, in which the
recruited vessels appear as loops24.
Angiogenesis can be initiated in several ways, among which hypoxia
might be the most prominent one. When cells are under low oxygen pressure, the hypoxia inducible factor 1 (HIF-1) is activated by the heterodimerization of the HIF-1α and HIF-1β, both of which are constitutively expressed
in many cell types. HIF-1α is very unstable due to the fast polyubiquitination and degradation by prolyl hydroxylase domain (PHD) proteins in
normoxic conditions. But in hypoxia, the PHDs are inactivated because of
the low oxygen tension. Activated HIF-1 can induce the expression of proangiogenic factors, most notably VEGF, to induce ECs proliferation and
migration towards the hypoxic region25.
The key pro-angiogenic factor is VEGF-A, a member of the VEGF family, which is the most extensively studied pro-angiogenic growth factor.
Binding of VEGF-A to VEGF receptor-2 (VEGFR-2) activates different
pathways to regulate EC proliferation and migration. There are five different
isoforms of the VEGF-A monomer due to alternative splicing, among which
VEGF-A165 is the most abundant26, 27. Lacking either vegf-a or vegfr-2 in
mice is embryonic lethal due to vascular defects28, 29. Besides VEGF-A, there
are also many other pro-angiogenic growth factors. Angiopoietin-2 (Ang 2),
expressed by ECs, can competitively bind to Tie-2 and block Ang-1/Tie-2
signaling, which plays a role in vessel stabilization, and disrupt the quiescence of the vasculature and thereby promote angiogenesis30, 31. Additionally, fibroblast growth factors (FGFs), epidermal growth factors (EGF),
hepatocyte growth factor (HGF) and insulin like growth factor (IGF) were
reported to have pro-angiogenic activities32, 33.
Pericyte recruitment during angiogenesis
In order to become a mature and functional vessel, ECs must switch from the
angiogenic phenotype back to a quiescent phenotype, which is more stable
and less permeable34. Coverage with pericytes or vascular smooth muscle
cells (vSMC) are important features of a mature vessel that are critical for
vascular integrity and inhibition of permeability of vessels35. How pericytes
are recruited to the endothelium of vessels during angiogenesis will be discussed in 4.3.
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Tumor angiogenesis
A tumor can not grow bigger than 1-2 mm in diameter without vascular supply36. Angiogenesis has been proposed as one of the hallmarks of cancer3.
Small avascular lesions can remain dormant without inducing angiogenesis,
and they get oxygen and nutrients by diffusion. In the avascular phase, it is
believed that there is a balance between proliferation and apoptosis of tumor
cells and also a vascular homeostasis between pro- and anti-angiogenic factors. However, tumor cells can break the dormant phase and stimulate angiogenesis, which is called the “angiogenic switch”36. Tumors induce angiogenesis in a similar way as growing organs. When tumor lesions grow up to a
certain threshold size, the hypoxic environment stimulates VEGF expression
and then angiogenesis initiates. Certain oncogene mutations can also cause
VEGF expression, for example mutation of von Hippel Lindau (VHL), a
protein responsible for degradation of HIF-1α, which can lead to constitutive
HIF activation37. Tumors can also promote the angiogenic switch by inducing tumor associated fibroblasts or immune cells to secrete pro-angiogenic
factors or by recruiting bone marrow-derived cells which secrete VEGF and
MMPs7. In addition, it was also reported that tumor cells can transdifferentiate to ECs to form a vessel lumen38, 39.
Because of continuous growth of tumors and sustained secretion of proangiogenic factors, tumor angiogenesis is dysregulated, which leads to vascular malformations and alterations40. In this situation, ECs proliferate and
sprout vigorously, but develop immature and inefficient vessels. Compared
to the hierarchical normal vasculature, tumor vessels are chaotically organized and tortuous41. Tumor vessel function shows various alterations: blood
flow is inefficient and vessels are not being perfused at all; the leaky and
permeable vessels increase the interstitial fluid pressure (IPF); ECs overlap
or attach to each other loosely and there is a lack of pericyte coverage.

1.4 Tumor metastasis and EMT
Metastasis is the most prominent cause of cancer related deaths42. Metastasis
is a sequential multi-step progression, namely the “invasion-metastasis cascade”: first tumor cells evade to the nearby ECM locally, called local invasion; second, intravasation: exit their primary site and pass through the vessel wall and into the blood vessels; third, survive and transport in the circulation; fourth, arrest in the microvessels of distant organ; extravasate into the
parenchyma of foreign tissue; survive and form a micrometastasis in the
foreign microenvironment; regain the proliferation ability and colonize the
new tissue, and finally generate a detectable microscopic metastasis43.
There are two opposing mechanisms suggested for formation of a metastatic lesion from a primary tumor44. One is the linear model, which suggests
that metastasis happens in late cancer progression. Tumor cells pass through
15

consecutive rounds of mutation and selection, a subset of them acquire necessary alterations for metastasis45, which then leave the primary site to seed
in distant organs. The other is the parallel progression model, which suggests
that metastasis is initiated long before primary tumor can be diagnosed, and
the malignant mutations are acquired in the secondary site because of the
microenvironment pressure, thus, they adapt specifically to the new environment to survive and grow44. Several studies were reported to support the
parallel model. There are evidence showing that metastatic seeding can occur before detectable primary tumor46. It was also reported that there are
genomic discrepancies between primary tumor and metastasis and also between different metastasis within one patient47, 48. The parallel model is also
supported by studies that compared the growth rate of primary tumor and
metastasis49, 50.
Metastasis is a slow and organ-specific process51. Tumor cells can occur
in different organs, but only in some certain sites they can grow and develop
into a metastasis52, 53. Different tumors have different patterns of secondary
organ metastasis. In breast cancer, metastasis principally occurs in bone,
lungs, liver and brain. In pancreatic cancer, it happens mainly in liver and
lungs while prostate cancer metastasis is mostly restricted to bone. Ocular
melanoma metastases are nearly exclusively confined to the liver. The origin
and intrinsic properties of tumor cells, the dissemination and circulation
patterns, the affinity of distant tissue, organ specific barriers and microenvironment together contribute to the organ-specific metastasis patterns. Disseminated tumor cells respond to local signals in the secondary organ, and a
subset of them can grow continuously and enter into a proliferationapoptosis balance phase until they accumulate enough genetic and epigenetic
aberrance that are optimal for clonal expansion in the host microenvironment. The colonization is the most challenging and complex step and together with obstacles in the other steps of the “invasion-metastasis cascade”,
metastasis is often a slow and latent process51, 54.
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Figure 1. The role of EMT in tumor invasion. Reprinted with permission from (55).
Tumor cells undergo EMT to become motile and invasive, and then they detach
from the epithelial layer to travel and intravasate into the blood or lymphatic vessels.
During this dynamic procedure, MET (mesenchymal to epithelial transition), a reversed process, could transiently occur.

