Chapter 3
Toll-Like Receptors in Angiogenesis
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Abstract Mammalian Toll-like receptors (TLRs) represent pattern recognition
receptors of the immune system and are related to the Toll protein of Drosophila.
Pathogen-associated molecular patterns (PAMPs) of microbial and viral origin bind
to TLRs and initiate the innate and adaptive immune response. However, TLRs are
not solely found on cells of the immune system but also on non-myeloid cells in
various tissues, e.g., on vascular cells. In addition to PAMPs, there is increasing
evidence that TLRs also recognize endogenous ligands. Recent studies demonstrate
the contribution of distinct TLRs in different inflammatory disorders such as cardio-
vascular diseases, rheumatoid arthritis, systemic lupus erythematosus, and cancer.
Many of these disorders are characterized by enhanced angiogenesis which is
mainly trigged by inflammation. However, this inflammation-induced angiogenesis
is not only important for pathogen defense during acute infection or chronic inflam-
matory disorders but as well involved in regenerative processes during wound heal-
ing and tissue repair. There is cumulative evidence that TLR activation by exogenous
as well as endogenous ligands especially contributes to the angiogenic process in
this scenario. The present chapter will summarize the current understanding of
TLR-linked signal transduction in angiogenesis during inflammatory processes
with future prospects for pro- or antiangiogenic therapy.
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1 Introduction: Toll! Everything Started in Drosophila

A group of maternal effect genes are necessary for the embryo patterning of the fruit
fly Drosophila melanogaster including the Toll gene. Lack of function experiments
revealed that the Toll gene product provides the source for a morphogen gradient in

K. Grote (D<) ¢ J. Schuett * H. Schuett ¢ B. Schieffer
Department of Cardiology and Angiology, Philipps-University,
Hans-Meerwein-Strafie 2, 35043 Marburg, Germany

e-mail: grotek @staff.uni-marburg.de

© Springer International Publishing AG 2017 37
J.L. Mehta et al. (eds.), Biochemical Basis and Therapeutic Implications

of Angiogenesis, Advances in Biochemistry in Health and Disease 6,

DOI 10.1007/978-3-319-61115-0_3


mailto:grotek@staff.uni-marburg.de

38 K. Grote et al.

the dorsal-ventral axis of the Drosophila embryo [1, 2]. Mutants in this gene were
originally identified in 1985 by the group of Christiane Niisslein-Volhard at the
Max-Planck-Institute in Tiibingen/Germany. The name of the gene derives from her
exclamation “Das ist ja toll!” which translates as “That’s amazing!” during micro-
scopic observation of the drosophila mutants. Three years later, the Toll gene of
Drosophila was cloned in the lab of Kathryn Anderson, the first author of the initial
studies [3]. In 1992, Christiane Niisslein-Volhard was awarded with the Nobel Prize
for her groundbreaking research. Later on, Toll was found to play an important role
in the fly’s immune response by the group of Jules Hoffmann [4, 5]. In total, nine
Toll receptors are encoded in the Drosophila genome, including the Toll pathway
receptor Toll. The induction of the Toll pathway by fungi or by gram-positive bac-
teria leads to the activation of antimicrobial peptides. After proteolytical cleavage,
binding of the extracellular ligand Spaetzle to the Toll receptor controls the expres-
sion of the antifungal peptide gene drosomycin. Mutations in the Toll signaling
pathway dramatically reduce survival after fungal infection demonstrating the
importance of this pathway for immune response.

2 Toll-Like Receptors in Mammalians

The identification of the Drosophila Toll pathway and the subsequent characteriza-
tion of Toll-like receptor (TLR) function have reshaped the current understanding of
the immune system. Mammalian homologues of the Drosophila Toll protein have
been discovered 10 years later in the mid-1990s of last century which were conse-
quently named TLRs [6, 7]. A scientific highlight in mammalian TLR discovery
was the identification of TLR4 as the functional receptor for bacterial lipopolysac-
charide (LPS) in mice carrying a mutation in the TLR4 gene by Bruce Beutler [8].
Based on this important discovery, Bruce Beutler was awarded with the Nobel Prize
in 2011 which he shared with Jules Hoffmann for his findings in Drosophila and
Ralph Steinmann who discovered dendritic cells. The discoveries of Hoffmann and
Beutler triggered an explosion of research in innate immunity. Around a dozen dif-
ferent TLRs have now been identified in humans and mice comprising an entire
receptor protein family [9]. All of them have initially been described as guardians of
the innate immunity recognizing invading pathogens in the front line on the plasma
membrane or after phagocytosis and processing on endosomal membranes, respec-
tively. TLRs represent cognate pattern recognition receptors (PRRs) of the innate
immunity and recognizing a high diversity of molecules common in pathogens of
bacterial and viral origin referred to as pathogen-associated molecular patterns
(PAMPs). The specificity of TLRs for their ligands was mainly investigated in mice
with functional mutations carrying an increased risk of infection. TLR ligation
induces the activation of inflammatory pathways such as the mitogen-activated pro-
tein kinase (MAPK) cascade or nuclear factor kB (NFkB) and finally leads to the
expression of cytokines and co-stimulatory molecules [10]. Thus, TLRs activate a
potent immunostimulatory response and the signal that is transmitted from TLRs



