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Abstract
Georganaki, M. 2018. Vascular targeting for enhanced cancer immunotherapy. Digital
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Induced angiogenesis and chronic inflammation are major components of tumor
immunosuppression. The scope of this thesis is to understand the role of the vasculature in anti-
tumor immunity and thereby to improve cancer immunotherapy.

The anti-tumor effects of anti-angiogenic therapies range from vessel normalization to
directly affecting immune responses. In Paper I, we demonstrate that VEGF, a major pro-
angiogenic factor, inhibits TNFα-induced endothelial activation via interfering with the NF-κB
pathway and suppressing T-cell chemoattractants. Sunitinib, an anti-angiogenic tyrosine kinase
inhibitor targeting VEGFR2 signaling, enhanced T-cell recruitment and reverted endothelial
cell anergy by upregulating pro-inflammatory cytokines in murine melanomas. Therefore,
in Paper II, we study the anti-tumor potential of combining sunitinib treatment with CD40-
stimulating immunotherapy. CD40 activation leads to increased anti-tumor T-cell responses.
The combination therapy was superior in restricting tumor growth and enhancing survival,
associated with decreased immunosuppression and increased endothelial activation leading to
improved T-cell recruitment. In Paper III, RNA-sequencing reveals that tumor endothelial cells
are capable of acquiring negative feedback mechanisms secondary to CD40 immunotherapy
by upregulating immunosuppressive genes such as IDO1. Co-administration of agonistic CD40
antibody treatment with an IDO1 inhibitor delayed tumor growth, associated with increased
intratumoral T-cell activation.

In Paper IV, we investigate ELTD1, an orphan adhesion G protein-coupled receptor, which
is upregulated in high-grade glioma vessels. ELTD1 deficiency did not affect developmental
angiogenesis in mice but increased tumor growth. Interestingly, ELTD1 loss improved glioma
vessel perfusion and reduced permeability and hypoxia. Thus, ELTD1 targeting may normalize
tumor vessels, potentially enhancing drug delivery.

In Paper V, we demonstrate that ectopic expression of specific cytokines in murine gliomas
induces tertiary lymphoid organ- (TLO-) TLO-like structures in the brain. TLOs, mainly
composed of T- and B-cell clusters and high endothelial venules, are onsite preservers of robust
immune responses. In line with this, increased survival of mice with gliomas overexpressing
either LT-αβ or LIGHT was associated with alleviated tumor immunosuppresion. This suggests
that TLO-inducing agents may improve cancer immunotherapy for glioma treatment.

Collectively, this thesis demonstrates that the tumor vasculature is crucial for anti-tumor
immune responses and that vascular targeting can enhance cancer immunotherapy.
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 “Cancer is a word, not a sentence.” 
John Diamond, British journalist 
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CTLA-4 Cytotoxic T-lymphocyte-associated antigen 4 
DC Dendritic cell 
ECM            Extracellular matrix 
EGF             Epidermal growth factor 
ELTD1         EGF, latrophilin and seven transmembrane domain-    
 containing protein      
EMT            Epithelial to mesenchymal transition 
FDA            Food and Drug Administration 
FGF          Fibroblast growth factor 
GC                   Germinal centre 
GPCR G protein-coupled receptor 
HDMEC Human dermal microvascular endothelial cell 
HIF-1          Hypoxia-inducible factor 1 
HUVEC Human umbilical vein endothelial cell 
ICAM-1          Intercellular adhesion molecule 1 
IDO1 Indoleamine 2,3-dioxygenase 1 
IL                Interleukin 
LT Lymphotoxin 
MAPK       Mitogen-activated protein kinase 
MDSC Myeloid-derived suppressor cell 
MHC I         Major histocompatibility complex class I 
NF-κB     Nuclear factor-κΒ 
NK Natural killer 
NKG2D      Natural-killer group 2, member D 
NO            Nitric oxide 
PD-L Programmed death-ligand 
PDGFR         Platelet-derived growth factor receptor 
PlGF               Placental growth factor 
RTK                Receptor tyrosine kinase 
TAM             Tumor-associated macrophage 
TGF           Transforming growth factor 
TKI                Tyrosine kinase inhibitor 
TLO                Tertiary lymphoid organ 
TME           Tumor microenvironment 
TNF              Tumor necrosis factor 
TRAIL TNF-related apoptosis-inducing ligand 



 

Treg Regulatory T cell 
VCAM-1     Vascular cell adhesion molecule 1 
VEGFR        Vascular endothelial growth factor receptor 
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Introduction 

Cancer 

Cancer is a malignant neoplasia 
Neoplasm is a term composed of the Greek-derived words neo and plasma 
that literally mean new formation (νέο + πλάσμα in Greek). A neoplasm is 
the result of abnormal growth of tissue due to uncontrolled cell proliferation, 
which, when a cellular mass is created, forms a tumor. A non-invasive neo-
plasm is benign and usually not dangerous. When enabled to invade adjacent 
tissue and disseminate in distal locations (metastasis), a neoplasm is consid-
ered to be malignant or cancerous 1. From now on in this thesis, tumors are 
referred as cancerous exclusively. 

The word cancer is synonym to crab and is credited to the Hippocratic 
school of physicians (after the 4th century BC) who used the words karkinos 
(crab in Greek) and karkinoma to describe non-healing lesions including be-
nign and malignant tumors 2,3. Notably, later in history it was Aetius of Am-
idenus (502-575 AD) who associated breast cancer blood vessels to the mor-
phology of crab legs 4. Even though cancer has been the subject of study since 
antiquity and its presence in mammals has been verified since the prehistoric 
period in dinosaur fossils 5 and human skeletons 6, it is still nowadays a lead-
ing cause of death. 8.8 million cancer disease-related deaths have been regis-
tered worldwide in 2015 according to the World Health Organization 7. 

Hallmarks of cancer and enabling characteristics 
Traditionally, the initiation of cancer is attributed to one cell, which acquired 
the abnormal phenotype that permitted its aberrant pathological growth. 
Hence, the cancer cells in a tumor are generally considered a uniform popu-
lation until a point when the extensive proliferation and genetic alterations 
give rise to different tumor cell variants 8. There are more than 100 types of 
human cancer 9 and each has its own unique characteristics reflecting the 
diversity in the originating cell lineage. However, notwithstanding the com-
plexity of each disease, Douglas Hanahan and Robert A. Weinberg in 2000 
proposed six hallmarks of cancer 10 as key implicating capabilities, which 
choreograph the multistep cellular process of malignant development in most 
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of, if not in the entire, cancer type spectrum. The research progress in the 
cancer field necessitated in 2011 the addition of two emerging hallmarks and 
two enabling characteristics 8. Following is a brief description of the 8 hall-
marks of cancer as the authors have originally introduced them. 

Sustaining proliferative signaling: Normal cells keep the generation and 
availability of mitogenic signals under strict control in order to maintain the 
human physiology. Conversely, deregulated autocrine or paracrine growth 
factor-induced signaling in cancer supports a sustained proliferative status. 
Oncogenic mutations favoring hyperproliferation and disabling of intrinsic 
protective mechanisms of apoptosis or senescence are key features support-
ing cancer growth 8. 

Evading growth suppressors: Tumor suppressor genes orchestrate basic 
cellular processes such as cell cycle control and contact inhibition, which 
define a cell’s fate in response to internal or external stimuli. In cancer cells, 
genetic defects in these genes tilt the balance towards excessive uncontrolled 
cell proliferation 8. 

Resisting cell death: In tight relationship with the hallmarks of sustained 
proliferation and defects in tumor suppressor genes, the cancer cells success-
fully avoid apoptosis (programmed cell death) by loss of the tumor protein 
p53 (TP53) or by a dysfunctional apoptotic machinery and programming. 
Alternatively, tumor cell autophagy is a mechanism to overcome stress and 
tumor necrosis has been associated with recruitment of tumor-promoting 
inflammatory cells 8. 

Enabling replicative immortality: Cancer cells need to overcome the in-
trinsic cellular countdown mechanism of telomere shortening which would 
offer a replicative immortality advantage over their normal cell counterparts. 
Delayed activation of telomerase during tumorigenesis, the responsible en-
zyme for telomere integrity, contributes to increased mutation burden but 
also cell death avoidance 8. 

Inducing angiogenesis: Normal blood vessels are quiescent. Under physi-
ologic conditions, blood vessel formation takes place during embryogenesis 
(vasculogenesis is the process of de novo blood vessel emergence) or later, 
for example during wound healing or female menstrual cycle (angiogenesis 
is the formation of new blood vessels from preexisting ones). Tumors need 
blood supply and nutrients to grow macroscopically. Thus, by upregulation 
of pro-angiogenic growth factor signaling, such as vascular endothelial 
growth factor (VEGF), in the tumor sites and with support from bone mar-
row-derived cells, tumor neovascularization is induced 8. 

Activating invasion and metastasis: Invasion and metastasis are two com-
plex dynamic processes tightly associated to cancer progression. In advanced 
malignancy stages, cancer cells evade adjacent tissue and disseminate to 
distal locations (metastasis) where they recreate secondary tumors (coloniza-
tion). Even though the underlying molecular mechanisms and the specific 
permissive conditions are not yet fully clarified, it is evident that biological 
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programs such as the “epithelial to mesenchymal transition” (EMT) and key 
gene alterations, for example loss of the adhesion molecule E-cadherin, are 
implicated. Cells of the neoplastic stroma, for example mesenchymal stem 
cells (MSCs) and tumor-associated macrophages (TAMs), have been found 
to support cancer cells during invasion and metastasis 8. 

Deregulating cellular energetics: Under physiologic conditions, oxygen 
presence or absence determines the route of cellular metabolism. When oxy-
gen is present, cells catabolize glucose by glycolysis to pyruvate and then to 
carbon dioxide in mitochondria. Under anaerobic conditions, glucose metab-
olism is restricted mainly to glycolysis. Interestingly, cancer cells limit their 
energy production predominantly to glycolysis irrelevant of oxygenation 
levels. It has been suggested that this is biologically possible by upregulation 
of glucose transporters, notably glucose transporter 1 (GLUT1). This meta-
bolic pattern, namely “aerobic glycolysis”, seems to be also preferred by 
fast-growing embryonic tissue 8.  

Avoiding immune response: Cancer cells have evolved sophisticated 
manners of avoiding immunosurveillance and destructive immune responses. 
Downregulation of major histocompatibility complex class I (MHC I) and 
natural-killer group 2 member D (NKG2D) ligand molecules, release of 
transforming growth factor beta (TGF-β) and recruitment of immunosup-
pressive cells are exploited by cancer cells to escape the immune system 8,11. 

Alongside with the 8 hallmarks of cancer, two hallmark-enabling character-
istics have been suggested 8. The first one is genome instability and mutations. 
Genetic mutations and epigenetic alterations during cell transformation (the 
process of a normal cell to become cancerous) can confer an advantage to 
specific clones and enable their dominance and expansion. This feature pro-
motes hallmarks as sustained proliferation and tumor suppression evasion 8. 

The second enabling characteristic is tumor-promoting inflammation 8 
and refers to the contribution of the immune cells in the tumor stroma. 
Growth factors, pro-angiogenic factors and extracellular matrix-regulating 
molecules supplied by immune cells can facilitate several hallmark capabili-
ties like angiogenesis and invasion. Recently, the field of tumor immunology 
has been extremely active and the concept of cancer immunotherapy was 
awarded as the breakthrough of 2013 12. Indeed, there is a great need to un-
derstand in depth the dynamics of the tumor infiltrating immune cells and 
how the immunosuppressive tumor environment can be altered for effective 
immune responses.  

The complexity of the disease has triggered several critiques and re-
evaluations 13,14 of the hallmarks of cancer throughout the years, however 
they are still highly acknowledged by the cancer field. 
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Tumor microenvironment 
The current perspective of a tumor largely portrays it as an organ, when it 
comes to complexity and energy needs 8. The tumor microenvironment 
(TME) is comprised of a plethora of different cell types connected to the 
extracellular matrix (ECM) and interstitial fluids 15. This unique and dynam-
ic milieu hosts the cancer cells (tumor parenchyma), which are the initiators 
and the disease outriders, but also non-malignant cells which form the tumor 
stroma 16 (Figure 1). 

