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Abstract

Both innate and adaptive immune cells are involved in the mechanisms of endothe-
lial cell proliferation, migration, and activation, through the production and release 
of a large spectrum of proangiogenic mediators. These may create the specific 
microenvironment that favors an increased rate of tissue vascularization. In this 
book, I will focus on the immune cell component of the angiogenic process in 
inflammation and tumor growth. The link between chronic inflammation and 
tumorigenesis was first proposed by Rudolf Virchow in 1863 after the observation 
that infiltrating leukocytes are a hallmark of tumors and first established a causative 
connection between the lymphoreticular infiltrate at sites of chronic inflammation 
and the development of cancer. Surgeons have long described the tendency of 
tumors to recur in healing resection margin, and it has been reported that wound 
healing environment provides an opportunistic matrix for tumor growth. Tumors 
were described by Harold Dvorak as wounds that never heal.

As angiogenesis is the result of a net balance between the activities exerted by posi-
tive and negative regulators, I will also provide information on some antiangiogenic 
properties of immune cells that may be utilized for a potential pharmacological use as 
antiangiogenic agents in inflammation as well as in cancer.
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Chapter 1
Introduction

Angiogenesis (new vessel formation) occurs during embryo development and in 
postnatal life, cyclically in the female genital system and in wound repair. In these 
situations, it is limited in time and the result of an equilibrium between the activator 
and the inhibitor systems that together keep the microcirculation in a quiescent 
state, with very low proliferation and turnover of the endothelial cells (Fig. 1.1).

Tumor angiogenesis is uncontrolled and unlimited in time, and characterized by 
a 30/40-fold proliferative activity of endothelial cells (Ribatti and Vacca 2008) It is 
essential for tumor progression in the form of growth, invasion and metastasis 
because these develop through the transition from the avascular to the vascular 
phase. The avascular phase appears to correspond to the histopathological picture 
presented by a small colony of neoplastic cells that reaches a steady state before it 
proliferates and becomes rapidly invasive. In this scenario, metabolites and catabo-
lites are transferred by simple diffusion through the surrounding tissue, and the cells 
at the periphery of the tumor continue to reproduce, whereas those in the deeper 
portion die away. If the vascular phase is dependent on angiogenesis and release of 
angiogenic factors, acquisition of angiogenic capability through the so called 
“angiogenic switch” (Fig. 1.2) (Hanahan and Folkman 1996; Ribatti et al. 2007)  
can be seen as an expression of the progression from neoplastic transformation to 
tumor growth and metastasis (Ribatti et  al. 2006a). Practically all solid tumors, 
including those of the colon, lung, breast, cervix, bladder, prostate and pancreas, 
progress through these two phases. The role of angiogenesis in the growth and sur-
vival of leukemias and other hematological malignancies has only become evident 
since 1994 thanks to a series of studies demonstrating that progression in several 
forms is clearly related to their degree of angiogenesis (Vacca and Ribatti 2006).

The tumor microenvironment is characterized by adverse pathophysiological 
conditions, especially hypoxia. Hypoxia regulates the expression of many genes 
under the transcriptional control of hypoxia inducible factors 1α and 2α (HIF1α and 
HIF2α), which heterodimerize with HIF1β and bind to the hypoxia response 
element (HRE) (Kaluz et  al. 2008). Hypoxia drives pro-inflammatory signaling 
mediated by HIF and NFkB. The resultant inflammation increases the mass and the 
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metabolic demand of the tissue and triggers the release of pro-angiogenic signals 
from leukocytes, endothelial cells, and from the extracellular matrix, and remodels 
the extracellular matrix to facilitate vessel growth (Fig.  1.3). Moreover, hypoxia 
plays a significant role in determining the tumor response to therapy and influencing 
the metastatic potential of tumors. Finally, hypoxia may affect cancer stem cells 
(CSCs) generation and maintenance through the upregulation of HIFs (Baumann 
et al. 2008; Hill et al. 2009).

The stroma plays a major role in revering differentiated cells towards a de- 
differentiated phenotype. This is one of the mechanisms generating CSCs (Hanahan 
and Weinberg 2011). CSCs amount to around 1–25% of the total viable tumor cell 
population (Hill et al. 2009), but they are believed to be the cells that must be com-
pletely eliminated to obtain tumor control (Baumann et al. 2008). CSCs are often 

Fig. 1.1 The earliest blood vessels in the embryo originate from mesodermal cells that are speci-
fied into angioblasts most likely in response to fibroblast growth factor-2 (FGF-2) and vascular 
endothelial growth factor (VEGF) signals. Angioblasts begin to differentiate into endothelial cells 
and assemble into tubes, as the result of VEGF signals from surrounding tissues and the expression 
of intercellular and cell-matrix adhesion molecules. Endothelial cell tubes are soon stabilized by 
pericytes recruited from the surrounding mesenchyme to form early capillaries. In microvessels, 
platelet derived growth factor (PDGF) and transforming growth factor beta 1 (TGFß1) signals are 
involved in the recruitment of pericytes. In larger vessels, arterioles and venules, the vascular wall 
is made up of endothelial cells and smooth muscle cells, which are recruited mainly through the 
Tie-2 and Angiopoietin-1 (Ang-1) receptor-ligand pair, although Neuropilins and Notch pathway 
are also involved in mural cell formation. Ephrin-B2 and Ephrin-B4 are implicated in arterial and 
venous endothelial cell specialization, respectively (Reproduced from Ribatti et al. 2009)

1 Introduction
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responsible for resistance to anti-angiogenic therapy, as occurs in breast cancer in 
which the administration of sunitinib and bevacizumab induces tumor hypoxia, 
increasing the CSC population (Conley et al. 2012).

The tumor microenvironment is a complex system of many cell types, including 
endothelial cells and their precursors, pericytes, smooth-muscle cells, fibroblasts, 
neutrophils, eosinophils, basophils, mast cells, T, B and natural killer lymphocytes, 
and antigen-presenting cells, such as macrophages and dendritic cells, which com-
municate through a complex network of intercellular signaling pathways that are 
mediated by surface adhesion molecules, cytokines and their receptors (Fig. 1.4) 
(Ribatti et al. 2006b). Tumor angiogenesis result not only from the interaction of 
cancer cells with endothelial cells, but surrounding inflammatory cells have also a 
crucial role in directiong the neoformation of blood vessels.

A peculiar type of microenevironment is the bone marrow, considered a source 
of endothelial precursor cells able that participate in the growth of blood vessels 
during postnatal vasculogenesis as well as in the angiogenic process. Vasculogenesis, 
originally described as embryonic blood vessel formation from the endothelial 
precursor cells (EPCs), is also referred to as the formation of new vessels from 
EPCs in postnatal life (Fig. 1.5). Vasculogenesis leads to the formation of the 
first major intra-embryonic blood vessels, such as the dorsal aorta and the cardi-
nal veins, and to the formation of the primary vascular plexus in the yolk sac. 

Fig. 1.2 The balance hypothesis of the angiogenic switch. The normally quiescent vasculature can 
be activated to angiogenesis, a morphogenic process controlled by an angiogenic switch mecha-
nism. Changes in the relative balance of inducers and inhibitors of angiogenesis can activate the 
switch. In some tissues, the absence of angiogenesis inducers may keep the switch off, while in 
others the angiogenesis inducers are present but held in check by higher levels of angiogenesis 
inhibitors. Thus, either reducing the inhibitor concentration, e.g., for thrombospondin-1 (TSP-1), 
by loss of a tumor suppressor gene; or increasing the activator levels, e.g., for induction of vascular 
endothelial growth factor (VEGF), by hypoxia, can each change the balance and activate the 
switch, leading to the growth of new blood vessels (Reproduced from Hanahan and Folkman 1996)

1 Introduction
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With the onset of embryonic circulation, these primary vessels have to be remod-
eled into arteries and veins in order to develop a functional vascular loop. Remodeling 
of the primary vascular plexus into a more mature vascular system is thought to 
occur by a process termed angiogenesis (Fig. 1.5). The term angiogenesis, applied 
to the formation of capillaries from pre-existing vessels, i.e., capillaries and post-
capillary venules, is based on endothelial sprouting microvascular growth.

Bone marrow derived endothelial cells (BMDECs) are involved in promoting 
indirectly the vascular growth through the expression of angiogenic factors in the 
site where the neovascularization occurs (Ziegelhoeffer 2004) CXCR4 is highly 
expressed by BMDECs and is involved in their mobilization and homing. CXCL12 
expression is also regulated by VEGF directly. VEGF stimulate the expression of 
CXCL12  in perivascular cells and the latter attracts CXCR4-positive circulating 
cells. Blocking VEGF receptor-1 (VEGFR-1) reduces the number of recruited peri-
vascular cells in tumors, suggesting that the effect of VEGF could involve VEGFR-1 
(Hattori et al. 2001).

Multiple myeloma is an example of a tumor in which signals from this microen-
vironment play a critical role in maintaining plasma cell growth, migration and 
survival (Ribatti et al. 2006b). Reciprocal positive and negative interactions between 
plasma cells and bone marrow stromal cells (BMSC), are mediated by an array of 
cytokines, receptorsand adhesion molecules. The multiple myeloma microenviron-
ment is formed by clonal plasma cells, extracellular proteins and BMSC, which are 
intimately involved in all biological stages of intramedullary tumor growth and 
angiogenesis (Fig. 1.6).

Fig. 1.3 Contributions of inflammation and hypoxia to angiogenesis. Inflammation and hypoxia 
each contribute to angiogenesis during pathogenesis of inflammatory bowel disease (IBD), partly 
by induction of vascular endothelial growth factor-A (VEGF-A) expression in multiple cell types 
that include submucosal fibroblasts, macrophages, neutrophils (PMNs), and endothelial cells. 
VEGF-A-induced angiogenesis is likely to be pathogenic and result in abnormal vessel formation 
and poorly functioning vasculature (Reproduced from Glover and Colgan 2011)

1 Introduction
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It is well established that tumor cells are able to secrete pro-angiogenic factors as 
well as mediators for inflammatory cells (Ribatti and Vacca 2008). They produce 
indeed angiogenic cytokines, which are exported from tumor cells or mobilized 
from the extracellular matrix. As a consequence, tumor cells are surrounded by an 
infiltrate of inflammatory cells. These cells communicate via a complex network of 
intercellular signaling pathways, mediated by surface adhesion molecules, cyto-

Fig. 1.4 Tumor microenvironment composed by tumor stroma, blood vessels and infiltrating 
inflammatory cells is characterized by a complex network of intercellular interactions between 
tumor and inflammatory cells. Different types of cells are found in the stroma, including fibro-
blasts, vascular smooth muscle, epithelial and immune cells. The latter cells comprise effectors of 
both adaptive immunity, such as T and B lymphocytes, and innate immunity, i.e. macrophages, 
dendritic cells (DCs), neutrophils, mast cells, eosinophils and natural killer (NK) cells. Most of the 
stromal cells participate in the promotion of the tumor growth. Cancer associated fibroblasts 
(CAFs) and M2 like polarized macrophages (tumor associated macrophages, TAMs), which can be 
induced by tumor-derived factors (for example, TGF-β, FGF or PDGF), support tumor growth, 
angiogenesis, extracellular matrix remodeling and epithelial mesenchymal transition (EMT), by 
secreting a plethora of pro-tumorigenic proteases, cytokines and growth factors. As tumors grow, 
immune-suppressor cells, including myeloid derived suppressor cells (MDSC) and T regulatory 
(TREG) cells infiltrate the tumor to disrupt immune surveillance through multiple mechanisms, 
including inhibition of tumor-associated antigen presentation by DCs, T and B cell responses, NK 
cell cytotoxicity and blockade of M1 macrophage phenotype. Moreover, tumor progression is asso-
ciated with the increase of TH2 cells secreting immunosuppressive molecules such as IL-4, IL-10 
and TGF–β. Mast cells, neutrophils and eosinophils are also recruited to the tumor site where they 
secrete proliferative and pro-angiogenic factors (Reproduced from Raffaghello et al. 2014)

1 Introduction
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kines and their receptors (Ribatti et al. 2006b). Immune cells cooperate and syner-
gize with stromal cells as well as malignant cells in stimulating endothelial cell 
proliferation and blood vessel formation. These synergies may represent important 
mechanisms for tumor development and metastasis by providing efficient vascular 
supply and easy pathway to escape. Indeed, the most aggressive human cancers are 
associated with a dramatic host response composed of various immune cells, espe-
cially macrophages and mast cells.

Fig. 1.5 Angiogenesis and vasculogenesis. During angiogenesis, pre-existing endothelial cells 
proliferate and migrate to form a new vessel. During vasculogenesis, a variety of factors induce 
mobilization of endothelial progenitor cells from the bone marrow into the peripheral circulation. 
Endothelial progenitor cells are recruited to the site of vascularization, differentiate, proliferate, 
migrate, and participate in vascular growth. (Reproduced from Afzal et al. 2007)

1 Introduction
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Fig. 1.6 Interplay between various microenvironmental cells and factors promoting angiogenesis 
in multiple myeloma (MM). The bone marrow contains hematopoietic stem cells (HSCs) and non- 
hematopoietic cells. HSCs are able to give rise to all types of mature blood cells, while the no 
hematopoietic component includes mesenchymal stem cells (MSCs), fibroblasts, osteoblasts, 
osteoclasts, chondroclasts, endothelial cells, endothelial progenitor cells, B and T lymphocytes, 
NK cells, erythrocytes, megakaryocytes, platelets, macrophages and mast cells. All of these cells 
form specialized “niches” in the bone marrow microenvironment which are close to the vascula-
ture (“vascular niche”) or to the endosteum (“osteoblast niche”). The “vascular niche” is rich in 
blood vessels where endothelial cells and mural cells (pericytes and smooth muscle cells) and 
create a microenvironment that affects the behavior of several stem and progenitor cells. The vessel 
wall serves as an independent niche for the recruitment of endothelial progenitor cells, MSCs and 
HSCs. The activation by angiogenic factors and inflammatory cytokines switch the “vascular 
niche” to promote MM tumor growth and spread (Reproduced from Ribatti et al. 2006b)

1 Introduction
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Chapter 2
The Importance of Microenvironment 
in Tumor Metastasis

In 1889, the English surgeon Stephen Paget (Fig. 2.1) published his “seed and soil” 
explanation of nonrandom pattern of metastasis, and was the first to suggest that 
interactions between tumor cells and host cells in the microenvironment are critical 
in regulating tumorigenesis (Paget 1889). Certain favored tumor cells (the ‘seed’), 
he said, had a specific affinity for the growth-enhancing milieu within specific 
organs (the ‘soil’), and hence metastasis only occurred when the ‘seed’ and ‘soil’ 
were compatible (Ribatti et al. 2006). Paget analyzed autopsy records of 735 women 
with breast cancer. His analysis documented a non-random pattern of metastasis to 
visceral organs and bones, suggesting that the process was not due to chance but 
rather that certain tumor cells had a specific affinity for the milieu of certain organs.

Auerbach (1988) in his comments about organ selectivity of metastasis writes: 
“Paget is almost apologetic as he contrasts the work of those that study the ‘seed’ to 
his own work on the ‘soil’: the best work in the pathology of cancer is done by those 
studying the nature of the ‘seed’. They are like scientific botanists; and he who turns 
over the records of cases of cancer is only a ploughman, but his observations of the 
properties of the ‘soil’ may also be useful”. Auerbach then adds: “Those individuals 
who study the properties of the host environment should not be ignored. Not only 
are the observations of the ‘soil’ useful, they provide essential information without 
which we will not be able to understand the nature of the metastatic process”. Paget 
postulated that microenvironment provides a fertile ‘soil’ for cancer cells endowed 
with a capacity to grow under specific conditions provided by the ‘soil’. A current 
definition of the ‘seed and soil’ hypothesis consists of three principles. First, neo-
plasms are biologically heterogeneous and contain subpopulations of cells with dif-
ferent angiogenic, invasive and metastatic properties. Second, the process of 
metastasis is selective for cells that succeed in invasion, embolization, survival in 
the circulation, arrest in a distant capillary bed, and extravasation into and moltipli-
cation within the organ parenchyma. Third, the outcome of metastasis depends on 
multiple interactions of metastatic cells with homeostatic mechanisms, which the 
tumor cells can escape.
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In 1989, in his introductory remarks to the symposium commemorating the anni-
versary of Paget’s ‘seed and soil’ hypothesis, George Poste pointed out that: “There 
are few scientists, historically or contemporary, whose work will stand 100 years of 
scrutiny and not succumb to the depressing trend of modern publications – to ignore 
papers published more than five years ago”.

The importance of several components of the ‘soil’ in regulating tumor growth 
has since been emphasized: (1) the extracellular matrix; (2) stromal cells and their 
growth factors and inhibitors; (3) microvessels and angiogenic factors and (4) 
inflammatory cells. It has long been accepted that most malignant tumors show an 
organ-specific pattern of metastasis. Colon carcinomas metastasize usually to liver 
and lung but rarely to bone, skin or brain and almost never to kidneys, intestine or 
muscle.

In contrast, other tumor entities, such as breast carcinomas, frequently form 
metastases in most of these organs. This specific formation of secondary tumors at 
distant sites appears to require a number of steps must be successfully completed by 
metastazing tumor cells (Chambers et  al. 2002). Various explanations have been 
proposed for the site selectivity of blood-bone metastases, including tumor cell sur-
face characteristics (Reading and Hutchins 1985), response to organ-derived che-
motactic factors (Hujanen and Terranova 1985), adhesion between tumor cells and 
the target organ components (Nicolson 1988a, b) and response to specific host tissue 
growth factors (Nicolson and Dulski 1986). The relative importance of pre-existing 
tumor subpopulations with specific metastatic properties and the organ environment 
characteristics in determining metastatic homing have been debated (Fidler 1986; 
Nicolson 1988a; Talmadge and Fidler 1982; Weiss 1979).

Fig. 2.1 A port trait of 
Stephen Paget (From NIH 
US National Library of 
Medicine)

2 The Importance of Microenvironment in Tumor Metastasis
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An alternative explanation for the different sites of tumor growth involves inter-
actions between the metastatic cells and the organ environment, possibly in terms of 
specific binding to endothelial cells and responses to local growth factors. 
Endothelial cells in the vasculature of different organs express different cell-surface 
receptors and growth factors that influence the phenotype of the corresponding 
metastases.

Greene and Harvey (1964) first suggested that the organ distribution patterns of 
metastatic foci were dependent on the formation of sufficient adhesive bonds 
between arrested tumor cells and endothelial cells, and they hypothesized that these 
interactions were similar to lymphocyte/endothelial cells at sites of inflammation. 
The development of organ-derived microvascular endothelial cell cultures has 
allowed more specific studies on the preferential homing of tumor cells.

Auerbach and co-workers (1985; 1987) found that different tumors showed dif-
ferences in their adhesive propensity and preference for different endothelial cells, 
and in a few cases preferential adhesion was observed to the endothelial cells 
derived from the organ of origin and the target organ.

2 The Importance of Microenvironment in Tumor Metastasis
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Chapter 3
Immune Cells

Immune cells can be divided into innate (myeloid) and adaptive (lymphoid) cells. 
Innate immune cells, including macrophages, polymorphonuclear granulocytes 
(neutrophils, basophils and eosinophils) mast cells, dendritic cells, natural killer 
cells and platelets represent the first line of defence against pathogens and foreign 
agents (Table 3.1).

Prior to the evolution of vertebrates, host defense against foreign invaders was 
mediated by the mechanisms of natural immunity, including phagocytic cells and 
circulating molecules that resemble component of the mammalian complement sys-
tem. Whereas phagocytes and complement cannot distinguish between different 
antigens and are not specifically enhanced by repeated exposure to the same anti-
gen, lymphocytes and antibodies are highly specific and their production or expan-
sion is stimulated by foreign antigens.

The innate immune cells can directly eliminate pathogenic agents in situ. 
Dendritic cells, on the other hand, take up foreign antigens and migrate to lymphoid 
organs where they present their antigens to adpative immune cells. Adaptive immune 
cells are lymphocytes (T and B cells), which undergo clonal expansion and elabo-
rate an adaptive response targeted to the foreign agent (Table 3.2). The activation of 
lymphocytes leads to the generation of numerous effector mechanisms, including 
the participation of mononuclear phagocytes and lymphocytes themselves. These 
cells are present in the blood, from where they can migrate to peripheral sites of 
antigen exposure and function to eliminate the antigen. The mediators of natural 
immunity include those that protect against viral infection and those that initiate 
inflammatory reactions that protect against bacteria (Table 3.3).

Whereas the cells of the innate immune system are found in the blood stream and 
in most organs of the body, lymphocytes are localized to specialized organs and tis-
sues, where they interact with one another to initiate and amplify immune responses.
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Table 3.1 Features of innate 
and acquired immunity

Natural
  Physicochemical barriers (skin, 

mucous membranes)
  Circulating molecules (complement)
  Cells (neutrophils, macrophages, NK 

cells)
  Soluble mediators (macrophage- 

derived cytokines)

Acquired
  Physicochemical barriers (cutaneous 

and mucosal immune systems)
  Circulating molecules (antibodies)
  Cells (lymphocytes)
  Soluble mediators (lymphocyte- 

derived cytokines)

Table 3.2 Lymphocytes classes

B lymphocytes
  Function: Antibody production (humoral immunity)
T lymphocytes
  Functions: stimuli for B cell growth and differentiation (helper); lysis of virus-infected cells, 

tumor cells and allografts (cytolitic); macrophage activation by secreted cytokines (cell- 
mediated immunity)

Natural killer cells
  Functions: Lysis of virus-infected cells, tumor cells; antibody-dependent cellular 

cytotoxicity

Table 3.3 Principal mediators of natural immunity and of immune-mediated inflammation

Natural immunity
  Interferon alpha and beta
  Tumor necrosis factor, the principal mediator of the host response to gram-negative bacteria
  Interleukin-1
  Interleukin-6, serves as a growth factor for activated B lymphocytes in the sequence of their 

differentiation
  Chemokines, a large family of structurally homologous cytokines, approximately 8–10 kD in 

size
Immune mediated inflammation
  Interferon gamma, a potent acitivator of mononuclear phagocytes
  Lymphotoxin
  Interleukin-5
  Interleukin-10
  Interleukin-12, the most potent NK cell stimulator
  Migration inhibitory factor

3 Immune Cells
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Chapter 4
Lymphocyte Homing

There is tight interplay between innate immune cells and the vascular system. 
Endothelial cells mediate immune cell recruitment to extravascular tissues by 
expressing a repertoire of leukocyte adhesion molecules. TNF-α and IL-1 increase 
the expression of E-selectin and vascular adhesion molecule-1 (V-CAM-1) on endo-
thelial cells, promoting leukocyte adhesion and homing to sites of inflammation 
(Balkwill 2002). The attachment of lymphocytes to the endothelium is mediated by 
several homing receptors and other cell adhesion molecules on the lymphocytes and 
their corresponfing ligands on endothelial cells (Table 4.1).

The sequence of events in the extravasation of leukocytes from the vascular 
lumen to the extracellular space include margination and rolling, adhesion and 
transmigration between endothelial cells, and migration in interstitial tissues toward 
a chemotactic stimulus. Neutrophils, monocytes, eosinophils, and lymphocytes use 
different molecules for rolling and adhesion.

The best characterized lymphocyte homing receptors is L-selectin, the molecule 
that mediates the binding of naïve lymphocytes to post-capillary high endothelial 
venules (HEVs) found in the inner cortex of peripheral lymph nodes and thymus. 
HEVs are specialized venules lined by plump endothelial cells that protrude into the 
vessel lumen. HEVs are also present in mucosal lymphoid tissues, such as Peyer’s 
patches in the gut, in the internodular lymphatic tissue of tonsils, appendix, but not 
in the spleen. When T lymphocytes collide with the endothelium lining an HEV 
they remain loosely attached for several seconds, while normally lymphocytes 
coursing through the microcirculation randomly collide with vessel walls and either 
immediately rebound or adhere to the lining endothelial cells for only a fraction of 
a second before they are dislodged by the shear force of flowing blood. The unsu-
sual height of the endothelium is explained as a special adaptation reducing to a 
minimum loss of fluid, when lymphocytes migrate from blood to lymphatic tissue.

Vascular endothelial cells, in response to TNFα and other cytokines, produce 
vasodilators that increase leukocyte delivery to tissues; express adhesion molecules 
including E-selectin, V-CAM-1 and I-CAM-1, that bind leukocytes; synthesize and 
express chemokines that activate leukocytes, increasing integrin affinity and cell 
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motility; allow plasma proteins (fibrinogen and fibronectin) to leak into the tissues, 
forming a scaffold for leukocytes.