3 Toll-Like Receptors in Angiogenesis 39

must therefore be tightly controlled. Structurally, all TLRs are type I integral mem-
brane proteins consisting of an ectodomain comprised of leucine-rich repeats
(LRRs) and a cytoplasmic domain containing a Toll/interleukin-1 receptor homol-
ogy domain (TIR), which is required for signaling. TLRs occur as dimers; different
receptor assemblies as mono- or heterodimers are known [11-13]. TLR2 builds
heterodimers; in this regard TLR2/1 dimers sense bacterial triacylated lipopeptides
were as TLR2/6 dimers sense bacterial diacylated lipopeptides. The LPS receptor
TLR4 and TLROY, the receptor for unmethylated CpG-motifs in bacterial and viral
DNA homodimerize and TLR4 may additional forms heterodimers with TLR2 in
microglial cells in response to ethanol [14]. Homodimerization is presumed to be
the case for TLR3 which senses synthetic and double-stranded RNA of viral origin
(dsRNA) as well as for TLRS which detects flagellin from bacteria. TLR7 and TLRS
recognize synthetic imidazoquinolines components and single-stranded RNA
(ssRNA) and TLRS has been shown to dimerize with TLR7 and TLR9. TLR10 is
the only pattern-recognition receptor without known ligand specificity and biologi-
cal function and maybe is a modulatory receptor with mainly inhibitory effects [15].
It has been demonstrated that TLR10 can heterodimerize with TLR1 or TLR2 [16].
More recently, TLR11, 12 and 13 have been identified in mouse. Interestingly, an
eukaryotic ligand have been described for TLR11, namely a profilin-like molecule
from the obligate intracellular protozoan parasite Toxoplasma gondii [17], which is
recognized in cooperation with TLR12 [18]. Finally, it has been shown that TLR13
is the functional receptor for a conserved sequence in the 23S ribosomal RNA
(rRNA) from bacteria [19]. The number of putative TLR interaction partners and
identified PAMPs that bind to TLRs is already large and diverse and is still growing
(Fig. 3.1, Table 3.1) [20].

A fundamental basis of TLR signaling is dependent upon the recruitment and
association of adaptor molecules that contain the structurally conserved TIR domain.
Signaling by TLRs involves five so far identified adaptor proteins known as myeloid
differentiation primary response gene 88 (MyD88), MyD88-adaptor-like (MAL,
also known as TIRAP), TIR-domain-containing adaptor protein inducing interferon-f3
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Fig. 3.1 TLRs form homo- and heterodimers
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Table 3.1 TLRs and their PAMPs
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TLR PAMP Pathogen
TLRI1 Triacylated lipopeptides Bacteria
TLR2 Diacylated lipopeptides Bacteria
Triacylated lipopeptides Bacteria
Peptidoglycan Bacteria
Lipoteichoic acid Gram-positive bacteria
TLR3 Double-stranded RNA Viruses
TLR4 Lipopolysaccharide Gram-negative bacteria
Heat shock proteins Bacteria
Viral proteins Viruses
TLRS Flagellin Bacteria
TLR6 Diacylated lipopeptides Bacteria
TLR7 Single-stranded RNA Viruses
TLR8 Single-stranded RNA Viruses
TLRY Unmethylated CpG DNA Bacteria
TLR10 Unknown
TLR11 Profilin-like molecule Protozoa (Toxoplasma gondii)
TLR12 Profilin-like molecule Protozoa (Toxoplasma gondii)
TLR13 23S rRNA Bacteria

(TRIF; also known as TICAM1), TRIF-related adaptor molecule (TRAM; also
known as TICAM?2), and sterile a- and armadillo-motif-containing protein (SARM).
These adaptor molecules provide the necessary framework to recruit and activate
downstream kinases and transcription factors that regulate the host inflammatory
response. The canonical TIR pathway is dependent on MyDS88, the immediate
adapter molecule that is common to all TLRs, except TLR3. An alternative MyD88-
independent pathway is controlled by TRIF, the only TLR3 adaptor, whereas TLR4
binds both MyD88 and TRIF. The remaining three adaptor proteins serve as co-
adaptors (MAL, TRAM) or even as a negative regulator (SARM). MAL and TRAM
are just used by few TLRs. MAL recruits MyD88 to TLR2 and TLR4, whereas
TRAM recruits TRIF to TLR4 [13]. After ligand binding to the specific TLR and
assembly of the adaptor proteins, the activated membrane receptor complex induces
the interleukin-1 receptor-associated kinase (IRAK) and tumor necrosis factor
receptor-associated factor (TRAF) family members. The IRAK family — with their
four members: IRAK1, IRAK2, IRAK4, and IRAKM - plays a pivotal role in medi-
ating almost all TLR-mediated functions. All IRAK family members contain an
amino-terminal death domain and a serine/threonine kinase domain. IRAK4 is
known to be essential for TLR-mediated cellular responses. After TLR ligation,
IRAK4 phosphorylates IRAK1 [21]. IRAK activation results in the recruitment/acti-
vation of TRAF family members such as TRAF3 and TRAF6, along with other E2
ubiquitin protein ligases which activate a complex containing transforming growth
factor-f-activated kinase 1 (TAK1), TAKI1-binding protein 1 (TAB1), TAB2, and
TAB3 [22]. MyD88dependent TAK1 activation induces the NFkB pathway and
MAPK members such as the extracellular signal-regulated kinase (ERK)1/2, p38,
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and stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK) to initiate
the expression of inflammatory cytokines [9-11]. The TLR3 pathway is MyD8§8-
indendent but TRIF-dependent that activates TRAF6 and NFkB, resulting in the
expression of inflammatory cytokines [23]. But TLR3 engagement also induces the
expression of type I interferons (IFNs) via interferon regulatory transcription factor
(IRF) 3 [24]. TLR7 and TLR9 engagement induces the secretion of inflammatory
cytokines through the activation of NFkB via MyD88. However, TLR7 and TLR9
can also induce the expression of type I IFNs through the activation of IRF7 [25].
Taken together, PAMP ligation to TLRs leads to the expression of effector molecules
which finally organize the body’s immune responds to pathogens (Fig. 3.2).