Epithelial to mesenchymal transition (EMT) is a biological process essential for embryo development, organogenesis and wound healing56, in which
polarized epithelial cells undergo biochemical alterations resulting in conversion into a mesenchymal phenotype. However, EMT is now recognized
to be a key mechanism of tumor metastasis, which provides a basis of the
process of carcinoma cells acquiring an invasive phenotype57. In order to
become motile and invasive, carcinoma cells have to shed their epithelial
phenotypes (such as cell polarity and adhesion) and they need to rearrange
the cytoskeleton to detach from the epithelial sheet and undergo EMT (Figure 1), which include increased migratory ability, resistance to apoptosis and
upregulated ECM component production55, 58. The last step of the invasion is
to degrade the outlined basement membrane by secreting proteases (like
MMP2 and MMP9) to escape from the epithelial layer and intravasate into
the blood or lymph vessel57. EMT is believed to be stimulated by surrounding stroma signals, such as myofibroblast derived TGF-β, fibroblast derived
17

HGF and FGF, macrophage derived EGF and inflammatory cell derived
TNF-α, participating in the activation or induction of a number of transcription factors, like SNAIL, ZEB and bHLH55, 59. EMT is reversible and the
reversed process (mesenchymal to epithelial transition, MET) can occur in
the metastatic site and enable successful growth in the new environment55.

1.5 Tumor models
There are different classifications of in vivo tumor models for cancer research. Tumor models transplanted in mice are extensively used in research.
For the transplantation models, according to the genetic background between
the tumor cells and the host the models can be classified into syngeneic (similar genetic background) where tumor cells are injected in immunocompetent
mice; and xenograft (different species of tumor cells and recipient) models
where tumor cells are injected in immunodeficient mice. According to the
location of the transplantation, the models can be classified into orthotopic
where tumor cells are injected to the region from where it derives; and heterotopic where tumor cells are injected to a site different from where it originates.
A disadvantage of the above models is that the tumors usually grow fast
and hardly mimic the stepwise tumor progression in humans. There are several transgenic mouse models of spontaneously arising tumors believed to
better reflect the multi-step tumor progress. One example is the RIP1-Tag2
transgenic mouse insulinoma model60. These mice express the Simian Virus40 (SV-40) large Tumor antigen (Tag) oncogene under control of the Rat
Insulin Promoter (RIP) expressed in the β-cells of pancreatic Langerhans
islets. Around 50% of the islets will undergo hyperplasia, and around 10%
will undergo the angiogenic switch at 7-8 weeks of age. Solid tumors develop at about 10 weeks in approximately 3% of all the pancreatic islets, and
become adenomas or invasive carcinomas by 12-13 weeks. The mice die
from hypoglycemia around 15 weeks caused by overproduced insulin61. Another example is the MMTV-PyMT transgenic mouse mammary adenocarcinoma model. These mice carry the Polyomavirus Middle T-antigen
(PyMT) under control of the Mouse Mammary Tumor Virus (MMTV) promoter. The tumor model has four stages: hyperplasia is detected at 4-6 weeks
of age; adenoma/neoplasia; early carcinoma from 8 weeks; late carcinoma
from 10 weeks. At 12-13 weeks spontaneous pulmonary metastasis occurs
with a high incidence62, 63.
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2 Platelets
2.1 Platelet function
Platelets, also called thrombocytes, are anuclear cellular fragment of
megakaryocytes in the bone marrow64. Each megakaryocyte can produce
5000-10000 platelets. There are 150 000-400 000 platelets /µL in the circulation of humans and 800 000-1 000 000/µl in mice. Even though they have no
nuclei, they are very organized and have different organelles like mitochondria, granula, microtubes and actin filament. Platelets contain three types of
secretory granules: α-granules, dense granules and lysosomes65.
Platelets play a crucial role in hemostasis and thrombosis. If a blood vessel is injured, collagen and von Willebrand factor (vWF) are exposed to
platelets to stimulate their activation, degranulation, adhesion and aggregation66. Activated platelets bind to collagen by integrin αIIβI or by GPVI and
to vWF by GPIb/V/IX complex. Released adenosine diphosphate (ADP)
from platelet degranulation can strengthen platelet activation via binding to
its P2Y receptor, which in turn induce activation of fibrinogen receptor
GPIIb/IIIa (also known as integrin αIIbβ3). Fibrinogen can aggregate platelets by bridging between two platelets to form a temporary plug. A further
stable fibrin clot will then form by cleavage of fibrinogen into fibrin by
thrombin, which is generated by the coagulation cascade66, 67. After the impaired vessels are rebuilt, the fibrin clot will be degraded by plasmin enzymatically68.

2.2 The role of platelets in tumor angiogenesis and metastasis
It is well recognized that cancer patients have increased risk of thrombosis
and other abnormalities of the coagulation system, like abnormal platelet
amounts and bleeding disorders69. Some tumor types are more prone to activate the blood coagulation system70. Thrombosis could be the first sign of
underlying tumor malignancy71. Cancers patients with thromboembolic
complications have a poorer survival comparing with those without thrombosis72. The prothrombotic environment of cancer makes the platelet an important player in both tumor angiogenesis and metastasis.
Platelets can promote tumor angiogenesis in several different ways. Activated platelets can secrete pro-angiogenic growth factors like VEGF-A,
PDGFB; protease like MMP9; phospholipids and other microparticles to
promote angiogenesis. Activated platelets can also directly bind to ECs to
support angiogenesis73, 74. The platelet activation and coagulation product
fibrin are commonly existing in tumors, along which ECs can survive and
migrate to form new blood vessels. In this process fibrin may play a role
either as a provisional matrix molecule or EC activator75, 76. Activated platelets can recruit bone marrow-derived cells to the site of neovascularization
19

by secretion from α-granules, which suggests a role of platelets as communicators between hypoxic tissue and the bone marrow77. Platelet derived
factors can prevent extensive hemorrhage from angiogenic vessels74 and
inflammation induced intratumor hemorrhage78,79, which suggests that platelets can support tumor angiogenesis by protecting the integrity of the angiogenic and inflamed tumor vessels.
Platelets also play a critical role in promoting tumor metastasis. This has
been demonstrated in many independent studies. Tumor cells with platelet
activation capacity can form more metastasis in mice with xenografted tumors80. Reduced metastasis was shown to be closely related to thrombocytopenia in several mouse models81,82. Addition of platelets to mice with thrombocytopenia can restore metastasis to a level comparable to the nonthrombocytopenia situation83. Injecting tumor cells intravenously in mice
could cause thrombocytopenia, which suggest that tumor cells activate and
“consume” platelets84. Below three mechanisms for the metastasis supporting role of platelets are described.
Firstly, platelets protect tumor cells from shear stress and immune cell attack in the blood circulation after intravasation. Tumor cell survival in the
blood stream is pivotal for metastasis. In the blood circulation, natural killer
(NK) cells and cytotoxic lymphocytes can induce tumor cell lysis85. Platelets
may protect tumor cells by acting as a physical guard to help them escape
immune elimination86. Other studies also suggest that platelets may inhibit
NK cell cytotoxicity via platelet-derived TGF-β87 or other secreted factors
released upon activation88. The second mechanism is that platelets can enhance tumor cell rolling and tethering on the vessel wall, which are necessary for the extravasation. Activated platelets can stimulate EC activation to
enable their binding of both platelets and tumor cells. Tumor expressed
CD4489 and integrin αvβ390 on their surface can interact with platelets. Selectins on the platelet surface could promote tumor cell (expressing selectin
ligands) adherence to the endothelium transiently91. The low affinity binding
by selectins should be replaced by firm adhesion like integrin αIIbβ3 to enable extravasation90. The third mechanism is that platelets can secrete prometastatic factors and matrix degrading enzymes to facilitate metastasis.
Platelets can release different factors to affect vascular permeability to enhance metastasis such as VEGF-A, EGF, PDGF and TGF-β from α-granules
and serotonin and histamine from dense granules69. In addition, plateletderived TGFβ can induce the TGFβ/Smad signaling pathway and at the
same time the direct physical interaction between platelets and tumor cells
induce signaling via the NF-kB pathway. These two pathways act synergistically to promote EMT and metastasis92.
Additionally, platelets also contain a variety of anti-angiogenic factors
such as thrombospondin, endostatin, platelet factor-4 (PF-4), plasminogen
activator inhibitor type-1 (PAI-1) and angiostatin, and also anti-metastatic
factors like vWF.
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3 Histidine-rich glycoprotein
3.1 HRG function
Histidine-rich glycoprotein (HRG) is a plasma protein found in various
mammals and chicken. It was isolated from human for the first time in 1972,
with a concentration of 100-150 mg/L, which is a comparatively abundant
protein in the circulation93, 94and synthesized by the liver exclusively95. HRG
mainly exists in the plasma, but it was also reported to be in colostrum, milk
and infant’s urine96, 97. Another suggested source of HRG are platelets. It was
reported that they contain 4ng HRG/107 platelets, released upon stimulation
by thrombin98. A later study has however firmly concluded that HRG RNA
is only present in the liver95. HRG has been shown to bind to activated platelets99,100. HRG has two polymorphisms in humans: 75 kDa or 77 kDa proteins differing by a serine or proline in position 186101. HRG belongs to the
cystatin super family and has two cystatin domains in the N-terminal, a histidine/proline rich (His/Pro-rich) domain and a C-terminus, with disulphide
bonds collecting the domains102(Figure 2).