On the other hand, innate immune cells synthesize a number of soluble factors 
that influence endothelial cell behavior. In addition, many of the mediators that are 
involved in angiogenesis, are also inflammatory molecules. Recruitment of an 
inflammatory infiltrate supports angiogenesis and tissue remodeling.

Lymphocyte recirculation through the blood takes about 0.6 hour, transit through 
the spleen requires about 6 hours, and passage through lymph nodes 15–20 hours. 
During the period of recirculation, lymphocytes do not divide. The purpose of 
lymphocyte recirculation is to anable immunocompetent lymphocytes to inform 
lymphopoietic organs about the presence or absence of antigens in the body.

Table 4.1 Lymphocyte 
homing receptors

Homing of naïve T lymphocytes in peripheral 
lymph nodes
  T cell homing receptor (L-selectin, LFA-1)
  Endothelia ligand (GlyCAM1)
Homing of T cells to mucosal tissues (e.g., 
Peyer’s patches)
  T cell homing receptor (α4β7 integrin;CD44)
  Endothelial ligand (Mad CAM-1)
Homing of memory and effector T cells to 
peripheral tissues
  T cell homing receptor (VLA-4; LFA-1; CD44)
  Endothelial ligand (V-CAM-1; ICAM-1, −2; 

Hyaluronate)

4 Lymphocyte Homing
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Chapter 5
Inflammation and Cancer

The association between inflammation and cancer was discovered as early as 1863 
by Rudolf Virchow (Fig. 5.1) (Virchow 1863), who first described the presence of a 
leukocyte infiltrate in tumor tissues (Balkwill and Mantovani 2001). Individuals 
affected by chronic inflammatory pathologies have increased risk of cancer devel-
opment, since they lead to the release of proinflammatory cytokines, creating a 
favourable microenvironment for tumor progression and metastasis (Balkwill et al. 
2005). Examples include viral infection with hepatitis B and C for liver cancer; 
papilloma virus for cervix carcinoma; bacterial infections, such as Helicobacter 
pylori for gastric cancer or lymphoma; parasites, such as Schistosoma for bladder 
cancer. It is thought that Helicobacter pylori infection leads to the formation of 
Helicobacter pylori reactive T cells, which in turn cause polyclonal B-cell prolifera-
tion. In some patients viral integrations causes secondary rearrangements of chro-
mosomes, including multiple deletions that may harbor unknown suppressor genes.

Epidemiologic data indicate that over 25% of cancers are related to chronic 
inflammation (Hussain and Harris 2007; Vendramini-Costa and Carvalho 2012).

The inflammation generates oxidative stress which in tunr generates reactive 
oxygen spescies (ROS), that cause DNA damage and chromosomal instability and 
by enhancing tumor cell proliferation and resistance to apoptosis. Cytokines, che-
mokines, free radicals, prostaglandins, enzymes, and matrix metalloprotein-
ases released by inflammatory cells can induce genetic and epigenetic changes that 
can lead to development and progression of cancer. During chronic inflammation, a 
wide array of intracellular signaling pathways, including cell surface receptors, 
kinases, and transcription factors, are often dysregulated, leading to abnormal 
expression of pro-inflammatory genes involved in malignant transformation 
(Vendramini-Costa and Carvalho 2012). Among these, STAT3 has emerged as a 
critical regulator of tumor-associated inflammation. Targeting STAT3 has the poten-
tial to not only inhibit tumor growth directly, but also to alter the immunological 
environment so as to favor control of tumor proliferation. Cytokines and 
growth factors can also upregulate the expression and enhance the activity of 
NOX family members in epithelial cells, increasing ROS production in the tumor 



18

 microenvironment, which damages genomic DNA and may produce mutational hits 
that can initiate tumor formation. In this context, the ROS scavenger NAC 
slows tumor progression in a p53-dependent mouse lymphomagenesis model 
by reducing ROS- mediated genomic instability (Sablina et al. 2005), and the 
NOX inhibitors decrease the growth of human colon cancer xenografts in  vivo 
(Doroshow et al. 2013).

Leukocytes that do reach the tumor often remain localized in the tumor periphery 
or stroma and are often not able to exert strong antitumor activity. Both innate and 
adaptive immune cells are capable of polarization into their “tumoricidal” (growth 
arresting) or “tumorigenic” (growth promoting) forms that influence the growth, 
proliferation and infiltration of other immune cells at the site of injury by expression 
of appropriate signals/mediators. In some cancers, inflammation precede develop-
ment of malignancy, and it is well known that tumor-infiltrated inflammatory cells 
produce various cytokines that regulate the inflammatory response in tumor-bearing 
hosts, while inflammatory cells may produce growth factors that suppress anti- 
tumor immune response. In neoplastic tissues, inflammatory cells act in concert 
with tumor cells, stromal cells and endothelial cells to create a microenvironment 
that is critical for the survival, development and dissemination of the neoplastic 
mass (Hanahan and Weinberg 2011). These interactions within the tumor microen-
vironment may represent important mechanisms for tumor development and metas-
tasis by providing an efficient vascular supply and an easy escape pathway. Among 
inflammatory cells that have been identified as modifiers of tumor microenviron-
ment, mast cells and macrophages play a crucial role.

Micro RNAs (miRNAs) are involved in many types of inflammatory responses. 
The miRNA miR-21. miR-125, and miR-155 are the most frequently expressed dur-
ing infection and may have a potential role in carcinogenesis induced by infection 
agents (O’Connell et al. 2012; Iliopoulos 2014).

Fig. 5.1 A port trait of 
Rudolph Virchow (from 
Wilkipidia)

5 Inflammation and Cancer
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5.1  The Relationship Between the Immune System 
Surveillance and Cancer

In 1909, Paul Ehrlich (Fig. 5.2) formulated the hypothesis that host defense may 
prevent neoplastic cells from developing into tumors (Ehrlich 1909). He stated that: 
“In the enormously complicated course of fetal and post-fetal development, aber-
rant cells become unusually common. Fortunately, in the majority of people, they 
remain completely latent thanks to the organism’s positive mechanisms.” (Ehrlich 
1909). This hypothesis was not proven experimentally at the time due to the inade-
quacy of experimental tools and knowledge. The historical observations by Ehrlich 
that tumor cells are recognized and eliminated by the immune cells evolved in the 
theory of immune surveillance (Ribatti 2017).

Later, some biologists suggest the existence of an “immunological surveillance 
mechanism” against tumor cells. Lewis Thomas suggested that the immune system 
recognize newly arising tumors through the expression of tumor specific neo- 
antigens and to eliminate them, similarly to homograft rejection, maintaining tissue 
homeostasis in complex multicellular organism (Thomas 1957). The first clear dem-
onstration of specific capability to stimulate an immune response was made by 
Gross in 1953 after intradermal immunization of C3H mice, obtained by continuous 
brother to sister mating for more 20 years, against a sarcoma (Gross 1943), followed 
by Foley in 1953 in methylcholantrene-induced tumors (Foley 1953).

Sir Frank Mac Farlane Burnet (Fig. 5.3) hypothesized that tumor cell neo- antigens 
induce an immunological reaction against cancer and subsequently formulated the 
immune surveillance theory (Burnet 1957, 1970). He wrote that: “It is by no means 
inconceivable that small accumulation of tumor cells may develop and because of their 

Fig. 5.2 A port trait of 
Paul Ehrlich (from Nobel 
Prize Organization)

5.1 The Relationship Between the Immune System Surveillance and Cancer
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possession of new antigenic potentialities provoke an effective immunological reaction 
with regression of the tumor and no clinical hint of its existence.” (Burnet 1970).

In transplantation models, tumors are rejected in syngeneic hosts, while trans-
plantation of normal tissues are accepted, confirming the existence of tumor- specific 
antigens (Table 5.1) (Burnet 1970). Professional antigen presenting cells process 
and present tumor associated antigens (via cross presentation of debris, perhaps due 
to spontaneous tumor cell lysis, or perhaps due to NK cell destruction, or other 
processes such as “nibbling”) to immune cells, and generate memory and effector 
cells which survey the body, seeking out tumor cells.

In different types of human tumors, including melanoma, cancer of breast, blad-
der, colon, prostate, ovary, rectum, and for glioblastoma (Clemente et  al. 1996; 
Rilke et al. 1991; Nacopoulou et al. 1981; Epstein and Fatti 1976; Deligdisch et al. 
1982; Jass 1986; Palma et al. 1978), a longer survival has been observed in patients 
with a higher number of lymphocytes and NK cells. These latter do not require prior 
sensitization for efficient tumor cell lysis and following activation with interleukin-
 2 (IL-2), NK cells can kill tumor cells (Waldhauer and Steinle 2008). Regulatory T 
cells (Tregs) exert both detrimental and beneficial effects to the host (Nishikawa and 
Sakaguchi 2010; Facciabene et al. 2012). Tumor antigens can be recognized by T 
cells, in cooperation with major histocompatibility complex (MHC) allowing T 
cells to interact with the antigen presenting cells (Boon and van der Bruggen 1996).

Athymic nude mice, traditionally considered to lack T cells, did not develop 
significantly more spontaneous or methylcholantrene-induced tumors than control 
mice (Stutman 1974; Outzen et  al. 1975). In this experimental condition, the 
immune response mediated by T and NK cells was similar in immunocompetent 
and nude mice. IFNγ and perforin, are both involved in prevent tumor formation in 

Fig. 5.3 A port trait of Sir 
Frank Macfarlane Burnet 
(from Nobel Prize 
Organization)

5 Inflammation and Cancer
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mice (Kaplan et al. 1998; Shankaran et al. 2001). In fact, neutralization of IFNγ 
resulted in rapid growth of tumors (Dighe et al. 1994), and mice lacking IFNγ were 
more sensitive to methylcholantherene-induced carcinogenesis (Kaplan et al. 1998). 
However, treatment with IFNγ had no benefit for patients with different type of 
tumors (Gleave et al. 1998; Wiesenfeld et al. 1995; Jett et al. 1994). Perforin inhib-
ited B cell lymphoma development (van den Broek et al. 1996; Bolitho et al. 2009; 
Street et al. 2004). Moreover, mutations in the gene encoding perforin have been 
demonstrated in lymphoma patients (Clementi et al. 2005).

Individuals with primary or secondary immunodeficiences and therapy to pre-
vent transplant rejection are associated with a higher incidence of cancer (Melief 
and Schwartz 1975). About 5% of individual with congenital immunodeficiencies 
develop cancers, a rate that is about 200 times thst for individuals without such 
immunodeficiences. Cancers most commonly found in immunodeficient individu-
als are virus-associated (Schulz 2009), including Epstein-Barr virus-related tumors 
(Gaidano and Dalla-Favera 1992; Ru-Chen 2011). Failure of human herpes virus 
(HHV) immune response is one of the factors involved in the pathogenesis of 
Kaposi sarcoma (Mesri et  al. 1996). Several other cancers, have increased inci-
dences in persons with human immunodeficiency virus (HIV)/AIDS, including 
hepatocellular carcinoma, which is frequently associated with infection with the 
hepatitis B or C virus (Mesri et al. 1996). Merkel cell carcinoma, a rare skin cancer 
that occurs more frequently after organ transplantation or B-cell malignancy, condi-
tions of suppressed or disordered immunity, has an increased incidence in HIV- 
infected individuals (Engels et al. 2002). Associations between different bacteria, 

Table 5.1 Different class of tumor antigens

Cancer-testis antigens
Encoded by genes that are silent in all adult tissues except the testis. Prototypic of this group is 
the MAGE family of genes
Tissue specific antigens
MART-1, gp100
Antigens resulting from mutational changes in proteins
Products of βcatenin, RAS, TP53, CDK4 genes
Overexpressed antigens
HER-2
Viral antigens
Antigens derived from oncogenic viruses such as HPV and EBV
Oncofetal antigens
Carcinoembryonic antigen (CEA) and α-fetoprotein (AFP).
Increased levels of CEA can be found in association with neoplasms of different histogenesis 
and may also occur in association with some non-neoplastic conditions. AFP may appear in the 
plasma of up to 50% patients with malignant germ cell tumors.
Differentiation-specfic antigens
CD10 and prostate-specific antigen (PSA)
Other tumor antigens
MUC-1 antigen

5.1 The Relationship Between the Immune System Surveillance and Cancer
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including Helicobacter pylori and clamyidia, and higher incidence of various 
tumors have been described (Mc Farlane and Munro 1997; Silva et  al. 2014). 
Bacteria are capable of homing to tumors when systemically administered, resulting 
in high levels of replication locally (Morrissey et  al. 2010; Toso et  al. 2002). 
However, the frequency of non-virally induced tumors, is not increased among 
transplant recipients (Chapman et al. 2013). Immune competence decreases with 
age, the so-called “immunosenescence”, implying that decreased immunosurveil-
lance against cancer contribute to increased disease in the elderly (Pawelec et al. 
2010). Cytomegalovirus (CMV) and EBV infection are determinants of immunose-
nescence (Fulop et al. 2010).

Immunosuppression may be not associated to an increase of tumors (Martinez 
1964; Penn 1988). In fact, thymectomy at birth reduced the incidence of mammary 
adenocarcinoma (Yunis et al. 1969), and immunologic reconstitution restored the 
susceptibility to tumor (Penn 1988). The incidence of mammary carcinomas 
decreases in immunosuppressed individuals (Stewart et al. 1995). Finally, leprosy 
and sarcoidosis which are characterized by immunosuppression, are not associated 
to an increased incidence of tumors (Stutman 1975).

5.2  Immunoediting, a New Approach

As Sirvastava (2006) said: “The immune surveillance hypothesis is often regarded 
as the intellectual underpinning of cancer immunology. Although the hypothesis 
itself has contributed little to our attempts to treat cancer through immunological 
means, it has profound implications for understanding the functions of the immune 
system.” Dunn and Schreiber developed the concept of “cancer immunoediting” 
(Fig. 5.4), composed of three phases (Dunn et al. 2002). In the first one, the elimina-
tion phase, tumor cells are killed by NK, CD4+ and CD8+ cells (Gasser and Raulet 
2006). The second phase corresponds to a state of equilibrium between immune and 
tumor cells. When the immune system is unable to destroy the tumor, the third 
phase, corresponding to the escape phase, develops which concludes with the 
appearance of clinically detectable tumors.

Multiple myeloma progresses from the monoclonal gammopathy of undeter-
mined significance (MGUS) to asymptomatic and, respectively, symptomatic 
myeloma (Dhodapkar 2005). In this context, it is possible demonstrate that T cells 
from patients with MGUS develop an immune reaction to premalignant cells, which 
instead is absent in patients with multiple myeloma and the transition to multiple 
myeloma correspond to tumor escape phase (Dhodapkar et al. 2003).

The escape phase is characterized by the selection of tumor variants which 
will progress later on (Corthay 2014; Teng et al. 2015; Muenst et al. 2016); by a 
down- regulation or loss of the expression of tumor antigens; by an upregulation 
of resistance against tumor cells and/or an increased expression of pro-survival 
genes, and finally by the development of an immunosuppressive tumor microen-
vironment (Dunn et  al. 2004). Moreover, the establishment of a condition of 

5 Inflammation and Cancer
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Fig. 5.4 A model of immunoediting in tumor progression. Normal cells may become nascent 
tumors by evading tumor suppression after carcinogenic mutation and/or apoptosis that would 
normally result from gross chromosomal changes. Pro-inflammatory and pro-angiogenic factors 
can help to establish blood supply for the growing nascent tumor. Activation of the adaptive or 
native immune response can eliminate the nascent tumor, the tumor may remain in equilibrium as 
an occult tumor, or the tumor may escape immunosurveillance to create a viable tumor-supportive 
microenvironment. Innate and adaptive immune responses may still work to eliminate the tumor 
via immunosurveillance. Tumors may also metastasize to move to another location; this may be an 
additional mechanism of avoiding immunosurveillance. Green color denotes processes potentially 
leading to tumor eradication, while red color means promoting tumor escape and progression 
(Reproduced from Burkholder et al. 2014)

5.2 Immunoediting, a New Approach
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central and  peripheral immune tolerance, involving the activation of Tregs is 
crucial for the establishment of an escape mechanism (Dunn et al. 2004; Schwann 
and Smyth 2007).

5.3  Current Approaches in Anti-tumor Immunotherapy

Some analysts have predicted that within 10 years, immunotherapy will constitute 
60% of all cancer treatments (Ledford 2014). A novel group of immunomodulatory 
antibodies has been introduced in the clinical use, which can break tumor specific 
immune tolerance and induce regression of tumors. These antibodies block growth 
signals of tumor cells, or induce apoptosis. Since the introduction of rituximab 
(Cheson and Leonard 2008), 13 further tumor-directed antibodies have been 
approved.

Three of the most significant therapeutic approaches are represented by sipuleu-
cel- T, an immunotherapeutic vaccine for prostate cancer (Gulley et al. 2015); ipili-
mumab, a check point inhibitor of CTLA-4, and anti-programmed death receptor-1 
(PD-1) and its ligand PDL-1 antibodies (anti-PD-1/PD-L-1) (He et al. 2004; Blank 
et al. 2004; Philips and Atkins 2015) for the treatment of metastatic melanoma.

Currently, cancer immunotherapies are classified as active and passive treat-
ments. Active treatments include vaccines designed to induce tumor cell recogni-
tion. Passive treatments, on the other hand, imply direct administration of antibodies 
and T cells, to the patient. In this context, immune checkpoint inhibitors and adop-
tive T cell therapy are among the most innovative approaches (Sharma and Allison 
2015). At the clinical level, it is not yet clarified why certain patients respond to 
specific types of immunotherapies, while others do not. The development of future 
treatments depends on finding effective immune-based biomarkers that can help to 
predict responses to treatment.

5 Inflammation and Cancer
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Chapter 6
Inflammation and Angiogenesis

There is increasing evidence to support the view that angiogenesis and inflamma-
tion are mutually dependent (Fig. 6.1) (Mueller 2008). During inflammatory reac-
tions, immune cells synthesize and secrete pro-angiogenic factors that promote 
neovascularization. Among the cytokines, IL-6, TNF-α and CXCR2 chemokine 
receptor and its ligand promote angiogenesis in tumor microenvironment.

On the other hand, the newly formed vascular supply contributes to the perpetu-
ation of inflammation by promoting the migration of inflammatory cells to the site 
of inflammation (Mueller 2008). The extracellular matrix and basement membrane 
are a source for endogenous angiogenesis inhibitors activated through the action of 
matrix metalloproteinases. On the other hand, many extracellular matrix molecules 
promote angiogenesis by stabilizing blood vessels and sequestering angiogenic 
molecules (Nyberg et al. 2008).

It is well established that tumor cells are able to secrete pro-angiogenic factors as 
well as mediators for inflammatory cells (Ribatti and Vacca 2008). They produce 
indeed angiogenic cytokines, which are exported from tumor cells or mobilized 
from the extracellular matrix. As a consequence, tumor cells are surrounded by an 
infiltrate of inflammatory cells. Immune cells cooperate and synergise with stromal 
cells as well as malignant cells in stimulating endothelial cell proliferation and 
blood vessel formation. These synergies may represent important mechanisms for 
tumor development and metastasis by providing efficient vascular supply and easy 
pathway to escape. Indeed, the most aggressive human cancers are associated with 
a dramatic host response composed of various immune cells, especially macro-
phages and mast cells (Mueller 2008).

Inflammation-associated angiogenesis also occurs during pathophysiological 
reactions, like wound healing and scar formation. The process of extracellular 
matrix remodeling that accompanies this kind of tissue responses is strictly depen-
dent upon angiogenic events. Inflammatory cells contribute even to angiogenesis 
concomitant with physiological processes, such as ovulation and endometrial vas-
cularization during the reconstructive phase of the menstrual cycle and in 
pregnancy.
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There is increasing evidence to support the view that angiogenesis is an integral 
component of a diverse range of chronic inflammatory and autoimmune diseases, 
including atherosclerosis, rheumatoid arthritis, diabetic retinopathy, psoriasis, air-
way inflammation, peptic ulcers, and Alzheimer’s disease. Indeed, angiogenesis is 
intrinsic to chronic inflammation and is associated with structural changes, includ-
ing activation and proliferation of endothelial cells, capillary and venule remodel-
ing, all of which result in expansion of the tissue microvascular bed. Chronic 
inflammation in the airways, for instance, is associated with dramatic architectural 
changes in the walls of the airways and in the vasculature they contain. Therefore, 
it seems that an imbalance in favour of pro-angiogenic factors leads to the abnormal 
growth of new blood vessels in asthma. Inflammatory diseases, such as rheumatoid 
arthritis and psoriasis, are characterized by proliferating tissue containing an abun-
dance of inflammatory cells and newly formed blood vessels. During prolonged 
inflammatory reactions, many structural and resident cells, such as fibroblasts, epi-
thelial cells, smooth muscle cells, mast cells, and/or infiltrating cells, such as 
monocytes/macrophages, neutrophils, lymphocytes and eosinophils, synthesize and 
secrete pro-angiogenic factors that promote neovascularization. The anatomic 
expansion of the microvascular bed combined with its increased functional  activation 
can therefore foster further recruitment of inflammatory cells, and angiogenesis and 
inflammation become chronically codependent processes.

Fig. 6.1 Reciprocal interactions between different immune cell types and the tumor vasculature in 
the tumor microenvironment (Reproduced from Stockmann et al. 2014)

6 Inflammation and Angiogenesis
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Chapter 7
The Contribution of Immune Cells 
to Angiogenesis in Inflammation and Tumor 
Growth

7.1  Neutrophils

Neutrophils represent the most abundant leukocyte subpopulation in human periph-
eral blood and play an important role in host defence against pathogens during the 
earliest phases of inflammatory processes. Neutrophils are considered as macro-
phages, i.e. capable to phagocyte small particles such as bacteria, viruses, and small 
pieces of cell debris. Similarly to tumor associated macrophages (TAMs), tumor 
associated neutrophils (TANs) can exert both anti-tumoral and pro-tumoral func-
tions (Fig. 7.1) (Fridlender et al. 2009).

A characteristic of neutrophils is the abundance of cytoplasmic granules. Mature 
neutrophils contain several types of granules and the diversity of granules appears 
to be linked to the timing of biosynthesis during myelopoiesis. The azurophilic or 
primary granules are formed during promyelocytic stage, are considered as primary 
lysosomes, and contain many antimicrobial compounds (Table 7.1). Specific or sec-
ondary granules are formed later, in the myelocyte, and are released in the extracel-
lular space (Table 7.2). When the peroxidase reaction was introduced, the azurophilic 
granules were found to be peroxidase-positive as a result of the presence of the 
major myeloid protein, myeloperoxidase (MPO), and the specific granules were 
named peroxidase-negative granules. Gelatinase or tertiary granules were initially 
identified as gelatinase-containing granules and also contain many membrane pro-
teins that are up-regulated to the cell surface after stimulation. Secretory vesicles 
distributed in the plasma membrane fraction have also described (Table 7.3).

Granulocyte-Colony Stimulating Factor (G-CSF), Granulocyte-Macrophage 
Colony Stimulating Factor (GM-CSF) and IL-10 activate signal transducer and acti-
vator of transcription (STAT) in neutrophils. Production of IL-8 has been extensively 
studied in neutrophils (Cheng and Kunkel 2003). Some of the stimuli that induced the 
expression of IL-8, induce the production of other pro-inflammatory agents, includ-
ing growth-related oncogene (GRO)-α, TNFα IL-1β, oncostatin M, and C-C chemo-
kines. In addition, neutrophils produce other anti-inflammatory agents, including 
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IL-1 receptor antagonist (IL-1RA) and TGF-β. Moreover, neutrophils are capable of 
phenotypic changes depending on the tissue microenvironment.

Some of neutrophils are free in the circulation, while others roll along the endo-
thelium of small vessels. Duirng inflammation, much of the sequestration and infil-
tration occurs through vessels. The migration of neutrophils from blood into tissues 
involves a series of sequential adhesive steps, starting from the rolling adhesion on 
endothelium in postcapillary venules (Ley et al. 2007).