There is accumulating evidence from recent research that TLRs have distinct
different functions beyond simple pathogen recognition. In a more complex immu-
nologic view, an important role in dendritic cell maturation and T cell activation
established TLRs as a link between innate and adaptive immunity [26]. Furthermore,
the detection of several TLR members in multiple tissues and cell types — besides
cells of the immune system — led to a more wide-ranging view on TLRs. Especially
inflammatory disorders such as ischemic coronary artery disease [27] and liver dis-
ease [28] but also autoimmune diseases [29] are critically influenced by TLRs.
Moreover, an involvement of TLRs in allograft acceptance/rejection during trans-
plantation [30] or contact allergy to nickel [31] has been shown. Of interest, an
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Table 3.2 Endogenous TLR TLR Endogenous Ligand
ligands TLR2 Hyaluoran
Biglycan

Heat shock proteins
High-mobility-group-protein B1

TLR3 RNA

TLR4 Fibronectin
Fibrinogen
Hyaluoran
Biglycan

Heparin sulfate

Heat shock proteins
High-mobility-group-protein B1
Oxidized low density lipoprotein
TLRY9 Mitochondrial DNA
High-mobility-group-protein B1

interaction of TLRs with endogenous ligands released during tissue damage and
fibrosis or from apoptotic cells has recently been discovered and seems to regulate
many sterile inflammatory processes [32]. In this regard the term danger or damage-
associated molecular patterns (DAMPs) has been introduced. These ligands include
proteins and peptides, polysaccharides and proteoglycans, nucleic acids, and phos-
pholipids, which are cellular components or extracellular matrix (ECM) degrada-
tion products (Table 3.2). Recent studies provided clear evidence that endogenous
ligand-mediated TLR signaling is involved in pathological conditions such as tissue
injury, autoimmune diseases, and tumorigenesis. The ability of TLRs to recognize
endogenous ligands appears to be essential for their function in regulating noninfec-
tious inflammation. Furthermore, a novel role for TLRs in wound healing [33, 34]
and liver regeneration [35] also in response to endogenous ligands [32] has been
reported, suggesting even a regenerative aspect in TLR biology.

3 Angiogenesis: General Remarks

Physiological tissue function depends on adequate supply of nutrients and oxygen
through blood vessels. Consequently, the cardiovascular system is the first organ
system that develops during embryogenesis. Blood vessels in the embryo form the
hemangioblast by differentiation of common mesodermal progenitor cells. The
hemangioblast forms aggregates that evolve into hematopoietic precursor cells and
angioblasts which further assemble the primary capillary plexus as differentiated
endothelial cells. The formation of this primitive network on the basis of progenitor
cells is called vasculogenesis. On the contrary, angiogenesis describes the enlarge-
ment of capillaries which sprout or become divided by pillars of periendothelial
cells (intussusception) or by transendothelial cell bridges followed by remodeling
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and maturation processes that transform the primary capillary plexus into a complex
network of functional vessels [36]. Further covering and stabilization of vessels by
smooth muscle cells as well as the enlargement of preexisting collateral arterioles is
summarized as arteriogenesis. Although in the adult most vessels arise through
angiogenesis, vasculogenesis may also be involved to some extent. Therefore, both
processes are summarized in the hypernym neovascularization, which is involved in
organ growth and wound healing but also contributes to pathological processes in
malignant and inflammatory disorders [37-39].

Angiogenesis through sprouting and subsequent remodeling of capillaries into
larger vessels has been extensively studied, and several essential steps have been
described. Vascular endothelial growth factor (VEGF) and its receptors (VEGFR)
have been identified as central regulators of both vasculogenesis and angiogenesis
[40]. Until now, five VEGF ligands have been identified which occur in different
spliced and processed variants and all of them represent secreted dimeric glycopro-
teins of ~40 kDa. In addition to VEGF A-D, also placenta growth factor (PLGF)
belongs to the VEGF family as well. These ligands bind to the three receptor tyro-
sine kinases VEGFR 1-3 with an overlapping pattern and co-receptors such as hepa-
ran sulfate, proteoglycans, and neuropilins. Different VEGFRs have distinct
different functions; VEGFRI1 is involved in the recruitment of hematopoietic
progenitor cells and migration of monocytic cells whereas VEGFR2 and 3 are
essential for the function of endothelial cells, especially during angiogenesis.
Initially, VEGF was described to increases vascular permeability [41], thereby per-
mitting extravasation of plasma proteins that establish a preliminary scaffold for
migrating endothelial cells. For the emigration of endothelial cells from their resi-
dent site, interendothelial cell contacts and periendothelial cell support have to be
dissolved, leading to destabilization of the mature vessel. Angiopoietin (Ang) 2, an
inhibitor for tyrosine kinase with Ig and epidermal growth factor (EGF) homology
domains (Tie) 2 signaling are involved in detaching smooth muscle cells and break-
ing up the ECM [42, 43]. Especially during angiogenesis, the interaction of the
Ang-Tie system with the VEGF system becomes apparent. Capillaries sprout and
subsequently grow alongside a VEGF gradient. Endothelial cells at the leading edge
of the migration front, so-called tip cells, exhibit numerous filopodia and express
members of the VEGFR family. Subjacent endothelial cells could be subdivided in
highly proliferative and differentiating stalk cells and resting phalanx cells which
both express components of the Ang/Tie system [43]. Furthermore, proteinases of
the plasminogen activator, matrix metalloproteinases (MMPs), and chymase fami-
lies influence angiogenesis by degrading ECM and by liberating growth factors,
e.g., VEGEF, basic fibroblast growth factor (bFGF), and insulin-like growth factor
(IGF)-1, sequestered within the ECM. When the path has been cleared, endothelial
cells can proliferate and migrate to remote sites [39].