Cancer cells, the cornerstones of cancer pathology, are the drivers of tu-
mor progression to higher levels of malignancy. Even though tumor initia-
tion is attributed to clonal expansion of one primal cell, increased genetic 
instability is one major factor of intrinsic tumor heterogeneity. Recent stud-
ies have shed light to the existence of a unique subpopulation of cancer cells 
in many human tumors with stem-like characteristics. The cancer stem cells 
(CSCs), sharing common markers with their physiologic counterparts 17, are 
considered to contribute substantially to tumor cell plasticity 18,19, resistance 
to therapy 20 and tumor relapse 21. Therefore, CSCs have been the target for 
therapeutic regimens. 

The tumor ECM is a network of molecules secreted by the cellular com-
ponents of TME and besides providing structural support it regulates basic 
cellular functions. The ECM network has direct contacts with cell membrane 
receptors, it serves as storage of growth factors and as a layer of tumor cell 
adhesion and migration 15. ECM density regulates immune cell localization 
and mobility 22 and interstitial fluid pressure 23 in the TME. 

Cancer-associated fibroblasts (CAFs) are cells that resemble normal fi-
broblasts and myofibroblasts that provide structural support. The latter are 
identified by α-smooth muscle actin (α-SMA) expression. CAFs have been 
correlated to tumor progression by promoting angiogenesis, invasion and 
metastasis, primarily in murine tumor studies. CAFs are largely responsible 
for tumor-promoting desmoplasia, the development of dense connective 
tissue due to excessive production of the ECM proteins such as collagens, 
fibronectin, proteoglycans and tenascin C 24. Moreover, CAFs modulate the 
immunosuppressive idiosyncrasy of TME. 

Bone marrow-derived progenitor cell recruitment is also important in 
TME configuration. Undifferentiated counterparts of tumor stroma compo-
nents, such as MSCs or progenitors, reach the tumor site and either differen-
tiate further or stay in the initial state. MSCs have been implicated in tumor 
immunomodulation which reflects to their original function in other patho-
logic situations like wound healing 16. 

Another major component of the TME is the tumor vasculature. The tu-
mor vessels, governed by pro-angiogenic factors such as VEGFA present an 
abnormal phenotype, which widely affects tumor progression and immune 
responses through various mechanisms. Pericytes, another cell type present 
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in the TME, connected to endothelial cells, support blood vessel structure 
and integrity. In cancers, pericytes, although often loosely covering tumor 
vessels, have been implicated in support, immune modulation and transmi-
gration of leukocytes 25-27. On the other hand, tumor-related lymphangiogen-
esis has been implicated in tumor metastasis by facilitating tumor cell migra-
tion to adjacent lymph nodes 16. 

Last but not least, immune cells infiltrating to the tumor sites, either of 
lymphoid or myeloid origin, comprise a very complex system whose impli-
cations in cancer progression are dichotomous. On one hand, the immune 
system’s main role in human physiology is to eliminate danger, thus one 
would expect that immune cells fight against tumors. However, on the other 
hand, many inflammatory cells in the TME exert immunosuppressive func-
tions 28. 

Figure 1. The tumor microenvironment. The tumor microenvironment is not only 
composed of tumor cells. It also contains non-neoplastic cell types such as immune 
and vascular cells together with cancer-associated fibroblasts and extracellular ma-
trix. (Reprinted with permission from 29) 
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Taken together, in the TME physiological processes like ECM organization, 
wound healing, inflammation and vascularization are exploited in a distorted 
manner that enhance the tumor progression and dissemination. 

Tumor blood vessels 

Blood vessel formation during development 
The first functional organ during vertebrate development is the cardiovascu-
lar system, which is comprised of the blood, the blood vessels and the heart 
30. The blood vessels, orderly arranged in arteries, veins and capillaries, are 
responsible for tissue oxygenation, nutrient supply, bioactive molecule dis-
tribution and immune cell mobility to distal sites in the body 31. Hence, it is 
not surprising that major defects in the developing vasculature cause early 
stage lethality during embryogenesis 30 and that every cell in the body is in 
close proximity, maximum 100-200μm, to a blood vessel 32. 

De novo vessel formation (vasculogenesis) occurs during embryogenesis 
by mesoderm-derived endothelial precursors, namely angioblasts 30. As the 
developmental program continues, new blood vessels arising from pre-
existing ones occur through angiogenesis 33. Subsequently, the newly formed 
vessels, either through vasculogenesis or angiogenesis, need to mature. The 
vessel maturation reflects higher states of organization of the vessel wall as 
well as the vascular network. The vessel wall is composed of endothelial 
cells (the foundation of blood vessels), recruited mural cells (pericytes or 
vascular smooth muscle cells) and ECM. The vascular network is shaped to 
meet the specific needs of the resident tissue by branching, expanding and 
pruning 34. During adulthood the endothelial cells are quiescent and under 
physiologic conditions new blood vessel formation takes place rarely, for 
example in wound healing, female menstrual cycle and placenta generation 
35. However, endothelial cells retain the capacity to respond in pro-
angiogenic signals when asked 31, for example in pathologic conditions like 
tumor formation. 

Angiogenesis 
There are four mechanisms of blood vessel formation described. Sprouting 
angiogenesis, which accounts for a considerable amount of vessel formation, 
refers to the process of vessel sprouting from pre-existing blood vessels. 
During sprouting angiogenesis, endothelial cells stimulated by pro-
angiogenic factor gradients (like VEGF) acquire an invasive character, form 
filopodia and start exploring the adjacent microenvironment in search of 
guidance. The cells of the leading edge are called tip cells and differ from 
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the following cells, namely stalk cells. Stalk cells are more proliferative; 
they form less filopodia and are entitled to generate tubes with lumen. How-
ever, the tip/stalk cell fate is not permanent since it is a highly dynamic and 
transient state finely tuned mainly by Notch signaling 36. The tip cells are 
responsible for vessel branching through anastomosis with other tip cells 
creating vessel loops. Finally, blood flow and vessel maturation need to oc-
cur in order to ensure the integrity of the new vessel channel 31. During in-
tussusception new vessels arise from splitting of preexisting ones without the 
need of sprouting. Endothelial walls of the opposite side of a vessel extend 
towards each other creating an intraluminal pillar, which is perforated and 
thus forms two lumens. Then pericytes and myofibroblasts support the pillar 
by generating ECM. Several pillars fuse together and create two capillaries 
from the initial one. Intussusceptive angiogenesis is quicker that sprouting 
angiogenesis 37. The recruitment of circulating bone marrow-derived cells 
has also been appreciated as a stimulator of angiogenesis by exerting para-
crine-signaling 38,39. In wound healing, tissue tension generated by activated 
fibroblasts or myofibroblasts can direct translocation of the vasculature to 
the wound area. Under these circumstances, vessels form vascular loops with 
functional blood flow and further expand integrating with the granulation 
tissue 40. 

Angiogenesis is stimulated by multiple factors in the human body; in-
flammation and hypoxia are two well-characterized inducers. In pathophysi-
ological conditions, wounds attract immune cells that need to reach the in-
jured site through blood vessel extravasation. As inflammation continues, 
vessels become more permeable and secrete chemoattractants for the im-
mune cells. Leukocyte recruitment is a multistep process orchestrated by 
activated endothelial cells, as discussed later. The recruited inflammatory 
cells are able to secrete pro-angiogenic molecules and promote neovasculari-
zation 41,42. During hypoxia, namely the tissue state in which oxygen levels 
are low (less than 30~50 mm Hg which are the physiological levels of tissue 
oxygen 43), VEGF and other pro-angiogenic factors are upregulated leading 
to endothelial cell proliferation and migration towards the inflicted area. 
Mechanistically, the process is regulated by the hypoxia-inducible factor 1 
(HIF-1) transcription factor. HIF-1, a heterodimeric protein, consists of the 
oxygen level-regulated HIF-1α subunit and the stably expressed HIF-1β. 
HIF-1α is regulated by oxygen-sensing prolyl hydroxylase domain proteins 
1-3 (PHD1–3). In normoxia, PHDs use oxygen to hydroxylate HIF-1α, 
thereby targeting it for proteasomal degradation. Oxygen sensors become 
inactive in hypoxic conditions, allowing HIF-1α to escape degradation and 
regulate the expression of angiogenesis, proliferation and glycolytic metabo-
lism-related molecules such as VEGF and GLUT-1 43,44. Notably, it has been 
shown that inflammation and hypoxia are interconnected because under dif-
ferent pathophysiologic contexts inflammation can lead to hypoxia and vice 
versa 45. 
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Many pro-angiogenic factors have been identified, including acidic fibro-
blast growth factor (FGF), hepatocyte growth factor (HGF), TGF-α, TGF-β, 
epidermal growth factor (EGF), tumor necrosis factor α (TNFα), angiogenin, 
interleukin 8 (IL-8) and angiopoietins 46,47. However, the best studied and 
likely the most important are the VEGFs. 

Vascular endothelial growth factor and receptor family members 
VEGFs are largely appreciated as central molecules for blood and lymphatic 
vessel biology during development as well as adulthood. The first identified 
member of the family was VEGFA 48.  VEGFA belongs to the VEGF con-
stellation of growth factors composed of five members, VEGFA-D and the 
placenta growth factor PlGF 47. They form homodimeric proteins but hetero-
dimers of VEGFA and PlGF have also been detected 49. Isoforms generated 
through alternative splicing and further processing and their binding capaci-
ties to VEGF receptors, co-receptors (neuropilins, NRPs) and heparan sulfate 
(HS) are major contributors to the complexity of this system. VEGFA has 
been acknowledged as the key regulator of the main blood vessel functions 
throughout development. VEGFB and PIGF also stimulate angiogenesis in 
normal tissues, but their activities are limited compared to VEGFA 50,51. 
VEGFC and VEGFD mainly regulate lymphatic angiogenesis. 

VEGFA gene processing generates the VEGFA121, VEGFA145, VEG-
FA148, VEGFA165, VEGFA183, VEGFA189 and VEGFA206 isoforms in 
humans (the numbers refer to the amino acid sequence length) 52. Depending 
on the splicing pattern, VEGFA145, VEGFA189 and VEGFA206 bind to 
HS in the ECM. Due to tight binding, VEGFA189 and VEGFA206 are not 
diffusible. However, VEGFA165, which is the main VEGFA molecule, has 
intermediary binding capacity to HS and thus, even though it is secreted, a 
considerable amount remains at the cell surface or bound to ECM 47,52. Con-
versely, VEGFA121 is highly diffusible and does not contain heparin-
binding regions. The ECM binding isoforms can be diffusible after proteo-
lytic cleavage by plasmin 52,53. The HS binding-domain is very important for 
the isoform function since isoforms that lack it show less mitogenic activity 
and endothelial cell motility 54-56. 

VEGFs are the ligands of a family of receptor tyrosine kinases (RTKs), 
namely vascular growth factor receptor 1, 2 and 3 (VEGFR1, VEGFR2 and 
VEGFR3). VEGFR1 (or Flt1, in mice), upregulated by hypoxia through 
HIF-1 activation, binds VEGFA, VEGFB and PlGF. VEGFR1 and its solu-
ble version are considered negative regulators of VEGFR2 by binding VEG-
FA with higher affinity. Therefore, it is considered as a VEGFA “decoy” 
receptor and negative regulator of angiogenesis. However, under specific 
conditions, it has been implicated to mediate mitogenic signals and it also 
has a role in hematopoiesis 47. VEGFR2 (or KDR in humans and Flk-1 in 
mice) is the major receptor of VEGFA but it can also bind VEGFC and 
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VEGFD (with implication for lymphatics). VEGFR2 can also be found as 
soluble molecule. VEGFR2 is an endothelial cell signaling transducer with 
multiple effects in angiogenesis, differentiation, migration and tube for-
mation. VEGFR3 binds VEGFC and VEGFD. It is critical for lymphatic 
endothelial cells but it is also essential for angiogenesis. Vegfr3 deficiency is 
lethal in mice at embryonic age E10.0-11.0 due to cardiovascular defects 
48,57. 

Except from the cognate VEGFRs, co-receptors of VEGF as NRPs 
(NRP1 and NRP2) and integrins have been identified. NRP1 binds VEGFA 
(VEGFA165) and when co-expressed with VEGFR2 supports an enhanced 
VEGFA/VEGFR2 binding and chemotaxis. NRP1 also binds VEGFA121 
but this binding does not include VEGFR2. Even though NRP1 does not 
seem to signal after VEGFA binding, it modulates VEGFR2-induced 
p38MAPK signaling leading to enhanced migration and survival of endothe-
lial cells. Based on expression patterns, NRP1 has been associated as a co-
receptor of VEGFR1/2 whereas NRP2 is a co-receptor of VEGFR3. Last but 
not least, integrins such as ανβ3 and β1, that orchestrate cell-matrix adhesion 
by specific ECM bindings, are mediators of VEGFR2 activity. For instance 
ανβ3 interaction with VEGFR2 is required in vivo for active angiogenesis 48. 