Neutrophilia occurs with many acute bacterial infections. It occurs less predict-
ably with infections caused by viruses, fungi, and parasites. Chronic inflammatory 
diseases, including dermatitis, bronchitis, rheumatoid arthritis, osteomyelitis, ulcer-
ative colitis, and gout, may cause a persistent neutrophilia. Recruitment of 
 neutrophils to tumors is in part mediated by CXCL chemokines through the cognate 
receptors CXCR1 and CXCR2 (Coffelt et al. 2016). Moreover, neutrophilia is asso-

Fig. 7.1 Tumor-associated neutrophils (TANs) help tumor progression in several ways. TANs can 
secrete matrix metalloproteinase-9 (MMP-9) that releases vascular endothelial growth factor 
(VEGF) from the extracellular matrix (ECM) to promote angiogenesis. TAN can secrete cytokines 
(IL-1β, TNF-α, IL-6, and IL-12) that induce a chronic inflammatory state and arginase 1, which 
inhibits CD8 T cells, creating an immunosuppressive state. TANs also produce reactive oxygen 
species (ROS) that can damage DNA, inducing genotoxic effects on tumor cells. Serine proteases, 
such as elastase and cathepsin G, from neutrophil granules induce tumor cell proliferation. Certain 
tumors, like breast cancer cells, induce neutrophils to produce oncostatin, an IL-6-like cytokine 
that then stimulates breast cancer cells to secrete VEGF to promote angiogenesis (red lines repre-
sent new blood vessels). Also, hepatocellular carcinoma cells induce neutrophils to release hepato-
cyte growth factor (HGF), which activates tumor cells to become more invasive. Blue arrows 
denote molecules secreted by cells. Green arrows denote the action of molecules on cells 
(Reproduced from Uribe-Querol and Rosales 2015)

7 The Contribution of Immune Cells to Angiogenesis in Inflammation and Tumor…



29

ciated with lung and gastrointestinal malignancies, particularly when they metasta-
size to the liver and lung.

Evidence for the possible role of polymorphonuclear granulocytes in inflammation- 
mediated angiogenesis and tissue remodeling was initially provided by the finding 
that CXC receptor-2 (CXCR-2)-deficient mice, which lack neutrophil infiltration in 
thioglycollate-induced peritonitis (Cacalano et al. 1994), showed delayed angiogen-
esis and impaired cutaneous wound healing (Devalaraja et al. 2000).

Neutrophils are a source of soluble mediators which exert important angiogenic 
and anti-angiogenic functions. VEGF, IL-8, TNF-α, HGF and MMPs are the most 
important activators of angiogenesis produced by these cells (Dubravec et  al. 
1990; Bazzoni et  al. 1991; Grenier et  al. 2002). In this perspective, microarray 
analysis has revealed about 30 angiogenesis-relevant genes in human polymorpho-
nuclear granulocytes (Schruefer et al. 2006). Thus, neutrophil contribute to tumor 
angiogenesis in several cancers (colorectal carcinoma, hepatocellular carcinoma, 
melanoma, squamous cell carcinoma, non small cell lung carcinoma, bronchoal-
veolar adenoarcinoma, non Hodgkin’s lymphoma, and gastric carcinoma). 
Angiogenesis may be sustained by an autocrine amplification mechanism that 
allows persistent VEGF release to occur at sites of neutrophil accumulation. 
Production and release of VEGF from neutrophils depends from G-CSF (Ohki 

Table 7.1 Content of 
neutrophil azurophil 
(primary) granules

Membrane
CD 63, CD66c, CD68
Matrix
Lysozime
Difensins
Elastase
Cathepsin B, D, G
Proteinase 3
Esterase N
Αlpha1-antitrypsin
Alpha-mannosidase
Azurocidin
Bacterial permeability-increasing protein
Beta-glycerolphosphatase
Beta-glucoronidase
Beta-galactosidase
Beta-glucosaminidase
Alpha-fucosidase
Acid mucopolysaccharidase
N-acethyl-beta-glocosaminidase
Sialidase
Ubiquiptin protein

7.1 Neutrophils
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et  al. 2005), and neutrophil-derived VEGF stimulates neutrophil migration 
(Ancelin et al. 2004). Neutrophils induce the sprouting of capillary-like structures 
in in vitro angiogenesis assay, mediated by secretion of both preformed VEGF (Mc 
Court et al. 1999) from cell stores and de novo synthesized IL-8.

Table 7.2 Content of 
neutrophil specific 
(secondary) granules

Membrane
CD11b, CD15, CD 66a, CD 66b
Cytocrome B558
FMLP receptor
Fibronectin receptor
G-protein alpha-subunit
Laminin receptor
NB1 antigen
Rap1, Rap2
Thrombospondin receptor
Tumor necrosis factor receptor
Vitronectin receptor
Matrix
Apolactofettin
Lyszoime
Beta2-microglobulin
Collagenase
Gelatinase
Histaminase
Heparanase
Pro-u-PA
Vitamin B12-binding protein
Sialidase
Protein kinase C inhibitor
SGP 28

Table 7.3 Content of 
neutrophil secretory vesicles

Membrane
CD10, CD13, CD16, CD35, CD45
Alkaline phosphatase
u-PA receptor
DAF
Matrix
Plasma proteins (including 
tetranectin and albumin)
Pro-u-PA
uPA
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Bv8 (also known as prokinecitin-2) promotes neutrophil mobilization and angio-
genesis. In a tumor xenograft model, G-CSF induced the expression of Bv8 in neu-
trophils and blocking Bv8 impaired neutrophil recruitment, tumor growth, and 
angiogenesis (Shojaei et al. 2007, 2008). Neutrophils produce Bv8 that in turn can 
promote further neutrophil recruitment and directly stimulate vascular remodeling 
(Shojaei et al. 2008). Tumors resistant to anti-VEGF therapy displayed high neutro-
phil infiltration and resistance was due to G-CSF-induced Bv8 expression (Shojaei 
et al. 2009).

In breast cancer, release by tumor-associated and tumor-infiltrating neutrophils 
of oncostatin M, promotes tumor progression by enhancing angiogenesis and 
metastases (Queen et al. 2005). In addition, neutrophil-derived oncostatin M induces 
VEGF production from cancer cells and increases breast cancer cell detachment and 
invasive capacity (Queen et al. 2005). Neutrophils can mobilize angiogenic factors, 
such as VEGF, stored in the extracellular matrix through the release of MMP-9 
(Nozawa et al. 2006). Expression of HPV 16 early region genes in basal keratino-
cytes of transgenic mice elicits a multi-stage pathway to squamous carcinoma. 
Infiltration by neutrophils and mast cells, and activation of MMP-9 in these cells 
coincided with the angiogenic switch in premalignant lesions (Coussens and Werb 
1996). Lack of MMP-9 was associated with delayed activation of angiogenesis in 
the stroma of hyperplastic lesions (Coussens et al. 2000).

In the Rip-Tag2 model of pancreatic islet carcinogenesis, MMP-9-expressing 
neutrophils were predominantly found in the angiogenic islets of dysplasias and 
tumors, and transient depletion of neutrophils clearly reduced the frequency of the 
initial angiogenic switch in the dysplasias (Nozawa et al. 2006). The lack of both 
MMP-9-positive neutrophils and MMP-2-expressing-stromal cells in mice with a 
double deficiency for MMP-2 and MMP-9 resulted in a lack of tumor vasculariza-
tion followed by a lack of tumor invasion (Masson et  al. 2005). Expression of 
G-CSF or co-expression of G-CSF and GM-CSF together induced malignant pro-
gression of previously benign factor-negative HaCaT tumor cells. This progression 
was associated with enhanced and accelerated neutrophil recruitment into the tumor 
vicinity. The neutrophil recruitment preceded the induction of angiogenesis in the 
HaCaT heterotransplantation model for human squamous cell carcinoma and in 
nude mouse heterotransplants of head and neck carcinomas (Obermueller et  al. 
2004; Gutschalk et al. 2006).

In some tumors, like melanoma, neutrophils are not a major constituent of the 
leukocyte infiltrate, but they might have a key role in triggering and sustaining the 
inflammatory cascade, providing chemotactic molecules for the recruitment of mac-
rophages and other inflammatory and stromal cells. Neutrophils produce and release 
high levels of MMP-9. By contrast, neutrophils secrete little, if any, MMP-2, which 
plays an important role in the turnover of various extracellular matrix components 
(Muhs et al. 2003). However, neutrophils release a not yet identified soluble factor 
as well as a specific sulphatase and a heparanase that activate latent MMP-2 secreted 
by other cells and allow releasing of embedded growth factors from the extracellular 
matrix (Schwartz et al. 1998; Bartlett et al. 1995). Remodeled matrix facilitates the 
escape of tumor cells leaving the tumor mass to metastasize at distance, because it 
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offers less resistance. In addition, proteolytic enzymes released by neutrophils can 
diminish cell-cell interactions and permit the dissociation of tumor cells from the 
original tumor site (Shamamian et al. 2001). Gordon-Weeks et al. (2017) have dem-
onstrated that neutrohils recruited into liver-metastatic microenvronment produce 
FGF-2, which induces tumor angiogenesis and metastasis. Moreover, a FGF-2 neu-
tralizing antibody, when administered oneweek post tumor cell infiltration, induces 
a reduction of vascular density, cancer cell proliferation, and metastasis.

Human neutrophils synthesise and secrete small anti-microbial peptides known 
as alpha-defensins, which exert inhibition of endothelial cell proliferation, migra-
tion and adhesion, impaired capillary tube formation in vitro, and reduced angio-
genesis in vivo (Chavakis et al. 2004). In addition, neutrophil-derived elastase can 
generate the anti-angiogenic factor angiostatin (Scapini et al. 2002) a well known 
inhibitor of IL-8-, macrophage inflammatory protein (MIP)-2- and growth-related 
oncogen alpha (GRO-alpha)-induced angiogenesis in vivo (Benelli et  al. 2002). 
Remarkably, all-trans retinoic acid, a promising molecule with potential anti- 
angiogenic use in clinical treatment, has been shown to inhibit VEGF formation in 
cultured neutrophil-like HL-60 cells (Tee et al. 2006).

7.1.1  Neutrophils, Angiogenesis, and Inflammation

During the acute inflammatory response, neutrophils extravasate from the circula-
tion into the tissue, where they exert their defence functions. Increasing evidence 
supports the concept that these immune cells also contribute to inflammation- 
mediated angiogenesis in different flogistic conditions.

Neutrophils indeed are a source of soluble mediators which, besides proinflam-
matory activity, exert important angiogenic functions. In this perspective, microar-
ray technique has recently revealed about 30 angiogenesis-relevant genes in human 
polymorphonuclear granulocytes (Schruefer et al. 2006). Interestingly, neutrophil- 
derived VEGF can stimulate neutrophil migration (Ancelin et al. 2004). Thus neu-
trophil contribution to both normal and pathological angiogenesis may be sustained 
by an autocrine amplification mechanism that allows persistent VEGF release to 
occur at sites of neutrophil accumulation. Production and release of VEGF from 
neutrophils has been shown to depend from the G-CSF (Ohki et al. 2005). Evidence 
for the possible role of polymorphonuclear granulocytes in inflammation-mediated 
angiogenesis and tissue remodeling was initially provided by the finding that CXC 
receptor 2 (CXCR2)-deficient mice, which lacks neutrophil infiltration in 
thioglycollate- induced peritonitis (Cacalano et al. 1994), showed delayed angiogen-
esis and impaired cutaneous wound healing (Devalaraja et  al. 2000). Moreover, 
human polymorphonuclear granulocytes have demonstrated the ability to directly 
induce the sprouting of capillary-like structures in in vitro angiogenesis assay. This 
angiogenic capacity appears to be mediated by secretion of both preformed VEGF 
from cell stores and de novo synthesized IL-8 (Schruefer et al. 2006).
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Analysis of the synovium in patients with chronic pyogenic arthritis identified 
dramatic neovascularization and cell proliferation, accompanied by persistent bac-
terial colonization and heterogeneous inflammatory infiltrates rich in CD15+ neutro-
phils, as histopathologic hallmarks (Pessler et  al. 2008). By using a modified 
angiogenic model, allowing for a direct analysis of exogenously added cells and 
their products in collagen implants grafted on the chorioallantoic membrane of the 
chicken embryo, it has been demonstrated that intact human neutrophils and their 
granule contents are highly angiogenic (Ardi et  al. 2007). Furthermore, purified 
neutrophil MMP-9, isolated from the released granules as a zymogen (proMMP-9), 
constitutes a distinctly potent proangiogenic moiety inducing angiogenesis at sub-
nanogram levels. The angiogenic response induced by neutrophil proMMP-9 
requires activation of the tissue inhibitor of metalloproteinases (TIMP)-free zymo-
gen and the catalytic activity of the activated enzyme.

Neutrophils not only activate but also modulate the angiogenic process. 
Neutrophil elastase, a serine protease released from the azurophil granules of acti-
vated neutrophil, proteolytically cleaves angiogenic growth factors such as FGF-2 
and VEGF (Ai et al. 2007). Neutrophil elastase degrades FGF-2 and VEGF in a 
time- and concentration-dependent manner, and these degradations are suppressed 
by sivelestat, a synthetic inhibitor of neutrophil elastase. The FGF-2- or VEGF- 
mediated proliferative activity of human umbilical vein endothelial cells is inhibited 
by neutrophil elastase, and the activity is recovered by sivelestat. Furthermore, neu-
trophil elastase reduces the FGF-2- or VEGF-induced tubulogenic response of the 
mice aortas, ex vivo angiogenesis assay, and these effects are also recovered by 
sivelestat.

7.2  Monocytes-Macrophages

Cells belonging to the monocyte-macrophage lineage are a major component of the 
leukocyte infiltration in tumors. It can reach up to 50% of the total mass (Balkwill 
and Mantovani 2001; Mantovani et al. 2002).

Macrophages are derived from CD34 positive bone marrow progenitors that con-
tinually proliferate and shed their progeny in the bloodstream as promonocytes. 
They then develope into monocyte and extravasate into tissues where they differen-
tiate into a specific type of “resident” tissue macrophage (Fig. 7.2) (Ross and Auger 
2002). If the bone marrow is destroyed by exposing an animal to X-rays, injury fail 
to elicit any mononuclear cell response, whereas if the thymus is removed a normal 
reponse is produced.

Elie Metchnikoff (Fig. 7.3) was the first person in 1893 to use the term “macro-
phage” to describe a large cell able to take up microorganisms (Tauber and Chernyak 
1991). Aschoff identified these cells as macrophages in connective tissues, microg-
lia in the central nervous system, endothelial cells lining vascular sinusoids, and 
reticular cells of lymphoid organs, and grouped these cells collectively into the 
reticuloendothelial system (RES).
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The phenotype of these fully differentiated, resident macrophages can vary 
markedly within tissues, from that of microglial cells in the brain, Kupffer cells in 
the liver, alveolar macrophages in the lung and Langherans cells in the skin. Resident 
macrophages share a set of common functions, including their ability to intervene 
against microbial infections, to regulate normal cell turnover and tissue remodeling, 
and to help repair sites of injury (Ross and Auger 2002). Besides killing tumor cells 

Fig. 7.2 After entering the peripheral blood, monocytes are recruited by chemokines into the tis-
sue and undergo differentiation into macrophages. The specialization and activation of these cells 
are mainly influenced by local stimuli (Reproduced from Garg et al. 2009)

Fig. 7.3 A port trait of 
Elie Metchinkoff (from 
Wilkipidia)
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once activated by IFN-γ and IL-12, tumor-associated macrophages (TAMs)  pro-
duce several pro-angiogenic cytokines as well as extracellular matrix-degrading 
enzymes (Naldini and Carraro 2005). Based on their phenotype and functions, both 
mouse and human monocytes can be divided in two main substets, “inflammatory” 
or “classical” monocytes, and “resident” or “non classical” monocytes (Geissmann 
et al. 2010). Whereas “inflammatory” monocytes can rapidly differentiate into mac-
rophages or dendritic cells upon their extravasation, the role of “resident “mono-
cytes is still poor understood. Monocytes release VEGF, CXCL3, COX-2, and 
MMP-9 to induce angiogenic response and are recruited to inflammatory sites 
through angiopoietin-2 (Ang-2) (Chambers et  al. 2013). Recruited monocytes 
derived from the pool of circulating Ly6Chi monocytes undergo phenotypic and 
functional changes in a VEGF-rich environment, and acquire enhanced pro- 
angiogenic capabilities and the capacity to remodel existing blood vessels (Avraham- 
Davidi et al. 2013). The half-life of circulating monocytes is about 1 day; under the 
influence of adhesion molecules and chemotactic factors, they begin to emigrate at 
a site of injury within the first 24–48  h after onset of acute inflammation. An 
increased number of monocytes is associated with chronic diseases, including rheu-
matoid arthritis, liver chirrosis, tubercolosis, malaria and other chronic infections.

The granules of mature monocytes are much smaller than those of neutrophils 
and are barely visible by light microscopy. Phagocytosis of tumor cells by mono-
cytes has been demonstrated and when placed on a surface to which they adhere, 
monocytes become indistinguishable from tissue macrophages by scanning electron 
microscopy.

The classical studies of Lewis and Lewis in 1926, Maximov in 1932, and Ebert 
and Florey in 1939, showed that monocytes transform into macrophages and multi-
nucleated giant cells in vitro. Monocyte differentiated into polarized macrophage 
subset when exposed to different cytokine milieu (Sica et al. 2006). In the presence 
of GM-CSF, IFN-γ, LPS and other microbial products, monocyte differentiate into 
M1 macrophage. In the presence of macrophage colony stimulating factor (M-CSF), 
IL-4, IL-13, IL-10, immunosuppressive agents (corticosteroids, vitamin D3, prosta-
glandins) monocytes differentiate into M2 macrophages, involved in tumor angio-
genesis. Both mouse and human tumors produce tumor-derived chemotactic factors 
capable of stimulating monocyte migration (Graves and Valente 1991).

Activated macrophages are generally categorized in two types, M1 (classically 
activated) and M2 (alternatively activated) (Fig. 7.4, Tables 7.4, and 7.5) (Balkwill 
and Mantovani 2001). The differentiation toward M1 and M2 activation states is 
regulated by defined substets of miRNA (O’Neill et al. 2011). MiR-126 suppresses 
the recruitment of inflammatory monocytes into the tumor stroma (Zhang et  al. 
2013), while overexpression of hypoxia-inducible miR-210 increases the recruit-
ment of monocytes and their M2-macrophage polarization and the support of tumor 
angiogenesis (Taddei et al. 2014). M1 macrophages are considered to be proinflam-
matory and phagocytic, and are able to kill microorganisms as well as tumor cells 
and secrete high levels of pro-inflammatory cytokines, including IL-1β, IL-23, and 
proteases, and tumoricidal agents (TNF-α and IL-12), reactive nitrogen and oxygen 
intermediates (RNI, ROI), and low levels of anti-inflammatory IL-10 (Balkwill 
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Fig. 7.4 In the early phase, the inflammatory milieu drives macrophage toward M1 polarization. 
M1 macrophages possess potent microbicidal properties and support IL-12-mediated type 1 helper 
T-cell responses. In the late inflammatory phase, the change in microenvironment drive the M1 
macrophages toward M2 polarization. M2 supports type 2 helper T-cell-related effector functions. 
(Reproduced from Das et al. 2015)

Table 7.4 M1 and M2 macrophage fetarures and functions

M1 functions
Activate adaptive immune response through antigen presentation on upregulated MHC class II 
molecules
Produce reactive oxygen intermediates and nitric oxide for microbial killing
Produce solube VEGF receptor
M1 features vs M2
< IL-4; IL-10; > IL-6; > IL-12, IL-23; > TNFα.
M2 functions
Down-regulate adaptive immune response through down-regulation of MHC class II molecules
Secretion EGF/tumor invasion
Secretion of VEGF/angiogenesis
Secretion of MMPs
M2 features vs M1
< IL-12; >IL-10, IL-17; > TGF-β; activated STAT-3
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et al. 2005). TNF-α kills tumor cells by at least two different mechanisms. First, 
binding of TNF to high-affinity cell surface receptors is directly toxic to tumor cells. 
Second, TNF can cause tumor necrosis by mobilizing various host responses in vivo.

Classically activated macrophages elicit antumor effects that are immunologi-
cally nonspecific in that they act upon tumor cells irrespective of species, but they 
are selective in that tumor cells are affected. In the tumor microenvironment, TAMs 
are mainly constituted by M2 elements (Mantovani et al. 2002), which produce a 
large amounts of arginase-1, IL-10 and VEGF, have poor attitude to destroy tumor 
cells but are better adapted to promoting angiogenesis, repairing and remodeling 
wounded or damaged tissues, and suppressing adaptive immunity (Sica et al. 2006). 
In regressing and non-progressing tumors, TAMs mainly resemble the M1 type and 
exhibit anti-tumor activity, while in malignant and advanced tumors, TAMs are 
biased toward the M2 phenotype that favors tumor malignancy (Qian and Pollard 
2010). Unique cell surface markers that distinguish the two TAM phenotypes remain 
elusive and expression of M1/M-2 associated molecules is highly dependent on 
tumor type, tumor stage, intratumoral localization, hypoxia, and other microenvi-
ronmental signals (Mantovani et  al. 2002). The phenotype of polarized M1-M2 
macrophages has the potential to be reversed (Guiducci et al. 2005). Rolny et al. 
(2011) demonstrated that the host-produced histidine-rich glycoprotein (HRG) 
skewed TAM polarization away from the M2 to a tumor-inhibiting M1-like pheno-
type. In this context, HRG promoted antitumor immune responses and vessel nor-
malization. Extensive TAM infiltration correlates with a poor prognosis for breast, 
prostate, cervix, and bladder cancer patients (Talmadge et al. 2007).

A relationship between the macrophage content ot tumors, the rate of tumor 
growth and the extent of their vascularization has been demonstrated in several 

Table 7.5 Factors 
influencing macrophage 
phenotype

Promote M1 phenotype
IFN-γ
LPS
GM-CSF
TNF-α
Lipothecoic acid
Promote M2 phenotype
CSF-1
Intracellular pathogens
M2a, IL-4, IL-13
M2b, immune complexes, 
Toll-like receptor; IL-1 receptor 
agonists.
M2c, IL-10; glucocorticoids
Promote M2/M1 swicth
GM-CSF
STAT3/STAT6 inhibitors
Anti-IL-4 anti-IL10 receptor 
antibodies.
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tumors, including breast carcinoma where TAM presence focally in large numbers 
correlates with a high level of angiogenesis and with poor prognosis, decreased 
relapse-free and overall survival of the patients (Leek et al. 1996; Lee et al. 2002), 
B-cell non Hodgkin’s lymphoma (Fig. 7.5) (Vacca et al. 1999), diffuse large B-cell 
lymphoma (Fig. 7.6) (Marinaccio et al. 2014), malignant uveal melanoma (Makitie 
et al. 2001), glioma (Nishie et al. 1999), squamous cell carcinoma of the esophagus 
(Koide et al. 2004), bladder carcinoma (Hanada et al. 2000) and prostate carcinoma 
(Lissbrant et al. 2000). In lung cancer, TAM may favour tumor progression by con-
tributing to stroma formation and angiogenesis through their release of PDGF in 
conjunction with TGF-β-1 production by cancer cells (Mantovani et al. 2002).

In PyMT-induced mammary tumors, TAMs are recruited to pre-malignant lesions 
immediately before the onset of angiogenesis and then induce the angiogenic switch 
(Lewis and Pollard 2006).

Tumor-derived chemo attractants ensure macrophage recruitment, including 
CSF-1, the CC chemokines CCL-2, CCL-3, CCL-4, CCL-5 and CCL-8, and VEGF 
secreted by both tumor and stromal elements (Mantovani et al. 2002). TAMs derived 
from circulating monocytes and are recruited at the tumor site by a tumor-derived 
chemotactic factor from monocytes, originally described by Bottazzi et al. (1983), 
and later identified as the chemokine CCL2/MCP-1 (Matsushima et  al. 1989; 
Yoshimura et al. 1989). When exposed to VEGF (Marumo et al. 1999) or to brief 
ischemia (Lakshminarayanan et al. 2001) endothelial cells synthesize MCP-1 and 
the extent of MCP-1 expression in human cancers correlated with both TAM infil-
tration and tumor malignancy in human melanoma, in Kaposi sarcoma cell lines and 
in human tumor cell lines of epithelial origin such as breast, colon and ovary (Ueno 
et al. 2000). Moreover, MCP-1 is angiogenic when implanted into the rabbit cornea, 
where it exerted a potency similar to VEGF (Goede et al. 1999). MCP-1 expression 
correlates significantly with levels of VEGF, TNF-α and IL-8 (Bingle et al. 2002; 
Varney et al. 2005; Liss et al. 2001). The expression of CCL5/RANTES is elevated 
in breast tumor cells synergistically by IFN-γ and TNF-α, regulating monocyte 
migration into tumor sites and stimulate them to secrete MMP-9 and MMP-19 
(Locati et al. 2002; Azenshtein et al. 2002).