Angiogenic sprouting is controlled by a tightly regulated balance of activators
and inhibitors. In addition to VEGF, Tie2 phosphorylation by Angl is chemotactic
for endothelial cells and stabilizes VEGF-initiated endothelial networks by stimu-
lating the interaction between endothelial cells and periendothelial cells [43].
Members of the FGF and platelet-derived growth factor (PDGF) family support
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angiogenesis presumably by recruitment of mesenchymal or inflammatory cells.
Another key component of sprouting angiogenesis by regulating tip cell vs. stalk
cell communication is the highly conserved Delta/Notch signaling pathway.
Mammalians possess four different notch receptors, referred to as Notch1—4. Notch
receptors are single-pass transmembrane receptors and capable of binding the
membrane-bound ligands Delta-like (DIl) 1-4 and Jagged. Notch signaling in the
stalk cells induces a quiescent and non-sprouting phenotype in endothelial cells
whereas adjacent tip cells express D114, therefore promoting sprouting activity [44].
In addition, molecules are involved which mediate cell-cell or cell-matrix interac-
tions, e.g., o3 which localizes MMP-2 at the endothelial cell surface and promotes
endothelial cell spreading. Moreover, a continuously number of molecules are dis-
covered which are proangiogenic upon exogenous administration, including eryth-
ropoietin, leptin, hepatocyte growth factor (HGF), EGF, IGF-1, tissue factor (TF),
and several other cytokines, chemokines, and growth factors [39, 45]. Even hema-
topoietic growth factors such as granulocyte colony-stimulating factor (G-CSF) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) have been shown to
exhibit proangiogenic potential [46]. On the contrary, angiogenesis inhibitors sup-
press endothelial cell proliferation and migration, e.g., angiostatin, endostatin, anti-
thrombin III, IFN-f, leukemia inhibitory factor (LIF), and platelet factor 4 [39, 47].
Thus, various pro- and antiangiogenic factors cooperate to regulate the angiogenic
process.

Finally, vessel maturation finalizes the angiogenic process. Proliferating endo-
thelial cells initially assemble as solid cords which acquire additional lumen forma-
tion. Lumen formation is accomplished by thinning of endothelial cells or fusion of
preexisting vessels, mediated by VEGF, Angl, and integrins such as o,f; or a5 and
controlled by the inhibitory effects of thrombospondin-1. Additional important
steps after lumen establishment involve the differentiation of endothelial cells
according to the environmental demands, maturation into a functional three-
dimensional endothelial network, and the protection of quiescent endothelial cells
against apoptosis [39, 45]. Periendothelial cells are essential for vascular maturation
and completion of angiogenesis. Nascent vessels are stabilized by pericytes in case
of capillaries. In case of arteries, arterioles, veins, and venules, smooth muscle cell
recruitment and growth mediated by VEGF or PDGF are crucial for vessel stabiliza-
tion. They thereby provide hemostatic control and protect the new endothelium-
lined vessel against rupture and regression [39, 47].

Blood vessel formation in the adult includes vasculogenesis, angiogenesis, and
arteriogenesis. Impaired neovascularization represents a therapeutic target in sev-
eral pathologies associated with insufficient blood supply, e.g., acute myocardial
infarction or chronic peripheral artery disease. Formation of new vessels and remod-
eling of the preexisting vasculature are essential for a successful therapy. Therefore,
different treatment strategies involving administration of growth factors, cytokines,
or progenitor cells are considered [48]. Important for the understanding of angio-
genic mechanisms in these pathologies is the knowledge of variations from physi-
ologic angiogenesis. In contrast to the physiological processes, pathologic
angiogenesis is often promoted by inflammation. Monocytes, platelets, mast cells,
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and other leukocytes are recruited to sites of inflammation or wound healing, partly
by proangiogenic factors such as VEGF [37, 39]. Moreover, development of solid
tumors strictly depends on a growing capillary network — termed as tumor angio-
genesis — ensuring sufficient supply with oxygen and nutrients. Accordingly, antian-
giogenic concepts aim at the inhibition of tumor angiogenesis and thereby tumor
nutrient supply [49]. In this regard, the first antitumor therapy with a VEGF-
neutralizing monoclonal antibody for the treatment of metastasizing bowel cancer
was approved by the US Food and Drug Administration in 2004.

4 Inflammation-Induced Angiogenesis

Disorders associated with perpetuated angiogenesis are considered to be angiogenic
inflammatory diseases. Inflammation plays not only a key role in pathogen defense
during infection; it also plays a key role in repair mechanisms, e.g., wound healing
and subsequent tissue regeneration. Physiological wound healing requires the inte-
gration of complex cellular and molecular events. The repair process is tightly con-
trolled involving different cell types during the phases of initial inflammation as
well as the successive cell migration, cell proliferation, and angiogenesis. Several
angiogenic mediators, including growth factors, cytokines, MMPs, matrix macro-
molecules, cell adhesion receptors, chemokines, and chemokine receptors, have
been implicated in the process of capillary formation [50]. Of note, cytokines and
growth factors released at the site of injury are essential for the repair process [51].
In this regard, angiogenesis, the reestablishment of a capillary network by endothe-
lial cells, is mainly initiated and maintained by the major proangiogenic factor
VEGF. Besides endothelial cells, the angiogenic process involves also other cell
types including inflammatory cells which represent a major source of growth factors
and critically contribute to angiogenesis [52]. Platelets, mast cells, primarily mono-
cytes/macrophages, neutrophils, and other leukocytes are recruited to sites of wound
healing, partly by the action of the proangiogenic factors such as VEGF. All these
cells in turn release proangiogenic factors such as VEGF, bFGF, TGF-f, PDGF,
tumor necrosis factor (TNF)-a, insulin-like growth factor (IGF)-1, monocyte che-
motactic protein (MCP)-1, interleukin (IL)-6, IL-8, and many more. All these fac-
tors finally attract endothelial cells, smooth muscle cells, pericytes, and fibroblasts
to accomplish vessel growth in order to restore sufficient blood supply [39]. Newly
formed blood vessels again enhance inflammatory cell recruitment setting up a
stimulating forward loop. In this regard, inflammation often promotes angiogenesis
establishing the term inflammation-induced angiogenesis.