VEGFRs, as other RTKs, consist of an extracellular ligand-binding 
region, a trans-membrane part and an intracellular tyrosine kinase domain 58. 
Traditionally upon ligand-binding, VEGFRs homodimerize but studies have 
shown that heterodimerization is also possible 59. Receptor dimerization 
enables activation and autophosphorylation of certain tyrosine residues 
leading to differential intracellular signaling cascades. Many 
autophosphorylation sites of VEGFR2, the major signal transducer of 
VEGFA-dependent angiogenesis, have already been mapped and linked to 
endothelial properties which reflect the multifunctional role of the receptor 
throughout vessel development and pathophysiology. Phosphorylations at 
Y1054 and 1059, located in the kinase domain activation loop are critical for 
kinase activity. Furthermore, for VEGFA-induced angiogenesis the pY1175 
is crucial for proliferation, via phospholipase Cγ (PLCγ) -induced activation 
of the mitogen-activated protein kinase (MAPK)/extracellular-signal-
regulated kinase-1/2 (ERK1/2) cascade. It also mediates migration through 
the adaptor molecule Shb and activation of phosphatidylinositide 3-kinase 
(PI3K). pY1175 is implicated in survival through the serine/threonine kinase 
AKT/PKB (protein kinase B) downstream of PI3K 60.  pY1214 is implicated 
in the activation of cell division control protein 42 (Cdc42) and p38MAPK 
affecting vascular remodelling. Y951, the binding site of the T cell-specific 
adapter molecule (TSAd), is predominatelly phosphorylated in VEGF-
stimulated endothelial cells during active angiogenesis and to a lesser extent 
in quiescent cells 61. Notably, VEGFR2 signaling affects vascular 
permeability via various downstream mechanisms justifying the initial 
identification of VEGFA as vascular permeability factor (VPF) 62.  
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Tumor angiogenesis 
The widely accepted notion that tumors bigger than a few millimeters are 
dependent on new blood vessel formation in order to satisfy their oxygen 
and nutrient needs is credited to Judas Folkman and his landmark paper in 
the early ‘70s 63.  Tumor-induced angiogenesis takes place due to an imbal-
ance favoring the pro-angiogenic signals in the TME versus the anti-
angiogenic ones and it can initiate in different tumor stages depending on the 
tumor type 64. The shift from avascular to vascular status in the tumor has 
been denoted as the angiogenic switch. The angiogenic switch is very im-
portant for tumor progression since lesions in the avascular state stay small 
and dormant. The same applies for micrometastases 65. These kinds of tu-
mors have been detected in autopsies of individuals that died from other 
reasons than cancer 66 suggesting that the angiogenic switch is a bottleneck 
point for tumor progression. Similarly to the physiologic angiogenesis, hy-
poxia is a key regulator of neovascularization in the tumor. As tumors grow 
in mass disproportionally bigger than what the surrounding vessels can sup-
port (in terms of oxygen and nutrients), hypoxia-induced stabilization of 
HIF-1 67 and endoplasmatic reticulum (ER) stress may lead to upregulation 
of a battery of target pro-angiogenic genes such as VEGF in tumor cells. 
Recruited inflammatory cells with pro-angiogenic properties contribute sub-
stantially to angiogenesis induction 68. Moreover, oncogenic genetic altera-
tions, cytokines 47, other growth factors than VEGF 46 or bone marrow de-
rived circulating cells 38 located in the TME have been associated with neo-
vascularization.  

Normal vasculature remains organized and fully functional due to tight 
regulation of pro-angiogenic and anti-angiogenic signals that ensures vascu-
lar integrity and balance between angiogenesis-activated and quiescent endo-
thelium. Conversely, in the TME, due to reasons mentioned above, chronic 
angiogenesis gives rise to an abnormal endothelium with disorganized archi-
tecture. Tumor blood vessels are dilated, tortuous and can have blunt ends. 
At the network level, vessel density is usually increased and the tumor vas-
culature is often hemorrhagic, has uneven connections with cells of the ves-
sel wall and blood flow is irregular and slower, leading to hypoperfusion 64 
(Figure 2). At the molecular level, many studies have identified tumor endo-
thelial cell specific genetic signatures that differ from their normal counter-
parts and also highlight the tumor vessel heterogeneity depending on the 
tumor type 69-72. 

Taken together, angiogenesis in the TME induced by pro-angiogenic fac-
tors from various sources shape the morphology and phenotype of the tumor-
associated endothelium.  
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Figure 2. Normal versus tumor microvasculature. (A) Normal microvasculature 
with organized architecture into arterioles, capillaries and venules in contrast to 
tumor microvasculature exhibiting chaotic network with aberrant sprouting (B). 
(Reprinted with permission from 73) 

Anti-angiogenic therapies 
The fact that many tumor types depend on vascularization in order to expand 
and that the generated vessels exhibit unique features has fired many years 
of research for anti-cancer therapies targeting the tumor vasculature. 

In addition to the hypothesis that tumor vasculature is indispensible for 
tumor expansion, J. Folkman is also credited with the idea of anti-angiogenic 
therapy as a potential cancer treatment 63.  During 4 decades after this initial 
suggestion, many anti-angiogenic targets have been identified and multiple 
anti-angiogenic strategies have been developed including monoclonal anti-
bodies 74, tyrosine kinase inhibitors (TKIs) 75, fusion proteins binding to pro-
angiogenic factors 76, aptamers 77, vaccines 78, oncolytic viruses 79 or endog-
enous anti-angiogenic inhibitors (e.g. endostatin) 80. The U.S. Food and Drug 
Administration (FDA)-approved cancer therapies that target tumor angio-
genesis directly via inhibition of pro-angiogenic signaling pathways belong 
mainly to the monoclonal antibody, TKI or trap fusion protein categories. 
Other U.S. FDA-approved treatments that affect angiogenesis indirectly 
have also been identified [for example mammalian target of rapamycin 
(mTOR) inhibitors] 81. 

In 2004, Bevacizumab (Avastin®, Genentech), a humanized monoclonal 
antibody targeting VEGFA, was the first U.S. FDA-approved anti-



 22 

angiogenic therapy for cancer (specifically for metastatic colorectal cancer) 
in combination with chemotherapy 82. Today bevacizumab is used as first- 
and second-line treatment for metastatic colorectal cancer and non-small cell 
lung cancer in combination with chemotherapy, due to increased progres-
sion-free and overall survival as demonstrated from clinical trials. Bevaci-
zumab combined with other agents is also approved for platinum-resistant 
recurrent epithelial ovarian, fallopian tube, or primary peritoneal, kidney and 
cervical cancer. As single agent it is only used as second-line treatment in 
glioblastoma multiforme patients that had been previously treated with ra-
diotherapy or temozolomide. In metastatic breast cancer, U.S. FDA’s initial 
approval for bevacizumab was revoked in 2011 due to minimal effect in 
tumor delay, quality of life and survival extension 83.  

Unlike bevacizumab and other monoclonal antibodies, TKIs are small 
hydrophobic molecules that can enter to the cell cytoplasm and interfere with 
the intracellular signaling domain of the targeted kinase or other molecules 
75. Most TKIs act by competing with ATP for binding to the kinase domain 
and have the ability to target multiple different kinases hence block several 
signaling pathways simultaneously 75. It is likely that this multi-targeted 
character of TKIs is the reason why they have stronger efficacy as single 
agents than monoclonal antibodies. For example, TKIs that simultaneously 
target VEGFRs and platelet-derived growth factor receptors (PDGFRs) af-
fect endothelial cells as well as pericytes 84. Increased toxicity in combina-
tion therapies with chemotherapy is an important parameter 85. Paradigms of 
anti-angiogenic TKIs that have been U.S. FDA-approved for cancer treat-
ment are sunitinib (Sutent®, Pfizer), sorafenib (Nexavar®, Bayer and Onyx 
Pharmaceuticals), pazopanib (Votrient®, GSK), vandetanib (Caprelsa®, 
AstraZeneca) and axitinib (Inlyta®, Pfizer). Sunitinib is used as treatment 
for kidney, neuroendocrine and gastrointestinal stromal tumors. It targets 
VEGFR1-3, PDGFR, KIT, fms-related tyrosine kinase 3 (FLT3), colony 
stimulating factor-1 receptor (CSF-1R) and RET 86. Sorafenib is prescribed 
for thyroid, liver and kidney cancer. Sorafenib’s putative targets are 
VEGFR2-3, PDGFR, KIT and Raf. Pazopanib is potent against soft tissue 
sarcomas and kidney cancer. Pazopanib can bind to VEGFR1-3, PDGFR and 
KIT. Vandetanib acts against thyroid cancer and it can bind to VEGFR2, 
KIT, RET and EGFR. Axitinib can treat kidney cancer after failure of first 
line treatment and its targets are VEGFR1-3, PDGFRβ and KIT 75,87.  

Aflibercept (Zaltrap®, Sanofi U.S.) is an U.S. FDA-approved fusion pro-
tein that binds VEGFA-B and PlGF. This molecule acts as a trap for these 
ligands. Aflibercept in combination with chemotherapy extended the pro-
gression-free survival and overall survival in patients with mCRC 82. 

Even though anti-angiogenic therapies have been introduced in the clinic 
their effects in restraining the disease are not curative. Moreover, it is an 
open question why the treatments with bevacizumab or other single-targeted 
inhibitors are effective mainly in combination with chemotherapy whereas 
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TKIs are potent as single agents 85. Other important implications such as 
resistance and eclectic tumor type response further complicate the field 82. 
Taken together, the initial hypothesis that anti-angiogenic therapy could 
have an effect just via vasculature collapse leading to hypoxia, nutrient in-
sufficiency and tumor shrinkage, needed to be revisited. Notably, it became 
clear early that the situation is much more complex and requires deeper un-
derstanding. A novel theory, credited to Dr Rakesh K. Jain (Harvard Univer-
sity) and colleagues, suggested an alternative mechanism through which 
anti-angiogenic therapy has an anti-cancer potential. He claimed that anti-
angiogenic therapies, instead of destroying, could normalize the tumor vas-
culature and further restore its architecture and functionality. The ‘vessel 
normalization window’ could offer the possibility of enhanced chemothera-
py delivery to deeper tumor sites and increased tissue oxygenation 88,89. This 
theory has been used to explain why the combination of bevacizumab with 
chemotherapy has proven more effective at the clinical setting. However 
contradictory evidence have been reported 85. The treatment scheduling in 
order to gain the full potential of vessel normalization has been suggested as 
a crucial factor. In parallel, other studies have shown that anti-angiogenic 
therapy works at least partly through enhanced immune cell infiltration, by 
altering the anergic tumor endothelial phenotype leading to improved endo-
thelial-immune cell interactions 90-92.  

Resistance in anti-angiogenic therapies can be divided in two subcatego-
ries. The first is the intrinsic tumor type or stage refractoriness from the be-
ginning of the treatment and the second is the acquired resistance obtained 
during treatment. In the first scenario, the reasons why some tumors respond 
and others not are not fully understood but it is possible that the response is 
related to the dependency of the tumor to its vasculature or the sensitivity of 
the specific tumor vasculature to the therapeutic agent 82. In the case of ac-
quired resistance the hypothesis is that tumors eventually become adapted to 
the treatment stress. More specifically, suggested mechanisms of acquired 
resistance involve other pro-angiogenic compensatory signals in the TME 
93,94, immune cell infiltrates that promote resistance 95,96, tumor metabolism 
adaptation 97 or other ways of angiogenesis, which are not VEGF/VEGFR-
dependent. In case of alternative angiogenesis processes, tumors could pro-
mote intussusceptive vascularization, glomeruloid angiogenesis, vasculogen-
ic mimicry and vessel co-option 98,99. Treatment scheduling and dosing have 
also been associated as key factors modulating resistance 82. 