Figure 2. Structure of HRG. Reprinted with permission from 102.

HRG was reported to interact with many different factors involved in
immunity, blood coagulation, fibrinolysis and angiogenesis. HRG was reported to bind IgG and C1q to regulate immunity103. It was also reported to
help to remove dead/dying cells by binding to intracellular phospholipids
exposed on necrotic cells104. HRG was suggested to be an anticoagulant and
antifibrinolytic modifier by interacting with many factors involved in blood
coagulation and fibrinolysis such as divalent metal ions, heparin, heparin
sulfate (HS), fibrinogen, factor XIIa, platelets and plasminogen105, 106. HRG
was also shown recently to bind to DNA and RNA to attenuate their ability
to activate factor XII and coagulation107, 108. HRG was reported to have both
pro- and anti-angiogenic roles. HRG can bind to the anti-angiogenic factor
thrombospondin-1 (TSP-1) to promote angiogenesis109. HRG was also re21

ported to exert its anti-angiogenic role by Zn2+-dependent binding to HS on
ECs110. It was also reported that the His/Pro-rich domain-derived peptide
HRGP330 is the minimal anti-angiogenic domain of HRG, which can exert
its effect by targeting focal adhesion signaling to interrupt VEGF-triggered
ECs motility and tube formation111, 112. It was recently shown that HRG
binds to α2 integrin with low-affinity to block the EC-adhesion to collagen,
which was supposed to be the reason for inhibited ECs adhesion, spreading
and migration on collagen after HRG treatment113.
Three congenital HRG-deficiency patients were reported, all of which
suffers from thromboembolism114-116. HRG knockout mice were produced to
study the physiological function of HRG. The mice are viable and fertile but
with a coagulation phenotype. HRG knockout mice have shorter bleeding
time than wild type mice, suggesting HRG as an inhibitor of platelet function117. This is supported by a study showing that HRG knockout mice have
enhanced platelet activation118.

3.2 The role of HRG in tumor angiogenesis and progression
Several different studies show that HRG can suppress tumor angiogenesis
and tumor growth. Peptides derived from the His/Pro-rich domain of HRG
were shown to inhibit angiogenesis and tumor growth in two syngeneic
mouse tumor models119. Systemic HRG treatment of C57BL/6 mice with
subcutaneously inoculated T241 fibrosarcoma resulted in significantly suppressed tumor volumes. Reduced tumor cell proliferation and increased
apoptosis were observed at the tumor site102. In a RCAS/TV-A mouse glioma model, HRG has been shown to inhibit the development of
glioblastoma120. It was also reported that HRG-deficient mice display larger
tumor volume of insulinomas in RIP1-Tag2 mice and an increased number
of angiogenic islets at an earlier stage. The increase in angiogenic islets in
HRG-deficient mice can be abrogated by treatment with an anti-platelet antibody before the angiogenic switch, which demonstrate that HRG exerts its
anti-angiogenic effect via platelets118. Other studies using transplanted tumor
models with HRG gain-of-function strategy121 or within HRG-deficient
(loss-of-function) mice122 show that HRG inhibits tumor growth and metastasis by polarizing M2 tumor-associated macrophages (TAMs) to M1 (tumor
inhibiting) phenotype. It was also shown recently that HRG was downregualted in hepatocellular carcinoma. In the same article, it also suggests that
HRG could inhibit cell proliferation by competitively binding to heparin
sulfate rather than bFGF to inhibit the FGF-Erk1/2 signaling pathway123.
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4 Platelet-derived growth factor (PDGF)
Platelet-derived growth factor (PDGF) was incipiently identified as a blood
serum factor in the mid 1970s as a mitogen for smooth muscle cells, fibroblast and glial cells and was firstly isolated from platelets, therefore the
name PDGF124-126. There are four different PDGF polypeptides encoded by
four distinct genes: PDGF-A, -B, -C and –D, by which they can form four
different homodimers (PDGF-AA, -BB, -CC and-DD) and one heterodimer
PDGF-AB127. These covalent dimers are the biological active forms, in
which the two chains are linked by disulfide bonds128. In the C-terminus of
PDGF-A and -B, there is a basic stretch of amino acid residues called the
“rentention motif”, which plays a crucial role for their spatial distribution on
the cell surface and the extracellular matrix by binding to heparan sulfate
proteoglycans (HSPGs) and also other extracellular proteins129, 130. PDGF-C
and -D lacks the “rentention motif”, but contains a CUB (C1r/C1s, Urchin
EGF-like protein, Bmp1) domain in their N-terminus, which is implicated in
their extracellular distribution of the latent PDGF-C and -D. In order to acquire receptor-binding ability, the CUB domain needs to be proteolytically
removed from PDGF-C and -D127.
The PDGF receptors were discovered as a receptor tyrosine kinase (RTK)
in the 1980s followed by the purification of PDGF ligands131, 132. The active
configuration of the receptors are non-covalent dimers composed of two
related RTKs (PDGFR-α and -β), in which the two subunits act as mutual
substrate of their tyrosine kinase for autophosphorylation in trans between
their intracellular domains. The receptors dimerize to form homodimers
(PDGFR αα and ββ) or heterodimer (PDGFR αβ) when they are bound by
PDGF dimers. The isoforms of PDGF dimers have different affinities to bind
to their receptors. PDGFRα shows high affinity to bind to PDGF-A, -C and B, while PDGFRβ shows high affinity to PDGF-B and -D (Figure 3). Upon
activation of the receptors, the tyrosine phosphorylation of the cytoplasmic
part provide docking site for Src homolog (SH2) domain-containing downstream molecules. Although some differences in signaling capacity exists
between PDGFRα and PDGFRβ, both the receptors engage major downstream pathways of the RTKs, such as Ras-MAPK, phosphoinositide-3kinase (PI3K) and phospholipase Cγ (PLC-γ), leading to stimulation of cell
proliferation, differentiation and migration133-135.
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Figure 3. PDGF ligand receptor interactions. Each chain of the ligand dimer interacts with one receptor subunit. The receptor subunit contain five extracellular immunoglobulin (Ig) domains and a intracellular tyrosine kinase (TK) domain. Solid
arrows indicate high affinity binding while dashed ones represent weak binding or
conflicting results. Reprinted with permission from (134).