In inflamed tissues a regulatory network is involved in the control of angiogen-
esis. Accumulating evidence suggests an association between angiogenesis and
inflammation in pathological situations. Therefore, angiogenesis and inflammation
seem to be intimately involved in many chronic inflammatory disorders with dis-
tinct etiopathogenic origin, including rheumatoid arthritis, diabetes, cancer, and
many more. For example, there is considerable evidence of an interrelationship
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between the mechanisms of angiogenesis and chronic inflammation in inflamma-
tory bowel disease (IBD). The increased expression of endothelial junction adhesion
molecules found in IBD patients indicates the presence of active angiogenesis.
Evidence that angiogenesis is involved in IBD was also obtained from animal mod-
els of colitis, most notably from studies of angiogenesis inhibition. Moreover, serum
levels of VEGF correlate with disease activity in human IBD [53]. This concept has
been further supported by the finding that several previously established non inflam-
matory disorders, such as obesity, display both inflammation and angiogenesis in an
exacerbated manner [54]. In addition, the interplay between recruited inflammatory
cells and local endothelial cells and fibroblasts at sites of chronic inflammation,
together with the fact that inflammation and angiogenesis can actually be triggered
by the same molecular events, further strengthen this association. Angiogenesis
might be targeted by several specific approaches that could be therapeutically used
to control inflammatory diseases.

5 Toll-Like Receptors in Inflammation-Induced Angiogenesis

It is experimentally well established that angiogenesis and inflammation represent
two prominent processes involved in normal physiologic responses and pathologi-
cal states. Emerging evidence also suggests that TLRs have an important role in
maintaining tissue homeostasis by regulating the inflammatory and tissue repair
responses to injury. Infectious disorders result in inflammation which in turn pro-
motes angiogenesis mainly by the action of growth factors released by different
leucocytes. Even though the association of inflammation and angiogenesis has been
established for a while the knowledge about the role of TLRs in this context is still
limited [55]. However, a significant number of publications demonstrate that several
TLR agonists are able to induce the expression and secretion of angiogenic factors
from different cell types in vitro. The majority of these studies remain rather descrip-
tive in this context and are very much focused on LPS and VEGF. Up to know, only
few data document a direct involvement of TLRs in angiogenesis, both in physio-
logical and in pathophysiological settings.

6 Toll-Like Receptors in Infection-Induced Angiogenesis

Accumulating evidence points to a direct contribution of TLRs to the angiogenic
process following bacterial infections, also referred to as infection-induced angiogen-
esis. In this regard, PAMPs from various bacterial species — super abound in an infec-
tion setting — are known to act via different TLRs. A possible influence of TLRs on
angiogenic processes was first discovered in the context of adenosine and its Ay,
receptor (A,R). The nucleoside adenosine was found to stimulate angiogenesis
through upregulation of VEGEF, thereby participating in tissue protection following
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ischemic events. In 2002 Leibovich et al. described a synergistic interaction of A,,R
agonists with LPS through the TLR4 pathway. This interaction resulted in a strong
upregulation of VEGF and downregulation of TNF-a in macrophages [56] and could
also be demonstrated for TLR2, 7, and 9 [57], representing an angiogenic switch.
This synergy observed in vitro seems to play an important role in vivo, too. Given the
fact that MyD88-deficient mice showed markedly slower wound healing and reduced
generation of new capillaries in response to an A,4R agonist [34]. In terms of TLR4,
it is very likely that LPS induces adenosine which in turn promotes angiogenesis
through A, 4R by the upregulation of VEGF expression in macrophages [58].

Independent of the A,,R system, Pollet et al. showed that the TLR4 ligand LPS
directly stimulates endothelial sprouting in vitro via a TRAF6-, NFkB-, and JNK-
dependent mechanism. However, the responsible angiogenic growth factors
remained elusive in this context [59]. Furthermore, a so far unidentified TLR ligand
seems to be involved in the formation of angiogenic lesions resulting from infection
with the facultative intracellular bacterium Bartonella henselae. This bacterial
infection leads to the activation of hypoxia-inducible factor-1 (HIF-1) and thus to an
enhanced MCP-1 production in endothelial cells which in turn induces chemotaxis
of monocytes in order to initiate angiogenesis by VEGF production. Interestingly,
MCP-1 production was independent of LPS/TLR4 but dependent on NFxB [60, 61].
A serious problem of severe ocular infection is pathological corneal neovasculariza-
tion which could finally lead to visual disorders. In this regard, it has been shown
that VEGF and TLR4 expression are upregulated in response to LPS and that VEGF
expression is TLR4-dependent [62].

But angiogenesis also contributes to the regeneration process during liver fibro-
sis which is associated with increased endotoxin levels in the gut and portal circula-
tion. Jagavelu et al. recently demonstrated a key role for the TLR4/MyD88 axis
during VEGF production and the subsequent angiogenic process in liver endothelial
cells following LPS stimulation [63]. Likewise, mycoplasma infections could be
accompanied by enhanced angiogenesis and microvascular remodeling which are
features of the chronic inflammation as elicited by Mycoplasma pulmonis infections
of the respiratory tract [64]. In this regard, we recently investigated the highly
angiogenic properties of the specific TLR2/6 agonist macrophage-activating lipo-
peptide of 2 kDa (MALP-2), a diacylated lipopeptide which occurs in Mycoplasma
species and gram-positive bacteria. Interestingly, this process seems to be indepen-
dent of VEGF. We discovered a TLR2/6-dependent induction of the MAPK cascade
and NFkB and a strong secretion of GM-CSF in particular from endothelial cells
and to a lesser degree from monocytes. Accordingly, MALP-2-induced angiogene-
sis in vitro and in vivo could be suppressed by inhibition of GM-CSF [65]. Similarly,
human bone marrow mesenchymal stem cells (MSCs) secreted growth factors in
response to a TLR2/6-dependent stimulation by MALP-2. This process in turn pro-
moted proangiogenic properties of endothelial cells such as migration, prolifera-
tion, and tube formation in vitro in a paracrine manner. MSCs isolated from the
bone marrow of sheep and co-cultivated with MALP-2 ex vivo significantly
enhanced capillary density of skeletal muscle after autogenic implantation of these
MSCs [66]. This renders MALP-2 potentially eligible for therapeutic angiogenesis
or cell therapy.
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In addition to an acute infection upon injury, there are different acute or chronic
inflammatory disorders which are also associated with bacterial infection indepen-
dent of an initial injury. Arthritis is characterized by inflammatory cell infiltration
into the concerned joint. Progression of the disease includes self-perpetuating
destruction of articular cartilage and extensive angiogenesis in the synovial mem-
brane. Especially TLR2 ligands of gram-positive bacteria such as peptidoglycan
(PGN) seem to be responsible for this angiogenic phenotype characterized by the
induction of VEGF in chondrocytes [67] and accordingly VEGF and IL-8 in fibro-
blasts [68]. In light of immune defense, infection-induced angiogenesis might rep-
resent a general mechanism to restore blood flow in order to recruit immune cells
for pathogen clearance and tissue regeneration with implication for future angio-
genic therapy.