CSF and GM-CSF are commonly produced in a range of different tumor types 
and are chemotactic for macrophages in vitro (Dorsch et al. 1993). Transplanted 
mouse tumors transfected with the GM-CSF gene exhibit increased TAM infiltra-
tion (Heike et al. 1993) and genetic deletion of CSF-1 in the PyMT mouse model of 
breast cancer dramatically decreased TAM infiltration and attenuated tumor pro-
gression to metastasis (Lin et al. 2001). Elevated expression of GM-CSF has been 
found in human breast, endometrial and ovarian tumors (Kacinski 1995) and high 
GM-CSF expression is associated with high TAM accumulation in breast carcino-
mas (Tang et al. 1992). Also VEGF is chemotactic for monocytes via VEGFR-1 
(Clauss et al. 1990; Leek et al. 2000).

The first evidence for a role of macrophages in angiogenesis was presented by 
Sunderkötter et al. 1991. TAMs express and release different pro- and anti- angiogenic 
molecules (Fig. 7.7), including EGF, FGF-2 (Baird et al. 1985; Joseph- Silverstein 
et al. 1988), TGF-α and TGF-β (Madtes et al. 1988; Rappolee et al. 1988; Assoian 
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Fig. 7.5 Comparison of 
microvessel and 
macrophage counts in 
multiple myeloma. 
Significance of the 
regression analysis was 
calculated by Pearson’s 
r-test. LG, low-grade; IG, 
intermediate-grade; HG, 
high-grade (Reproduced 
from Vacca et al. 1999)
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et al. 1987), VEGF (Berse et al. 1992), TNF-α (Leibovich et al. 1987), IL-1 (Roberts 
et al. 1986), IL-6, IL-8 (Koch et al. 1992), platelet activating factor (PAF) (Seo et al. 
2004) PDGF (Martinet et al. 1986) G-CSF and GM-CSF (Sullivan et al. 1983), thy-
midine phosphorylase (TP) (Hotchkiss et al. 2003) and chemokines, such as CCL2 
(Vicari and Caux 2002). TAMs produce, besides, angiogenic factors, angiostatic 
molecules such as thrombospondin-1 (Di Pietro and Polverini 1993), IL-12 (Inoue 
et  al. 2005), IL-18 (Belardelli and Ferrantini 2003) and MMP-12 (Kerkela et  al. 
2000). TAMs are he major source of semaphorin 4D (sema 4D), a pro-angiogenic 
molecule that acts through its receptor, plexin B1 (Conrotto et al. 2005), which is 
critical for tumor angiogenesis (Sierra et al. 2008).

TAMs may also induce tissue remodeling by producing various proteinase acti-
vators and inhibitors that may destroy the integrity of the basement membrane and 
extracellular matrix, liberating matrix-bound factors, including MMP-2, MMP-9, 
MMP-7, MMP-12, and cycloxygenase-2 (COX-2) (Sunderkötter et al. 1991; Lewis 
et al. 1994; Klimp et al. 2001). TAM production of MMP-9 is crucial for angiogen-
esis in a human papillomavirus-16-induced model of cervical carcinogenesis. In 
this model inhibition of MMP-9 in macrophages blocked the release of VEGF and 
thereby inhibited angiogenesis and tumor growth (Giraudo et al. 2004). Inhibition 
of CSF-1 function in human tumors xenografted into immunocompromized mice 
reduced their growth and this was correlated with poor macrophage recruitment and 
reduced angiogenesis due to a depletion of VEGF.

Following hypoxia, circulating monocytes are recruited to the effected region 
and differentiate into macrophages. Monocyte recruitment to sites of hypoxia is 

Fig. 7.6 CD68 and CD31 expression in responders and no-responder’s groups of patients affected 
by Diffuse Large B-cell Lymphoma (DLBCL). (a) CD68 expression in a responder case. (b) CD68 
expression in a non-responder case. (c) Comparison between responders and no-responder’s 
groups with a significant difference between the groups in the expression of CD68. (g) CD31 for 
microvessel staining in a responder case. (h) CD31 for microvessel staining in a non-responder 
case. (i) Comparison between responders and no-responder’s groups with a significant difference 
between the groups in microvascular density. *p < 0.05 (Modified from Marinaccio et al. 2014)
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driven by generation of pro-inflammatory signals (Shi and Pamer 2011). In human 
monocytes, hypoxia induced nuclear accumulation of HIF-1α in an NFkB depen-
dent manner (Fangradt 2012). Differentiated macrophages require a priming stimu-
lus (eg. LPS or IFNγ) in order to respond to hypoxia in a pro-inflammatory manner, 
while monocytes do not (Bosco et al. 2008).

TAMs accumulate in hypoxic regions of tumors and hypoxia triggers a pro- 
angiogenic program in these cells. TAMs adaptation to hypoxia, which is achieved 
by the increased expression of hypoxia inducible and pro-angiogenic genes, such as 
VEGF, FGF-2 and CXCL8, as well as glycolytic enzymes, whose transcriptions is 
controlled by the transcription factors HIF-1 and HIF-2 (Talks et al. 2000). Increased 
number of TAMs in hypoxic regions may promote tumor progression in part by 
stimulating levels of angiogenesis, such as occurs in breast carcinoma (Leek et al. 
1999). Up-regulation of the pro-angiogenic program in tumor-associated macro-
phages, followed by increased release of VEGF, FGF-2, TNF-α, urokinase and 
MMPs, is stimulated by hypoxia and acidosis (Bingle et  al. 2002). White et  al. 
(2004) used adenoviral infection to overexpress HIF-2 in human macrophages and 
found it to be the primary inducer of genes encoding angiogenic cytokines in these 
genes. Macrophages also up-regulates VEGF and other proangiogenic factors in 
response to hypoxia. Mice deficient in HIF-2α in myeloid cells, displayed reduced 
TAM infiltration in both murine hepatocellular and colitis-associated colon carci-
noma models (Imtiyaz et al. 2010). Moreover, in mouse mammary tumors, exhibit-
ing enriched M2-like TAMs in hypoxic tumor areas, demonstrated an increased 

Fig. 7.7 Interplay between 
angiogenic and anti- 
angiogenic molecules 
secreted by monocytes- 
macrophages (Modified 
from Ribatti and Crivellato 
2009)
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pro-angiogenic phenotype in vivo, with numbers elevating as the tumor progressed 
(Movahedi et al. 2010).

TAMs express VEGF almost exclusively in avascular and perinecrotic areas of 
human breast carcinoma (Lewis et al. 2000). TAMs also synthesize elevated levels 
of MMP-7, known to stimulate endothelial cell proliferation and migration 
(Nishizuka et al. 2001), when exposed to hypoxia in vitro and in an avascular areas 
of human tumors (Burke et al. 2003). MMP-7 is.

A cDNA array study has identified up-regulation of messanger encoding >30 
proangiogenic genes in primary macrophages exposed to hypoxia, including 
CXCL8, Ang, COX-2 and other factors (White et al. 2004). When macrophages are 
cocultured in vitro with human tumor spheroids, they infiltrate deep into the central, 
hypoxic areas of these structures (Bingle et  al. 2005). The release of VEGF by 
macrophages- infiltrated spheroids was significantly higher than that seen for nonin-
filtrated spheroids, and this increase translated into a significant stimulation of 
angiogenesis in vivo when implanted into microcirculation window chambers on 
the flanjs of nude mice for 3 days (Bingle et al. 2005).

Mice depleted of macrophages by whole-body X-irradiation or azathioprine 
administered before or after implantation of a syngeneic fibrosarcoma showed a 
delay in the appearance of tumors, and a marked reduction in tumor vascularization 
(Evans 1977a, b). Vascularization of several human tumor cell lines grown on the 
chick embryo CAM or subcutaneously in nude mice occurred coincidentally with 
mononuclear cell infiltration at the tumor site (Mostafa et al. 1980a, b; Stenzinger 
et al. 1982).

Polverini and Leibovich (1984) isolated macrophages from a transplantable rat 
fibrosarcoma and examined them and their serum free conditioned media for angio-
genic activity in rat corneas. Results showed that TAMs and their conditioned media 
were potently angiogenic in vivo and stimulated proliferation of bovine aortic endo-
thelial cells in culture. Moreover, when TAMs were combined with tumor cells at a 
concentration equivalent to the number of macrophages originally present in the 
tumor there was a marked enhancement of tumor neovascularization and growth. 
Moreover, hamsters bearing chemical carcinogen-induced squamous cell carcino-
mas showed a marked reduction in the thymidine incorporation by endothelial cells 
and neovascularization of tumors when treated with low doses of steroids and anti- 
macrophage serum (Polverini and Leibovich 1987).

In the mouse model of breast cancer caused by the mammary epithelial cell 
restricted expression of the Polyoma middle T oncoprotein (PyMT mice) infiltration 
of TAMs in primary tumors is positively associated with tumor progression to 
malignancy (Lin et  al. 2001). Depletion of macrophages in this model severely 
delayed tumor progression and reduced metastasis, whereas an increase in macro-
phage infiltration remarkably accelerated these processes. By using the PyMT- 
induced mouse mammary tumors, Lin et al. (2006) characterized the development 
of the vasculature in mammary tumors during their progression to malignancy. They 
demonstrated that both angiogenic switch and the progression to malignancy are 
regulated by infiltrated macrophages in the primary mammary tumors. Moreover, 
inhibition of the macrophage infiltration into the tumor delayed the angiogenic 
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switch and malignant transition, whereas genetic reduction of the macrophage pop-
ulation specifically in these tumors rescued the vessel phenotype. Finally, premature 
induction of macrophage infiltration into premalignant lesions promoted an early 
onset of the angiogenic switch independent of tumor progression (Lin et al. 2006).

Lewis lung carcinoma cells expressing IL-1-β develop neo-vasculature with 
macrophage infiltration and enhance tumor growth in wild-type but not in MCP-1- 
deficient mice, suggesting that macrophage involvement might be a prerequisite for 
neovascularization and tumor progression (Nakao et al. 2005).

Activated macrophages synthesize and release inducible nitric oxide synthase, 
which increases blood flow and promotes angiogenesis (Jenkins et  al. 1995). The 
angiogenic factors secreted by macrophages stimulate migration of other accessory 
cells that potentiate angiogenesis, in particular mast cells (Gruber et  al. 1995). 
Osteopontin deeply affects the pro-angiogenic potential of human monocytes 
(Denhardt et al. 2001), and may affect angiogenesis by acting directly on endothelial 
cells and/or indirectly via mononuclear phagocyte engagement, enhancing the expres-
sion of TNF-α and IL-1-β in mononuclear cells (Leali et al. 2003; Naldini et al. 2006).

Macrophages produce IL-12, which cause tumor regression and reduce metasta-
sis in animal models, through the promotion of anti-tumor immunity and also to the 
significant inhibition of angiogenesis (Colombo and Trinchieri 2002). The anti- 
angiogenic activity is mediated by IFN-γ production, which in turn induces the 
chemokine IFN-γ-inducible protein-10 (Romagnani et al. 2001). Moreover, IL-12 
inhibits VEGF production by breast cancer cells and regulates stromal cell interac-
tions, leading to decreased MMP-9 and increased tissue inhibitor of TIMP-1 pro-
duction (Dias et al. 1998).

Using PyMT mice, Lin et  al. (2007) demonstrated that both the angiogenic 
switch and the progression to malignancy are regulated by infiltrated macrophages. 
Moreover, inhibition of macrophage homing into the tumor microenvironment 
delayed the angiogenic switch, whereas genetic restoration of macrophages rescued 
the vascular phenotype.

The developing vasculature in tumors lacking myeloid-cell-derived VEGF-A 
was less tortuous, with increased pericyte coverage (indicating increased matura-
tion), decreased vessel length, with evidence of vascular normalization and increased 
susceptibility to chemotherapeutic agents (Stockmann et al. 2008).

7.2.1  Monocytes/Macrophages, Angiogenesis, 
and Inflammation

Sarcoidosis is a systemic granulomatous inflammatory disease characterized by 
recruitment and activation of peripheral blood mononuclear cells to the sites of 
disease. It has been shown that sera from sarcoidosis patients enhance angiogenic 
capability of normal peripheral human mononuclear cells significantly stronger 
than sera from healthy donors (Zielonka et al. 2007). Angiogenic activity of sera in 
sarcoidosis depends on the stage of disease and appears most pronounced in stage 
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II. In addition, sera from patients with extrapulmonary changes exert stronger effect 
on angiogenesis than sera from patients with thoracic changes only. IL-6 and IL-8 
serum level correlates with each other, but no correlation is observable between 
IL-6 and IL-8 serum level and angiogenic activity of the examined sera. Removal of 
monocytes from peripheral human mononuclear cells eliminates the effect of sera 
from sarcoidosis patients on angiogenesis compared with the effect of these sera on 
intact peripheral human mononuclear cells. Sera from sarcoidosis patients prime 
monocytes for production of proangiogenic factors.

There is accumulating evidence that delivery of bone marrow cells to sites of 
ischemia by direct local injection or mobilization into the blood can stimulate 
angiogenesis. This has stimulated tremendous interest in the translational potential 
of angiogenic cell population(s) in the bone marrow to mediate therapeutic angio-
genesis. It has been shown that the inflammatory subset of monocytes is selectively 
mobilized into blood after surgical induction of hindlimb ischemia in mice and is 
selectively recruited to ischemic muscle (Capoccia et al. 2008). Adoptive-transfer 
studies show that delivery of a small number of inflammatory monocytes early 
(within 48 h) of induction of ischemia results in a marked increase in the local pro-
duction of MCP-1, which in turn, is associated with a secondary, more robust wave 
of monocyte recruitment. Studies of mice genetically deficient in MCP-1 or CCR2 
indicate that although not required for the early recruitment of monocytes, the sec-
ondary wave of monocyte recruitment and subsequent stimulation of angiogenesis 
are dependent on CCR2 signaling. Collectively, these data suggest a role for 
MCP-1 in the inflammatory, angiogenic response to ischemia.

Healing of myocardial infarction requires monocytes/macrophages. These 
mononuclear phagocytes likely degrade released macromolecules and aid in scav-
enging of dead cardiomyocytes, while mediating aspects of granulation tissue for-
mation and remodeling. It has also been recognized that distinct monocyte subsets 
contribute in specific ways to myocardial ischemic injury in mouse myocardial 
infarction. Two distinct phases of monocyte participation after myocardial infarc-
tion have been identified (Nahrendorf et al. 2007). Infarcted hearts modulate their 
chemokine expression profile over time, and they sequentially and actively recruit 
Ly-6C(hi) and -6C(lo) monocytes via CCR2 and CX(3)CR1, respectively. Ly-6C(hi) 
monocytes dominate early (phase I) and exhibit phagocytic, proteolytic, and inflam-
matory functions. Ly-6C(lo) monocytes dominate later (phase II), have attenuated 
inflammatory properties, and express vascular-endothelial growth factor. 
Consequently, Ly-6C(hi) monocytes digest damaged tissue, whereas Ly-6C(lo) 
monocytes promote healing via myofibroblast accumulation, angiogenesis, and 
deposition of collagen. Myocardial infarction in atherosclerotic mice with chronic 
Ly-6C(hi) monocytosis results in impaired healing, underscoring the need for a bal-
anced and coordinated response.

A role for inflammation in modulating the extent of angiogenesis has been shown 
for systemic angiogenesis of the lung after left pulmonary artery ligation in a mouse 
model of chronic pulmonary thromboembolism. Depletion of neutrophils do not 
alter the angiogenic outcome, but blood flow to the left lung is significantly reduced 
after dexamethasone (general anti-inflammatory) treatment compared with untreated 
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control left pulmonary artery ligation mice and significantly increased in T/B 
lymphocyte- deficient mice (Wagner et al. 2008). Adoptive transfer of splenocytes 
(T/B lymphocytes) significantly reverses the degree of angiogenesis observed in the 
Rag-1(−/−) (T/B lymphocyte deficient) mice back to the level of control left pulmo-
nary artery ligation. These findings indicate that inflammatory cells modulate the 
degree of angiogenesis in this lung model where lymphocytes appear to limit the 
degree of neovascularization, whereas monocytes/macrophages likely promote 
angiogenesis.

Shear stress regulates the angiogenic potential of endothelial cells in vitro by an 
Ang-2-dependent mechanism (Tressel et al. 2008). The pathophysiological signifi-
cance of this mechanism in vivo has been clarified in that Ang-2 plays an important 
role in blood flow recovery after arterial occlusion by regulating angiogenesis and 
arteriogenesis. In fact, C57Bl/6  J mice subjected to femoral artery ligation and 
injected with a specific Ang-2 inhibitor, L1–10, show a blunted blood flow recovery. 
L1–10, indeed, decreases smooth muscle cell coverage of neovessels without affect-
ing capillary density, suggesting a specific role for Ang-2 in arteriogenesis. Ang-2 
likely operates through monocyte activation. L1–10 decreases expression of inter-
cellular and vascular cell adhesion molecules as well as infiltrating monocytes/mac-
rophages in the ischemic tissue. Although L1–10 has no effect on the number of 
CD11b + cells (monocytes/macrophages) mobilized in the bone marrow, it main-
tains elevated numbers of circulating CD11b + cells in the peripheral blood. Thus, 
these results suggest that Ang-2 induces in ischemic tissue plays a critical role in 
blood flow recovery by stimulating inflammation and arteriogenesis.

Monocytes are one of the initial cell types to be recruited to a wound, in the con-
text of fibrin clot invasion. Evidence has indicated additional involvement of 
Ang-2  in vascular homeostatic responses such as coagulation and inflammation, 
which are central to wound healing. Ang-2 significantly increased monocyte inva-
sion of fibrin in the presence of serum. In the absence of serum, it required a com-
bination of Ang-2 and platelet-derived growth factor BB (PDGF-BB) to increase 
invasion by threefold. Furthermore, it was shown that the heightened invasion was 
dependent on serine proteases and MMPs and that the combination of Ang-2 and 
PDGF-BB increased urokinase plasminogen-activator receptor expression, as well 
as MMP-9 and membrane type 1 MMP expression. These data give further credence 
to the concept of Ang-2 as a key regulator of several essential phases of wound heal-
ing (Bezuidenhout et al. 2007).

Monocyte-macrophage activation by IFN-γ is a key initiating event in inflamma-
tion. Usually, the macrophage response is self-limiting and inflammation resolves. 
A mechanism has been described by which IFN-γ contributes to inflammation reso-
lution by suppressing expression of VEGF-A. Although IFN-γ induced persistent 
VEGF-A mRNA expression, translation is suppressed by delayed binding of the 
IFN-γ-activated inhibitor of translation complex to a specific element delineated in 
the 3’UTR.  Translational silencing results in decreased VEGF-A synthesis and 
angiogenic activity. In addition, it contributes to inflammation resolution.

In atherosclerotic plaque, the transcription factor HIF-1α is associated with an 
atheromatous inflammatory plaque phenotype and with VEGF expression (Vink 

7.2 Monocytes-Macrophages



46

et  al. 2007). Remarkably, HIF-1α expression is upregulated in activated macro-
phages under normoxic conditions. Hypoxia in advanced human atherosclerosis 
and its correlation with the presence of macrophages and the expression of HIF and 
VEGF (Sluimer et al. 2008). The HIF pathway was associated with lesion progres-
sion and angiogenesis, suggesting its involvement in the response to hypoxia and 
the regulation of human intraplaque angiogenesis.

Almost any local disturbance of tissue normality, be it infection, normal cell 
turnover or wounding, immune response or malignancy, caused rapid recruitment of 
macrophages. Recruited macrophages exhibit many phenotypic differences from 
resident tissue macrophages. The generic term, “macrophages activation” is com-
monly used to describe this process, but the nature of an “activated macrophage” 
population depends upon both the nature of the recruiting stimulus and the 
location.

It is now well established that the functional domain of the macrophage extends 
far beyond its originally recognized role as a scavenger cell. Its rich array of secre-
tory products, anatomic diversity and functional heterogeneity is unmatched by any 
other cell type. As a result of this remarkable versatility, the macrophage is able to 
influence every facet of the immune response and inflammation as well as playing a 
central role in the etiology and/or pathogenesis of a number of disease processes.

7.2.2  Transdifferentation of Monocytes/Macrophages 
in Endothelial Cells and Tie-2 Monocytes

Monocytes/macrophages display a high degree of plasticity, as demonstrated by 
their ability to transdifferentiate into endothelial cells in vitro and in vivo (Fernandez 
Pujol et al. 2000; Rehman et al. 2003; Urbich et al. 2003; Schmeisser et al. 2001; 
Elsheikh et al. 2005; Fujiyama et al. 2003; Iba et al. 2002; Nowak et al. 2004; Zhao 
et al. 2003). CD14+ mononuclear cells have been used as the starting population for 
cultivation of EPCs (Fernandez Pujol et al. 2000). Cultivated EPC grown from dif-
ferent starting populations, including peripheral blood mononuclear cells, express 
endothelial markers, including von Willebrand factor, VEGFR-2, VE-cadherin, 
CD156 and CD31 (Kalka et  al. 2000). Monocytes coexpress endothelial lineage 
markers such as VEGFR-2 and AC133 and differentiate into adherent endothelial 
cells and form cord-like structures in Matrigel (Schmeisser et al. 2001, 2003). Bone 
marrow mononuclear cells contain not only EPC but also angiogenic factors and 
cytokines and implantation of bone marrow mononuclear cells into ischemic tissues 
augments collateral vessel formation (Kamihata et al. 2001; Shintani et al. 2001).

Peripheral blood monocytes CD14+ and VEGFR-2+ differentiate in vitro into 
cells with endothelial characteristics. Moreover, these cells transduced by a lentivi-
ral vector driving expression of green fluorescent protein (GFP) and transplanted 
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into ballon-injured femoral arteries of nude mice significantly centributed to effi-
cient reendothelization (Elsheikh et  al. 2005). Peripheral-blood endothelial-like 
cells derived from monocytes/macrophages and secrete angiogenic factors (Rehman 
et al. 2003).

Multiple myeloma bone marrow TAMs exposed to VEGF and FGF-2 develop a 
number of phenotypic properties similar to those of paired bone marrow endothelial 
cells, and form capillary-like structures overlapping morphologically those pro-
duced by endothelial cells (Scavelli et al. 2008). At ultrastructural level, multiple 
myeloma TAMs exhibit numerous cytoplasmic extroversions arranged in tube-like 
structures and these data suggest that TAMs  contribute to build neovessels in mul-
tiple myeloma through vasculogenic mimicry (Scavelli et al. 2008).

7.2.3  Therapeutic Strategies

Macrophage itself become an appealing target for future anti-angiogenic therapeu-
tic strategies through two approaches: compounds that suppress secretion of angio-
genic substances by macrophages, and compounds that inhibit macrophage 
infiltration into the tumor mass.

Clodronate-liposomes depleted macrophages in the synovial fluid of rheumatoid 
arthritis patients and inhibited tumor angiogenesis in mouse tumor transplantation 
models (Barrera et al. 2000; Zeisberger et al. 2006). In the mouse cornea model, 
killing of COX-2 positive infiltrating macrophages with clodronate liposomes 
reduces IL-1-β-induced angiogenesis and partially inhibits VEGF-induced angio-
genesis (Nakao et al. 2005).

VEGF inhibitors decrease macrophage recruitment, and this effect may contrib-
ute to their anti-angiogenic activity (Giraudo et  al. 2004). Specific inhibition of 
VEGFR-2 decreased tumor macrophage infiltration into orthotopic pancreatic 
tumors (Dineen et al. 2008).

CSF-1 receptor (CSF-1R) kinase inhibitors exhibit anti-angiogenic and anti- 
metastatic activity in tumors (Manthey et al. 2009). Anti-CSF-1 antibodies and anti-
sense oligonucleotides suppress macrophage infiltration and xenograft tumor 
growth in mice (Ahazinejad et al. 2002, 2004). Blockade of macrophage recruit-
ment with CSF-1R-signalling antagonists in combination with paclitaxel decreased 
vessel density, reduced tumor growth and pulmonary metastasis, and improved sur-
vival of mammary tumor-bearing mice (De Nardo et al. 2011).

The broad elimination of TAMs by clodronate liposomes or CSF-1R antibodies, 
decreased angiogenesis in different tumor models (Zeisberger et al. 2006; Priceman 
et al. 2010; Lohela et al. 2014).