4.2 PDGF expression pattern and the role in development
A large number of studies using knockout or transgenic mice conclusively
demonstrated the pivotal role of PDGF signaling in development (Table 1).
It has been shown PDGFR-α signaling is essential during embryonic development and broadly required in multiply organogenesis, whereas PDGFR-β
signaling is indispensable in vascular development (discussed further in subsequent section).
During mouse embryonic development, PDGF-A and PDGFR-α can be
detected already in blastocyst inner cell mass136-138. Double knockout of
PDGF-A and -C or knockout of PDGFR-α mice show increased apoptosis of
neural crest cells and incomplete cephalic closure, demonstrating the crucial
role of PDGF signaling in neural crest development139, 140. PDGF-A and -C
are expressed in the epithelial cells, neuronal progenitors and muscles, while
PDGFR-α is expressed in most interstitial mesenchymal populations and in
oligodendrocyte progenitors (OPs)134. This ligand-receptor expression patterns suggested a general role in epithelial-mesenchymal communication. By
analyzing PDGF-A, -C and PDGFR-α mutants or gain-of-function approaches, defects were found in lung, intestine, skin dermis, testis, kidney
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and lens, which indicate their crucial role in mouse organogenesis134. In addition, PDGF-A and PDGFR-α were shown to be crucial in the CNS development, specifically in the oligodendrocyte and astrocyte recruitment141, 142.
PDGF-A/-C and PDGFR-α were shown to be critical in the development of
axial skeleton, plalate, and teeth134. PDGF-D was found to be important in
the accumulation of iris and ciliary in the aqueous humor for the lens development143.
Table 1. PDGF roles in mice development
Gene

Phenotypes

Pdgfrα-null Embryonic lethal at E11.5 due to incomplete cephalic closure, increased apoptosis of neural crest cells and impaired organ formation144
Pdgfrβ-null Perinatal lethal due to hemorrhages, kidney defects, vascular defect and other
effects145
Pdgfa-null Lethal in E10 or postnatal due to lung emphysema secondary to the failure of
alveolar septation146
Pdgfb-null Perinatal lethal due to hemorrhages, kidney defects, vascular defect and other
effects (similar to Pdgfrb-null) phenotype147
Pdgfc-null Perinatal lethal due to formation of cleft palate and spina bifida139
Pdgfd-null The phenotypic consequences of knockout of have still not been reported

4.3 PDGFB expression pattern and the role in development
PDGFB is mainly expressed in endothelial and megakaryocytes prenatally
during mouse development. In additional, PDGFB is expressed in monocytes
and neurons postnatally. PDGFR-β is highly expressed in the developing
vascular smooth muscle cells (VSMC) and pericytes, and a weaker expression in the mesenchyme of craniofacial and urogenital tract was also detected148, 149.
The predominant function of PDGFB and PDGFR-β signaling in development is VSMC/pericyte recruitment during angiogenesis. In both PDGFB
and PDGFR-β-null mice, a significant loss of VSMC/pericyte numbers were
shown and both of the mice die perinatally due to massive microvascular
hemorrage and edema148, 149. However, PDGFB independent VSMC/pericyte
induction was also shown at many vasculogenesis sites. Not all the vessel
beds are evenly affected by the VSMC/pericyte loss. In the CNS and kidney
glomeruli, nearly complete deficiency of VSMC/pericyte was seen, whereas
the skin and the adrenals show a partial decline, moreover the liver
VSMC/pericyte were not affected145, 147. VSMC/pericyte progenitors appear
before E10 and located around bigger vessels and vessel plexuses. Later
these cells respond to endothelial-derived PDGFB and spread to newly forming vessel branches. PDGFB could also contribute to the formation of a
thicker coat of VSMC around the arterials148. Endothelial-derived PDGFB is
crucial for recruiting PDGF receptor-β (PDGFR-β) expressing pericytes and
VSMC, a process in which PDGFB plays a role as chemotactic factor and
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proliferation/differentiation inducer (Figure 4)150. The importance of ECderived PDGFB has been confirmed by EC-specific knockout mice151, 152. As
mentioned before in 4.1 the rentention motif of PDGFB is very important for
the gradient formation in the endothelial vicinity. Mice lacking the HSPGbinding rentention motif (PDGFB ret/ret mice) can survive until adulthood,
but exhibit reduced pericyte numbers and are affected by glomerulosclerosis,
proteinuria and retinal deterioration153.

Figure 4. EC-derived PDGFB recruits vSMC/pericyte during angiogenesis. PDGFB
secreted from ECs (yellow) triggers undifferentiated mesenchymal cells (grey) to
become vSMC/pericytes (red) and induce subsequent proliferation and migration
along angiogenic sprouts. PDGFB or PDGFR-β knockout leads to vSMC/pericyte
coverage deficiency. Reprinted with permission from (148).

In PDGFB and PDGFR-β-null mice, despite of severe VSMC/pericyte
hypoplasia, embryos continue to develop till E16-E19 of which stage extensive hemorrage and edema lead to embryonic death. Histological analysis
can be done at E14.5 or later, in which mice exhibit placenta defects and
epithelial defects in organs like kidney and heart147, 148. In the kidney of the
PDGFB and PDGFR-β-null mice, the pericyte of glomerular capillaries
named mesangial cells are lacking, and the complex capillary tuft of the
glomeruli fails to form. Instead there is a single hyper-dilated capillary loop
covered by a basement membrane and a layer of podocytes145, 147. The heart
of the PDGFB and PDGFR-β-null mice shows complex malformations including perimembranous and muscular ventricular septal defects and abnormal atrioventricular valves154. Unlike the PDGFB null mice, the EC-specific
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PDGFB knockout mice can survive to adulthood with a spectrum of pathological changes, containing brain vessel hemorrhage, focal astrogliosis, abnormal kidney glomerulus and retinopathy152.