Adverse effects to anti-angiogenic therapies are explained by the fact that 
VEGF and the other targeted signaling pathways are not tumor specific, thus 
they could exert systemic effects. In the spectrum of side-effects are hyperten-
sion, impaired wound healing, gastro-intestinal perforation, thrombosis, pro-
teinuria and occasional bleedings 82. However the most important side effect 
due to anti-angiogenic therapies is promotion of tumor aggressiveness leading 
to increased invasion and metastases 100,101. Even though there is no consisten-
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cy in the literature, mainly due to different study settings, anti-angiogenic 
therapies (both bevacizumab and TKIs) have been associated with increased 
tumor dissemination in preclinical and several clinical studies 82.  

Collectively, even though at the beginning, anti-angiogenic therapies were 
considered as the holy grail of cancer therapy, the experience from the clinic 
has shown that there is an alarming need for predictive biomarkers and fur-
ther understanding of the underlying mechanisms. The minimal or contradic-
tory patient benefits should not disappoint the scientific community but war-
rant further studies for more efficient regimens, novel tumor vascular targets 
and effective combination treatments.  

Tumor endothelial markers 
The discovery of novel tumor endothelial-specific markers has been the in-
terest of many studies. One of the earliest reports from St. Croix et al. re-
vealed nine tumor vasculature-specific genes in human colorectal cancer by 
using serial analysis of gene expression (SAGE) 102. However, some of them 
were later found to be expressed also in normal vessels. Many others also 
tried to identify unique tumor endothelial molecules by exploiting various 
approaches such as subtractive hybridization, phage display, laser capture 
microdissection (LCM), immunomagnetic separation or high-throughput 
screenings 103.  

The difficulty to detect tumor endothelial-specific targets is not only due 
to the diversity of the tumor endothelium between different tumor types and 
stages 104. The lack of material from the normal vascular bed counterparts 
and insufficient sample purity are major issues which decrease specificity 105. 
We have isolated human glioma blood vessels by LCM and identified a 
unique vascular gene signature in high-grade gliomas compared to low-grade 
or normal brain 70. Many of the validated gene hits were not associated to the 
glioblastoma vessels before. One of them was ELTD1 (EGF, Latrophilin and 
seven Transmembrane Domain-Containing Protein 1), which is further in-
vestigated in Paper IV. 

ELTD1 
ELTD1 is an orphan adhesion G Protein-Coupled Receptor (GPCR) that is 
otherwise named ADGRL4 (Adhesion G Protein-Coupled Receptor L4). The 
structure of ELTD1 is composed of a long extracellular part with EGF-like 
repeats, a seven-transmembrane domain and a short intracellular segment. 
Nechiporuk et al. were the first to describe ELTD1 and its regulated expres-
sion during heart development. ELTD1 is expressed in cardiomyocytes, vas-
cular and smooth muscle cells in the heart 106 and has also been included in a 
list of genes enriched in the microvasculature 107. 
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The physiological function or the signaling pathways of ELTD1 remain 
unknown. Mice lacking ELTD1 had increased induced cardiac hypertrophy 
108. Another recent study showed that ELTD1 loss together with the loss of 
the adhesion GPCR named GPR116 caused impaired vascular development 
and kidney problems in mice 109. In general, adhesion GPCR members regu-
late cellular adhesion processes such as matrix binding, migration, leukocyte 
adhesion and function 110-112. Interestingly several members are implicated in 
angiogenesis and blood-brain barrier (BBB) function 113.  

Multiple reports have shown that ELTD1 is highly expressed in the vas-
culature of several tumor types. Others and we have previously detected 
ELTD1 in human glioma vessels, which was also positively correlated with 
tumor grade 114,115. In addition, Masiero et al. demonstrated high ELTD1 
expression in vessels from other tumor types such as head and neck carci-
noma, breast and renal cancers 116.  

The role of ELTD1 in tumor progression is not clear. In the study from 
Masiero et al. ELTD1 expression was positively correlated with patient sur-
vival but ELTD1 silencing in vivo in ovarian and colorectal cancer models 
led to decreased tumor growth 116. These effects were accompanied by re-
duced vessel density, reduced hypoxia and endothelial apoptosis. In parallel, 
ELTD1 targeting by antibody therapy decreased tumor growth and increased 
survival in GL261 and G55 murine models of glioblastoma 117. Interestingly, 
it has also been reported that some human glioblastoma cell lines in vitro 
express ELTD1 118. We have found increased tumor growth in orthotopic 
GL261 tumors in ELTD1 knockout mice, which was associated with vessel 
normalization and increased perfusion as discussed in paper IV. 

Tumor-related inflammation 

Inflammation 
In cases of tissue injury that implicate wound formation or irritation, the 
normal reaction is the creation of an acute self-limiting inflammatory milieu, 
which fades away when the repair is completed or the irritant is taken away. 
Such physiologic inflammation involves migration and activation of immune 
cells, secretion of pro-inflammatory chemokines, endothelial activation that 
permit leukocyte extravasation from the blood to the inflamed tissue, fibro-
blast commitment and a supportive ECM. The first immune cells that arrive 
are neutrophils, which further recruit macrophages. Macrophages, once re-
siding at the injury site are the main suppliers of chemokines and engage 
other cell types as endothelial, epithelial and mesenchymal cells. Other im-
mune cells as eosinophils and mast cells are also crucial for solving an acute 
inflammation successfully. At the molecular level, major pro-inflammatory 
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cytokines are TNFα and TGF-β1, adhesion molecules that regulate immune- 
endothelial cell interactions such as selectins and integrins but also enzymes 
like matrix metalloproteinases (MMPs) 96 aiding ECM remodeling. 

Tumors have been portrayed as “wounds that do not heal” reflecting the 
resemblance of the TME to an inflamed wounded area 119. Indeed the impli-
cation of inflammation to tumor development and maintenance has been 
widely accepted and is also considered to be a permissive factor for tumor 
dissemination. The similarities between an acute physiologic inflammation 
to tumor-related inflammation are various at many levels, from the molecu-
lar to the cellular components. However the major difference is that in the 
case of cancer, the generated inflammation is not self-limited and thus it 
advances from an acute to a chronic phenomenon. Uncontrolled cell prolif-
eration and necrosis 8, sustained molecular signals derived from the tumor 
cells, recruited immune cells with pro-angiogenic and immunosuppressive 
phenotypes like TAMs and immature myeloid cells, other chemokines aris-
ing from tumor stroma, reactive oxygen and nitrogen species shape a unique 
TME which supports angiogenesis and further genetic alteration to tumor 
cells leading to tumor progression 96.  

Endothelial activation 
Vascular endothelial cells are major players modulating an inflammatory 
response 120. In non-inflamed tissues, blood vessels are quiescent, produce 
stable baseline nitric oxide (NO) levels and do not interact with leukocytes.  
However, in the occasion of acute inflammation, endothelial cells become 
activated and thereby change their phenotype acquiring leukocyte recruit-
ment capacities 120.  

Type I activation (or stimulation) is mediated via G protein-coupled re-
ceptor (GPCR) signaling, for example through the histamine H1 receptor and 
further interactions with other pathways such as Ras homologue (RHO) and 
myosin-light-chain/kinase (MLC/MLCK). It is a quick response (usually 10-
20 minutes until the receptor becomes unresponsive), which does not drive 
new gene expression. The results of this process are leakage of plasma pro-
teins to the abluminal side of the vessel wall and leukocyte, mainly neutro-
phils, recruitment by exocytosis of P-selectin loaded Weibel–Palade bodies 
(WPBs) in the luminal site in combination with platelet-activating factor 
(PAF) display. Ca2+ levels are an important mediator of type I activation, 
which also leads to increased blood flow 120.  

Type II activation is stimulated largely by binding of TNFα and IL-1 on 
their cognate receptors located on endothelial cells. It is a more delayed re-
sponse than type I activation and usually takes hours to initiate because it is 
transcription- /translation-dependent. It is not intrinsically transient but its 
duration is ligand-dependent. The main signaling pathways lead to activation 
of the transcription factors nuclear factor-κΒ (NF-κB) and activator protein 1 
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(AP1). During type II activation, genes important for leukocyte adhesion as 
E-selectin, intercellular adhesion molecule 1 (ICAM-1) and vascular cell 
adhesion molecule 1 (VCAM-1) are expressed on the endothelial cell surface 
as well as chemokines like IL8 and CC-chemokine ligand 2 (CCL2) are re-
leased 120.  

In situations where the microenvironment is chronically inflamed the en-
dothelial cells may modulate immune cell polarization by upregulation of 
several cytokines 120. Another suggested possibility is that the endothelial 
cells act as antigen presenting cells displaying antigens to cytotoxic immune 
cells. This hypothesis has been supported by detection of major histocompat-
ibility complex (MHC) class I/II and T cell co-stimulator molecules expres-
sion in endothelial cells 121-123. Furthermore, recruited immune cells affect 
the vessel phenotype by inducing angiogenesis and release of other pro-
inflammatory molecules as mentioned previously 124. Thus in the cancer 
microenvironment there is a reciprocal communication between the vascula-
ture and the immune infiltrates.  

Leukocyte recruitment 
In order for blood circulating leukocytes to arrive at the site of inflammation, 
they need to pass the endothelial barrier. The process of leukocyte recruit-
ment and passing through the activated endothelium is finely tuned by mole-
cules expressed in both cellular components and is identified as the leuko-
cyte adhesion cascade. The multistep cascade involves the leukocyte captur-
ing, rolling, adhesion, arrest and finally the transendothelial migration 125 
(Figure 3).  

Molecularly, leukocyte capturing and rolling are mediated by endotheli-
um derived P-selectin and E-selectin as well as leukocyte expressed L-
selectin and their main ligand P-selectin glycosylated ligand 1 (PSGL1). 
Other recognized ligands for E-selectin are CD44 and E-selectin ligand 1 
(ESL1). Blood flow-derived shear-stress force is another mechanic mediator. 
Stronger adhesion to the endothelium involves integrin interactions with 
endothelial adhesion molecules. Important leukocyte integrins are α4β7, very 
late antigen 4 (VLA4), lymphocyte function-associated antigen 1 (LFA1) 
and the cytokine-inducible endothelial adhesion molecules they bind to, such 
as mucosal vascular addressin cell-adhesion molecule 1 (MAdCAM-1), vas-
cular cell-adhesion molecule 1 (VCAM-1) and intercellular adhesion mole-
cule 1 (ICAM-1) respectively. Eventually, integrin-adhesion molecule sig-
naling coupled with chemokine participation trigger leukocyte arrest to the 
endothelium 125.  

Leukocytes crawling along the vessel wall accomplish transendothelial 
migration with the aid of chemoattractants, integrin/adhesion molecule inter-
actions, shear stress and special inducible endothelial structures called 
‘transmigratory cups’. Transendothelial migration can be achieved by two 



 28 

distinct manners, paracellular or transcellular migration. The paracellular 
route is the most common and it takes place in endothelial cell junctions with 
the active involvement of junctional molecules like PECAM-1, ICAM-1-2, 
JAM-A-C, ESAM and CD99, and signaling through pathways involved in 
endothelial contraction 125. Similar molecules mediate the transcellular mi-
gration, including ICAM-1, which is crucial for this process 126. In trancellu-
lar migration, special endothelial structures composed of a network of caveo-
la and vesiculo-vacuolar organelles (VVOs) lead to the transient creation of 
intracellular channels 126. Lastly, once leukocytes pass the endothelial layer 
they also have to migrate through the basement membrane and the attached 
pericytes 125.   

 
Figure 3. Leukocyte recruitment. Schematic representation of the leukocyte adhe-
sion cascade and major molecular regulators. 

Taken together, the leukocyte extravasation (or diapedesis) towards the in-
flamed tissue is a well-defined multistep process, which is widely governed 
by selectins, integrins, and other molecules.  

Tumor-associated leukocytes 
Tumor-infiltrating immune cells are important regulators of tumor progres-
sion by modulating pro-tumoral processes as tumor initiation, angiogenesis 
induction, metastasis as well as anti-tumor immune responses. The net effect 
on tumor progression is context-dependent and tumor-infiltrating immune 
cells contribute substantially to tumor stroma heterogeneity. Notably, the 
immune contexture concept, which aimed to characterize a tumor’s adaptive 
immune infiltrate nature, density, location and polarization and to correlate it 
with the disease outcome has been described as an accurate tumor classifica-
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tion method in colorectal cancer patients 127. From the immune contexture 
the idea of immunoscoring as a potential prognostic and predictive bi-
omarker additive to the TNM classification system 128 naturally occurred. 
Indeed, the immunoscoring has already been successfully used in samples 
from lung and rectal cancers 129,130 warranting further studies and standardi-
zation for its use in clinical practice. The association of the tumor immune 
phenotype to patient survival and disease progression highlights its major 
implication in tumor biology. The tumors typically contain immune cells 
from both the innate and adaptive immune cell compartments in various 
ratios, phenotypes and physical locations.  