7.2 Monocytes-Macrophages



Fig. 7.8 Confocal immunofluorescence analysis of human cancer sections confirms the pres-
ence of Tie-2+CD45+CD14+tumor-infiltrating monocytes. (a) Colon adenocarcinoma analyzed 
for CD31 (green), Tie-2 (red), and CD45 (blue). Several Tie-2+CD45+CD31−hematopoietic cells 
(merge of red and blue giving purple; arrows) are found within the tumor stroma. Note that Tie-2 
is expressed by vascular endothelial cells (merge of green and red giving yellow; arrowheads),  
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7.3  Tie-2 Expressing Monocytes (TEMs)

De Palma and collaborators identified a subpopulation of monocytes expressing the 
Tie-2 receptor (Tie-2 expressing monocytes, TEMs). Tie2 is a tyrosine kinase recep-
tor broadly expressed in endothelial cells, involved in the regulation of angiogenesis 
and vascular morphogenesis both in development and adulthood (Augustin et al. 
2009).

TEMs have been observed in several mouse tumor models, including subcutane-
ous tumor grafts, spontaneous insulinomas developing in RIP-TAG2 transgenic 
mice, and human gliomas growing in the mouse brain (De Palma et al. 2005). In 
these tumors, TEMs constituted a small population of the total tumor infiltrating 
CD11b+ myeloid cells that could be distinguished from the majority of TAMs by 
their surface marker profile (Tie-2+, Sca-1+, CD11b+) and their pro-angiogenic 
activity (De Palma et al. 2005). TEMs were found in human tumors including those 
of kidney, colon, pancreas and lung, as well as in soft tissue sarcomas, where angio-
genesis is correlated to tumor progression (Fig. 7.8) (Venneri et al. 2007). In human 
cancer specimens, TEMs were found both in perivascular and hypoxic areas of 
tumors and were missing in non-neoplastic tissues adjacent to tumors (Venneri et al. 
2007). Exposure to both hypoxia and Ang-2 markedly suppressed the release of an 
antiangiogenic cytokine, namely IL-12 (De Palma et al. 2003), and of TNF-α, which 
exterts a pro-apoptotic effect on both tumor cells and endothelial cells (Balkwill 
1992). These data suggest that when monocytes are recruited into tumors and are 
exposed to both Ang-2 and hypoxia, they inhibit their ability to exert an antiangio-
genic activity. Moreover, TNF-α down-regulation could enhance tumor and endo-
thelial cell survival and thus promote metastasis and angiogenesis, respectively.

In a Tie-2 transgenic mouse model, TEMs were found in close proximity to endo-
thelial cells, where they expressed high levels of FGF-2 (De Palma et al. 2005), but 

Fig. 7.8 (continued) which are Tie-2+CD45−CD31+. (b) Gastric adenocarcinoma analyzed for 
CD31 (green), Tie-2 (red), and CD45 (blue). Some Tie-2+CD45+CD31−hematopoietic cells are 
found in the tumor stroma (arrows) together with Tie-2+CD45−CD31+tumor blood vessels (arrow-
head). (c) Colon adenocarcinoma analyzed for CD14 (green), Tie-2 (red), and CD11b (blue). 
Several Tie- 2+CD14+CD11b+monocytes (arrows) are found within the tumor stroma. Note Tie-2 
expression by Tie-2+CD14−CD11b−vascular endothelial cells (arrowheads). (d) Gastric adenocar-
cinoma analyzed for von Willebrand factor (green), Tie-2 (red), and CD11b (blue). Arrowheads 
indicate Tie- 2+CD11b+VWF−monocytes. (e) Pancreatic adenocarcinoma analyzed for CD16 
(green), Tie-2 (red), and CD14 (blue). High-magnification photos show the presence of Tie- 
2+CD16+CD14+monocytes (arrows) in the tumor stroma. (f) Colon adenocarcinoma analyzed for 
CD14 (green), Tie-2 (red), and CD11b (blue). A triple-positive CD14+Tie-2+CD11b+TEM with 
peri-endothelial localization is indicated by the arrow. Note the presence of CD14−Tie-2−CD11b+ 
inflammatory cells (arrowheads). (g) Tie-2 expression in no neoplastic tissues is restricted to vas-
cular endothelial cells. Non neoplastic colon mucosa adjacent to tumor tissue analyzed by confocal 
immunofluorescence staining of CD31 or CD14 (green), Tie-2 (red), and CD45 (blue). Note that 
the lamina propria macrophages are CD14−Tie-2−. A single CD14+Tie-2−monocyte (arrow) is 
found within a Tie-2+blood vessel. Tonsil sections show that Tie-2 expression (red) is restricted to 
CD31+vascular endothelial cells (green). CD19+B cells are stained in blue (Reproduced from 
Venneri et al. 2007)
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not incorporated into nascent tumor vessels. Moreover, they did not differentiate 
into endothelial cells, suggesting that their pro-angiogenic activity could consist of 
a paracrine stimulation of angiogenesis. The selective elimination of TEMs by 
means of a suicide gene drammatically impaired angiogenesis in mouse tumors and 
induced substantial tumor regression (De Palma et al. 2003, 2005). In these tumor 
models, TEMs elimination did not affect the overall number of TAMs and granulo-
cytes, indicating that TEMs represent a distinct monocyte subset with specific pro- 
angiogenic activity, which is primarily responsible for promoting angiogenesis. 
Moreover, although recruited to tumors in lower numbers than TAMs, TEMs are a 
more potent source of pro-angiogenic signals, suggesting that they significantly 
contribute to tumor angiogenesis.

These data indicate that while the concept of immature vascular cells delivered 
to the site of tumor blood vessels was originally developed on EPCs, it is become 
evident that other classes of vascular cells differentiate form progenitors in situ. The 
percentage of incorporated EPCs into tumor vessels is very low. TEMs, while stim-
ulating angiogenesis, do not actively incorporate into blood vessels and this sub-
population of Tie-2+ cells, rather than bone marrow-derived EPCs, which are 
incorporated in new-forming blood vessels, promote tumor neovascularization 
through the release of of pro-angiogenic factors (De Palma et al. 2003). TEMs may 
also play a role in angiogenesis in wound healing and in non-neoplastic diseases. In 
mice underwent partial hepatectomy 7–10 days earlier, TEMs were found in granu-
lation tissue surrounding the regenerating hepatic lobules, also in proximity of 
newly-formed vessels, suggesting that they might also contribute to promoting 
angiogenesis during liver regeneration (De Palma et al. 2003).

TEMs were not observed in normal tissues suggesting that they may represent a 
specific subset of resident monocytes (Venneri et al. 2007). The identification of 
specific molecules expressed by TEMs in tumors could facilitate the design of novel 
anticancer therapies that selectively target these cells. De Palma et al. (2008), by 
transplanting hematopoietic progenitors transduced with a Tie-2 promoter/enhancer- 
driven IFN-α-1 gene, turned TEMs into IFN-α cell vehicles that targeted the IFN 
response to orthotopic human gliomas and spontaneous mouse mammary carcino-
mas and obtained significant antitumor responses and near complete abrogation of 
metastasis.

The extent each of the categories of bone marrow derived cells (BMDCs) contib-
utes to tumor angiogenesis is currently not well defined. A very small number of 
EPCs can control the angiogenic switch in a mouse lung metastasis model (Gao 
et  al. 2008). Their findings raise the question whether a small number of these 
angiogenic progenitor cells might have been present in the other transgenic mouse 
transplant model (Seandel et al. 2008). Phenotypic definition of BMDCs and EPCs 
that are present in tumor tissues are difficult to perform especially when the latter 
cell components are in small numbers. Perhaps all of the three categories of BMDCs 
contribute to tumor angiogenesis at different time of tumor development and loca-
tion within the tumor microenvironment. Further elucidation of how the tumor 
angiogenic process is co-ordinated resides in a systematic testing and analysis of the 
biological mediators secreted by the BMDCs in the various tumor models.
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TEMs are selectively recruited to spontaneous and orthotopic tumors; promote 
angiogenesis in a paracrine manner, and account for the majority of pro-angiogenic 
activity induced by myeloid cells in these tumors. Moreover, TEM knockout com-
pletely prevented human glioma neovascularization in the mouse brain and induced 
tumor regression without affecting the recruitment of TAMs or neutrophils into 
these tumors (De Palma et al. 2005), and their gene expression profile was highly 
related to TAMs (Pucci et al. 2009). Ang-2 (a Tie-2 ligand) blockade did not inhibit 
recruitment of TEMs to the tumor microenvironment, but abrogated their up- 
regulation of Tie-2 expression, association with blood vessels, and their ability to 
restore angiogenesis in tumors (Mazzieri et  al. 2011). TEMs express MMP-9, 
VEGF, COX-2, WNT5A, and are localized in close proximity of blood vessels and 
to hypoxic areas of tumors (De Palma et al. 2005). Moreover, tumor TEMs mostly 
reside in viable and angiogenic tumor areas, whereas they are excluded from 
necrotic, inner tumor areas (De Palma and Naldini 2009). TEM-like pro-angiogenic 
monocytes/macrophages have been generated from human embryonic stem cells 
(Klimchenko et al. 2011).

7.4  Lymphocytes

Lymphocytes and plasma cells first were described in 1774 and 1875, repectively. 
By mid twentieth century, was established that immune system had at least two 
components, one governing cellular immunity and one governing humoral immu-
nity. At the same time, it was discovered that the thymus and the bursa of Fabricius 
in birds were the source of T (thymic-derived) and B (bursa-derived) lymphocytes, 
respectively, and that bone marrow was the bursa equivalent in humans.

The lymphocytes consist of heterogeneous populations of cells that differ greatly 
from each other in terms of orign, life span, distribution within the lymphoid organs, 
surface structure, and function. The CD43 surface marker is expressed on human 
hematopoietic stem cells and on a variety of different types of hematopietic pro-
genitors, including those restricted to the lymphoid development. Activation of B 
and T lymphocytes results in the transformation of the small, resting lymphocytes, 
into proliferating large cells with abundant highly basophilic cytoplasm, irregularly 
condensed chromatin, and round to slightly irregular nuclear outlines. Plasma cells 
derive from small B lymphocytes and their characteristic feature is abundant cyto-
palsmatic and secretory immunoglobulins.

B lymphocytes comprise 10–20% of the circulating peripheral lymphocyte pop-
ulation. B cells recognize antigen via monomeric surface IgM, the so-called B cell 
receptor, and the presence of rearranged immunoglobulin genes in a lymphoid cell 
is used as a molecular marker of B-lineage cells. High number of B cells have been 
found at the inflammatory sites in tumor tissues of various human cancer (Nelson 
2010).
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B cells express different pro-angiogenic mediators, including VEGF, FGF-2, and 
MMP-9 and B promote tumor progression via STAT3 regulated angiogenesis (Yang 
et al. 2013). Moreover, B-cell produced antibodies activate FCR gamma on both 
tumor–resident and recruited myeloid cells, which, in turn, recruite myofibroblasts 
in the tumor site which promote tumor angiogenesis (Andreu et  al. 2010). In a 
mouse model of skin cancer, deposition of B cell-derived immunoglobulins in the 
skin recruits and activates pro-tumoral and pro-angiogenic TAMs (Andreu et  al. 
2010).

T cells constitute 60–70% of the lymphocytes in circulating blood and each T 
cell is genetically programmed to recognize a unique peptide fragment by means of 
a specific T-cell receptor (TCR).

T lymphocytes provide effective anti-tumor immunity in vivo. The effector cells 
are predominantly CD8+ cells, which are phenotypically and functionally identical 
to the CTLs responsible for killing virus-infected or allogenic cells. Although CD4+ 
helper T cells are not generally cytotoxic to tumors, thay may provide cytokines for 
effective CTL development.

CD4+ T cells express surface markers CD25 and FOXP3 transcriptional factors, 
are recruited by CCR4 and CCR7 chemokines, secrete IL-10 and TGF-β involved in 
immunosuppression and inhibit inflammation in the tumor microenvironment 
(Candido and Hagemann 2013). CD4+ TH2 cells secrete IL-4 and stimulate the 
alternative M2-like activation of TAMs, which entails immunosuppressive, tissue- 
remodeling, and pro-angiogenic functions (Biswas and Mantovani 2010; De Nardo 
et al. 2009). IFNɣ secreted by CD4+ TH1 cells or CD8+ cytotoxic T cells may stimu-
late TAMs to up-regulate angiostatic cytokines CXCL9, CXCL10 and CXCL11 
(Biswas and Mantovani 2010; Baer et al. 2016).

T cells stimulate angiogenesis synthesizing FGF-2 and heparin-binding 
epidermal- like growth factor (HB-EGF) (Blotnick et al. 1994). Blockade of VEGF/
VEGFR-2 pathway in tumor-bearing mice improves the infiltration of adopetively 
transferred T cells in the tumor (Shrimali et al. 2010).

NK cells originally were identified in the blood and other lymphoid organs of 
humans and experimental animals as cells capable of killing a variety of cell types, 
including tumor-derived cell lines and virus-infected cells. NK cells comprise 
10–15% of peripheral blood lymphocytes, and express low amounts of CD56 and 
high amounts of CD16. Functional NK cells can be detected in the human fetal liver 
as early as 9–10 weeks of gestation. NK cells are derived from the bone marrow and 
appear as large lymphocytes with numerous azurophilic cytoplasmatic granules, 
because of which they are sometimes called large granular lymphocytes. By pheno-
type, NK cells are neither T nor B cells. NK cells have not phagocytic anctivity and 
their mediated killing uses the same mechanisms employed in CTL-mediated 
killing.

The possibility that NK cells provide a link between innate and adaptive immu-
nity is suggested by the observation that NK cells are the major effector cells of the 
so-called Antibody-Dependent Cell-mediated cytoxicity (ADCC), a function that is 
also shared by monocyte/macrophages and granulocytes.
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In response to high lelels of IL-2, NK cells differentiate into lymphokine- 
activated killer (LAK) cells. LAK cells exhibit a markedly enhanced capacity to 
lyse tumor cells and have been used in adoptive immunotherapy of tumors. The 
incidence of tumors in different strains of imbred mice correlates inversely with the 
functional capacity of NK cells in these mice. T-cell deficient nude mice have nor-
mal or elevated number of NK cells and they do not have a high incidence of spon-
taneous tumors.

NK cells provide surveillance against tumor cells and virus infected cells 
(Hayahawa and Smyth 2006). In fact, a higher incidence  of lymphoproliferative 
disorders has been demonstrated in patients with Chidiak-Hagashi syndrome, which 
have profound deficits in NK activity, and in patients with X-linked lymphoprolif-
erative diseases, NK activity s deficient as well (Sullivan et al. 1980). NK cells often 
are decreased in pathological conditions, including cancer and AIDS (Trinchieri 
1989).

In mice, NK cells have been found essential for the initiation of pregnancy- 
associated spiral arterial modification through their production of IFN-γ and 
VEGF. VEGF provides not only a potent pro-angiogenic stimulus but works as an 
important stem cell survival factor with ability to recruit cells into the hypoxic envi-
ronments (Carmeliet and Tessier-Lavigne 2005). Thus, it might act as endothelial 
tip cell guidance towards hypoxic endometrium not only in the endometrial/decid-
ual environment occupied by the trophoblasts but also in the necrotic milieu that 
occurs during endometrial destruction in the menstrual cycle. Moreover, uterine NK 
cells contribute to the physiological vascular remodeling in the uterus during the 
secretory phase of menstrual cycle as well as during pregnancy (Zhang et al. 2011).

A pro-tumorigenic phenotype of cancer infiltrating NK cells has been demon-
strated due to their ability to relase angiogenic factors and immunosuppressive cyto-
kines (Bruno et al. 2014).

Experimental work suggests that NK cells are required mediators of angiogene-
sis inhibition by IL-12, and that NK cell cytotoxicity of endothelial cells is a poten-
tial mechanism by which IL-12 can suppress neovascularization (Yao et al. 1999). 
IL-12 receptors indeed are present primarily on NK cells and T cells (Trinchieri 
1993). IL-12-activated lymphocytes influence inhibition of tumor growth and func-
tion as an anti-vascular agent, by releasing higher level of IFN-γ and down- 
modulating VEGF (Cavallo et al. 2001).

The genetic inactivation of Stat5, which is required for NK-cell mediated immu-
nosurveillance, upregulates VEGF-A in NK cells and enhanves angiogenesis in a 
mouse lymphoma models (Gotthardt et al. 2016).

7.4.1  Lymphocytes, Angiogenesis and Inflammation

Lymphocytes have important pro-angiogenic functions in the course of pregnancy. 
In particular, NK cells are the most abundant leukocytes in preimplantation endo-
metrium, accumulate and actively proliferate in the endometrium of murine, 
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porcine and human developing placenta (Leonard et al. 2006). In non small cell lung 
cancer, NK cells synthesize higher VEGF and placental growth factor (PlGF) as 
compared to controls (Bruno et al. 2013).

Lymphocytes are essential for the airway remodeling. Studies have been per-
formed in mice chronically infected with Mycoplasma pneumoniae. Mice lacking B 
cells expressed a great reduction of angiogenesis when infected with this microor-
ganism (Aurora et al. 2005). The humoral response, indeed, causes deposition of 
immune complexes on the airway wall, followed by recruitment of inflammatory 
cells at sites of infected airways which, in turn, are responsible for local production 
of remodeling factors. In asthma, key cells of allergy such as mast cells, produce 
significant amounts of IL-1 that contributes to lymphocyte infiltration (Bochner 
et al. 1990) and IL-4, essential for the triggering of TH2 lymphocytes that them-
selves produce IL-4 to initiate inflammatory cell accumulation and B lymphocytes 
immunoglobulin class switching to IgE (Bradding et al. 1993).

VEGF, HIF-1α, TNF-α, IL-8 and Angs are the main players responsible for the 
strong vessel formation in psoriasis. The proangiogenic milieu in the skin seems to 
result from a proinflammatory immune response initiated by T helper cells. Several 
small molecules used for systemic therapy of psoriasis have been shown to provide 
not only immune regulatory effects but also influence endothelial cell biology. Thus, 
direct targeting of angiogenesis may not only help to understand psoriasis patho-
genesis but also to develop new strategies to treat psoriasis with therapeutics that 
halt the angiogenesis required for the inflammatory disease. Trangenic mice express-
ing VEGF under the keratin 14 promoter develop a psoriasis-like inflammation 
characterized by increased angiogenesis, acanthosis, and immune cell infiltration. It 
has also been shown that application of 12-O-tetradecanoylphorbol-13-acetate 
(TPA) in these mice induces a severe and long-lasting skin inflammation with a 
Th17 cell signature.

Lymphocytes isolated from inflamed ears show a significantly higher number of 
activated T cells, in contrast to the primarily naive lymphocytes isolated from blood. 
In addition, there is an increase in regulatory T cells (CD 4+, CD25-, CD127 -/low) 
within the skin. Interestingly, CD4 depletion results in augmented ear thickness and 
proinflammatory cytokine levels, indicating that CD4+ T cells have a suppressive 
rather than a proinflammatory function in this model. Subsequently, sorted regula-
tory CD4+ CD25+  T cells are transferred to naive K14/VEGF transgenic mice 
before TPA challenge. CD4+ CD25+ T-cell transfer significantly reduces ear thick-
ness and proinflammatory cytokine production compared to controls, indicating that 
a persistent skin inflammation with similarities to psoriasis can be controlled by a 
single injection of few regulatory T cells (Teige et al. 2009).

Lymphocytes may cooperate to the generation of an antiangiogenic microenvi-
ronment that is essential for causing regression of the tumor mass. For instance, 
TH cells and cytotoxic T cells are needed to mediate the anti-angiogenic effect of 
IL-12 (Strasly et al. 2001).
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7.5  Dendritic Cells

Dendritic cells are bone marrow, hematopoietic-derived, professional antigen- 
presenting cells, able to induce both primary and secondary T- and B-cell responses 
as well as immune tolerance (Banchereau et al. 2000), and participate in the regula-
tion of the inflammatory reaction through the release of cytokines and chemokines 
(Banchereau and Steinman 1998).

Dendritic cell development can be broken down into five steps: proliferating pro-
genitors, nonproliferating precursors, immature dendritic cells, mature dendritic 
cells, and death by apoptosis. Mature dendritic cells lack nonspecific esterase, abun-
dant acid phosphatases and myeloperoxidase and lysozime. CD14 is absent and Fc 
receptors are scarce. The mature dendritic cells are noadherent to glass or plastic 
and are poorly or not all pahgocytic.

There are two types of dendritic cells, interdigitating and follicular dendritic 
cells. Interdigitating cells are present in the interstitium of most organs, are abun-
dant in T cell-rich areas of lymph nodes and spleen, and are scattered throughout the 
epidermis, where they are called Langerhans cells. Interdigitating cells are not 
phagocytic cells bur carries antigen from the periphery to present it to T cells in the 
paracortex of the lymph nodes. Interdigitating cells carry on their surface, the Ia 
antigen of the major histocompatibility complex, which is able to cluster T cells to 
facilitate their development as well their sorting and homing.

The follicular cells are present in the germinal centers of lymphoid follicles in 
the lymph nodes, and mucosa-associated lymphoid tissues. Follicular cells are not 
phagocytic but retain antigens for prolonged periods, captured in the form of 
immune complexes. They have implicated in the generation of memory lympho-
cytes and the maintenance of antibody production.

Dendritic cells are seeded in all tissues and provide an essential link between the 
innate and adaptive immune responses and when compared with other antigen- 
presenting cells, such as macrophages, they are extremely efficient. Dendritic cells 
are present within the stroma of different tumors, including stomach, colon, pros-
tate, kidney, thyroid, breast, and melanoma. Dendritic cells with immunosuppres-
sive regulatory activity are found in different advanced solid tumors (Veglia and 
Gabrilovich 2017).

Dendritic cells express both pro- and anti-angiogenic mediators when exposed to 
different combinations of cytokines and microbial stimuli and both positive and neg-
ative mediators of the angiogenic process can affect the biology of dendritic cells 
(Fig.  7.9), which express both VEGFR-1 and VEGFR-2 (Mimura et  al. 2006). 
Furthermore, expression of the VEGF co-receptor neuropilin-1 is induced during in 
vitro differentiation of monocytes into dendritic cells (Bourbie-Vaudaine et al. 2006).

Riboldi et al. (2005) reported that dendritic cells can be activated to an angiogenesis- 
promoting phenotype. They demonstrated that alternative activation of dendritic cells 
by anti-inflammatory molecules, such as calcitriol, prostaglandin E2 (PGE2) or IL-10 
prompts them to secrete VEGF and inhibit their secretion of IL-12, a potent antian-
giogenic molecule that is secreted by classical activated dendritic cells.

7.5 Dendritic Cells



56

Fig. 7.9 Effect of pro- and 
anti-angiogenic mediators 
on dendritic cells (DCs). 
Various pro- and anti- 
angiogenic factors inhibit 
(in blue) the differentiation 
of myeloid DC precursors 
in immature dendritic cells 
(iDCs) and the functional 
maturation of iDCs to 
mature DCs (mDCs). Also, 
they modulate the 
antigen-presenting function 
and polarization of mDCs. 
Others promote DC 
maturation and function 
(ET-1) or Langerhans DC 
differentiation (TGF-β1). 
Finally, VEGF promotes 
the transdifferentiation of 
DC precursors into 
endothelial-like cells. 
ET-1, endothelin-1; HGF, 
hepatocyte growth factor; 
PlGF, placental growth 
factor; TGF, transforming 
growth factor; TSP-1, 
thrombospondin-1 
(Reproduced from Sozzani 
et al. 2007)
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Incubation of tumor associated dendritic cells with VEGF and oncostatin M led 
to their transdifferentiation in endothelial cells (Gottfried et al. 2007). These cells 
express classical endothelial cell markers, including von willebrand factor and 
VE-cadherin and are able to form vascular-like tubes on Matrigel.

Tumor-associated dendritic cells release pro-angiogenic cytokines, including 
TNFα, CXCL8 and osteopontin (Curiel et al. 2004; Feijoo et al. 2005; Konno et al. 
2006). Immature dendritic cells can increase the expression of VEGF and CXCL8 
under hypoxic conditions (Ricciardi et al. 2008).

7.6  Mast Cells

Mast cells are bone marrow-derived tissue-homing leukocytes, which were first 
described by Paul Ehrlich in 1878. They are highly versatile cells playing an impor-
tant role in large spectrum of biological settings, including inflammation, angiogen-
esis, tissue repair, tissue remodeling and cancer.