4.4 PDGFB/PDGFR-β signaling promote tumor growth
angiogenesis and metastasis
PDGF signaling was shown to participate in tumor progression via two different well-described ways. Firstly, PDGF ligands and receptors can act as
proto-oncogenes through autocrine growth stimulatory loops. Secondly,
PDGF signaling can affect recruitment of tumor stroma (including vascular
stroma and tumor fibroblast) by paracrine signaling134. High PDGF expression has been shown in different human tumors. Several mechanisms of genetic alterations were summarized to lead to overexpression or function
change of the PDGF/PDGFR in cancer cells: amplification, translocation,
deletion and point mutation134. Below the PDGFB/PDGFR-β effects involved in tumor progression will be discussed.
Autocrine PDGFB/PDGFR-β signaling
Several tumor types were reported to have elevated expression of PDGFB or
PDGFR-β. Up to 96% of dermatofibrosacoma protuberans (DP) were reported to have a translocation of the PDGFB genes with a fusion of collagen
type 1 α1 (COL1A1) and PDGFB genes, which lead to overexpression of
PDGFB in skin fibroblast which usually highly express COL1A1. The overexpression of PDGFB drives cell proliferation and fibrosis in an autocrine
stimulatory loop155. All analyzed human glioma cell lines and fresh isolated
tumors express multiple PDGFs and PDGFRs including PDGFB and
PDGFR-β156. In myeloid neoplasm and leukemias, six different PDGFR-β
gene translocations were reported, among which the ETV-6-PDGFR-β fusion gene was seen most frequently, which lead to a constitutively active
intracellular part of the receptors157. In most primary and metastatic prostate
cancer cells, PDGFR-β was found to be upregulated, which was identified as
one of the markers to predict the recurrence158, 159.
Paracrine PDGFB/PDGFR-β signaling
Paracrine PDGFB/PDGFR-β signaling is involved in tumor stroma recruitment, which may directly or indirectly promote tumor growth and metastasis134. Tumor fibroblast was regarded as a passive component of tumors. It
was reported that PDGFB driven fibroblast recruitment, which enhances the
immortal human keratinocyte development from nontumorigenic to a tumorigenic stage, in which process hepatocyte growth factor (HGF) was likely the mediator160, 161. Experimental overexpression of PDGFB in melanoma cells leads to abundant recruitment of fibroblast and vasular stroma162.
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Fibroblast secreted FGF2/7, CXCL12 and HGF were shown to support tumor cell proliferation163, 164. Fibroblast derived CCL5 was supposed to enhance tumor cell metastasis165. Clinical investigation of PDGFR-β expression in stroma of human rhabdomyosarcoma was shown to be positively
associated with the presence of metastasis166. Besides fibroblasts, another
stroma cell called pericyte, is also affected by the paracrine
PDGFB/PDGFR-β signaling. PDGFB expression in fibrosarcoma and melanoma was shown to increase tumor growth and pericyte recruitment to tumor
vessels. However, the tumor cell derived PDGFB can increase the amount of
recruited pericytes, but fail to induce correct pericyte association with the
vessels due to lacking of correct gradient from the vasculature167, 168. While
the quantity of the tumor pericyte might affect tumor growth, the quality of
the pericyte coverage may influence hematogenous tumor metastasis. Loss
of PDGFB binding to HSPG or NCAM deficiency lead to pericyte detachment from the vessels, which was suggested to be the cause of increased
tumor metastasis in mice169. It was also reported in human solid tumors that
a low smooth muscle marker expression in tumors is positively correlated
with metastasis170.

5 TANK-binding kinase 1 (TBK1)
TANK-binding kinase 1 (TBK1) is an enzyme which is ubiquitously expressed171. TBK1 is an 84 kDa, 729 amino acid protein containing an Nterminal kinase domain (KD), an ubiquitin-like domain (ULD), a scaffold
dimerization helix domain (SDD) and a C-terminal domain (CTD) (Figure
5)172. TBK1 is belonging to the inhibitor of κB kinase (IKK) family, including IKKα, IKKβ, IKKγ and IKKɛ, among which TBK1 and IKKɛ are the
atypical IKKs in the NF-κB (nuclear factor kappa-light-chain-enhancer of
activated B cells) signaling pathways. TBK1 is structurally similar to IKKɛ
and the canonical IKKs (IKKα and IKKβ)173-176.

Figure 5. Structure of hTBK1. Adapted from(172)

There are five members of NF-κB in mammals: RelA (p65), RelB, c-Rel,
p105/p50 and p100/52. NF-κB complexes are homo- or heterodimers formed
from different combinations of the members, which is restrained in the cytoplasm by the inhibitor of κB (IκB). Upon activation, the IκB is phosphorylated by the IKKs and in turn will be ubiquitinated and degraded by the proteasome, which results in release and translocation of NF-κB to the nucleus
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to initiate transcription177, 178. TBK1 was reported to phosphorylate IκBα at
Ser32, one of the two typical serine residue targets on IκBα174. TBK1 could
also phosphorylate IKKα and IKKβ179, and was shown to induce NF-κB
activation through IKKβ173, 174. The NF-κB subunit RelA (p65) is another
substrate of TBK1 and was shown to be phosphorylated at the serine 536
residue180. The NF-κB subunit c-Rel can also be phosphorylated at the serine
479 and 602 residues by TBK1, which is sufficient to promote nuclear translocation but does not modulate downstream NF-κB activity181. Knockout of
TBK1 is embryonic lethal and the mice die at E14.5 showing extensive embryonic liver degradation and apoptosis, a phenotype that was also observed
in IKKβ-, IKKγ- and RelA-deficient mice. However, the NF-κB activation
was predominantly normal in the TBK1 knock out mice, with only minimal
defects in selected NF-κB target genes182-184.

5.1 TBK1-dependent signaling
TBK1 was reported to be involved in a broader signaling network including
innate immune response, autophagy, inflammation, insulin signaling, cell
proliferation and cell growth. To date, the majority of the studies on TBK1
were focused on its role in innate immunity. Upon virus infection, toll-like
receptors get activated, and TBK1 then form complex with TRAF-associated
NF-κB (TANK) and TRAF3 to phosphorylate interferon regulatory factors
(IRFs) 3, 5 and 7 at numerous serine and threonine residues173, 184-187. TBK1
was also shown to play a role in the degradation of bacteria by an ubiquitin
mediated clearance mechanisms, which ultimately engages autophagy machinery188. TBK1 has also recently been implied in the autophagic clearance
of protein aggregates related to glaucoma189. Long time inflammatory stimulation by TNF-α increased the mRNA levels of TBK1190. The insulin receptor can be phosphorylated at the serine 994 residue by TBK1, which indicates that TBK1 could be involved in the insulin resistance mechanism191.
TBK1 was shown to promote cell survival signaling by direct phosphorylation of AKT192. Recently, a plausible explanation for the role of TBK1 in cell
survival was reported. During cell division, TBK1 localization to the mitotic
machinery is necessary for spindle assembly and mitosis193.

5.2 TBK1 in tumor growth, angiogenesis, EMT and metastasis
TBK1 has been implicated in tumor growth. TBK1 was shown to be expressed highly in breast, lung and colon cancers194-196. Furthermore, TBK1
was shown to interact and phosphorylate Sec5 to participate in the exocyst
complex to further promote cell transformation. Suppression of either TBK1
or Sec 5 can induce apoptosis in RAS-transformed cells197, 198. TBK1 can
provide anti-apoptotic signaling in KRAS mutant cells by induction of the
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survival factor BCL-xl via activation of NF-κB195. TBK1 was also reported
to promote transformation via direct phosphorylation of AKT192.
TBK1 was also reported as an inducer of angiogenesis. Under hypoxic
stimuli, TBK1 was found to trigger the TRIF/TBK1/IRF3 pathway to induce
angiogenesis by mediating proliferation of endothelial cells by secreted
growth factors such as RANTES and IL-8, as well as other pro-angiogenic
factors like CXCL10, CXCL11 and IFN-β196, 199.
TBK1 was in recent years reported to promote EMT. In 2013, we found
TBK1 to be highly expressed in the pancreatic islets of HRG-deficient RIP1Tag2 mice, which later show elevated EMT200. Another study has shown that
TBK1 was a contributing factor involved in radiation-induced EMT in human lung cancer cells via activation of GSK-3β and suppression of ZEB1201.
Consistent with this, TBK1 had anti-apoptotic effects during radiation of
human breast cancer cells202. TBK1 was also involved in melanoma cell
migration and invasion by co-localization with FAK203. However, opposite
effects of TBK1 on EMT has also been reported. One study showed that loss
of TBK1 induces EMT specifically in ERα positive breast cancer cells via
down regulating ERα expression204.