7 Toll-Like Receptors in Tumor Angiogenesis

The development of cancer has been associated with microbial infection, injury,
inflammation, angiogenesis, and tissue repair. The role of TLRs in tumor angiogen-
esis is quite diverse just as cancer itself. Tumor inflammation could promote tumor
angiogenesis, immunosuppression, and finally tumor growth. However, the mecha-
nism controlling inflammatory cell recruitment to the tumor is not well understood.
Cyclooxygenase (COX)-2 is known to play a crucial role in Helicobacter pylori-
associated gastric cancer. In this regard, Chang et al. demonstrated that H. pylori
acts through TLR2 and TLR9 to activate the MAPK cascade leading to COX-2-
dependent prostaglandin E, (PGE,) release and thereby contributing to cancer cell
invasion and angiogenesis [69]. Furthermore, extracellular HSP70 peptide com-
plexes are able to promote the proliferation of hepatocellular carcinoma cells in a
TLR2/4 dependent manner [70]. Besides exogenous ligands that contribute to
TLR-mediated tumor angiogenesis, also parts of the extracellular matrix (ECM)
which are implicated in a variety of human cancers can induce VEGF expression in
endothelial cells. Biglycan as one component of the ECM increases the interaction
of NFkB and the HIF-1a promotor in a TLR2- and TLR4-dependent manner result-
ing in VEGF secretion, enhanced cell proliferation and tube formation. VEGF
released by endothelial cells in turn promotes cancer cell migration and metastasis
[71]. On the other hand, stimulation of TLRs with particular agonists can also
cause antitumor activity, interfering with cancer proliferation and angiogenesis by
mechanism still incompletely understood. For instance, the immunomodulatory
TLROY agonist IMO inhibited microvessel formation and tumor growth [72].
Likewise, TLR3 agonists not only affect tumor microenvironment by suppressing
angiogenesis but also directly induce tumor cell apoptosis and inhibit tumor cell
migration [73]. Interestingly, siRNAs may produce therapeutic effects in a target-
independent manner through the stimulation of the TLR3/interferon pathway and
suppression of angiogenesis. Injection of siRNAs against different targets led to a
comparable reduction in liver tumors and to an inhibition of tumor vasculature
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remodeling. In addition, polyl:C treatment reduced liver tumors and decreased
hepatic arterial blood flow, indicating that TLR3 may mediate antiangiogenic and
antitumor properties [74].

In all likelihood, there are two different possibilities for TLR agonists to limit
tumor growth. First, by altering the tumor microenvironment and inhibiting angio-
genesis and second, by clearing tumor cells due to enhanced activity of natural killer
and tumor-reactive T cells. In this regard, the TLR7 agonist imidazoquinoline and
the TLR9 agonist unmethylated CpG oligonucleotides were shown to exhibit strong
local activity against leukemia, and respective phase I trials are currently in progress
at different centers [75]. We recently identified proangiogenic properties for the
TLR2/6 ligand MALP-2 [65]. Interestingly, there are also antitumor activities
reported for MALP-2 [76-78]. However, whether MALP-2 affects tumor angiogen-
esis is currently unknown. Concanavalin-A (ConA) is another TLR2/6 agonist that
promotes endothelial cell proliferation trough a JAK/STAT3-mediated increase in
the expression of colony-stimulating factor-(CSF) 2 and -3 in human mesenchymal
stromal cells [79]. TLR4 expression in the tumor microenvironment was found to be
associated with adenocarcinoma in human samples and in the murine model.
Adenocarcinoma patients with higher TLR4 expression in stromal compartment
had a significantly increased risk in disease progression. These data suggest that
high TLR4 expression in the tumor microenvironment represents a possible marker
for disease progression in colon cancer [80]. So far, there are different polymor-
phisms in several TLR gene clusters known which may shift balance between pro-
and anti-inflammatory cytokines, modulating the risk of infection, chronic
inflammation, and cancer. This may offer the possibility for improved diagnostics in
patients. Future studies in large populations should shed light on the significance of
TLR polymorphisms for cancer prevention [81].