Dendritic cells (DCs) are myeloid cells of the innate system that reside in 
tissues and are actively involved in antigen presentation and initiation of 
adaptive immunity via T cell priming and activation. Non-activated DCs, 
also called immature dendritic cells, process antigens but are not effective 
antigen presenters and are thereby incapable to activate T cells. Appropriate 
“danger” stimuli, like tissue damage or infections, can activate them. DC 
activation involves a cascade of gene expression changes leading to upregu-
lation of co-stimulatory molecules surface expression, cytokine production 
and chemokine receptors aiding DC migration to lymphoid organs and T cell 
priming. However, tumor-resident DCs are often poorly differentiated and 
demonstrate an immature and immunosuppressive character, which is pro-
moted, by tumor-derived factors and hypoxia 131,132.  

Macrophages are another cell type of innate immunity related to DCs. 
Under physiological conditions, macrophages are phagocytes against patho-
gens, participate in wound healing and link innate to adaptive immunity via 
cytokines, co-stimulatory molecules and antigen presentation 133. There have 
been many studies trying to elucidate the role of macrophages in tumors. 
Nowadays, the common ground is that macrophage phenotypes are highly 
dynamic and they can be described as a continuous spectrum ranging from 
classically activated, pro-inflammatory, secreting Th1 cytokines and tumor-
icidal (M1 phenotype) to alternatively activated, anti-inflammatory, secret-
ing Th2 cytokines and pro-tumoral (M2 phenotype). In the TME, TAM phe-
notypes are typically more similar to M2 and have been associated with in-
duced angiogenesis and increased tumor aggressiveness 134.  

Granulocytes are a group of myeloid cells with cytoplasmic granules and 
multi-node cell nuclei. Neutrophils are the largest population of granulocytes 
in the human body, the first responders in inflammation and take part in re-
solving bacterial infections. Tumor associated neutrophils, as TAMs, have 
been found to shift from an anti-tumor N1 to a pro-tumor N2 phenotype in 
the TME driven mainly by TGF-β 132. Eosinophils, normally recruited in 
innate parasite defense but also found interacting with adaptive immune 
cells, have been associated with good prognosis when found in tumors while 
their role is not well defined yet. A suggestion is that they are cytotoxic via 
degranulation 135. Basophils, the smallest leukocyte population (less than 1% 
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of cells with nuclei), are mainly implicated in allergic reactions and secrete 
Th2 cytokines 136, however their role in solid tumors has not been identified.  

Mast cells are myeloid cells important in allergic responses and autoim-
mune diseases. An important characteristic of mast cells is that they are 
heavily loaded with chemical substances and affect other cellular compo-
nents 137. They are recruited in solid tumors by tumor-derived chemoattract-
ants as VEGF and are potent angiogenesis-inducers. Notably, they have been 
found to infiltrate tumors before the angiogenic switch 124. Furthermore, 
mast cells have an important role in modulating tumor innate and adaptive 
immune responses by releasing immunomodulating agents from their gran-
ules 137.  

Myeloid-derived suppressor cells (MDSCs) are comprised of DC, macro-
phage and granolocyte progenitors that reside in tumors exerting immunosup-
pressive effects and promoting tumor progression via secretion of immuno-
modulatory molecules or direct cell-cell interactions. MDSCs are further sub-
categorized as monocytic and granulocytic. Several studies have shown that 
the monocytic subset is more immunosuppressive than the granulocytic 138-140. 
MDSCs can modulate tumor related immune responses in various ways such 
as nutrient deprivation, oxidative stress, by decreasing leukocyte trafficking 
and supporting activation of regulatory T cells (Tregs). MDSCs can influence 
TAM polarization towards an M2-like state and DC function 132. 

Natural killer (NK) cells are cytotoxic and cytokine-secreting lympho-
cytes that have the capacity to kill cells in the absence of antigen presenta-
tion if these cells are infected or generally abnormal. The method by which 
NK cells define target cells involves a wide variety of antagonizing activat-
ing or inhibitory ligand-receptor interactions as well as detecting antibody-
covered cells (NK cells can perform antibody-dependent cell cytotoxicity, 
ADCC). In particular, NK cells have MHC class I receptors thus they can 
target cells that do not express the self MHC class I by losing inhibitory 
signals and receptors as NKG2D that recognize stress-related ligands. NK 
cells can kill tumor cells either via non-self activation or via stressed cell 
signals. Additionally, NKs have regulatory effects on other immune cell 
types 141. However, the NK anti-tumor potency is decreased by the powerful 
immunosuppressive forces in the TME and tumor cell plasticity 142. 

T cells are the major cellular components that mediate the adaptive im-
mune system response through antigen-specific immunity. CD4+ Th1 cells 
secrete pro-inflammatory cytokines and have an anti-tumor behavior, Th2 
are anti-inflammatory and pro-tumoral cells. Follicular helper T cells have 
been associated with anti-tumor responses 143. The role of Th17 cells in the 
TME is not well established because several lines of evidence suggest their 
pro-tumoral functions via angiogenesis induction, cancer cell survival and 
immune regulatory functions but in an adoptive transfer setting they exerted 
anti-cancer effects 144-146. Another T helper cell type is the novel Th9 subset 
that has recently been appreciated for its anti-tumor potential 147. Cytotoxic T 



 31 

cells are the main effector cells that can kill tumor cells through perforin- 
and granzyme- implicating apoptosis. Tregs have pro-tumoral role by secret-
ing suppressive cytokines, inducing T cell death and modulating DC func-
tion 148,149. NKT and γδT cells are relatively newly appreciated cell subsets 
for tumor immunity and they have been implicated in modulation of both 
anti- and pro-tumor responses 150,151.  

B cells are important players of humoral adaptive immunity by producing 
and secreting antibodies. They are antigen presenters and cytokine producing 
cells. In tumors, B cell infiltration has been associated with pro-tumoral ef-
fects by promoting chronic inflammation 148,152. 

Tumor blood vessels modulate immune responses 
Circulating immune cells in the blood are dependent on the tumor vessel 
network in order to reach deeper tumor beds. However tumor blood vessels 
influenced by pro-angiogenic molecules in the TME derived from various 
cellular compartments and hypoxia, acquire an abnormal phenotype charac-
terized by a chaotic, dysfunctional network and uneven blood flow 153. Apart 
from the architectural defects of the tumor vasculature, many lines of evi-
dence have shown that tumor endothelial cells are active modulators of im-
mune cell responses at the molecular level 154-157.  

More specifically, tumor endothelial cell anergy occurs mainly through 
insufficient expression or functionality of adhesion molecules as E-selectin, 
ICAM-1, ICAM-2 and VCAM-1. Downregulation or ineffective clustering 
of adhesion molecules modulates tumor T cell infiltration 158-160. Even 
though pro-inflammatory cytokines like TNFα are abundant in many can-
cers, pro-angiogenic factors such as VEGF and b-FGF can reverse endothe-
lial activation and suppress adhesion molecule expression 154,161. Indeed re-
duced expression of adhesion molecules has been demonstrated in human 
tumor blood vessels 162,163. Other suggested mechanisms for reduced adhe-
sion molecule/integrin interactions in tumors include NO presence 164 and 
expression of molecules that regulate adhesion molecule expression includ-
ing epidermal growth factor-like domain 7 (Egfl7) 165. Interestingly, another 
aspect of tumor endothelial regulation of tumor immunity is the preferential 
recruitment of specific immunosuppressive leukocyte subsets, as Tregs, 
through upregulation of selective adhesion molecules such as the common 
lymphatic endothelial and vascular endothelial receptor-1 (CLEVER-1) 154.  

Besides affecting leukocyte recruitment, tumor endothelial cells can also 
influence immune cell functions. The term “tumor endothelial barrier” has 
been coined to refer to the tumor endothelial upregulation of T cell activa-
tion inhibitory molecules. Such molecules are programmed death-ligand 
(PD-L) 1, FasL, TNF-related apoptosis-inducing ligand (TRAIL), T-cell 
immunoglobulin domain and mucin domain (TIM3), B7-H3, B7-H4, IL-6, 
Prostaglandin E (PGE) 2, IL-10 and TGF-β. Notably, indoleamine 2,3-
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dioxygenase 1 (IDO1), mainly involved in tryptophan catabolism, has also 
been suggested to be a part of the tumor endothelial barrier, as further dis-
cussed below 157. Endothelial cells may also act as antigen presenting cells 
by exposing tumor peptides to MHC class II molecules (signal 1) and upreg-
ulating co-stimulatory molecules (needed as signal 2) 166. Whether tumor 
endothelial cells are potential antigen presenting cells is yet unknown. 

On the whole, tumor vessel aberrant morphology, anergy and inhibition to 
immune cell activation constitute an important obstacle that anti-tumor im-
mune cells need to overcome. Importantly, anti-angiogenic therapies have 
been proven capable to relieve endothelial anergy 90-92.  The “tumor endothe-
lial barrier” concept adds new possible targets for effective combination 
treatment strategies with immunotherapy. 

IDO1  
Tryptophan metabolism is important for the production of serotonin, melato-
nin, protein and kynurenine (Kyn). IDO1, together with tryptophan 2,3-
dioxygenase (TDO) are the main rate-limiting enzymes catabolizing trypto-
phan (Trp) to N-formylkynurenine, which is then further converted into L-
Kyn. The differences between the two enzymes are their expression pattern 
and that IDO1 has a broad range of substrates while TDO only recognizes L-
Trp. L-Kyn catabolism can give rise to molecules like 3-hydroxy-L-
kynurenine (3-HK), 3-hydroxyanthranilate (3-HAA) and quinolinic acid 
(Quin) 167,168. The recently discovered IDO1 paralog IDO2 is less enzymati-
cally active and has no effect on the systemic Kyn production in the mouse 
168. Nevertheless, it has recently been shown that IDO2 may also possess 
properties that are non-overlapping with IDO1 169 but further investigation is 
needed.  

Various cell types (such as DCs, macrophages, endothelial cells, mesen-
chymal cells) and tissues such as lymphoid tissues, small intestine, lung, 
placenta and several genital tissues express IDO1 170,171. Regulation of IDO1 
expression occurs mainly via IFN-γ signaling 172. Other stimuli as IFN-α, 
IFN-β, IL-10, IL-6, IL-4, IL-1 and TGF-β have also been reported 168. The 
role of IDO1 was initially thought to serve as a Trp depleting mechanism to 
dampen microbial growth 173. Soon it became clear that IDO1 has many im-
munoregulatory effects, mainly affecting T cell responses leading to immune 
tolerance 174.  

Initially, the immunosuppressive activity of IDO1 was considered to be 
due to Trp depletion leading to nutrient deprivation of DC, T cell and other 
immune cells 175. T cell anergy occurs when uncharged tRNA binding induc-
es the activation of general control non-repressed 2 (GCN2) kinase and 
thereby the downregulation of the CD3 ζ-chain in CD8+ T-cells and the inhi-
bition of Th17 cell differentiation 176. In parallel, Trp depletion leads to T 
cell autophagy via mTOR pathway inhibition 177. Multiple studies have 
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proven the implication of the kynurenine metabolites in immunomodulation 
178-180. Kynurenine binding activates the aryl hydrocarbon receptor (AhR), 
which is important for Treg formation 181. Moreover, it has been shown that 
Trp metabolites can have cytotoxic effects on CD3+ T cells and that they can 
reduce T and NK cell proliferation 175.  

IDO1 immunosuppression can occur under physiological conditions in 
order to control undesirable immune responses, for instance fetal rejection 
prevention. However, many cancers have also exploited it. In a study of ex-
tensive IDO1 profiling in 15 types of human cancer, it was shown that the 
main sources of IDO1 could be myeloid, endothelial or tumor cells 170. The 
number of IDO1+ DCs was not increased in tumor draining lymph nodes 
compared to normal counterparts. In the same study it is reported that IDO1 
staining is more frequently found in endometrial, cervical and kidney can-
cers and the least frequently found in glioblastomas. In general, IDO1 ex-
pression in human tumors is considered a marker of unfavorable prognosis, 
tumor aggressiveness and immunosuppression 182.  