6 Neutrophil Extracellular Traps
6.1 Neutrophil Extracellular Traps formation
The neutrophil is the most plentiful leucocyte in the blood of mammals and
play a central role in innate immunity. Neutrophils exert their anti-microbial
function by phagocytosis and degranulation. Neutrophil extracellular trap
formation (NETosis) is another form of anti-bacterial mechanism described
in 2004205. NETs are complex structures generated from activated neutrophils, composed of extracellular DNA fibers, citrullinated histone H3
(H3Cit) and granular proteins and enzymes such as myeloperoxidase (MPO),
elastase, cathepsin G and MMP9206-208. There are two mechanisms described
to form NETs. One is called suicidal NETosis209: upon activation certain
granular proteases translocate to the nucleus to degrade and citrullinate the
histones to unwind the chromatin; the nuclear and granular membranes break
and cytolysis subsequently occurs, which release the NETs 3-4 hours after
activation210. The suicidal NETosis is classically triggered following stimulation of the neutrophil through the Raf-MEK-ERK pathway211. In the suicidal
NETosis process, signaling pathways involving reactive oxygen species
(ROS) production and anti-apoptotic proteins are upregulated. The other
mechanism is the vital NETosis209: neutrophils can eject chromatin, mitochondrial DNA or DNA-including vesicles to generate NETs, which is a
more rapid way and usually takes 30-60 minutes206, 212, 210. The vital NETosis
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process was reported following both microbial exposure and lipopolysaccharide (LPS)213.

6.2 NETs and cancer-associated thrombosis
Thrombosis is the second cause of cancer patient death. The etiology of cancer-associated thrombosis is unclear214. NETs were recently suggested to
contribute to cancer-associated thrombosis. It was reported that tumorderived granulocyte colony-stimulating factor (G-CSF) primes the peripheral
blood neutrophils to form NETs and predisposes the host to thrombosis215.
Another tumor-derived cytokines IL-8 was also shown to contribute to NET
induction216. The role of soluble tumor-derived factors in NETosis is also
emphasized by the finding that exposure of neutrophils to plasma or platelets
from gastric cancer patients was sufficient to induce NET formation217.
NETs were found also inside the tumors206. Hypoxia was also suggested as a
stimulus to induce NETosis in cancer patients. NETs were shown more frequently in the less oxygenated central parts of tumors218.
NETs can promote thrombosis in different ways. NETs supply a scaffold
for red blood cells and platelets to adhere to and aggregate219 (Figure 6).
NETs can interact with platelets, endothelium, the coagulation system and
red blood cells to promote thrombosis. Here I will only discuss the interaction with platelets and the endothelium.
NETs and Platelets
NETs may interact with platelets directly and indirectly. Platelets can bind to
neutrophils via β2-, β3-integrin and P-selectin220. Besides the classical way
of neutrophil activation such as interleukin (IL)-1β, G-CSF, and TNF-α,
platelets can activate neutrophils by binding to the surface receptor TREM-1
(triggering receptor expressed on myeloid cells 1) which results in release of
IL-8 from neutrophils221. Stimulating toll-like receptor 4 (TLR4) on platelets
can induce platelet-neutrophil adhesion and subsequent neutrophil activation
and NET formation under severe inflammatory conditions, specifically in
sepsis213. A platelet-dependent NETosis mechanism was proposed, since
LPS itself only induce non-NET-related function of neutrophils but LPSactivated platelets could induce NETosis210. Platelet-neutrophil interactions
were described to occur during inflammation and can regulate NETosis, in
which process P-selectin was supposed to play a role222. This was recently
confirmed by a study showing that P-selectin as an adhesion molecule expressed by activated platelets is essential for NETosis223. NETs can be a
substrate for platelet binding and aggregation and a stimulus for platelet
activation. NETs trap platelets and support their aggregation when perfused
with blood219. Single- and double-stranded DNA can bind to platelets in
vitro224, 225. NETs can also activate platelets via interaction with histones
present in the network of externalized DNA. Histones can bind to platelets
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and stimulate calcium influx and recruit fibrinogen to induce platelet aggregation in vitro. Infusion of histones in vivo leads to thrombocytopenia226.
TLR2 and TLR4 were reported to be involved in extracellular histoneinduced platelet activation and pro-coagulation227. NETs could also activate
platelets via neutrophil proteases such as elastase, cathepsin G and MMPs by
proteolytically triggering platelet receptors228-230. Adhesion molecules as for
example fibrinogen, fibronectin and vWF could also mediate NET-platelet
interactions219, and may bind to NETs via their affinity to DNA or
histones231-233.

Pts

Figure 6. Ultrastructure of fibrous meshwork of NETs with adherent platelets (Pts).
Bar: 1µm. Reprinted with permission from (212).

NETs and Endothelium
Activated endothelial cells can induce NET-formation by releasing IL-8234.
VWF released form activated endothelium can bind NETs to promote
thrombosis235. NETs can also induce endothelial cell death by NET-derived
proteases or cationic proteins like histones and defensin236, 237. Histones were
reported to have a high affinity to bind to phospholipids on membranes,
which can lead to perforation, ion influx and cytotoxicity for endothelium238,
239
.

32

Present Investigations

Platelets have been demonstrated to promote cancer progression and cancer
related complications like metastasis and thrombosis. Platelets can affect
cancer related diseases either directly or by interacting with other blood cells
or molecules in the circulation of individuals with cancer. The purpose of the
research in this thesis is to increase the knowledge about how platelets, a
type of blood cells that contains a number of different growth factors and
cytokines, can affect angiogenesis, tumor growth and formation of metastases. Increased understanding of the fundamental mechanisms for the regulation of cancer progression increases the ability to produce effective drugs
against cancer.

Paper I
Background and Aim
Histidine-rich glycoprotein (HRG) has been identified as an angiogenesis
inhibitor, a potent tumor suppressor and hemostasis regulator105, 119. Mice
lacking HRG have enhanced coagulation and platelet activation, resulting in
shorter bleeding times. HRG-/- mice show an accelerated angiogenic switch
and enhanced tumor growth due to enhanced platelet activation. However,
the detailed molecular mechanism of how enhanced platelet activation in
HRG-/- mice promotes tumor progression remains unclear.