8 Endogenous Toll-Like Receptor Ligands in Angiogenesis

Sustained pro-inflammatory responses in diseases such as rheumatoid arthritis, ath-
erosclerosis, diabetic retinopathy, and cancer are often associated with increased
angiogenesis that contributes to tissue disruption and disease progression. In recent
years, there was accumulating evidence that also endogenous ligands which are
released during ECM breakdown or by apoptotic cells could bind to different TLRs
(Table 3.2). In this context, the high-mobility group B1 (HMGB 1) which is released
by necrotic cells has been recognized to signal through the receptor for advanced
glycation end products (RAGE) and via TLR2 and TRL4. Activation of these recep-
tors resulted in the activation of NFxB and the upregulation of angiogenic factors
like VEGF in both hematopoietic and endothelial cells [82]. HMGBI released at
wound sites initiates TLR4-dependent responses that contribute to angiogenesis by
regulating endothelial permeability and vascular growth [83, 84]. The interaction of
HMGBI1 and TLR4 also mediates the recruitment of endothelial progenitor cells to
the sites of neovascularization by upregulation of stromal cell-derived factor-1
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(SDF-1) [85]. Recent data by van Beijnum et al. identified HMGBI1 even as an
important modulator of tumor angiogenesis [86]. Thus, targeting the HMGBI sig-
naling cascade may constitute a novel therapeutic approach to angiogenesis-related
diseases. Following this line, inflammation-induced oxidative stress and angiogen-
esis is emerging as an important mechanism underlying numerous processes from
tissue regeneration and remodeling to cancer progression. Interestingly, West et al.
recently reported that end products of lipid oxidation such as w-(2-carboxyethyl)
pyrrole (CEP) are generated and accumulate during inflammation, wound healing,
and in tumors. CEP is specifically recognized by TLR2 but not TLR4 or scavenger
receptors in endothelial cells, leading to a MyD88-dependent angiogenic response
that is independent of VEGF [87]. In this regard, stress-sensing by TLR2 seems to
be a major driver of angiogenesis [88, 89]. Apparently, also endogenous ligands,
which accumulate during inflammatory tissue disruption and enhanced oxidative
stress conditions, are capable of promoting angiogenesis via a TLR-dependent path-
way. Thus, TLRs are activated not only in response to tissue-invading pathogens but
also pathogen-independent. In both cases TLRs have important functions in the
recruitment of immune cells in order to initiate a regenerative program: in the first
case mainly to eliminate invading pathogens and in the second case to clear the
affected tissue from apoptotic cells and cellular debris. Obviously, angiogenic pro-
cesses are involved in both scenarios (Fig. 3.3).
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Fig. 3.3 Tissue regeneration through TLRs
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9 Oxidative Stress and Toll-Like Receptor-Dependent
Angiogenesis

Increased oxidative stress is closely related to many disease pattern, e.g. to the
pathology of cardiovascular diseases like atherosclerosis, myocardial infarction and
stroke. If the well-balanced homeostasis of oxidative and anti-oxidative processes is
shifted towards increased formation of reactive oxygen species (ROS), the resulting
oxidative stress leads to the onset of various inflammatory processes. However,
there is growing evidence of a potential regenerative crosstalk between oxidative
stress and TLRs in angiogenesis in recent years. In this regard, Chen et al. reported
that decreased NADPH oxidase (NOX)1 and 4 expression, ROS formation as well
as increased vascularization in fat grafts after enrichment with adipose-derived stem
cells is TLR4-dependent [90]. In addition, Menden and colleagues described a new
mechanism which could be involved in microvascular remodeling after sepsis in the
lung. They reported that NOX2 inhibition attenuated LPS-mediated Ang2 signaling
and capillary network formation in human pulmonary endothelial cells in vitro [91].
This signaling axis involves the NFkB and MAPK pathways and suggests a tied
cooperation of TLR- and NADPH oxidase-dependent signaling to coordinate endo-
thelial regeneration after infection. Interestingly, we observed a related cooperation
of TLRs and the NADPH oxidase. In an ongoing project, we identified NOX2-
derived superoxide anions as important regulators for GM-CSF release from endo-
thelial cells in response to TLR2/6 stimulation (unpublished data). In this regard, we
have already shown that TLR2/6-induced GM-CSF release mediates endothelial
proliferation, migration and angiogenesis [65]. The already in the last section men-
tioned study by West et al. additionally suggested that endogenous end products of
augmented oxidative stress could represent a new class of TLR ligands [87]. Since
ROS do not only accelerate pathological processes, but are also important for many
signaling transduction pathways, an interaction with TLRs in a regenerative aspect
seems logical and opens up new possibilities for future research. Particularly
because the number of studies in the field is still small.

10 A Side Glance on NOD Receptors and Angiogenesis

Although this chapter is focused on the role of TLRs in angiogenesis we want to
take a brief look at a subfamiliy of the nucleotide-binding oligomerization domain
(NOD)-like receptors at this point. The NOD receptors NOD1 and NOD?2 are intra-
cellular receptors, which sense conserved motifs of bacterial peptidoglycan and are
the founders of the entire NOD-like receptor family. Just as TLRs, they belong to
the class of PRRs with important functions in immune defense [92]. They were
identified at the turn of the millennium by sequence homolog searches. Receptor
ligation leads to recruitment of the receptor-interacting protein kinase 2 (RIPK?2)
followed by the activation of the MAPK and NFxB pathway and subsequently to the
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induction of many well-known inflammatory genes such as IL-6 and TNF-a.
Besides immune defense, recent work showed the involvement of NOD1 and
NOD?2 in many inflammatory diseases, e.g. IBD, cardiovascular disease and meta-
bolic disease [93]. Campbell and colleagues reported, that NOD2-deficient mice
displayed a substantial delay in acute wound repair [94] pointing to an even regen-
erative role of NOD receptors. However, reports on angiogenesis are very limited so
far and to our knowledge there is up to now only one single study existing.
Interestingly, Schirbel et al. demonstrated that NOD1 and NOD?2 agonist — just like
TLR agonists — are capable of inducing proliferation, migration, transmigration and
tube formation of human intestinal microvascular endothelial cells in vitro as well
as angiogenesis in a mouse model in vivo [95]. These processes were consequently
mediated via RIPK2, MAPK and NF«xB signaling. Different to TLRs, no endoge-
nous NOD ligands have been identified so far which might play a role in angiogen-
esis. This new research field as well offers many opportunities to shed more light on
the overall picture of PRRs in angiogenic processes.