Mast cells are involved in innate immunity through the release of TNF-α, IL-1, 
Il-4, and IL-6. Moreover, mast cells express major histocompatibility class II (MHC 
II) molecule and its co-stimulatory molecule, which activate adaptive T- and B-cell 
response. Mast cells express Toll-like receptors (TLRs), a type of patterns recogni-
tion receptor (PRR), which recognize molecules that are shared by pathogens and 
collectively referred as pathogen-associated molecular patterns (PAMPs). However, 
the ability of TLRs to stimulate mast cell degranulation, migration and cytokine/
chemokine secretion is controversial (Sanding and Bulfone-paus 2013).

Mast cells differ from basophils in the ultrastructure of their cytoplasmic gran-
ules, including scroll-like components, crystal-like or particulate substructures, and 
apparently homogeneous material (Dvorak 1989).

Mast cells produce a large spectrum of pro-angiogenic factors (Fig.  7.10). 
Human, rat and mouse mast cells release preformed FGF-2 from their secretory 
granules (Qu et al. 1995, 1998). Human cord blood-derived mast cells release VEGF 
upon stimulation through FcεRI and c-kit. Both FGF-2 and VEGF have also been 
identified by immunohistochemistry in mature mast cells in human tissues (Qu et al. 
1998; Grutzkau et al. 1998). Human mast cells are a potent source of VEGF in the 
absence of degranulation through activation of the EP (2) receptor by PGE2 (Abdel- 
Majid and Marshall 2004). Following IgE-dependent activation mast cells released 
several pro-angiogenic mediators stored in their granules, such as VEGF (Boesiger 
et al. 1998) and FGF-2 (Kanbe et al. 2000), that promote angiogenesis even in the 
early phase of allergic inflammation. Mast cells can also migrate in vivo and in vitro 
in response to VEGF (Detmar et  al. 1998; Gruber et  al. 1995) and PlGF-1  and 
express VEGFRs (Fig.  7.11) (Detoraki et  al. 2009), suggesting their recruitment 
to sites of neovascularization during physiological and pathological angiogenesis. 
Human lung mast cells express VEGF-A, VEGF-B, VEGF-C and VEGF-D at both 
mRNA and protein level (Detoraki et  al. 2009). Moreover, PGE2 enhanced the 
expression of VEGF-A, VEGF-B and VEGF-C, whereas an adenosine analog 
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(5′-(N-ethylcarboxamido) adenosine (NECA)) increased VEGF-A, VEGF-C and 
VEGF-D expression. Finally, supernatants of PGE2- and NECA-activated human 
lung mast cells induced angiogenic response in the CAM assay that was inhibited 
by an anti-VEGF-A antibody (Detoraki et al. 2009).

PGE2 dose-dependently induces primary mast cells to release the pro- angiogenic 
chemokine monocyte chemoattractant protein-1 (MCP-1) (Nakayama et al. 2006). 
This release of MCP-1 is complete by 2 hours after PGE2 exposure, reaches levels 
of MCP-1 at least 15-fold higher than background, and is not accompanied by 
degranulation or increased MCP-1 gene expression. By immunoelectron micros-
copy, MCP-1 is detected within mast cells at a cytoplasmic location distinct from 
the secretory granules. Dexamethasone and cyclosporine A inhibit PGE2-induced 
MCP-1 secretion by approximately 60%. Agonists of PGE2 receptor subtypes 
revealed that the EP1 and EP3 receptors can independently mediate MCP-1 release 
from mast cells. These observations identify PGE2-induced MCP-1 release from 

Fig. 7.10 Mast cells attracted in the tumor context by SCF secreted by tumor cells produce several 
angiogenic factors, such as VEGF, FGF-2, IL-8, tryptase, chymase, NGF, heparin, and TGF-β, as 
well as matrix metalloproteinases, like MMP-2 and MMP-9, which promote tumor vascularization 
and tumor invasiveness, respectively. Mast cells may also generate immunosuppression by releas-
ing IL-10, histamine, and TNF-α. Moreover, mast cells infiltrating the tumor stroma favor expan-
sion and activation of regulatory T cells (T reg cells), which, in turn, stimulate immune tolerance 
and tumor promotion. By contrast, mast cells may promote inflammation, inhibition of tumor cell 
growth, and tumor cell apoptosis by releasing cytokines such as IL-1, IL-4, IL-6, IL-8, MCP-3, 
MCP-4, INF-α, TNF-α, TGF-β, LTB4, and chymase (Reproduced from Ribatti and Crivellato 
2012)
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mast cells as a pathway underlying inflammation-associated angiogenesis and 
extend current understanding of the activities of PGE2.

Granulated mast cells and their granules, but not degranulated mast cells, are 
able indeed to stimulate an intense angiogenic reaction in the CAM assay. This 
angiogenic activity is partly inhibited by anti-FGF-2 and anti-VEGF antibodies, 
suggesting that these cytokines are involved in the angiogenic reaction (Ribatti et al. 
2001). Intraperitoneal injection of the degranulating compound 48/80 causes a 
strong angiogenic response in the rat mesentery window angiogenic assay and in 
mice (Norrby et al. 1986, 1989).

Mast cells contain MMPs (HMC-1 constitutively express MMP-9 mRNA and 
secrete active form of MMP-9 following PMA activation) and tissue inhibitors of 
metalloproteinases (TIMPs), (Tanaka et  al. 2001; Koskivirta et  al. 2006) which 
intervene in regulation of extracellular matrix degradation, allowing release of 
angiogenic factors.

Mast cells store large amounts of preformed active serine proteases, such as 
tryptase and chymase, in their secretory granules (Metcalfe et al. 1997). Tryptase 
stimulates the proliferation of endothelial cells, promotes vascular tube formation in 
culture and also degrades connective tissue matrix to provide space for neovascular 
growth (Ribatti and Ranieri 2015). Tryptase also acts indirectly by activating latent 

Fig. 7.11 Expression of VEGFs in human mast cells. A, VEGF-A, VEGF-B, VEGF-C, 
VEGF-D and PlGF RT-PCR amplification products from human lung mast cells (HLMCs), LAD-2 
cells, and HMC-1 cells. B, Immunoblot with anti–VEGF-B, anti–VEGF-C, anti–VEGF-D, and 
anti–GAPDH antibodies of HLMC, LAD-2, and HMC-1 lysates. MCF-7 and RAW 264.7 (Raw) 
cells were used as positive controls. (Reproduced from Detoraki et al. 2009)
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MMPs and plasminogen activator (PA), which in turn degrade the extracellular con-
nective tissue with consequent release of VEGF or FGF-2 from their matrix-bound 
state (Blair et al. 1997), and is angiogenic in the CAM assay (Fig. 7.12) (Ribatti 
et al. 2011). Mast cell-derived chymase degrades extracellular matrix components 
and therefore matrix-bound VEGF could be potentially released. The expression of 
chymase and tryptase correlates with mast cell maturation and angiogenesis during 
tumor progression in chemically induced tumor growth in BALB/c mouse (de 
Souza et al. 2012).

Histamine and heparin stimulated proliferation of endothelial cells induced the 
formation of new blood vessels in the CAM-assay (Ribatti et al. 1987; Sorbo et al. 
1994). Histamine stimulates new vessel formation by acting through both H1 and 
H2 receptors (Sorbo et  al. 1994). In an in vivo system of induced subcutaneous 
granuloma, histamine induced angiogenesis by up-regulating VEGF. The effect was 
delayed when the subcutaneous granuloma was induced in mice lacking histamine 
(L-histidine decarboxylase knock out mice). Histamine modulates tumor growth 
through H1 and H2 receptors (Fitzsimons et al. 1997). H1 receptor antagonists sig-
nificantly improved overall survival rates and suppressed tumor growth as well as 
the infiltration of mast cells and VEGF levels through the inhibition of HIF-1α 
expression in B16F10 melanoma-bearing mice (Jeong et al. 2013).

Heparin may act directly on blood vessels or indirectly by inducing release of 
FGF-2 from the extracellular storage site. Mast cell-derived heparin stimulates cap-
illary endothelial migration and proliferation in vitro. In in vivo experiments, the 
s.c. injection of commercial standard heparin (mean 15 kD) and high molecular 
weight heparin (mean 22 kD) stimulates angiogenesis, wheras low molecular weight 
heparin (mean 2.5 amd 5.0 kD) inhibits it. These different effects suggest that the 
molecular size and tertiary structure of heparin may influence angiogenesis. Heparin 
could facilitate tumor vascularization not only by a direct pro-angiogenic effect but 
also through its anti-clotting effect (Theoharides and Conti 2004).

Other cytokines produced by mast cells, including IL-8 (Moller et  al. 1993), 
TNF-α (Walsh et al. 1991), TGF-β, NGF (Nilsson et al. 1997) and urokinase-type 
PA are involved in normal and tumor-associated angiogenesis (Aoki et al. 2003).

Fig. 7.12 Tryptase is 
angiogenic in vivo in the 
CAM assay. Macroscopic 
picture of CAMs at day 12 
of incubation treated with 
tryptase. Note the presence 
of numerous blood vessels 
converging toward the 
implant (Modified from 
Ribatti et al. 2011)
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Although some evidence suggest that these cells can promote tumorigenesis and 
tumor progression, there are some clinical data as well as experimental tumor mod-
els in which mast cells seems to have functions that favor the host (Ribatti and 
Crivellato 2009). Mast cells exert immunosuppression releasing TNF-α and IL-10, 
which are essential in promoting the immune tolerance mediated by regulatory T 
(Treg) cells, and stimulate immune tolerance and tumor promotion (Ullrich et al. 
2007; Grimbaldeston et al. 2007). Mast cells promote inflammation, inhibition of 
tumor cell growth, and tumor cell apoptosis by releasing cytokines, such as interleu-
kin IL-1, IL-4, IL-6, IL-8, monocyte chemotactic protein-3 and -4 (MCP-3 and 
MCP-4), TGF-β, and chymase. Chondrotin sulphate may inhibit tumor cells diffu-
sion and tryptase causes both tumor cell disruption and inflammation through acti-
vation of protease-activated receptors (PAR-1 and -2) (Ribatti and Crivellato 2012).

Mast cell-deficient W/Wv mice exhibit a decreased rate of tumor angiogenesis 
(Starkey et al. 1988). Development of squamous cell carcinoma in a human papil-
loma virus (HPV) 16 infected transgenic mouse model of epithelia carcinogenesis 
provided experimental support for the early participation of mast cells in tumor 
growth and angiogenesis (Coussens et al. 1999, 2000). Mast cells infiltrated hyper-
plasia, dysplasias, and the invasive front of carcinomas, but not the core of tumors. 
Accumulation occurred proximal to developing capillaries and the stroma surround-
ing the advancing tumor mass (Coussens et al. 1999). Infiltration of mast cells and 
activation of MMP-9 coincided with the angiogenic switch in premalignant lesions 
through the release of pro-angiogenic molecules from the extracellular matrix. 
Remarkably, premalignant angiogenesis was abrogated in a mast cell-deficient HPV 
16 transgenic mouse indicating that neoplastic progression in this model involved 
infiltration of mast cells in the skin (Coussens et al. 1999, 2000). By using the same 
in vivo transgenic mouse model, it has been demonstrated that genetic elimination 
of mature T and B lymphocytes, limits neoplastic progression (de Visser et al. 2005; 
Andreu et al. 2010). Moreover, in prostate tumors derived from both tumor trans-
genic adenocarcinoma of the mouse prostate (TRAMP) mice and human patients, 
mast cells promote well-differentiated adenocarcinoma growth (Pittoni et al. 2011).

Within the developing tumor environment, mast cells do not act alone. As tumor 
growth progresses, mast cells recruit eosinophils and neutrophils and activate T and 
B cell immune responses (Kinet 2007).

An increased number of mast cells has indeed been reported in angiogenesis 
associated with vascular neoplasms, like haemangioma and haemangioblastoma 
(Glowacki and Mulliken 1982), as well as a number of solid and haematopoietic 
tumors. Mast cell density correlates with angiogenesis and poor tumor outcome. 
Association between mast cells and new vessel formation has been reported in 
breast cancer (Hartveit 1981; Bowrey et al. 2000), gastric cancer (Fig. 7.13) (Yano 
et al. 1999; Ribatti et al. 2010), colorectal cancer (Lachter et al. 1995) and uterine 
cervix cancer (Graham and Graham 1966). Tryptase-positive mast cells increase in 
number and vascularization increases in a linear fashion from dysplasia to invasive 
cancer of the uterine cervix (Benitez-Bribiesca et al. 2001; Ribatti et al. 2005). An 
association of VEGF and mast cells with angiogenesis has been demonstrated in 
laryngeal carcinoma (Sawatsubashi et al. 2000) and in small lung carcinoma, where 
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most intratumoral mast cells express VEGF (Imada et  al. 2000; Takanami et  al. 
2000; Tomita et al. 2000). Mast cell accumulation has also been noted around inva-
sive melanoma (Reed et al. 2006; Dvorak et al. 1980). In melanoma, mast cell accu-
mulation was correlated with increased neovascularization, mast cell expression of 
VEGF (Toth-Jakatics et al. 2000) and FGF-2 (Ribatti et al. 2003a), tumor aggres-
siveness and poor prognosis. Indeed, a prognostic significance has been attributed 
to mast cells and microvascular density in melanoma (Fig.  7.14) (Ribatti et  al. 
2003b), and in squanous cell cancer of the oesophagus (Elpek et al. 2001) and squa-

Fig. 7.13 Histological sections of human advanced primary melanomas stained with factor VIII 
for microvessels (a,b) and withm tryptase for mast cells (c,d) from patients with good (a,c) and 
poor prognosis (b,d) subgroup. Note the higher density of microvessels with an appreciable lumen 
(arrowheads) and of mast cells (red stained) in the poor prognosis patient (Reproduced from 
Ribatti et al. 2003a)
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mous cell carcinoma of the lip (Rojas et al. 2005). Data on mast cells and metastasis 
have been scant and poor.

Mast cell density, new vessel rate and clinical prognosis have correlate in haema-
tological tumors. In benign lymphadenopathies and B cell non-Hodgkin’s 
 lymphomas, angiogenesis correlates with total and tryptase-positive mast cell 
counts, and both increase in step with the increase with malignancy grades (Ribatti 
et  al. 1998, 2000). In non-Hodgkin’s lymphomas, a correlation has been found 
between vessel count and the number of mast cells and VEGF-expressing cells 
(Fukushima et al. 2001). In the bone marrow of patients with inactive and active 
multiple myeloma as well as those with monoclonal gammopathies of undeter-
mined significance, angiogenesis highly correlates with mast cell counts (Ribatti 
et  al. 1999). A similar pattern of correlation between bone marrow microvessel 
count, total and tryptase- positive mast cell density and tumor progression has been 
found in patients with myelodysplastic syndrome (Ribatti et al. 2002) and B cell 
chronic lymphocytic leukemia (Ribatti et al. 2003c). In the early stages of B cell 
chronic lymphocytic leukemia, the density of tryptase-positive mast cells in the 
bone marrow predicts the outcome of the disease (Molica et al. 2003).

Fig. 7.14 Immunohistochemical staining for CD31, tryptase and chymase in stage II (a–c) and 
stage IV (d–f) human gastric cancer. In (a, d) endothelial cells immunoreactive for CD31, in (b, e) 
tryptase-positive mast cells; in (c, f) chymase-positive mast cells. Blood vessels and mast cells are 
distributed around the gastric glands. The number of blood vessels and mast cells is higher in stage 
IV as compared with stage II (Reproduced from Ribatti et al. 2010)
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7.6.1  Mast Cells, Angiogenesis, and Chronic Inflammation

Mast cells are common components of inflammatory infiltrates and exert basic func-
tions in the cross-talk between immunological, inflammatory and reparative tissue 
reactions (Metcalfe et al. 1997).

Myocardial infarction is associated with an acute inflammatory response, lead-
ing to replacement of injured cardiomyocytes with granulation tissue (Ren et  al. 
2003). Myocardial necrosis is associated with complement activation and free radi-
cal generation, triggering a cytokine cascade and chemokine upregulation. IL-8 and 
C5a are released in the ischemic myocardium, and may have a crucial role in neu-
trophil recruitment. Extravasated neutrophils may induce potent cytotoxic effects 
through the release of proteolytic enzymes and the adhesion with intercellular adhe-
sion molecule (ICAM)-1 expressing cardiomyocytes. MCP-1 is induced in the 
infarcted area and may regulate mononuclear cell recruitment. Accumulation of 
monocyte-derived macrophages, and mast cells may increase expression of growth 
factors inducing angiogenesis and fibroblast accumulation in the infarct. In addi-
tion, expression of cytokines inhibiting the inflammatory response, such as IL-10 
may suppress injury. MMPs and their inhibitors regulate extracellular matrix depo-
sition and play an important role in mediating ventricular remodeling. Mast cells are 
actively involved in postinfarction inflammation by releasing histamine and TNF-α, 
triggering a cytokine cascade. During the proliferative phase of healing, mast cells 
accumulate in the infarct and may regulate fibrous tissue deposition and angiogen-
esis by releasing growth factors, angiogenic mediators, and proteases. In the healing 
infarct, mast cells are associated with other cell types that are important for granula-
tion tissue formation. Inflammatory mediators may induce recruitment of blood- 
derived primitive stem cells in the healing infarct, which may differentiate into 
endothelial cells and even lead to limited myocardial regeneration.

Mast cells have been implied in the neovascularization associated with rosacea. 
Indeed, angiogenesis seems to play an important role in the pathogenesis especially 
of the more severe clinical form of rosacea. Mast cells seem to participate in evolu-
tion to disease chronicity by contributing to inflammation, angiogenesis and tissue 
fibrosis (Aroni et al. 2007).

Atopic dermatitis skin lesions are characterized by inflammatory changes and 
epithelial hyperplasia requiring angiogenesis. Mast cells may participate in this pro-
cess via bidirectional secretion of tissue-damaging enzymes and pro-angiogenic 
factors. It has been shown that mast cells are abundantly localized in the papillary 
dermis and migrate through the basal lamina into the epidermis of atopic dermatitis 
lesions (Groneberg et al. 2005). Approximately 80% are chymase positive. A high 
number of mast cells express c-kit. Most papillary and epidermal mast cells localize 
close to endothelial cells. Vascular expression of endoglin (CD105) demonstrates 
neoangiogenic processes. Mast cells stimulation leads to the expression of proan-
giogenic factors and tissue-damaging factors such MMPs. These data suggest that 
in atopic dermatitis, mast cells close to papillary vessels and within the epidermis 
may be implicated in stimulation of neoangiogenesis.
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Mast cells are involved in the pathogenesis of rheumatoid arthritis (Yamada et al. 
1998). Mast cells reside in connective tissues and in synovial tissue of joints. They 
produce an array of proinflammatory mediators, tissue destructive proteases, and 
cytokines, most prominently TNF-α, which is one of the key cytokines in the patho-
genesis of rheumatoid arthritis (Eklund 2007).

Mast cells may also participate in the development of secondary or amyloid A 
amyloidosis, as the partial degradation of the serum amyloid A protein by mast cells 
leads to the generation of a highly amyloidogenic N-terminal fragment of serum 
amyloid A. Mast cells may contribute to the pathogenesis of connective tissue dis-
eases, scleroderma, vasculitic syndromes, and systemic lupus erythematosus. 
Inhibition of the most important growth factor receptor of human mast cells, c-Kit, 
by the selective tyrosine kinase inhibitor imatinib mesylate, induces apoptosis of 
synovial tissue mast cells. As mast cells are long-lived cells, induction of their apop-
tosis could be a feasible approach to inhibit their functions.

Mast cells have been implicated in the vascular inflammation leading to aneu-
rism formation. Abdominal aortic aneurysm is histologically characterized by 
medial degeneration and various degrees of chronic adventitial inflammation, 
although the mechanisms for progression of aneurysm are poorly understood. The 
number of mast cells was found to increase in the outer media or adventitia of 
human abdominal aortic aneurysm, showing a positive correlation between the cell 
number and the aneurism diameter (Tsuruda et al. 2008). Aneurysmal dilatation of 
the aorta was seen in the control rats following periaortic application of calcium 
chloride (CaCl2) treatment but not in the mast cell-deficient mutant Ws/Ws rats. 
The aneurism formation was accompanied by accumulation of mast cells, T lym-
phocytes and by activated MMP-9, reduced elastin levels and augmented angiogen-
esis in the aortic tissue, but these changes were much less in the Ws/Ws rats than in 
the controls. Similarly, mast cells accumulated and activated at the adventitia of 
aneurysmal aorta in the apolipoprotein E-deficient mice. The pharmacological 
intervention with the tranilast, an inhibitor of mast cell degranulation, attenuated 
aneurism development in these rodent models. In the cell culture experiment, mast 
cells directly augmented MMP-9 activity produced by the monocyte/macrophage. 
These data suggest that adventitial mast cells play a critical role in the progression 
of abdominal aortic aneurysm.

7.6.2  Therapeutic Strategies

Mast cells might act as a new target for the adjuvant treatment of tumors through the 
selective inhibition of angiogenesis, tissue remodeling and tumor promoting mole-
cules, allowing the secretion of cytotoxic cytokines and preventing mast cell medi-
ated immune-suppression. Pre-clinical studies using anti-cKIT antibodies (Huang 
et  al. 2008), anti-TNF-α antibodies (Gounaris et  al. 2007), or the mast cells 
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stabilizer disodium cromoglycate (cromolyn) (Soucek et al. 2007) in mouse models 
have demonstrated promising results.

Histamine receptor antagonists have anti-angiogenic properties in  vitro and 
in vivo (De Luisi et al. 2009; Kubecova et al. 2011). Inhaled corticosteroids have 
beneficial effects on angiogenesis, permeability and vessel dilatation mediated by 
reducing the ratio of VEGF/Ang-2 and modulating the balance of VEGF and end-
ostatin, inhibiting the production of CXCL-8, GM-CSF, TNF, and MMPs (Chetta 
et al. 2007). Treatment with nonsteroidal anti-inflammatory drugs reduces the inci-
dence of colorectal cancer (Kochne and Dubois 2004).

7.7  Eosinophils

Peripheral blood and tissue eosinophils are derived from CD34-positive myelocytic 
progenitors found in the bone marrow and inflamed tissues. Eosinophils contain 
four granule types: primary granules, secondary specific granules (or crystalloid 
granules), small granules, and secretory vesicles. The eosinophil is characterized by 
large crystalloid granules, as shown in light microscopy by their bright red staining 
properties with eosin. At ultrastructural level, the crystalloid granules contain 
electron- dense crystalline cores surrounded by an electron-lucent granule matrix. 
The major basic protein (MBP), toxic for some helminths, is contained in the crys-
talloid. Primary granules contain Charcot-Leyden crystals, observed in fluids in 
association with eosinophilic inflammatory reactions. Human eosinophils produce 
over 25 different cytokines, chemokines, and growth factors, involved in the regula-
tion of different immune responses (Table  7.6). Other granule-stored proteins 
include different enzymes involved in inflammation, such as phosphatase, collage-
nase, MMPs, histaminases, catalase, and phospholypase D.

Eosinophilia accompanies different pathological conditions, including helmintic 
parasites, atopic allergic diseases, seasonal and perennial rhinitis, atopic dermatitis, 
and asthma. Moreover, eosinophilia is associated to a variety of lymphoid and solid 
tumors, particularly Hodgkin lymphoma. Eosinophils are recruited to tumors by 

Table 7.6 Cytokines, chemokines and growth factors produced by human eosinophils

Interleukins (IL)
IL-1α, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-11, IL-12, IL-13, IL-16, Leukemia inhibitory 
factor (LIF)
Interferon gamma
Tumor necrosis factor
Granulocyte-Mancrophage Colony Stimulating Factor
Chemokines
Eotaxin, IL-8, MIP-1α, MCP-1, MCP-3, MCP-4, RANTES
Growth factors
EGF, NGF, PDGF-B, TGF-α, TGF-β1
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CC-chemokine ligand 11 (CCL11, also known as eotaxin) through CC-chemokine 
receptor 3 (CCR3) and localize to hypoxic tumor areas (Cormier et al. 2006).