Results and Discussion
To know how platelets contribute to the enhanced angiogenic switch and
later larger tumors, an antibody array was performed on protein lysates of
isolated islets from both 5 and 7 weeks old mice meaning before and at the
onset of the angiogenic switch. In the 5 weeks protein array list, AKT2 and
TBK1, which are both upregulated in islets from HRG-deficient RIP1-Tag2
(RT2) mice. These two molecules were both reported to have anti-apoptotic
properties. In line with this, immunostaining for apoptotic islet cells using an
antibody against cleaved caspase-3 showed decreased apoptosis in the
RT2/HRG-/- islets compared to islets from RT2/HRG+/+ mice. Increased
cell survival and therefore a higher cell density can result in hypoxia and
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induce angiogenesis mainly via VEGF. TBK1 was also reported to be upregulated under hypoxia in tumor cells and to stimulate production of other
soluble factors to promote endothelial cell survival and migration196, 199. Indeed, the VEGFR2 activity was significantly higher in islets from
RT2/HRG-/- mice compared to RT2/HRG+/+ mice at 5 weeks of age (before
the angiogenic switch), as verified by immunostaining with an antibody targeting the VEGFR2/VEGF-A complex. These data revealed that in HRGdeficient mice, there is increased survival and angiogenic signaling in islets
before the angiogenic switch can be detected by visual counting of angiogenic islets.
Platelets have previously been reported to promote EMT and contribute to
tumor invasiveness and metastasis. In addition, AKT2 was reported to facilitate EMT by supporting snail1-induced suppression of E-cadherin gene expression240 and has also been connected to cancer cell invasiveness and metastasis241, 242. Therefore, we investigated whether EMT is altered during
tumor development in RT2/HRG-/- and RT2/HRG+/+ mice. At 7 weeks of
age, immunostaining for E-cadherin shows that there was a significant decrease in the E-cadherin expression in RT2/HRG-/- mice compared to
RT2/HRG+/+ mice. Later in 12 weeks old mice, the E-cadherin/vimentin
ratio was significantly lower in RT2/HRG-/- mice compared to
RT2/HRG+/+. These findings show that HRG can suppress EMT in vivo. To
address whether platelets mediate the more prominent downregulation of Ecadherin in pancreatic islets from HRG-deficient RIP1-Tag2 mice, 5 weeks
old mice were platelet depleted. After platelet depletion, the pronounced Ecadherin downregulation in the HRG-deficient mice was no longer detected.
In fact, there was a general increase in E-cadherin expression in both genotypes after the platelet depletion, indicating that platelets are continuously
promoting EMT in the tumor microenvironment. Moreover, the upregulated
AKT2 expression in islets of HRG-deficient mice was no longer seen after
platelet depletion.
PDGFRβ signaling has been shown to be required for survival of certain
cancer cells undergoing EMT243-245. Phosphorylation of Y579 in PDGFRβ
was increased in the 7 weeks islets of RT2/HRG-/- mice compared to
RT2/HRG+/+. After platelet depletion, the difference was lost between the
two genotypes.
To see if the enhanced EMT results in elevated metastasis, we analyzed
livers from 14-15 weeks old RT2 mice. Indeed, HRG-deficient mice had an
increased number of metastases in the liver.
Tumor vascular function (judged by FITC-lectin perfusion and pericyte
coverage) was significantly reduced in 14-15 weeks old RT2/HRG-/- mice
compared to RT2/HRG+/+ mice. Platelet depletion was performed during
week 11-13, when tumors have already formed in RT2 mice. This resulted in
a significant reduction in tumor vascular function and abrogated the difference between RT2/HRG-/- and RT2/HRG+/+ mice. Platelet depletion during
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week 11-13 also led to tumor growth retardation and a decrease in proliferative capacity at 14-15 weeks age. Moreover, the difference in tumor size and
liver metastasis between the two genotypes was suppressed.
Taken together, we addressed the molecular changes in the early stage of
tumor development in the HRG deficient mice, which involved signaling via
TBK1, AKT2 and PDGFRβ, which can promote cell survival, angiogenesis
and epithelial-to-mesenchymal transition (EMT) in the pre-tumorigenic microenvironment. These molecular changes were induced by platelets. In the
late stage of tumor development, platelets keep the tumor vasculature functional, possibly by maintaining the pericyte coverage, and hence increase
tumor growth in HRG deficient mice. In conclusion, these data show that
platelets can prominently impact on tumor growth and vascularization at
different stages of tumor progression. We also suggest that HRG can work as
a tumor suppressor by attenuating the angiogenic switch, tumor growth,
EMT and subsequent metastasis via negative regulation of platelet activity.

Paper II
Background and Aim
Pericytes are critical for vascular integrity and for preventing vessel permeability. In a tumor, pericytes are commonly less numerous and also less tightly attached to the endothelium. In paper 1, we found a dramatic reduction of
the pericyte coverage of tumor vasculature after platelet depletion. Endothelial cell-derived PDGFB has been shown to be crucial for pericyte recruitment during physiological conditions151, 152. However, the situation in tumor
vessels has not been addressed and potentially there could be additional
sources of PDGFB needed to maintain pericyte coverage in the tumor microenvironment? Platelets have been described as the “guardians of tumor vasculature”, since they protect tumor vessels from hemorrhage 246, 74. Platelets
are a major source of PDGFB, which is contained in the α-granules of platelets and released upon platelet activation. Therefore, we asked question that
if platelet-derived PDGFB is important for pericyte recruitment to tumor
vessels.

Results and Discussion
To address the role of platelet-derived PDGFB for pericyte recruitment in
tumor vessels, we crossed pf4-cre mice with pdgfb fl/fl mice to generate
mice with PDGFB-deficient platelets. Pf4-cre/Pdgfbfl/fl mice had undetectable levels of PDGFB in serum, in sharp contrast to pf4-cre/pdgfbwt/wt and
pf4-cre/pdgfbwt/fl, where the wt/fl mice displayed approximately half of the
serum PDGFB levels compared to the wt/wt mice. We found that lack of
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PDGFB in platelets does not affect platelet activation or vascular phenotype
in healthy tissue.
To study the role of platelet-derived PDGFB in tumor angiogenesis and
progression, the RIP1-Tag2 mouse model was employed. We found lack of
PDGFB in platelets did not affect the angiogenic switch or tumor volume.
However, pericyte coverage and vascular function were impaired in the tumors of PDGFB-deficient platelets mice. In addition, enhanced metastasis
was found in mice with PDGFB-deficient platelets.
Taken together, we demonstrated that platelet-derived PDGFB contributes to maintaining the pericyte coverage in tumor vessels and to limit metastasis. With this finding we identified a previously unknown role of platelet derived PDGFB.

Paper III
Background and Aim
Platelets have been shown to be able to induce an EMT-like phenotype via
TGFβ release and NF-kB activation by direct contact. We have previously
found in paper I that the pancreatic islets from HRG-deficient RIP1-Tag2
mice show enhanced EMT due to platelet activation. Tank Binding Kinase1
(TBK1), an IKK-related kinase, was upregulated in islets from HRGdeficient RIP1-Tag2 mice. Therefore, we aimed to address whether and how
TBK1 plays a role in platelet induced EMT.

Results and Discussion
Co-culture of Ep5 and MCF10A cells with platelets induced an epithelial to
mesenchymal transition (EMT) phenotype and gene expression changes in
mammary epithelial cells. Moreover, platelet treatment stimulated phosphorylation of TBK1.
To explore the role of TBK1 in platelet induced EMT, TBK1 was
knocked down in Ep5 and MCF10A (M2) cells using an siRNA approach.
Platelet-induced NF-κB signaling was partially suppressed in TBK1 knockdown cells. In addition, TBK1 knockdown inhibits platelet-induced morphological changes, E-cadherin loss and EMT associated gene expression.
In conclusion, we found that TBK1 mediates platelet-induced EMT by activation of NF-kB signaling, which suggest that TBK1 contributes to tumor
invasiveness in mammary epithelial tumors.
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Paper IV
Background and Aim
Cancer can induce systemic effects in the affected individual such as thrombosis, metastasis and organ failure. Tumor-induced effects on distant organs
have mainly been studied in metastatic sites. How tumors affect the organs
that are not targets for metastasis or affected by the primary tumor is less
well known. The aim of the study is to analyze the function of organs that
are neither affected by the primary tumor, nor represent metastatic sites, in
an individual with cancer.