The role of IDO1 in tumor endothelial cells is still unclear even though 
two studies associate IDO1 inhibition with anti-angiogenic effects 183,184. 
Studies in normal endothelial cells have shown that IDO1 induction in vitro 
leads to decreased T cell alloresponses contributing to immunosuppression 
185.  In vivo, kynurenine production has been associated with vasodilation 
under severe inflammatory conditions 186. In placenta, endothelial IDO1 
contributes to restrict immune responses and prevent fetal rejection 187. We 
have investigated the role of tumor endothelial IDO1 in cancer immunother-
apy in Paper III.  

IDO1 inhibition has been an attractive target of tumor immunotherapy 
because of the above-mentioned characteristics and many studies in preclini-
cal murine tumor models have been performed. In the murine B16.F10 mel-
anoma model, forced tumor IDO1 expression increased immunosuppresion 
via MDSC recruitment and the involvement of Tregs. It was also shown that 
tumor IDO1 hindered checkpoint blockade immunotherapy 188. Another 
study suggested that when an IDO1 inhibitor abrogated host IDO1 activity 
the anti-tumor effects of checkpoint blockade antibodies were increased. 
This was based on the observation that host cells start to express IDO1 due 
to IFN-γ from activated immune cells 189. In contrast, in murine glioblastoma 
models several lines of evidence suggest that host IDO1 is important for the 
anti-tumor responses of checkpoint blockade 190, highlighting the diversity 
and the unique TME of each tumor type. In the spontaneous murine MMTV-
Neu breast cancer model, the combination of IDO1 inhibition with cytotoxic 
agents induced increased anti-tumor responses 191. To which extent concomi-
tant TDO or IDO2 inhibition together with IDO1 blockade would enhance 
the anti-tumor responses is still an open question 192.  

Due to the promising data from the preclinical tumor studies, several 
IDO1 targeted agents have been used to inhibit IDO1 expression or enzymat-
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ic activity 193. Among them, indoximob (D-1-MT, NLG8189) is under de-
velopment for the treatment of several cancers and epacadostat 
(INCB024360), NLG919, BMS-986205 and others are in clinical trials 192. In 
parallel, many phase I and II clinical trials are ongoing combining indoxi-
mob or epacadostat with chemotherapy, antibodies targeting PD-1 or CTLA-
4 or cancer vaccines (reviewed in 193).  

Anti-tumor immunity and tumor immunotherapy 

Key features of anti-tumor immunity   
Aberrant proliferation, genetic instability and uncontrolled growth in tumors 
give rise to mutated or fusion genetic products that can be presented as tu-
mor antigens on MHC class I molecules on the tumor cell surface, be identi-
fied by cytotoxic T lymphocytes and mount anti-tumor immune responses 
194. The anti-tumor function of the immune system is denoted immune sur-
veillance. During immune surveillance, the immune system should recognize 
and destroy cancerous or precancerous cells, thereby inhibiting tumor pro-
gression 195. However, tumors develop and expand in organisms with fully 
functional immune system and have developed sophisticated mechanisms to 
evade immune surveillance.  Some of the immunosuppressive mechanisms 
in tumors have been discussed previously, for example release of pro-
tumoral chemokines, hypoxia, tumor-associated chronic inflammation, in-
duced angiogenesis, tumor vessel anergy and eclectic recruitment of immu-
nosuppressive immune cells 196. Another important proposed concept is tu-
mor immunoediting 197, which is a 3-phase process. Tumor immunoediting 
refers to the evolutionary process of elimination of immune-reactive tumor 
cell subclones (phase 1: elimination), establishment and expansion of im-
mune-system resistant tumor cells (phase 2: equilibrium), which leads to 
escaping from immune surveillance (phase 3: escape) 197.  

A potent anti-tumor immune response leading to tumor cell death has 
been portrayed as a series of events called the cancer-immunity cycle. The 
initial step is the processing of tumor antigens by DCs supported by other 
pro-inflammatory “danger” signals. Then DCs present the processed anti-
gens to MHCI and MHCII molecules and “license” effector T cells located 
in lymph nodes to start an adaptive immune response. The activated T cells 
migrate to the tumor site where they detect cancer cells via T cell receptor 
(TCR) binding to antigen-MHCI complexes. Tumor cell death can fire a new 
subsequent cancer immunity cycle. However in cancer patients the cancer 
immunity cycle is defective 198. Cancer immunotherapeutic regimens aim to 
enhance the functionality of the cancer immunity cycle as discussed below. 
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Tumor immunotherapy 
In recent years there has been a huge expansion in the tumor immunology 
field and more specifically in tumor immunotherapy. For almost every step 
of the cancer-immunity cycle possible immunotherapeutic attempts are being 
made to either amplify, block or boost depending on the desired result 198 
(Figure 4).  

 
Figure 4. Immunotherapies affecting different steps of the Cancer-Immunity 
Cycle. For almost every step of the cycle different immunotherapeutic approaches 
are tested in the preclinical or clinical setting. (Reprinted with permission from 198) 

Hence in the broad spectrum of the immunotherapeutic armory one can find 
oncolytic viruses and other gene therapies, vaccines and cytokines for en-
hanced antigen presentation, monoclonal antibodies against tumor antigens, 
agonistic monoclonal antibodies targeting co-stimulatory signals, checkpoint 
blocking antibodies, antibodies for TAM re-education, adoptive T cell or 
genetically-engineered T cell transfer 198,199. 

Focusing on anti-tumor monoclonal antibodies (mAbs), inhibitors of im-
mune checkpoint proteins such as cytotoxic T-lymphocyte-associated anti-
gen 4 (CTLA-4) and PD-1/PD-L1 molecules demonstrate exciting perfor-
mance in the clinical setting 200-203. CTLA-4 is a co-inhibitory molecule ex-
pressed on T cells and binds with higher affinity than the co-stimulatory 
molecule CD28 to CD80 and CD86 on antigen presenting cells. Hence, upon 
TCR-antigen-MHCI interaction, CTLA-4 binding impairs T helper cell acti-
vation but promotes Treg-mediated immunosuppression. Therefore an an-
tagonistic anti-CTLA-4 mAb alters these effects 204. Indeed, the anti-CTLA-
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4 mAb ipilimumab is an U.S. FDA-approved adjuvant therapy for melano-
ma, a decision based on clinical trials showing greater survival benefit in 
treated patients 204. Ipilimumab is also being investigated for non-small cell 
lung cancer (NSCLC) and prostate cancer treatment. In parallel, the anti-PD-1 
receptor anti-PD-L1 ligand axis is another success story in tumor immuno-
therapy, even though the mode of action is different than that of anti-CTLA-
4. PD-1 is expressed on activated T but also B and NK cells. The ligands are 
PD-L1 and PD-L2. PD-L1 can be expressed in tumor cells and antigen pre-
senting cells. PD-L1 or PD-L2 binding on activated T cells is capable to 
inhibit them or induce T cell anergy. However Tregs become more immuno-
suppressive. Anti-PD-1 mAbs are nivolumab, pembrolizumab and pidili-
zumab and the anti-PD-L1 counterparts are MPDL3280A, MEDI4736, 
BMS-936559 and MSB0010718C 204. Nivolumab is an U.S. FDA-approved 
drug for melanoma, squamous cell lung cancer, and NSCLC. Pembroli-
zumab is approved for non-small cell lung cancer and melanoma. Recently 
ipilimumab in combination with nivolumab received accelerated U.S. FDA 
approval for treatment of inoperative or metastatic melanoma 205. Novel im-
mune checkpoint proteins are also being tested as immunotherapy targets 
such as LAG-3, TIM-3 and VISTA 206.  

Another subset of antibodies used in tumor immunotherapy is agonists for 
TNF receptor (TNFR) members leading to T cell activation. CD40 is a 
TNFR member expressed in a variety of hematopoietic and non-
hematopoietic cells such as DC, B cells, and macrophages as well as endo-
thelial cells. CD40 ligand (CD40L) is also expressed in various cell types 207. 
CD40/CD40L binding is mainly implicated in T cell help and DC antigen 
presentation. Targeting with agonistic anti-CD40 mAb on CD40-expressing 
tumor cells can induce cell death. The combination of anti-CD40 mAb with 
gemcitabine led to tumor regression in pancreatic cancer patients. Interest-
ingly, analysis of samples from this trial and data from a pancreatic cancer 
murine model showed that anti-CD40 mAb anti-tumor function might be 
mainly macrophage-driven 204,208. In the preclinical setting, agonistic anti-
CD40 mAbs have been shown to mount potent immune responses in several 
cancer models 209-211. Several clinical trials with agonistic anti-CD40 anti-
bodies as single agents or in combination with checkpoint blockade or 
chemotherapy have already been completed. Most of them were early phase 
trials evaluating preliminary responses and safety. Signs of T cell activation 
have been reported in a study where the agonistic anti-CD40 mAb CP-
870,893 was combined with tremelimumab in metastatic melanoma patients 
212. B and NK cell activation was observed in another trial with the antibody 
ChiLo7/4 213. Side effects of CD40 agonists include cytokine release syn-
drome, which can be handled with appropriate medication, as well as liver 
toxicity. Local administration of the antibodies is currently being tested as a 
way to alleviate severe toxicities 214.  In papers II and III, we have used local 
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administration of CD40-stimulating immunotherapy in combination with 
vascular targeting.  

So far the results for tumor immunotherapy are encouraging but it has al-
ready become clear that only a fraction of patients has achieved a positive 
outcome 215. Thus there is an alarming need for patient stratification, discov-
ery of novel tumor neoantigens 216 and combinatorial therapeutic regimens in 
order to combat the tumor complexity and unique idiosyncrasy.  

Combination of anti-angiogenic therapies and tumor 
immunotherapy 
The rationale of combining anti-angiogenic therapies with immunotherapy 
lies upon the interconnected biology of tumor blood vessels and tumor-
infiltrating leukocytes. Vessel normalization, upregulation of adhesion mole-
cules and enhanced blood flow are some of the benefits that anti-angiogenic 
therapies can bring to the table and facilitate a more permissive microenvi-
ronment leading to improved leukocyte tumor extravasation. In parallel, 
therapies targeting pro-angiogenic factors can create a less immunosuppres-
sive TME. Interestingly, anti-angiogenic therapies have been associated with 
direct immunomodulatory effects 217-219. Additionally, tumor immunotherapy 
is dependent on effective leukocyte migration and activation to the tumor 
sites. So far, this combination has shown positive results in various therapeu-
tic settings. For instance, combination of anti-VEGF and adoptive T cell 
transfer in murine melanoma increased T cell tumor infiltration and led to an 
increased survival 220. Anti-VEGF has also been combined with anti-CD40 
in vivo leading to survival and reduced angiogenesis 221. An antibody target-
ing both VEGFA and Angiopoeitin-2, which is another important pro-
angiogenic factor in the TME, showed improved responses in vivo in many 
preclinical models and it was also combined with PD-1 inhibition 222. 
Sunitinib enhanced anti-tumor vaccination effect in murine melanoma 223. 
Notably, sunitinib is capable to decrease MDSCs and Tregs aside from its 
role in modulating the tumor vasculature 218,219. The focus of Paper II was to 
investigate if sunitinib could enhance the efficacy of CD40-activating im-
munotherapy. 

The first phase I clinical trial combining anti-angiogenic therapy with 
immune checkpoint blockade was a study using ipilimumab and bevaci-
zumab. It resulted in vascular alterations, endothelial activation and in-
creased dendritic cell and cytotoxic T cell infiltration in melanoma patients 
of the combination arm 224,225. Since then many more clinical trials with the 
same therapeutic rationale have been started 225,226. 
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Tertiary lymphoid organs in cancer 
In cases of chronic non-resolving inflammation, such as during autoimmune 
diseases, allograft rejection and cancer, tertiary lymphoid organs (TLOs) can 
occur. TLOs are organized structures that resemble secondary lymphoid 
organs (SLOs) but lack a capsule. They form due to an increased need of 
immune responses and constitute potent gateways of immune cell and chem-
okine trafficking 227. 

TLOs are mainly composed of densely packed T-cell and B-cell zones as 
well as specialized vessels named high endothelial venules (HEVs) which 
are decorated with L-selected ligands such as peripheral node addressin 
(PNAd) 228. TLOs may also possess afferent lymphatic vessels for fluid and 
cell transporting. Dendritic cells located in T cell zones, germinal centre 
(GC) formation of proliferating B cells and follicular DCs in the B cell folli-
cles are also reported. In cancers, mature TLOs composed of all key-
components have been detected as well as immature structures where some 
elements are still missing 227.  