Eosinophils are pro-angiogenic through the production of an array of cytokines 
and growth factors, such as VEGF, FGF-2, TNFα, GM-CSF, NGF, IL-8 and angio-
genin (Horiuchi et al. 1997; Hoshino et al. 2001a; Wong et al. 1990; Kita et al. 1991; 
Solomon et al. 1998; Yousefi et al. 1995; Hoshino et al. 2001b), and are positively 
stained for VEGF and FGF-2 in the airways of asthmatic patients (Hoshino et al. 
2001a). Eosinophils release VEGF following stimulation with GM-CSF and IL-5 
(Hoshino et  al. 2001a), both expressed in the tissue and in the bronchoalveolar 
lavage fluid of patients with allergic asthma. Eosinophils generate VEGF by de novo 
synthesis and release it (Horiuchi et al. 1997). VEGFR-1 and -2 have been detected 
on human peripheral blood eosinophils and VEGF induces eosinophil migration 
and cationic protein release, mainly through VEGFR-1 (Feistritzer et  al. 2004). 
Eosinophils promoted endothelial cells proliferation in vitro and induce new vessel 
formation in the aorta ring and in the CAM assays (Figs.  7.15, 7.16, and 7.17) 
(Puxeddu et al. 2005a, b). Neutralization of VEGF in eosinophils reduced their angio-
genic effects in the CAM by 55% suggesting the important, but not unique role 
played by this factor in the induction of the angiogenic response. Eosinophils are 
not the only source of VEGF but they can also be targets for VEGF in allergic 
inflammation. Eosinophil infiltration could be reduced by administration of an anti- 
VEGF receptor antibody in a murine model of toluene diisocyanate (TDI)-induced 
asthma (Lee et al. 2002). Eosinophils are a rich source of preformed MMP-9, and 
they promote angiogenesis also by acting on matrix degradation.

Eosinophil-derived major basic protein (MBP) induced endothelial cell prolif-
eration and enhanced the pro-mitogenic effect of VEGF, but did not affect VEGF 
release (Figs. 7.18, and 7.19) (Puxeddu et al. 2009). Moreover, MBP promoted cap-
illarogenesis by endothelial cells seeded on Matrigel, angiogenesis in vivo in the 
CAM assay, and the pro-angiogenic effect of MBP was not due to its cationic charge 
since stimulation in the CAM with the synthetic polycation, poly-L-arginine did not 
induce any angiogenic effect (Puxeddu et al. 2009). Hypoxia increases eosinophil 
survival, HIF-1α, VEGF, and CXCL8 release (Nissim Ben Efrain et al. 2010).

Eosinophils are blood circulating granulocytes that have an important role both 
in the development of allergic inflammation and in the pathophysiology of tissue 
remodeling (Munitz and Levi-Schaffer 2004). They are key cells in the late stages 
of allergic inflammation. In several conditions such as asthma, rhinitis, vernal kera-
toconjunctivitis and atopic dermatitis these cells contribute to the perpetuation of 
inflammatory process and to the development of tissue remodeling.

In the majority of nasal polyps, eosinophils comprise more than 60% of the cell 
population (Pawankar 2003). An increased production of cytokines/chemokines 
like GM-CSF, IL-5, RANTES and eotaxin contribute to eosinophil migration and 
survival. Again, increased expression of VEGF and its upregulation by TGF-β can 
contribute to the edema and increased angiogenesis in nasal polyps.

Although mouse models of inflammatory skin diseases such as psoriasis and 
atopic dermatitis fail to completely phenocopy disease in humans, they provide 
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invaluable tools to examine the molecular and cellular mechanisms responsible for 
the epidermal hyperplasia, inflammation, and excess angiogenesis observed in 
human disease. Interestingly, treatment of Tie-2 transgenic mice with anti-CD4 
antibody resolve aspects of inflammation but did not resolve epidermal hyperplasia, 
suggesting an important role for eosinophils in mediating the inflammatory skin 
disease observed in these mice (Voskas et al. 2008). Indeed, there is an increased 
number of CD3-positive T lymphocytes in the blood and increased infiltration of 
eosinophils in the skin associated with a deregulated expression of cytokines associ-
ated with Th1 and eosinophil immune responses.

The 33-amino acid peptide secretoneurin has been shown to potently and specifi-
cally attract eosinophils towards a concentration gradient and acts as an angiogenic 

Fig. 7.15 Eosinophils 
induce endothelial cell 
proliferation. Subconfluent 
rat aortic endothelial cells 
were incubated with 
eosinophil sonicate (Eos 
son) (A) or eosinophil 
supernatants (Eos sup) (B) 
or co-cultured with freshly 
isolated eosinophils (Eos) 
(C) for 24 h. Endothelial 
cell proliferation was then 
evaluated by 
3(H)-thymidine 
incorporation. Medium and 
VEGF were used as 
negative and positive 
controls, respectively. (*) 
P < 0.05 and (**) P < 0.01 
vs. endothelial cells 
cultured in medium 
(Reproduced from 
Puxeddu et al. 2005a, b)
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cytokine comparable in potency to VEGF (Fischer-Colbrie et al. 2005). Thus, secre-
toneurin contributes to neurogenic inflammation and might play a role in the 
(hypoxia-driven) induction of neo-vascularisation in ischemic diseases like periph-
eral or coronary artery disease, diabetic retinopathia, cerebral ischemia or in solid 
tumors.

Fig. 7.16 Eosinophils 
induce rat aorta sprouting. 
Rat aorta rings grown in 
collagen gel were 
incubated with eosinophil 
sonicate (Eos son) or with 
medium for 3 days. 
Microvessel formation was 
photographed with a 
stereoscope (a) and 
quantified by direct 
counting (b). P < 0.05 and 
(**) P < 0.01 vs. rat aorta 
rings cultured in medium 
(Reproduced from 
Puxeddu et al. 2005a, b)

Fig. 7.17 Eosinophils induce an angiogenic response in the chick embryo CAM. Eosinophil soni-
cate (a), medium alone (b), cell suspensions of rat mast cells (c), VEGF (d), or eosinophil sonicate 
pre-incubated with anti-VEGF neutralizing antibody (e) were delivered on the top of the CAM, by 
using a gelatin sponge implant (asterisk). In a, c and d, gelatin sponges are surrounded by allantoic 
vessels that develop radially towards the implant in a “spoked-wheel” pattern. In b, no vascular 
reaction is detectable and in E reduced vascular reaction is detectable around the sponge 
(Reproduced from Puxeddu et al. 2005b)
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7.7.1  Mast Cells and Eosinophils in Angiogenesis 
During Allergic Diseases

Activated mast cells release mediators that contribute to eosinophil recruitment, 
activation and survival. For example, rat peritoneal mast cell-derived TNF enhances 
eosinophil survival by autocrine production of GM-CSF, and mast cell-derived 
tryptase induces IL-6 and IL-8 release in eosinophils by the mitogen-activated pro-
tein kinase (MAPK) and activating protein (AP)-1 pathways. On the other hand, 
eosinophil-derived mediators can influence mast cell survival and activation. Among 
them, MBP was found to induce histamine and prostaglandin (PG)D2 release from 
human lung and cord blood-derived mast cells through an IgE-independent 

Fig. 7.18 Endothelial cells were incubated with medium alone (control) or with different concen-
trations of MBP or with VEGF for 24 hours. Endothelial cell proliferation was then evaluated by 
3(H)-Thymidine incorporation assay and expressed as CPM/well. *P < 0.01, **P < 0.001 vs con-
trol (Reproduced from Puxeddu et al. 2009)

Fig. 7.19 Endothelial cells were incubated with medium alone (control) or with VEGF alone or 
together with MBP for 24 h. Endothelial cell proliferation was then evaluated by 3(H)-Thymidine 
incorporation assay and expressed as CPM/well. *P < 0.01 vs control (Reproduced from Puxeddu 
et al. 2009)
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mechanism. Eosinophils synthesize, store and release important mast cell survival 
and activating factors such as SCF and NGF. All these evidences indicate that mast 
cells and eosinophils through their specific preformed mediators can prolong and 
even intensify allergic inflammation with possible development of tissue damage 
and consequent remodeling.

Increased vascularity in the airways has been recognized not only in patients 
with severe asthma, but also in those with mild disease (Li and Wilson 1997; Orsida 
et al. 1999; Redington et al. 2001). Studies in the airways of asthmatic patients have 
revealed that the ratio between the level of VEGF and endostatin, pro- and anti- 
angiogenic mediators respectively, is increased in the sputum of asthmatics in com-
parison to control subjects (Svensson et  al. 1995). Therefore, it seems that an 
imbalance in favor of pro-angiogenic factors leads to the abnormal growth of new 
blood vessels in asthma. The submucosa of the airways of asthmatics also exhibits 
higher VEGF, FGF-2 and angiogenin immunoreactivity than did control subjects 
(Hoshino et al. 2001a, b), and the expression of VEGF, and VEGFR-1 and VEGFR-2 
inversely correlates with airway function (Asai et al. 2002). An increase in FGF-2 
levels in the bronchial alveolar lavage (BAL) fluid of atopic asthmatics in compari-
son to healthy subjects has also been reported (Hoshino et al. 2001a, b). Interestingly, 
a further increase of FGF-2 in the BAL fluid following acute allergen exposure sug-
gests that the up-regulation of angiogenic mediators may be the result of mast cells 
degranulation following IgE-dependent activation.

The direct contribution of VEGF in allergic response in asthma has been rpro-
posed by Lee et al. (2004). They generated lung-targeted VEGF165 transgenic mice 
and evaluated the role of VEGF in antigen-induced Th2-mediated inflammation. 
Over-expression of VEGF induced leukocytes infiltration in the lung, over- 
production of IL-13, as well as increases in mucus production, collagen deposition 
and smooth muscle hyperplasia. Interestingly, these mice had an increase in the 
number of activated dendritic cells, and they developed an exaggerated immune 
response following respiratory allergen challenge. These results prove that VEGF 
has direct effects on the immune system and it amplifies a TH2-mediated response 
in an animal model of experimental asthma.

On the other hand, it has been demonstrated that TH2 cytokines modulate the 
synthesis and release of VEGF by different inflammatory and structural cells of the 
airways. For example, in the airway smooth muscle cells IL-4, IL-5 and IL-13 
enhanced VEGF production while TH1 cytokines such as IFNγ inhibited their spon-
taneous and IL-4-, IL-5- or IL-13-induced VEGF release. These results introduce a 
new concept of how VEGF and the immune system can interact in the allergic air-
way disorders: TH2 cytokines such as IL-13 induce structural cells to produce 
VEGF, which, in turn, enhance allergen induced inflammation and consequent 
remodeling.

Several studies have highlighted the contribution of mast cells in angiogenesis 
during allergic inflammation. Following IgE-dependent activation mast cells 
released several pro-angiogenic mediators stored in their granules, such as VEGF 
and FGF-2, promoting angiogenesis even in the early phase of allergic inflamma-
tion. Histamine stimulates new vessel formation by acting through H1 and H2 recep-
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tors. In an in vivo system of induced subcutaneous granuloma, histamine increased 
angiogenesis by up-regulating the level of VEGF. This effect was delayed when the 
subcutaneous granuloma was induced in mice lacking histamine. Some experimen-
tal evidences indicate that mediators present in allergic inflammation promote the 
release of pro-angiogenic mediators by mast cells and eosinophils. Eosinophils can 
release VEGF following stimulation with GM-CSF and IL-5 (Horiuchi and Weller 
1997), Moreover IgE-mediated mouse and human mast cell activation is an effec-
tive inducer of VEGF production. Interestingly, PGE2, found to be elevated in aller-
gic asthma, induced human mast cells to release VEGF via activation of the EP2 
receptor in the absence of degranulation. Since both mast cells and eosinophils are 
rich sources of several extracellular matrix-degrading enzymes, we believe that they 
promote angiogenesis by acting on matrix degradation. HMC-1 constitutively 
express MMP-9 mRNA and secrete the active form of MMP-9 following PMA 
activation. Eosinophils were previously found to produce active MMP-9 and more 
recently we have shown that they express heparanase, an extracellular matrix 
degrading enzyme that is pre-formed and inhibited by the eosinophil cationic pro-
teins (Temkin et  al. 2004). In addition, IL-8, a pro-angiogenic chemokine pre- 
formed in and newly synthesized by eosinophils, enhances the mRNA levels, as 
well as active MMP-2 and MMP-9 expression in endothelial cells.

Several cytokines and growth factors involved in allergic inflammation and in 
remodeling are responsible for increasing the basal level of VEGF in fibroblasts, 
smooth muscle cells and keratinocytes. Bradykinin, IL-1α, IL-5, IL-13 and TGF-β 
are potent inducers of VEGF in airway smooth muscle cells, and TGF-β together 
with IL-4 and IL-13 enhances the synthesis of VEGF in bronchial fibroblasts 
(Richter et al. 2001). VEGF is a potent chemoattractant for leukocytes in experi-
mental asthma (Lee et al. 2004) and induces migration of mononuclear cells across 
an endothelial cell monolayer in vitro. Eosinophil infiltration could be reduced by 
administration of anti-VEGF receptor antibodies in a murine model of toluene 
diisocyanate (TDI)-induced asthma (Lee et al. 2002). A possible explanation for this 
down-regulatory effect comes from recent in vitro studies. VEGFR-1 and -2 have 
been detected on human peripheral blood eosinophils and VEGF induces eosinophil 
migration and ECP release, mainly through VEGFR-1 (Feistritzer et  al. 2004). 
Together with eosinophils, mast cells can also migrate in vivo and in vitro (Gruber 
et al. 1995) in response to VEGF, suggesting their recruitment to sites of neovascu-
larization during physiological or pathological angiogenesis. These results indicate 
that a positive feed back loop can take place in allergic inflammation with Th2 
mediators inducing VEGF release by eosinophils and mast cells and consequence 
angiogenesis, and VEGF enhancing activation of mast cells and eosinophils.
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7.8  Basophils

Paul Ehrlich identified basophils in 1879 based on their unique microscopic appear-
ance after being exposed to basic stains. Basophils are bone-marrow derived granu-
locytes that circulate in the peripheral blood, from where they are recruited at sites 
of inflammation. Their cytoplasm contains rare, small, peroxidase-positive lyso-
somes corresponding to azurophilic granules, and large basophilic granules, conat-
ing histamine, heparin, and leukotrienes.

Several seminal studies in the 1970s and 1980s demonstrated that basophil popu-
lations expand dramatically in response to various helminth parasites and parasite- 
derived antigens, suggesting that basophils might play a role in protective immunity 
to some parasites (Ogilvie et al. 1978).

Basophils constitutively express high affinity receptors for IgE (FcɛRI), expressed 
on their surface. Upon interaction of this receptor-bound IgE antibodies with spe-
cific multivalent antigen, basophils undergo activation and degranulation resulting 
in the release of many biologically active, pro-inflammatory and/or immunoregola-
tory products. Basophil maturation is accompanied by an increase in methacroma-
sia when they are stained with anionic dyes. Mature basophils are negative for 
naphthol AS-D chloroacetate esterase, whereas mature mast cells are positive 
(Parwaresch 1976).

IL-3 is an important growth factor for basophils, together with GM-CSF; IL-5 
and NGF may also synergize with other growth factors to stimulate basophil matu-
ration in vitro (Galli et al. 2001). Cytoplasmic granules of basophils contain proteo-
glycans, consisting of sulfated glycosaminoglycans covalently linked to a protein 
core. Moreover, basophils synthesize and store histamine and represent the major 
source of histamine present in human blood (Porter and Mitchell 1972). Basophils 
generate other mediators, either preformed and granule-associated (e.g. neutral pro-
teases), or produced during activation of the cell (e.g. leukotriens, slow-reacting 
substances of anaphylaxis, and other metabolities of arachidonic acid and platelet- 
activating factor). Both mast cells and basophils exhibit amoeboid capacity, which 
was described as early by Maximov in 1904.

Immunologists came to recognize basophils as potential immunoregulatory cells 
only when it was discovered that they represent one of most potent sources of IL-4 
and that they can migrate into lymph nodes to drive TH2 polarization.

In addition to their role in classic acute immediate hypersensitivity responses, 
e.g. anaphylaxis, mast cells and basophils can also contribute to late-phase reac-
tions. It is widely belivied that much of the morbidity associated  with chronic 
 allergic disorders, including allergic asthma, is attributable to the actions of leuko-
cytes recruited to the sites of late-phase reactions.

Basophils are implicated in multiple human diseases, including autoimmune dis-
orders, inflammatory disorders, cancer, and allergies and asthma. However, the con-
tributions of basophils to the development of human disease states remain poorly 
defined. Basophils are able to drive pro-inflammatory responses by recruiting effec-
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tor cells such as TH2 cells, eosinophils and inflammatory macrophages to the site of 
inflammation.

Basophils constitutively express CCR1, CCR2, CCR3, CXCR1, CXCR3, and 
CXCR4 (Gibbs 2005; Min and Paul 2008). CCR3 is highly expressed on human 
basophils and can be activated by eotaxin (CCL11), RANTES (CCL5), MCP-3 
(CCL7) and MCP-4 (CCL13) (Min et al. 2006). In contrast to human basophils, 
mouse basophils do not express CCR3. Upon IgE overproduction, mouse basophils 
release CCL22, which is a potent chemoattractant for TH2 cells and has been impli-
cated in TH2-predominant allergic inflammation (Watanabe et al. 2008).

Basophils express mRNA for three isoforms of VEGF-A (121, 165 and 189) and 
two isoforms of VEGF-B (167 and 186); VEGF-A has an intracellular localization, 
where it co-localizes with basogranulin (Figs. 7.20, and 7.21) (de Paulis et al. 2006).

Fig. 7.21 Intracellular localization of VEGF-A in human basophils. Double immunofluorescence 
staining of an enriched preparation of peripheral blood basophils examined by confocal micros-
copy. (a), the intracellular localization of basogranulin by using the BB1 mAb (green); (b), the 
cells immunostained for VEGF-A (red); and (c), the colocalization of basogranulin and VEFG-A 
in human basophils (yellow) (Reproduced from de Paulis et al. 2006)

Fig. 7.20 Expression of different forms of VEGF mRNA in human basophils. Purified basophils 
were lysed in lysis buffer to obtain a total RNA preparation. Total RNA was reverse-transcribed 
and amplified by 40 PCR cycles in the presence of VEGF-specific primers and of GAPDH primers 
as loading control. PCR amplification of buffer represented the negative control.PCR products 
were analyzed by electrophoresis in 1% agarose gel containing ethidium bromide, followed by 
photography under UV illumination (Reproduced from de Paulis et al. 2006)
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Peripheral blood and basophils infiltrating sites of chronic inflammation such as 
nasal polyps contain VEGF-A in their secretory granules. Supernatants of activated 
basophils induced an angiogenic response in vivo in the chick embryo CAM assay. 
In addition, basophils express VEGFR-2 and neuropilin-1 which acts as co-receptor 
for VEGFR-2 and enhances VEGFR-2-induced responses. VEGF-A also functions 
as basophil chemoattractant providing a novel autocrine loop for basophils self- 
recruitment (de Paulis et  al. 2006). Human basophils express the seven- 
transmembrane receptor CRTH2 (chemoattractant receptor-homologous molecule 
expressed on TH2 cells) whose activation by PGD2 released by mast cells induces 
basophil chemotaxis (Pettipher and Hansel 2008). Basophil-released histamine, in 
turn, may potentiate mast cell chemotaxis on the inflammatory setting by interacting 
with the H4 receptor (Hofstra et al. 2003). Mast cell- and basophil-released hista-
mine down-regulate basophil response by inhibiting the release of mediators from 
human basophils through engagement of the H2 receptor (Lippert et al. 2000).

Overall, these data suggest that basophils could play a role in angiogenesis and 
inflammation through the expression of several forms of VEGF and their receptors. 
Moreover, basophils release histamine, which displays angiogenic activity in sev-
eral in vitro and in vivo settings (Sorbo et al. 1994).

The precise mechanisms by which anti-IgE therapy results in reduced basophil 
responses and whether these effects contribute to the clinical improvement observed 
with anti-IgE therapy remain to be determined. Nonetheless, a better understanding 
of these pathways might identify biomarkers of disease severity or allow for the 
development of new targeted approaches for the treatment of allergic disease.

7.9  Progenitor Cells and Adult Cell Transdifferentiation

Myeloid-derived suppressor cells (MDSCs) are a heterogenous population, com-
prising myeloid progenitors, monocytes and neutrophils, that express low to unde-
tectable levels of MHC-II and co-stimulatory molecules, which can further 
differentiate into TAMs (Fig. 7.22). MDSCs are characterized by an increased pro-
duction of suppressors of T-cell functions, including reactive oxygen and nitrogen 
species, and by an up-regulation of the expression of arginase and inducible nitric 
oxide synthase (Gabrilovich and Nagaraj 2009). MDSCs can be detected in tumors 
as well as in the circulation of cancer patients and their number correlate with can-
cer stage (Almand et al. 2001).

MDSCs obtained from spleens of tumor-bearing mice promoted angiogenesis 
and tumor growth when co-injected with tumor cells (Yang et al. 2004). Tumors 
recruit MDSCs (Gabrilovich et al. 2012). Reducing the levels of MDSCs by either 
treatment of mice with gemcitabine or by interfering with the Kit ligand/c-Kit 
receptor axis impaired tumor growth and angiogenesis (Suzuki et al. 2005; Pan et al. 
2007). MDSCs isolated from tumors of STAT-3-deficient mice were markedly less 
potent in inducing endotelial tube formation in vitro as compared to STAT-3 wild- 
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Fig. 7.22 Th2 lymphocytes, M2 macrophages and MDSCs mutually reinforce the proliferation 
and phenotypes of one another, as well as maintaining tumor-promoting inflammation and angio-
genesis. These cells, along with T regulatory lymphocytes (TREGs) suppress the activity and pro-
liferation of tumor-suppressing cells, including TH1, M1 and cytotoxic T cells and NK cells. TH1 
and TH2 lymphocytes, as well as TREG and TH17 lymphocytes tend to self-reinforce their own 
activation profiles and inhibit the other (Reproduced from Burkholder et al. 2014)
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type cells, concomitant with markedly reduced exepression levels of several angio-
genic factors (Kujawski et al. 2008).

Upon stimulation with G-CSF, MDSCs contribute to angiogenesis by releasing 
Bv8 (Shojaei et al. 2007). MDSCs release MMPs that increase the bioavailability of 
VEGF within the tumor microenvironment (Yang et al. 2004). VEGF can promote 
the accumulation of MDSCs (Gabrilovich et al. 1998) and increase of MDSCs in 
cancer patients is correlated with the disease stage and serum VEGF levels (Almand 
et al. 2001). Blockade of VEGF pathway by anti-VEGF antibody in tumor-bearing 
mice leads to a significant reduction of MDSCs in peripheral blood as compared 
with untreated mice (Kusmartsev et al. 2008). A decrease in the absolute number of 
MDSCs in the spleen, bone marrow, and tumor in different tumor models has been 
observed after treatment with sunitinib (Ozao-Choy et al. 2009; Xin et al. 2009). In 
metastatic renal cell carcinoma patients, treatment with sunitinib decrease the per-
centage of MDSCs in peripheral blood (Ko et al. 2009).

Mast cells are required to enhance MDSC-mediated immune suppression and 
tumor escape from immune response. In a mouse model of hepatocarcinoma, infil-
tration and activation of mast cells lead to the mobilization of MDSCs, through 
CCL2 and IL-17 secretion in the tumor microenvironment (Yang et  al. 2010). 
Moreover, mast cells induce the migration and increase the suppressive properties 
of splenn-derived monocytic-MDSCs through IFNγ and nitric oxide production 
(Danelli et al. 2004).

MDSCs seem to transdifferentiate into endothelial cell-like cells including 
increased expression of CD31 and VEGFR-2 and integrate into tumor vasculature 
(Yang et al. 2004).

7.10  Platelets

Platelets are versatile cells that play an important role in hemostasis and thrombosis 
and beyond. They are also actively involved in many physiological and pathological 
processes beyond hemostasis and thrombosis, including innate and adaptive immune 
responses, atherosclerosis, lymphatic vessel development, angiogenesis and tumor 
metastasis. Some of these processes take place at extravascular sites and are likely 
to be mediated by substances released by platelets.

Platelets exist in two distinct forms, resting and activated, with the resting state 
marked by baseline metabolic activity and the activated form resulting from agonist 
stimulation. Platelets possess two main secretory granules, the alpha-granules and 
the dense bodies, the main effectors with their highly recative and readily available 
contents (Table 7.7).

Platelets stimulate endothelial cell proliferation and migration, and in  vivo 
angiogenesis, which is dependent on platelet adherence to endothelial cell through 
their surface adhesion molecules (Fig.  7.23) (Pipili-Synetos et  al. 1998; Verheul 
et al. 2000a, b; Kisucka et al. 2006). Morever, platelets promote angiogenesis by 
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stimulating the mobilization of myeloid cells from the bone marrow and enhancing 
their homing to tumors (Feng et al. 2011).