Results and Discussion
Using the RIP1-Tag2 model for insulinoma and the MMTV-PyMT model
for breast carcinoma, we found that kidney and heart vascular function,
measured by FITC-conjugated lectin perfusion and fibrinogen leakage, is
impaired compared to healthy control mice. This data indicates that tumorbearing mice display an impairment of vascular function in peripheral organs
that are not directly affected by the primary tumor or a metastatic site. RIP1Tag2 mice with bigger tumors (>100mm3) show significantly more pronounced impairment of the renal vascular perfusion than mice with small
tumors, suggesting that the primary tumor burden is an important factor for
the observed systemic effects.
In the same organs with impaired vascular function, we also found an increase in neutrophil numbers, which was significantly correlated with the
primary tumor weight in the MMTV-PyMT model. Depletion of neutrophils
by an anti-Gr1 antibody could significantly improve the vascular function of
kidney vessels in the MMTV-PyMT model. Neutrophil/platelet complexes
were found in kidneys from both RIP1-Tag2 and MMTV-PyMT mice, but
were completely absent in healthy control mice. DNase I treatment resulted
in a significant decrease of the neutrophil/platelet complexes in the kidneys
of MMTV-PyMT mice, indicating that these complexes are NETs. Confocal
microscope analysis of kidney sections revealed that the NETs are almost
exclusively localized within the renal vasculature. After DNase I treatment,
the kidney and also the heart vascular function were restored to a level comparable with the healthy control mice.
G-CSF is a potential tumor-derived factor and was reported to predispose
neutrophils to form NETs. The kidney vessels of C57BL6 mice with subcutaneously grafted B16 melanoma tumors did not show increased leakage or
neutrophil infiltration. Comparing G-CSF expression levels by q-PCR, we
found that MMTV-PyMT tumors strongly express G-CSF and that the level
of this cytokine was negligible in B16 tumors. By treating the MMTV37

PyMT mice with anti-G-CSF antibody, it shows low numbers of neutrophil/platelet complexes compared to non-treated ones and notablely the kidney vascular perfusion was restored. These results support that tumorderived G-CSF is one factor needed for the formation of NETs.
The intravascular NETs may impair vascular perfusion by vessel occlusion. The blood flow change can affect the activation state of the endothelium, which can induce adhesion molecule expression and inflammatory cell
influx. Indeed, we found upregulated levels of ICAM-1, VCAM-1 and Eselectin in the kidney of MMTV-PyMT mice compared to healthy control
mice. At the same time, we also found increased mRNA levels of the inflammatory cytokines IL-1β and IL-6, as well as chemokine CXCL1. These
molecules are important mediators of leukocyte infiltration.
In conclusion, we shown that the heart and kidney vessel functions are
impaired in mice with cancer. NETs were demonstrated to be the cause of
the impaired peripheral vascular function in individuals with cancer, and
tumor secreted G-CSF was implicated as a promoter of NETosis. These findings implicate tumor-induced NETosis as a contributing factor to organ failure commonly seen in cancer patients, and tumor-induced systemic effects
on peripheral organs are not confined to metastatic sites.
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Concluding Remarks and Outlook

Platelets are known to become abberantly actived in cancer patients, which
leads to higher risk of thrombosis and metastasis. The focus of the thesis is
the role of platelets as regulators of vascular function in cancer and as promoters of epithelial to mesenchymal transition (EMT) to generate a more
invasive phenotype during tumor progression and metastasis.
In paper 1 we conclude that platelets are key mediators of the accelerated
angiogenic switch and tumor growth in HRG deficient mice, which also
show impaired vascular function and enhanced metastasis. A dramatic reduction of pericyte coverage was seen after platelet depletion in both HRG
knock-out and wild-type mice, which indicates that platelets could be contributing to maintain tumor vessel functionality. In physiological conditions,
endothelial cell-derived PDGFB is required for pericyte recruitment during
angiogenesis. However, in pathological conditions, specifically in tumor
vessel formation, the need for additional sources of PDGFB has not been
investigated. Thus in paper 2, we addressed if platelet-derived PDGFB could
be an additional source for recruitment of pericytes to the tumor endothelial
cells to maintain sufficient functionality of the tumor vasculature. Interestingly, by utilizing a platelet-specific knock-out of PDGFB in mice with
RIP1-Tag2 tumors, we confirmed our hypothesis that platelet-derived
PDGFB is contributing to pericyte coverage in the tumor vasculature, which
show impaired function in the absence of platelet PDGFB. Pericytes have
been shown to limit tumor cell metastasis. Therefore in paper 2 we also addressed if the tumor-bearing mice with PDGFB-deficien platelets developed
more metastasis. Indeed, spontaneous liver metastasis in RIP1-Tag2 mice
with PDGFB-deficient platelet was enhanced. With this finding we identified a previously unknown role of platelet derived PDGFB. In the future, we
plan to analyze the tumor vasculature in these mice in different ways: to
analyze viability of the endothelial cells in the tumor vessels by immunostaining of the apoptotic marker cleaved caspase-3; to check the tumor
vessel morphology by electronic microscope; to analyze vessel morphology,
for instance diameter of the vessels, by stereology. We also plan to check the
tumor microenvironment status in mice lacking platelet PDGFB: to analyze
the extent of hypoxia in the tumor microenvironment; to check immune cell
infiltration like neutrophils and macrophages; to analyze the EMT status in
the tumors at different stages. Moreover, it would be valuable to investigate
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the effect of lacking PDGFB in platelets in additional tumor models to
strengthen our findings.
In Paper 1, another interesting finding for us is that TBK1 is upregulated
in the pretumorigenic microenvironment of HRG-deficient mice, which later
shows enhanced EMT in the pancreatic islets. By platelet depletion of those
mice, the enhanced EMT is significantly suppressed. Platelets have previously been shown to induce EMT by TGFβ/Smad signaling and by direct binding to tumor cells to stimulate the NF-κB pathway92. In paper 3, we therefore
addressed if TBK1 is important for platelet-induced EMT of tumor cells. We
found that TBK1 mediates platelet-induced EMT, which suggests that TBK1
contributes to tumor invasiveness in mammary epithelial tumors. In the future, we plan to utilize a TBK1 inhibitor (Amlexanox) and NF-κB-driven
luciferase reporter construct to the cells to confirm our findings. We will also
address which platelet and epithelial cell-surface molecules are involved in
the contact-mediated signaling. Besides TBK1, we also found that AKT2
was upregulated in the pancreatic islets of HRG-deficient mice in Paper 1.
TBK1 was previously reported to activate AKT2 by directly phosphorylate
its threonine 308 and serine 473 sites which contributes to cell survival192.
Therefore we will also analyze the phospho-AKT2 status in TBK1 siRNA
knockdown or inhibitor treated cells to see if TBK1 and AKT2 work in the
same signaling pathways to promote platelet-induced EMT of the tumor
cells.
The scope of this thesis addresses novel role of platelets in cancer progression and the molecular mechanisms involved in it. The continuation of
these studies will help researchers and clinicians better understanding the
cancer diseases and developing new strategies against cancer.
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