In order for TLOs to develop, a background active immune response is 
most probably needed to provide the right stimuli. Many questions are still 
not answered but the currently accepted hypothesis for TLO generation is 
similar to peripheral lymph node formation (Figure 5). This is due to the fact 
that they share many common features 227. The initiation of lymph node or-
ganogenesis is dependent on CD3−CD4+CD45+ lymphoid tissue inducer 
(LTi) cells and lymphoid tissue organizer (LTo) cells. Secretion of lympho-
toxin (LT) α1β2 from LTi cells stimulates the LTβ receptor (LTβR) expressed 
on stromal cells and transforms them into LTos. LTos secrete lymphoid 
chemokines CCL19, CCL21, and CXCL13 and express VCAM-1, ICAM-1, 
and MAdCAM-1 to attract more leukocytes like T cells, DCs and B cells. 
Growth factor expression by LTos induces HEV and lymphatic vessel for-
mation 227. The role of LTos does not stop there, because they can differenti-
ate into follicular DCs and reticular cells and provide structural and organi-
zational support 229. For TLO generation several cell types have been sug-
gested to serve as LTis, including Th17, γδT cells or innate lymphoid cell 3 
(ILC3) 230. Another key cell type is T follicular helper (Tfh) cells, which by 
expressing CXCL13 and attracting B cells, mediates GC formation. Other 
stromal cells like synovial fibroblasts in rheumatoid arthritis have been re-
ported to act as LTos 227.  
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Figure 5. Key-features in SLO and TLO generation. A schematic representation 
of SLO formation driven by LTi and LTo interaction via LTα1β2/LTβR. Similarly, 
ectopic TLO formation is considered to be initiated by LTi-like cells interacting with 
stromal cells under inflammatory conditions. (Reprinted with permission from 231) 

In cancer, TLOs have been reported at the tumor borders or intratumorally. 
There is no consensus concerning which markers are the most appropriate 
for TLO evaluation. In general, peritumoral TLOs are more frequently ob-
served than intratumoral TLOs. TLOs are usually associated with a favorable 
prognosis, except in cases of breast and colorectal cancer where they corre-
lated with disease progression 232,233. A possible limitation of the anti-tumor 
immune response could be an accumulation of immunosuppressive cells 
such as Tregs observed in some cancer-related TLOs, thus Treg depletion 
has been suggested 227.  

TLO neogenesis has been detected in human tumors after vaccination, but 
no TLO-inducing agents have reached the clinic so far. One recent publica-
tion suggested that agonistic anti-LTβR antibodies enhance anti-PD-L1 and 
anti-VEGFR2 immune responses in several preclinical murine models and 
induce HEV formation 234. However, occurrence of TLOs was not evaluated. 
In another study TLO induction was succeeded by introducing the pro-
inflammatory cytokine and LTβR ligand LIGHT 235 in the TME via tumor 
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vasculature-targeting peptides 236. In an early study, CCL21 overexpressing 
tumors led to TLO induction but this was associated with increased immuno-
suppression 237. However, recently a publication from the same group 
showed that VEGFC-induced CCL21 expression in the TME was correlated 
with enhanced anti-tumor responses to immunotherapy 238. In paper V, we 
are aiming to induce TLOs in murine glioblastoma models and evaluate the 
generated anti-tumor response.  
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Aims of the thesis 

The overall aims of the thesis are to elucidate the molecular mechanisms 
governing the tumor endothelial and immune cell interactions in the TME 
and to improve cancer immunotherapy by modulating the tumor vessel phe-
notype. 

 

Specific aims: 
 
Paper I: To examine how VEGF interferes with TNFα-induced endothelial 
activation and identify the underlying mechanisms and molecular cues. 
Moreover, to study the effect of the anti-angiogenic TKI sunitinib in the 
TME with a focus on tumor leukocyte infiltrates and endothelial phenotype. 
 
Paper II: To investigate if the therapeutic effect of agonistic CD40 mAb 
immunotherapy can be improved by co-administration of sunitinib. 
 
Paper III: To detect tumor endothelial phenotypic alterations upon agonistic 
CD40 mAb immunotherapy and to identify candidates for novel combination 
therapies. 
 
Paper IV: To elucidate the role of ELTD1 in developmental and tumor an-
giogenesis. 
 
Paper V: To investigate the feasibility to induce TLOs in glioma to en-
hance anti-tumor immune responses. 
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Results and discussion 

Paper I 
VEGF is a major pro-angiogenic factor which, when highly expressed in 
tumors, shapes a tortuous and dysfunctional vascular bed 153. Cancer thera-
pies targeting VEGF signaling are used as first- or second-line treatments in 
the clinic 82 and the efficacy of combining anti-angiogenic therapies with 
immunotherapy is currently tested in clinical trials 225. Effective immune cell 
recruitment and tumor extravasation are central for cancer immunotherapy 
regimens. However, many lines of evidence have shown that tumor endothe-
lial cells are anergic and express decreased levels of adhesion molecules 
crucial for leukocyte recruitment 162,163. It has been suggested that the aber-
rant and chronic pro-angiogenic factor expression in the TME is implicated 
in adhesion molecule suppression 158,161 but the molecular mechanism is 
poorly understood. The aim of this study was to examine how VEGF inter-
feres with TNFα-induced endothelial activation and to identify the mecha-
nisms of this cross-talk. Moreover, we studied how the anti-angiogenic TKI 
sunitinib affects the TME with a focus on the leukocyte infiltration and the 
tumor vessel phenotype. 

Using an in vitro microfluidics setting, which recapitulates blood flow 
conditions, we found that VEGF decreased Jurkat T cell adhesion to human 
microvascular endothelial cells (HDMEC). T cell adhesion is a process me-
diated by activated endothelial cells through increased surface expression of 
adhesion molecules, including ICAM-1, VCAM-1 and E-selectin 125. One of 
the key regulators of endothelial activation is TNFα; therefore we studied the 
impact of co-treatment with VEGF during TNFα-induced endothelial activa-
tion. Affymetrix microarray analysis revealed that 86 genes regulated by 
TNFα were differentially expressed when TNFα was combined with VEGF. 
The top hits upregulated with TNFα but suppressed by co-treatment with 
VEGF included CXCL10 and CXCL11, which are known T cell chemoat-
tractants 239. ICAM-1 and VCAM-1 have previously been reported to be 
downregulated in response to pro-angiogenic signaling in tumors, but were 
not found to be transcriptionally regulated by co-treatment with VEGF in our 
microarray analysis. However, through FACS analysis we confirmed that 
TNFα-induced VCAM-1 and E-selectin surface expression was suppressed 
by VEGF in HDMECs and human umbilical vein endothelial cells (HU-
VECs) in vitro. VEGF-induced repression of TNFα-regulated genes was 
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reverted by adding sunitinib, which is a TKI inhibiting VEGFR signaling. 
Quantitative PCR analysis validated the microarray data.  

One of the key TNFα-activating signaling pathways leading to endothelial 
activation is the NF-κB pathway 240. TNFα-induced NF-κB signaling in 
HDMEC was inhibited by co-treatment with VEGF. More specifically, 
VEGF signaling decreased the TNFα-induced phosphorylation of the inhibi-
tor of κB kinase (IKK) complex thereby abrogating IκB degradation. More-
over, VEGF increased TNFα-induced phosphorylation of p38 MAPK and a 
p38 inhibitor, namely SB203580, reversed the VEGF-inhibited IκB degrada-
tion. VEGF also decreased the levels of interferon regulatory factor-1 (IRF-
1) and tyrosine 701 phosphorylated STAT1, which are transcription factors 
regulating CXCL10 and CXCL11 expression 241.  

In vivo, a short-term treatment with sunitinib increased tumor T cell infil-
tration in B16.F10 melanoma tumors, associated with increased CXCL10 
and CXCL11 expression. Changes in ICAM-1, VCAM-1 and E–selectin 
expression were not observed in tumor vessels after sunitinib treatment in 
line with the absence of these molecules in the microarray data.  

Collectively, our data provide a comprehensive gene expression analysis 
and mechanistic description of VEGF interference with TNFα-induced endo-
thelial activation and leukocyte adhesion. Enhanced T cell infiltration and 
increased T cell chemoattractant molecule expression in B16.F10 melanoma 
tumors after sunitinib treatment validated the in vitro results and confirm that 
cross-talk between VEGF and pro-inflammatory cytokines can greatly influ-
ence endothelial activation and leukocyte recruitment in tumors. Importantly 
a short treatment with sunitinib was sufficient to alter the T cell tumor infil-
trate counts, warranting further investigation into the potential benefit of 
combining anti-angiogenic treatment with immunotherapy. 

Paper II 
CD40-activating cancer immunotherapy exerts potent anti-tumor effects 
mainly via Th1 immune responses 242. We have shown in paper I that short-
term treatment with sunitinib, an anti-angiogenic multi-targeted TKI, en-
hances tumor T cell infiltration and reverts endothelial cell anergy induced 
by VEGF 243. Additionally, sunitinib has previously been shown to decrease 
Tregs and MDSCs thereby further relieving immunosuppressive effects in 
the TME 218,219. Therefore we investigated the therapeutic effect of combin-
ing anti-CD40 mAb with sunitinib treatment in two murine models of can-
cer. 

We found that combining agonistic CD40-antibodies with sunitinib was 
superior to either monotherapy in decreasing tumor growth and improving 
survival in B16.F10 melanoma and T241 fibrosarcoma. Expression of CD86, 
a dendritic cell activation marker, was upregulated in the tumor draining 
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lymph nodes of mice treated with agonistic CD40 mAbs and tumor vessel 
density was decreased in sunitinib treated groups. These results validated the 
efficacy of each therapeutic component of the tested combination.  

Further, we examined the effect of the combination therapy and either 
monotherapy on recruitment of immunosuppressive MDSC. Agonistic 
CD40-antibody treatment increased MDSCs in the tumor draining lymph 
nodes. This effect was abolished by co-treatment with sunitinib. In the tu-
mor, sunitinib caused a reduction of monocytic MDSCs in T241 fibrosar-
coma whereas this was less pronounced in B16.F10 model. These results 
suggest that the addition of sunitinib enhances the anti-tumor responses of 
agonistic CD40 mAb treatment. 

Endothelial activation, represented by upregulation of ICAM-1 and 
VCAM-1 adhesion molecules was synergistically increased in the combina-
tion treated B16.F10 melanoma tumors. The T241 fibrosarcomas showed a 
higher basal expression of ICAM-1 and VCAM-1 compared to B16.F10. 
However, VCAM-1 expression was increased by the combination treatment 
also in T241 fibrosarcoma. In line with the observed induction of endothelial 
activation, tumor CD8+ T cell infiltration was increased in the mice treated 
with the combination of agonistic CD40-antibodies and sunitinib compared 
to all other groups. 

Finally, we followed tumor growth and survival in B16.F10 melanoma 
bearing mice treated with long-term combination treatment, monotherapies 
or control. Mice treated with either monotherapy lived longer than control 
treated mice and the combination treatment was the most efficient in increas-
ing survival.  

Taken together our data show that the combination of agonistic CD40-
antibodies with sunitinib is superior to either monotherapy by exerting com-
plementary effects on the immunosuppressive myeloid cell compartment and 
synergistically enhancing endothelial activation and tumor cytotoxic T cell 
recruitment. 

Paper III 
Anti-angiogenic therapies, aiming to normalize the tortuous and dysfunc-
tional tumor vascular network, have been for many years the golden standard 
of tumor vascular targeting. However, many lines of evidence have proven 
that tumor endothelial cells can also contribute to immunosuppression in the 
TME by acquiring a hostile phenotype affecting immune cell infiltration and 
function. In addition to restricting T-cell recruitment, the tumor endothelial 
cells (TECs) can directly affect the infiltrating T-cell activation status by 
upregulating immunosuppressive molecules thereby creating a tumor endo-
thelial barrier against tumor-targeted immune cells 157. Thus, in this study we 
performed a whole transcriptome analysis of tumor endothelial cells upon 
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agonistic anti-CD40 treatment to detect phenotypic changes in the vascula-
ture, which could potentially be targeted to enhance immunotherapy.  