In cultured human glioblastona multiforme cells, umbilical cord and cerebral 
microvascular endothelial cells, platelet-released cytokines significantly stimulate 
proliferation, migration and formation of capillary-like structures (Brockmann et al. 
2011).

Human platelets carry in their alpha granules a set of angiogenesis stimulators, 
such as FGF-2, VEGF, Ang-1, HGF, PDGF, IGF-1, EGF, and thymidine phosphory-
lase, and inhibitors, such as endostatin, platelet factor-4 and TSP-1 (Sierko and 
Wojutukiewicz 2004; Italiano et  al. 2007). Angiostatin was also identified in α–
granules (Mc Ever 2001) and platelets membranes constitutively generate angio-
statin, through a uPA-dependent mechanism (Jurasz et  al. 2006). These findings 

Table 7.7 Major platelet granular constituents

Alpha-granule protein
Coagulant protein (fibrinogen, factor V)
Platelet-specific proteins (platelet factor 4, β-thrombomodulin)
Mitogenic and angiogenic factors (VEGF, PDGF, TGF-β, HGF, FGF-2, EGF, CTGF)
Adhesive glycoproteins amd alpha-granule membrane-specific proteins (thrombospondin, von 
Willebrand factor, multimerin, P-selectin)
Dense granule constituent
Adenosine diphosphate
Calcium serotonin

Fig. 7.23 Actions of platelets upon the processes of angiogenesis and tumor promotion. Platelets 
acting directly upon endothelial cells enhance the formation of tubular structures and the process 
of angiogenesis. Platelet acting upon the cancer cell has shown a resultant increase in the liberation 
of pro-angiogenic factors, an increase in cancer cell migration and invasion, and an increase in 
cancer sphere formation (Reproduced from Erices et al. 2017)
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may have implications for release of angiogenic molecules at the initiation of wound 
healing, followed by release of antiangiogenic molecules at the later stage of wound 
healing. These angiogenesis-regulatory molecules are packed into separate and dis-
tinc alpha-granules (Italiano et al. 2007). In fact, the treatment of human platelets 
with a selective proteinase activated receptor-4 (PAR-4) agonist resulted in release 
of endostatin-containing granules, but not VEGF-containing granules, whereas a 
selective PAR-1 agonist liberated VEGF, but not endostatin-containing granules 
(Italiano et al. 2007). These molecules are sequestered in platelets in higher concen-
tration than in plasma. In fact, VEGF-enriched Matrigel pellets implanted subcuta-
neously into mice result in an elevation of VEGF levels in platelets, without any 
changes in its plasma levels (Klement et al. 2009). Morever, the addition of throm-
bin into platelet-rich plasma from healthy subjects results in much higher VEGF 
levels than if thrombin is added into plalelet-free plasma (Banks et  al. 1998). 
Accumulation of platelets in some tumors and release of angiogenic molecules 
could further stimulate tumor growth.

ADP and thrombin receptor PAR-1 stimulation favor platelet release of pro- 
angiogenic regulators, whilst thromboxane A2(TXA2) and PAR4 stimulation prompt 
selective release of anti-angiogenic regulators (Battinelli et al. 2011). The selective 
release of platelet pro-angiogenic regulators can be inhibited by the anticoagulants, 
e.g., heparins (Battinelli et al. 2014).

Platelet-derived microparticles induce angiogenesis both in vitro and in vivo and 
enhance vascular permeability (Brill et al. 2005; Cloutier et al. 2012). Moreover, 
they can transfer angiogenic factors intracellularly and induce pro-angiogenic genes 
in endothelial cells (Rak 2010).

Platelets isolated from cancer patients contain higher levels of pro-angiogenic 
factors compared with those from healthy donors (Peterson et al. 2012; Salven et al. 
1999).

It has been demonstrated that accumulation of angiogenesis regulators in plate-
lets of animals bearing malignant tumors exceeds significantly their concentration 
in plasma or serum, as well as their levels in platelets from non-tumor bearing mice 
(Klement et al. 2009). Platelets may adhere to tumor vessels, form microthrombi, 
and release granules that contain VEGF, PDGF together with inhibitors, such as 
TSP-1 and platelet factor 4.

In patients with cancer, routine tests of blood coagulation show abnormalities, 
including raised platelet counts, a high tumrover of platelets, and increased blood 
concentrations of fibrinogen breakdown products (Sun et al. 1979). Tumor endothe-
lial cells overexpress tissue factor (TF) and positive correlations between TF expres-
sion and vascular density or TF and VEGF-A expression have been observed in 
different tumors (Sabrkhany et al. 2011).

Notodihardjo et al. (2015) demonstrated that gelatin hydrogel impregnated with 
platelet-rich plasma releasate promotes angiogenesis and wound healing in a murine 
model. Ang-1 is highly expressed in platelet-rich plasma (Mammoto et al. 2013). 
Moreover, inhibition of Ang-1 Tie-2 signalling suppress the angiogenic induction 
by a platelet-rich fibrin matrix in vivo.

7.10 Platelets
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7.11  Fibroblasts

In the specific context of solid tumors, fibroblasts are referred as cancer associated 
fibroblasts (CAFs) or tumor associated fibroblasts (TAFs) and exhibit some simi-
larities with myofibroblasts, originally characterized in wound healing and fibrosis 
(Gabbiani et al. 1971; Madar et al. 2013). In breast, prostate, and pancreatic carci-
nomas, CAFs parallel higher malignancy grade, tumor progression, and poor prog-
nosis (Kalluru and Zeisberg 2006; Franco et al. 2010; Orimoa and Weinberg 2006; 
Shimoda et al. 2010. In mouse xenografts, CAFs inoculated with carcinoma cells 
promote tumor survival, proliferation and invasive behaviour (Erez et  al. 2010; 
Orimo et al. 2005).

The definition of CAFs encompasses a few important features: (i) these fibro-
blasts are in close contact with cancer cells, (ii) CAFs display peculiar immunophe-
notypic and functional features that sharply differentiate them from normal, resting 
fibroblasts located in non-neoplastic environments, and (iii) the properties acquired 
by CAFs upon interaction with cancer cells render them supportive of tumor growth 
and progression through different mechanisms including extracellular matrix 
remodelling, cell proliferation, angiogenesis and epithelial mesenchymal transition 
(EMT) (Cirri and Chiarugi 2012).

CAF activation is commonly accompanied by the acquisition or upregulation of 
specific markers which can be classified in four groups: (i) the fibroblast activation 
markers, which include fibroblast specific protein (FSP) and fibroblast activation 
protein (FAP); (ii) the aggressiveness markers thrombospondin-1 (TSP-1), tenas-
cin- C and stromelysin; (iii) the pro-angiogenic markers (desmin-1, FGF-2, alpha 
smooth-muscle-actin (α-SMA) and VEGF); and (iv) the growth factors that support 
tumor growth and inflammation (EGF, HGF, IL-6, FGF-2 (Cirri and Chiarugi 2012; 
Räsänen and Vaheri 2010). Moreover, CAFs express MMP1, MMP-3, produce col-
lagens, and release cytokines and pro-angiogenic growth factors (Kopp et al. 2005), 
including VEGF, HGF, FGF-2, Ang-1, IL-6, IL-8, MCP-1, identified within in vitro 
secretome of adult tissue-derived MSCs (Chen et al. 2008). CAFs are a major source 
of VEGF in transgenic mice (Fukumura et  al. 1998), and CAF-derived VEGF 
enhances the expression and activation of integrins (Byzova et  al. 2000). CAF- 
derived PDGF sustains angiogenesis by further stimulating CAFs to secrete pro- 
angiogenic growth factors, including FGF-2 and osteopontin (Pietras et al. 2008; 
Anderberg et al. 2009).

CAFs release angiogenic factors through proteolysis of the extracellular matrix. 
In this respect, CAFs localized in invasive human breast carcinomas promote tumor 
growth and angiogenesis through elevated Stromal-Derived-factor-1 (SDF-1)/
CXCL12 secretion (Orimo et al. 2005).

Co-implantation of CAFs and cancer cells enhances angiogenesis, decreases 
cancer cell dormancy and accelerates tumor growth in mice (Tuxhorn et al. 2002; 
Orimo et al. 2005).

7 The Contribution of Immune Cells to Angiogenesis in Inflammation and Tumor…
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The heterogeneity in marker expression led to hypothesize that CAFs could have 
multiple origins, depending on the tumor histotype and the area of the neoplastic 
lesion (De Wever et al. 2014). Indeed, it is becoming evident that CAFs originate 
from local or distant reservoirs through different types of trans differentiation 
processes.

The primary source of CAFs is represented by resident fibroblast or pericytes 
which trans differentiate through a mesenchymal-mesenchymal transition (MMT) 
driven by specific cancer-derived factors such as TGF-β, PDGF, FGF-2, and SDF-1 
(Fig. 7.24) (Cirri and Chiarugi 2011; Kojima et al. 2010). In addition, CAFs may 
originate from local epithelial normal and transformed cells that transdifferentiate 
through an EMT into activated fibroblasts (Radisky et al. 2007; Weber et al. 2003). 
These findings were also supported by the observation that stromal cells of breast 
tumors shared genetic lesions in common with tumor epithelium (Kurose et  al., 
2002; Moinfar et al., 2000). EMT that gives origin to CAFs often occurs in epithe-
lial cells that acquire mutations following oxidative stress (Radisky et al. 2005). In 

Fig. 7.24 Interaction between CAFs and cancer cells. Cancer-derived factors induce a 
Mesenchymal Mesenchymal Transition (MMT) through which resident normal fibroblast are acti-
vated and acquire the expression of various markers such as tenascin, fibroblast specific protein 
(FSP), fibroblast activation protein (FAP), thrombospondin-1 (TSP-1) and pro-angiogenic mole-
cules. In turn, CAFs secrete various growth factors which sustain tumor progression by promoting 
Epithelial Mesenchymal Transition (EMT), stemness, extracellular matrix remodeling, prolifera-
tion and angiogenesis (Reproduced from Raffaghello et al. 2014)

7.11 Fibroblasts
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this regard, a study reported that MMP-3 promotes EMT by inducing the expression 
of an alternatively spliced form of Rac1, which causes an increase in cellular 
 reactive oxygen species (ROS) and consequently oxidative damage to DNA and 
genomic instability (Radisky et  al. 2005). On the contrary, other studies demon-
strated that somatic mutations can occur exclusively in cancer cells and that CAF 
mutations are a very rare event (Qiu et al. 2008). Similarly to EMT, CAFs may also 
derive from local endothelial cells through an EndMT mainly driven by tumor-
derived TGF-β. During this process, endothelial cells loose the expression of CD31 
and acquire that of mesenchymal cells like α-SMA and FSP-1 (Zeisberg et al. 2007).

Bone marrow and adipose tissue represent two distant sites that significantly 
contribute to CAF generation (De Wever et al. 2014). In particular, cancer-derived 
soluble factors recruit MSCs to tumor sites, where the latter cells acquire the expres-
sion of CAF-specific markers such as α-SMA, FAP, tenascin-C and TSP-1 (Kidd 
et  al. 2012; Spaeth et  al. 2009). More importantly, in tumor microenvironment 
MSCs exhibit typical functional properties of CAFs, including high expression of 
SDF-1 and the ability to promote tumor cell growth both in vitro and in in vivo 
coimplantation models (Mishra et al. 2008). It is of note that most of the studied 
regarding CAF origin were performed in mouse tumors. In contrast, information 
from human tumors is scarse.

The definition of CAFs has become popular and widely used to indicate activated 
fibroblasts present in the microenvironment of most solid tumors, whereas it is 
rarely utilized to indicate stromal cells of mesenchymal origin found in the specific 
microenvironments of hematopoietic malignancies, i.e. bone marrow  and lymph 
nodes. In these disorders, such stromal cells are often referred to as MSCs or, more 
appropriately, MSCs. However the few comparisons that have been done between 
leukemia-associated MSCs and classical solid tumor-related CAFs have demon-
strated that these cell types share many phenotypic and functional features. Thus, 
for practical reasons, the terms CAF and MSC will be used interchangeably, the 
latter indicating MSCs usually generated following in vitro culture.

The primary functions of fibroblasts are the synthesis and deposition of collagen 
that builds up the scaffold of connective tissues (Gabbiani et  al. 1971; Cirri and 
Chiarugi, 2012). CAFs acquire a new functional polarization translating into pro-
duction and release of proteases that digest the extracellular matrix (e.g. MMPs), 
pro-angiogenic factors that stimulate microvessel formation and pro-metastatic 
molecules that accelerate tumor cell dissemination to distant sites (Cirri and 
Chiarugi 2012).

MSCs have a similar spectrum of activities but, in contrast to fibroblasts, they 
have been extensively investigated for their immunoregulatory properties 
(Barcellos-de Souza et al. 2013; Uccelli et al. 2008). Nonetheless, the few studies 
that have addressed the immumodulatory activities of classic fibroblasts of meso-
dermal origin have shown that the latter behave as MSCs. Since cancer-driven 
immunosuppression is one of the key step to create a pro-tumoral microenviron-
ment, we will summarize the state of the art of the immunosuppressive activities of 
MSCs assuming that fibroblasts in general and especially CAFs share these feature 
with MSCs.

7 The Contribution of Immune Cells to Angiogenesis in Inflammation and Tumor…
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7.11.1  Therapeutic Strategies

Given their relevant role in driving tumor progression, CAFs have been emerged as 
therapeutic targets by various strategies reported. The interplay between CAFs and 
cancer cells is characterized by a feed-forward loop in which various growth fac-
tors/cytokines and their receptors play an important role in promoting tumor growth 
and progression. If on one side tumor cells secrete a plethora of factors such as 
TGF-β1, PDGF, VEGF, IL-6, FGF-2, IFN-γ, TNF, MMPs involved in fibroblast 
activation, on the other side, CAFs produce the same molecules affecting tumor 
aggressiveness. In this context, several strategies have been designed to target the 
growth factors and their receptors by the use of antagonists or specific antibodies 
that, in some cases, may act simultaneously on tumor cells and CAFs. For example, 
the recent FDA approved pazopanib (Votrient), a multi target receptor tyrosine 
kinase inhibitor (TKI) against PDGFR β, VEGFR-1, −2, −3 and c-kit (Escudier 
et al. 2014), as well as MET/HGF inhibitors (monoclonal antibodies against HGF 
and selective MET tyrosine kinase inhibitors) (Rosen et al. 2010) and the human-
ized monoclonal antibody (mAb) against VEGF-A Bevacizumab (Avastin) (Ebos 
and Kerbel 2011) have been validated to target the same molecules expressed by 
tumor cells and CAFs. Particular interest has been focused on specific blockers of 
PDGF and HGF receptor signalling in CAFs, that demonstrated to inhibit tumor 
growth and progression in preclinical tumor models (Kim et al. 2006; Pietras et al. 
2008; Wen et al. 2004).

Another approach has been designed to target the urokinase plasminogen activa-
tion (uPA) uPA/uPA receptor (R) system that represents one of the key systems 
driving tumor invasion and metastases (Smith and Marshall 2010). uPAR is fre-
quently overexpressed in cancer cells and tumor-associated stromal cells such as 
CAFs, is associated to poor prognosis and in some cases is predictive of invasion 
and metastasis (Bene et  al. 2004; Jacobsen and Ploug 2008). Thus, new uPAR- 
targeted therapies might be effective against both tumor cells and cells of the tumor 
microenvironment. Several therapeutic approaches aimed at inhibiting the uPA/
uPAR, such as selective inhibitors of uPA activity, antagonist peptides, mAb able to 
prevent uPA binding to uPAR and gene therapy techniques silencing uPA/uPAR 
expression functions, have been shown to possess anti-tumor effects in xenograft 
models (Ulisse et al. 2009). However, all these strategies need definitive confirma-
tion in humans as only few uPA inhibitors entered clinical trial.

Another interesting approach concerns the use of inhibitors of COX-2, an inflam-
matory molecule overexpressed in both CAFs and tumor cells upon their reciprocal 
interaction (Greenhough et al. 2009; Sato et al. 2004). COX-2 promotes tumor pro-
gression by inducing EMT and stimulating VEGF-mediated angiogenesis and 
MMP-14-driven invasion (Cattaruzza et  al. 2009; Giannoni et  al. 2010). In this 
respect, preclinical and clinical trials demonstrated that COX-2 inhibitors such as 
Celecoxib (Celebrex) represent a promising strategy in the prevention and treatment 
of solid tumors (Ghosh et al. 2010).

7.11 Fibroblasts
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Given the relevant role of MMPs in promoting tumor invasiveness and metasta-
sis, great efforts have been made in order to develop specific MMP inhibitors (Chen 
et  al. 2008). The most extensively studied classes of MMP inhibitors include 
Batimastat, Marismastat, Prinomastat and Tanomastat that are currently undergoing 
clinical trial in several malignant and malignant diseases (Chaudhary et al. 2010). 
However, their efficacy and action have not been confirmed and more data are 
required.

FAP, a member of the serine protease family, selectively expressed on CAFs and 
cancer cells, exerts a proteolytic activity that supports tumor growth and prolifera-
tion (Liu et al. 2012). Thus, FAP has been considered as an emerging novel thera-
peutic target in cancer. A humanized anti-FAP antibody (mAb F19; sibrotuzumab) 
is well tolerated (Scott et al. 2003) but it showed no beneficial effect in a phase II 
trial for metastatic colorectal cancer (Hofheinz et al. 2003). It was reported that a 
monoclonal anti-FAP antibody conjugated to maytansinoid induced a long-lasting 
inhibition of tumor growth and complete regression in different experimental tumor 
models, without signs of toxicity (Ostermann et al. 2008). However, further studies 
are required to determine the clinical application.

An interesting approach to target CAFs focuses on the development of specific 
antibodies against integrins, that have been found to be expressed by tumor cells and 
CAFs and to be involved in cancer progression (Desgrosellier and Cheresh 2010). 
In particular, a recent study demonstrated that integrin αvβ6 leads to CAFs prolif-
eration, and consequently increases gastric cancer metastasis (Zhang et al. 2013). 
Furthermore, a human therapeutic antibody 264RAD, which binds to αvβ6 and 
inhibits its function, has been shown to delay tumor growth by preventing TGF-β- 
mediated activation of CAFs, and by reducing the expression of fibronectin and 
a-SMA on stromal fibroblasts (Eberlein et al. 2013). Therefore, disruption of the 
expression of integrin αvβ6 may be a new target for future cancer therapy.

Finally, curcumine has been demonstrated as a molecule able to target the 
dynamic mutual interaction between CAFs and head and neck tumor cells (Dudas 
et al. 2013). Specifically, curcumin reduced the release of EMT-mediators by CAFs 
with consequent reduction of cancer invasion. These data confirmed the potential of 
curcumin in clinical application and underline the need of improved formulation for 
in vivo delivery.
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Chapter 8
Conclusions

Experimental and clinical data indicate that plasticity is a common property of most 
leukocyte subtypes and thus can be targeted therapeutically. Monocyte/macrophage 
phenotype switching from a pro- to anti-angiogenic secretory profile is crucial for 
vessel remodeling and therapeutic immune effects (De Palma and Lewis 2013). 
Tumor-targeted IFNα delivery by TEMs reduces angiogenesis in murine breast and 
brain cancer models (De Palma et al. 2008). Anti-VEGF treatment in murine mela-
noma synergizes with adoptive T cell transfer by increasing leukocyte access into 
tumors and enhance the effectiveness of adoptive immunotherapy (Shrimali et al. 
2010). Low dose VEGFR-2 blockade increases the efficacy of anti-tumor vaccina-
tion in breast cancer models by generating M1 macrophage and facilitating effector 
T cell infiltration (Huang et al. 2012).

Development of therapies to prevent the adverse effects of cancer-causing patho-
gens, such as vaccines against hepatitis B viruses and human papilloma virus, con-
tribute to decreasing morbidity from hepatocellular and cervical carcinoma, 
respectively (Porta et al. 2011). Eradication of chronic Helycobacter Pylori infec-
tion with antimicrobials is likely to reduce the incidence of gastric cancer (Porta 
et al. 2011).

A number of anti-oxidant anti-inflammatory drugs have anti-angiogenic poten-
tial by acting on inflammation-mediated angiogenesis (Albini et  al. 2005). Anti 
inflammatory drugs, including aspirin, non steroidal anti inflammatory drugs 
(NSAIDs), cyclooxygenase −2 (COX-2) inhibitors (e.g. celecoxib), and glucocorti-
coids (e.g. dexamethasone) have been demonstrated to reduce tumor incidence or 
progression and reduce mortality (Clevers 2004; Porta et al. 2011). The NSAIDs 
exert their anti-inflammatory and anti-tumor effects mainly by inhibiting the action 
of COX-2 leading to a reduced production of prostaglandins, promoting an infiltra-
tion of inflammatory cells, creating a favourable microenvironment for tumor pro-
gression (Zha et al. 2004).

COX-2 inhibitors inhibit angiogenesis in tumor growth ulcers, and granulation 
tissue (Monnier et al. 2005). Rapamycin, an inhibitor of mTOR (mammalian target 
of rapamycin) is a natural macrolide antibiotic used as immunosuppressive agent 
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after organ transplantation (Motzer et al. 2008). Rapamycin inhibits primary and 
metastatic tumor growth by anti angiogenesis (Guba et al. 2002; Marimpietri et al. 
2005, 2007; Xue et al. 2009). A bisphosphonate compound, zoledronic acid, inhib-
its in vitro endothelial cell proliferation and migration, and capillarogenesis of bone 
marrow endothelial cells of patients with multiple myeloma, and angiogenesis 
in vivo in the chorioallantoic membrane assay (Scavelli et al. 2007).

Bisphosphonate-mediated inhibition of MMP-9 decreased angiogenesis in 
human tumor xenografts (Huang et al. 2009) and in a mouse model of human papil-
loma virus 16 (HPV16)-driven cervical cancer (Giraudo et al. 2004).

Some analysts have predicted that within 10 years, immunotherapy will consti-
tute 60% of all cancer treatments (Ledford 2014). A novel group of immunomodu-
latory antibodies has been introduced in the clinical use, which can break tumor 
specific immune tolerance and induce regression of tumors. These antibodies block 
growth signals of tumor cells, or induce apoptosis. Since the introduction of ritux-
imab (Cheson and Leonard 2008), 13 further tumor-directed antibodies have been 
approved.

Anti-TNF therapy, including TNF monoclonal blocking antibodies (infliximab, 
adalimumab, certolizumab, pegol and golimumab), or soluble TNF receptor fusion 
proteins (etanercept) results in vessel stabilization and normalization (Izquierdo 
et al. 2009). Il-17 contributes to both angiogenesis through VEGF expression and 
other pathological processes in chronic inflammatory disorders. IL-17 induced 
tumors to release CSF-3, which promotes VEGF-A-independent tumor vasculariza-
tion (Chung et al. 2013). IL-17 blocking therapies (secukinumab and ixekizumab) 
exert anti-angiogenic activities (Van Den Berg and MCInnes 2013; Baeten et  al. 
2015). Moreover, blocking IL-17 render tumors more susceptible to anti-angiogenic 
therapies (Chung et  al. 2013). Esalazine, a drug often used in ulcerative colitis, 
inhibits NF, downregulates angiostatiand endostatin, lowers MMP-2 and MMP-9 
levels (Deng et al. 2009).

Three of the most significant therapeutic approaches are represented by sipuleu-
cel- T, an immunotherapeutic vaccine for prostate cancer (Gulley et al. 2015); ipili-
mumab, a check point inhibitor of CTLA-4 (Hodi et al. 2010), and anti-programmed 
death receptor-1 (PD-1) and its ligand PDL-1 antibodies (anti-PD-1/PD-L-1) (He 
et al. 2004; Blank et al. 2004; Philips and Atkins 2015) for the treatment of meta-
static melanoma.

Cancer immunotherapies are classified as active and passive treatments. Active 
treatments include vaccines designed to induce tumor cell recognition. Passive 
treatments, on the other hand, imply direct administration of antibodies and T cells, 
to the patient. In this context, immune checkpoint inhibitors and adoptive T cell 
therapy are among the most innovative approaches (Sharma and Allison 2015). At 
the clinical level, it is not yet clarified why certain patients respond to specific types 
of immunotherapies, while others do not. The development of future treatments 
depends on finding effective immune-based biomarkers that can help to predict 
responses to treatment. Combination of immunosuppressant with anti-angiogenic 
drugs may be beneficial in patients not responding to conventional treatments.

8 Conclusions
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