11 Summary and Therapeutic Perspectives

Accumulating evidence points to a crucial role of TLRs in angiogenesis. However,
the mode of action of TLRs in this context is quite diverse. TLR activation consis-
tently promotes angiogenesis in various inflammatory settings in response to both
exogenous and endogenous ligands. In regard to an acute local infectious scenario,
the angiogenic process seems to be important for sufficient blood supply and the
recruitment of immune competent cells for pathogen clearance and subsequent tis-
sue regeneration. In contrast, chronic local infection or prolonged pathogen-
independent inflammation leads to excessive angiogenesis with eventually
pathological consequences. It should not be left unmentioned here that TLRs may
also prevent angiogenesis. In endothelial progenitor cells isolated from umbilical
cord blood, TLR3 activation specifically inhibits their proangiogenic properties
[96]. Similar, blocking TLR2 in endothelial cells has been shown to promote angio-
genesis by a crosstalk between TLR2 and CXCR4 and the activation of proangio-
genic kinases downstream of CXCR4 [97]. Moreover, TLR2-deficient mice
undergoing hindlimb-ischemia exhibit an augmented capacity to stimulate angio-
genesis. A process, that seems to be mediated by immune cells rather than endothe-
lial cells [98]. However, specific ligands for these antiangiogenic effects have not
been described yet. Pro- and antiangiogenic properties of TLRs are likewise reported
in tumor angiogenesis.

In the future, modulation of TLR signaling could provide the basis for the devel-
opment of novel therapeutic approaches in diverse settings. Stimulation of TLRs
with specific ligands could be used for future therapeutic angiogenesis. However,
beneficial effects of therapeutic angiogenesis may be negatively impacted by side
effects of pharmacological substances such as statins or non-pharmacologic hor-
mones such as erythropoietin. Moreover, certain requirements for this therapeutic
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process are warranted. First, as simple as it may sound but no harm should be
induced especially tumor induction or tumor growth should be avoided. Second, in
order to promote a sustained recovery, endogenous mechanisms of angiogenesis
should be induced rather using an excessive administration of exogenous factors
which may also act as antigens or inducing tolerance when applied over a long
period of time. Finally, organ-specific requirements for recovery should be consid-
ered, e.g., for cerebral reconstitution angiogenesis, neurogenesis, synaptogenesis,
and neuronal and synaptic plasticity should be induced in parallel [99].

Thus, therapeutic modulation of TLR signaling is a very attractive and novel but
also sophisticated therapeutic approach to promote angiogenesis. In order to induce
long-term organ repair and restoration after ischemic events, for example, detrimen-
tal TLR signaling should be inhibited and in parallel beneficial TLR signaling
should be induced. From this point of view, inhibitory strategies targeting TLR sig-
naling seem to be plausible in chronic and persistent infectious situations such as
rheumatoid arthritis. Small molecules or siRNA against specific TLRs or their
downstream targets may provide novel tools to combat local inflammation via inhi-
bition of angiogenesis. Especially advanced tissue penetration properties of those
engineered molecules render them applicable and superior for the use in tissues
which are inaccessible for antibiotics. Likewise, inhibitory strategies targeting
TLRs could be used to inhibit pathological tumor angiogenesis in order to limit
tumor growth. In particular, modulation of TLR3, TLR7, and TLR9Y activity seems
to be a potential future therapeutic target [72—74]. However, great caution is required
since pro- and antiangiogenic properties with subsequent pro- or antitumorigenic
properties of different agonists recognized by the same TLR are reported.

The potentially most promising future therapeutic approach is the application of
specific TLR agonists in damaged ischemic or hypoxic tissues in order to promote
angiogenesis and subsequent tissue regeneration, especially when the tissue damage
is not initiated or accompanied by severe infection, e.g., in peripheral arterial occlu-
sive disease. In such settings, a single application of TLR agonists mimics an infec-
tious scenario without prolonged local pathogen presence. Such an initial therapeutic
boost of the immune system with specific TLR agonist aims to launch a defined
regenerative program including enhanced angiogenesis. Of note, the application of
single proangiogenic growth factors has already been tested in clinical trials.
However, in the case of VEGF monotherapy, large-scale trials have not yet yielded
consistent beneficial results [100, 101]. This may be related to recent observations
that several other potent proangiogenic factors act in concert with VEGF for proper
vessel formation and maturation [43, 44, 47]. In this regard, stimulation of specific
TLRs (e.g., TLR2/6) may provide an opportunity to induce a specific pattern of
proangiogenic growth factors for sufficient vessel growth and tissue regeneration.
Thus, we raised our hope on biologicals such as the lipopeptide and TLR2/6 agonist
MALP-2. Recent results from our group indicated that the proangiogenic properties
of MALP-2 critically depended on the induction of the growth factor GM-CSF in
endothelial cells and monocytes [65]. Additional experiments in a vascular endothe-
lial denudation model in mice revealed promising effects of MALP-2 on endothelial
regeneration after vascular injury [102]. Those experimental data are the basis for
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studies in larger experimental animals and future applications using MALP-2 or
related agonists in patients, who suffer from peripheral vascular damage or occlu-
sion in diabetes or post percutaneous vascular interventions or even following
stroke. Nevertheless, the question remains how to apply such substances since local
delivery is preferred in order to avoid side effects and promote endogenous proan-
giogenic restoration effects downstream of the site of application. Therefore, we
aim to test coating procedures on traditional devices such as drug-eluting stents or
coated balloons widely used in interventional cardiovascular medicine. However
more innovative devices/treatment approaches such as nanofibers, polymer biode-
gradable soaked stents with TLR ligands, or endovascular patches placed in the
occluded vessel or as seal on the balloon-disrupted vascular segment are in the focus
of our interest.

In summary, modulation of TLR activity may offer the possibility for different
future therapeutic concepts. Inhibition of TLRs is maybe favorable in settings of
prolonged infection/inflammation to rescue the inflamed tissue or to inhibit patho-
logical tumor angiogenesis to limit tumor growth. The contrary concept, TLR stim-
ulation, offers a promising option to promote therapeutic angiogenesis for tissue
regeneration.
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