To this end, the murine B16.F10 melanoma and MB49 bladder cancer 
models were subcutaneously implanted in C57BL/6 mice, and the tumor-
bearing mice were peritumorally injected with agonistic anti-CD40 antibod-
ies. RNA was prepared from FACS-isolated tumor macrophages and endo-
thelial cells, and RNA sequencing was done on the Illumina platform. Bioin-
formatic analysis revealed that only a handful of genes were altered in TECs 
upon CD40-stimulating immunotherapy, including the immunosupressive 
enzyme IDO1. IDO1, a key enzyme involved in Trp metabolism and down-
stream target gene of IFN-γ signaling173, has gained great interest as a target 
in cancer immunotherapy because of its multifaceted immunosuppressive 
effects in the TME 192. IDO1 has been suggested to contribute to the tumor 
endothelial barrier but this has not been studied well so far.  

To validate our RNA-sequencing results we used a transgenic murine 
model, which permits endothelial cell specific RNA analysis. These mice 
express the eGFP-tagged ribosomic protein L10a under the VE-cadherin 
promoter, thus endothelial specific mRNAs can be isolated using the Trans-
lating Ribosome Affinity Purification (TRAP) system 244. IDO1 was specifi-
cally expressed in TECs, and it was upregulated upon anti-CD40 treatment, 
correlated to T-cell infiltration and increased expression of IFNγ in the 
TME. In vitro, endothelial cells up-regulated IDO1 in response to T-cell-
derived IFN-γ, but not in response to CD40-stimulation. Combining agonis-
tic anti-CD40 therapy with the IDO1 inhibitor epacadostat delayed tumor 
growth and increased survival in B16.F10 tumor bearing mice, associated 
with increased activation of tumor-infiltrating T cells. 

Taken together our data indicate that upregulation of IDO1 is an immuno-
suppressive feedback mechanism that occurs in response to IFN-γ secretion 
by activated immune cells in the TME. These results suggest a new concept 
in which the tumor endothelium acquires an immunosuppressive phenotype 
as a response to cancer immunotherapy by upregulating tumor endothelial 
barrier-associated genes. 

Paper IV 
ELTD1 is an orphan G protein-coupled receptor, belonging to the family of 
adhesion GPCRs, with unknown signaling properties 245. We have previously 
performed microarray analysis to molecularly characterize grade 4 glioma- 
(glioblastoma-) associated blood vessels and ELTD1 was one of the top up-
regulated hits 115. Others and we have shown that ELTD1 expression is af-
fected by tumor-derived pro-angiogenic factors including VEGF 52,116. In a 
recent publication ELTD1 was demonstrated as a key regulator of tumor 
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angiogenesis proposed as a tumor target 144. In this study, we have evaluated 
the role of ELTD1 in developmental and tumor angiogenesis. 

ELTD1-/- mice did not show any defects in developmental angiogenesis as 
analyzed by immunostaining in retinas of newborn mice as well as liver, 
kidney and lung vasculature. Consistent with this, siRNA-mediated knock-
down of ELTD1 did not affect endothelial proliferation, tube formation, 
migration or leukocyte adhesion in vitro.  

We have previously found that ELTD1 expression is increased in high-
grade glioma vessels 70. This is in line with a subsequent study in which 
ELTD1 was suggested as a biomarker for high-grade gliomas 114. In the pre-
sent study, we did not find any correlation between vascular expression of 
ELTD1 and patient survival in high-grade or low-grade gliomas. This is in 
contrast to other tumor types in which high vessel ELTD1 expression was 
associated with worse prognosis 116.  

In the orthotopic murine glioblastoma model GL261, ELTD1 deficiency 
was associated with increased tumor growth. Enhancement of tumor for-
mation was also noted in subcutaneous B16.F10 and HCmel12 melanomas 
in ELTD1-deficient mice, suggesting a general increase in tumor growth in 
the absence of ELTD1. Interestingly, loss of ELTD1 increased perfusion in 
tumor vessels and reduced leakage and tumor hypoxia in GL261 tumors. 
This suggests that ELTD1 contributes substantially to vascular dysfunction 
in glioma. 

From our data we can conclude that ELTD1 targeting would not be rec-
ommended for treatment strategy for glioblastoma since ELTD1 deficiency 
increases tumor growth and reduces survival. However, since loss of ELTD1 
reduces the abnormality of glioblastoma vessels and improves vessel perfu-
sion, ELTD1 targeting could be added in combination with other drugs such 
as chemotherapy or immunotherapy. 

Paper V 
Gliomas are the most common type of primary brain tumors and are charac-
terized by a highly immunosuppressive TME 246. Because of poor prognosis, 
12-15 months mean survival rate in grade 4 gliomas (glioblastomas, GBMs) 
247, despite standard of care treatment, there is a great need for novel thera-
peutic modalities. Cancer immunotherapy with checkpoint blockade antibod-
ies has shown efficacy in preclinical models 248, but has not yet been suc-
cessful in clinical trials, even though many are still ongoing 248. Increased 
immunosuppression in the glioma TME might be a key limiting factor for 
the efficacy of immunotherapeutic efforts. TLOs are onsite gateways for 
immune cells when increased immune responses are needed, for instance 
during chronic inflammation. TLOs have also been observed in cancers fre-
quently correlating with a positive prognosis 249. Thus, in this study we are 
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exploring the possibility to induce TLOs in murine gliomas to increase anti-
tumor immune responses.  

For this purpose, CT-2A murine glioma cells were transduced with lenti-
viral vectors encoding for the TLO-inducing cytokines CCL21c, LT-αβ or 
LIGHT 250. The growth of the generated sublines did not differ compared to 
the control CT-2A counterparts in vitro.  

TLO-like structures were developed in syngeneic C57BL/6 mouse brains 
after orthotopic implantation of CT-2A-CCL21c, CT-2A-LT-αβ or CT-2A-
LIGHT cells, but not control cells. Those structures were characterized by 
densely packed clusters of CD45+ immune cells, including aggregates of 
B220+ B cells. Further immunofluorescence staining analysis revealed that T 
cells and DCs were also present in these structures, as has previously been 
demonstrated in TLOs from other types of cancer. 

There was an improved survival in mice bearing CT-2A-LT-αβ or CT-
2A-LIGHT gliomas as compared to CT-2A-CCL21c and control cells. Nota-
bly, 6/9 mice from the CT-2A-LIGHT group did not show any disease signs. 
All other mice were eventually sacrificed due to glioma tumor growth. It is 
possible that increased immune activation after inoculation of CT-2A-
LIGHT prevented tumor formation in the surviving mice. Interestingly, the 
highest number of TLO-like clusters was found in the CT-2A-CCL21c 
group, but in these mice there was no survival benefit.  

FACS analysis revealed a shift towards a less immunosuppressive mono-
cyte/macrophage phenotype in the TME of LT-αβ and LIGHT overexpress-
ing gliomas. Moreover, increased dendritic cell activation and T cell expres-
sion of the activation markers PD-1 and LAG3 were observed in brains with 
LT-αβ and LIGHT overexpressing gliomas. Further analysis is required to 
determine the specific mechanisms involved in TLO-formation in brains of 
glioma-bearing mice and their role in immune responses. 

Taken together, we show that induction of TLO-like structures can be in-
duced within the brain by ectopic expression of cytokines in experimental 
gliomas. Our study is limited by the artificial system generating constitutive 
expression of cytokines in the CT-2A sublines, but sets the grounds for fur-
ther studies combining TLO-inducing agents with other immunotherapeutic 
modalities for glioma treatment. 
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Future perspectives 

Paper I 
Aberrant VEGF expression is a common characteristic of many solid tumors 
and anti-angiogenic therapies are widely used in cancer treatment. Our mi-
croarray data suggest that VEGF interference with pro-inflammatory path-
ways may be a limiting factor for robust anti-tumor immune responses. In-
deed, anti-angiogenic treatment with sunitinib increased T cell chemoattract-
ant molecules expression in B16.F10 melanoma tumors. Importantly a short 
treatment with sunitinib was sufficient to increase the T cell tumor infiltrate 
counts. Cancer immunotherapy is in large dependent in the basal immuno-
genicity of the tumor. Hence, it would be of great interest to examine further 
alterations in the immunophenotype of the TME after anti-angiogenic treat-
ment and to study how they could affect the outcome of cancer immunother-
apy interventions. The combinatorial therapeutic potential of sunitinib treat-
ment with an immune-boosting agonistic anti-CD40 antibody therapy was 
studied in Paper II.  

Paper II 
In this study we show that vascular targeting using the anti-angiogenic TKI 
sunitinib can synergize with agonistic anti-CD40 tumor immunotherapy to 
enhance anti-tumor immune responses. However, given the reported side 
effects of anti-angiogenic agents, and specifically sunitinib, in inducing can-
cer dissemination 101, it would be essential to examine the therapeutic poten-
tial of the combination therapy in a metastatic cancer setting. Metastasizing 
spontaneous tumor models better recapitulate the tumor progression biology 
than the subcutaneous counterparts. For this purpose, we will use a semi-
spontaneous carcinogen-induced murine melanoma model 251. Additionally, 
the findings in this paper led us to investigate the tumor endothelial cell phe-
notype before and after anti-CD40 treatment to identify novel vascular tar-
gets for more specialized combination therapies (Paper III).  
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Paper III 
By taking advantage of the RNA sequencing resolution and a transgenic 
murine model, which permits endothelial cell specific RNA isolation using 
the Translating Ribosome Affinity Purification (TRAP) system, we analyzed 
the tumor endothelial phenotype after agonistic anti-CD40 treatment in 
depth. The results suggested that anti-CD40 treatment induced the expres-
sion of immunosuppressive genes such as IDO1 and TRAIL in tumor endo-
thelial cells due to increased IFN signaling in the TME, highlighting the 
importance of the endothelial phenotype in anti-tumor responses. This is a 
novel concept in the vascular targeting field.  

The combination therapy of anti-CD40 treatment with the IDO1-specific 
inhibitor epacadostat delayed tumor growth associated with increased T cell 
activation in the TME. However, myeloid cells in peripheral organs can also 
express IDO1. Thus in the future we are planning to exploit an endothelial 
specific IFNγR knockout transgenic mouse strain to elucidate the role of 
IFN-induced vasculature-derived IDO1 in anti-tumor responses. Moreover, 
we wish to combine the IDO1 inhibition with other immunotherapeutic ap-
proaches such as the checkpoint blockade antibodies anti-PD-1 and anti-
CTLA-4 that have already reached the clinic.  

Paper IV 
ELTD1 expression has been associated with grade 4 glioma vasculature and 
it has been proposed as a novel biomarker as well as therapeutic target. From 
our results showing that ELTD1 loss increases murine glioma tumor growth 
we do not believe that it is a good vascular targeting candidate. On the other, 
we have found that the glioma vasculature in mice lacking ELTD1 displays a 
more normalized phenotype and an increase in tumor perfusion, which are 
important for drug delivery in the TME. Hence, these results warrant further 
studies in which ELTD1 loss would be combined with other therapeutic 
modalities such as chemotherapy or immunotherapy.  
Moreover, ELTD1 as an adhesion GPCR has not been well-studied and es-
sential knowledge such as the ligand and signaling pathway characteristics 
are still unknown. Thus, proteomic analysis to identify interacting partners 
and high throughput transcriptomic analysis in mice lacking ELTD1 com-
pared to wild-type counterparts are in our future plans.  
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Paper V 
In this study we posed the question whether TLOs could be induced in mu-
rine gliomas and if so, what this would mean for the generated anti-tumor 
responses. As a preliminary proof of concept study, we transduced CT-2A 
murine glioma cells to overexpress TLO-inducing cytokines. From im-
munostaining analysis we found TLO-like structures in the brains of mice 
with gliomas ectopically expressing TLO-inducing cytokines. Furthermore, 
when either LT-αβ or LIGHT was expressed, this was associated with a 
more pro-inflammatory TME and increased survival. The next step for this 
project is to design TLO-inducing agents that can be used to treat gliomas. 
This includes oncolytic viruses such as Semliki Forest virus 252 coding for 
TLO-inducing cytokines, which preferentially infect gliomas and not normal 
tissues. This will allow us to test if introduction of TLO-inducing factors in 
an already established tumor is sufficient to induce TLOs and priming of 
tumor antigen-targeted T cells within the TME. Moreover, we are aiming to 
combine TLO induction with cancer immunotherapy to enhance the anti-
tumor immune responses.  
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