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PDGF and Vessel Maturation

Carina Hellberg, Arne Östman, and C.-H. Heldin

7.1 
Introduction

Newly formed capillaries are stabilized through 
the recruitment of a specialized form of mural 
cells termed pericytes. In addition to providing 
physical stabilization, the presence of pericytes 
reduces endothelial cell proliferation and pro-
motes differentiation, a process termed vascular 
maturation. During this process, activation of 
the platelet-derived growth factor (PDGF) 
b-receptor plays a crucial role in the recruitment 
of pericytes to the newly formed vessels. In the 
present communication, we review the role of 
PDGF in vessel maturation.

7.2 
The PDGF Family

The PDGF family of growth factors is com-
posed of disulfide-bonded homodimers of four 
polypeptide chains, the classical PDGF-A and 
-B chains and the more recently described 
PDGF-C and -D chains (Fredriksson et  al. 
2004). In addition, the A and B chains het-
erodimerize to form PDGF-AB. PDGF iso-
forms exert their biological effects through the 
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Abstract  Pericytes are smooth muscle-like 
cells found in close contact with the endothe-
lium in capillaries, where they regulate the mor-
phology and function of the vessels. During 
vessel formation, platelet-derived growth fac-
tor-BB (PDGF-BB) is required for the recruit-
ment and differentiation of pericytes. Tumor 
vessels display abnormal morphology and 
increased endothelial proliferation, resulting in 
leaky, tortuous vessels that are often poorly per-
fused. These vessels typically display decreased 
pericyte density, and the tumor-associated peri-
cytes often express abnormal markers and show 
abnormal morphology. Anti-angiogenic therapy 
targeting pro-angiogenic growth factor path-
ways has been applied to a broad range of solid 
tumors with varying results. Studies utilizing 
mouse models indicate that the presence of peri-
cytes protect endothelial cells against inhibition 
of vascular endothelial growth factor (VEGF) 
signaling. Simultaneous inhibition of PDGF 
receptors on pericytes therefore improves the 
effect of VEGF inhibitors on endothelial cells 
and enhances anti-angiogenic therapy.
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7 activation of two tyrosine kinase receptors, 
PDGF a- and b-receptors (Heldin et al. 1998).

PDGF family are major mitogens for a num-
ber of cell types, including mesenchymal cells 
such as fibroblasts and smooth muscle cells. 
During the embryonal development, PDGF 
isoforms are important for the development 
of mesenchymal cells of different organs, such 
as mesangial cells of the kidney, alveolar smooth 
muscle cells of the lung, smooth muscle cells and 
pericytes of blood vessels, and glial cells of the 
central nervous system. Overactivity of PDGF 
has been linked to atherosclerosis, fibrotic dis-
eases, and malignancies. In certain types of rather 
rare solid tumors, PDGF is involved in autocrine 
stimulation of tumor cell growth. In addition, 
PDGF is commonly involved in paracrine recruit-
ment of tumor stroma fibroblasts and stimulation 
of angiogenesis (Ostman and Heldin 2007).

7.3 
Pericytes

7.3.1 
Role of Pericytes

Mature blood vessels are composed of endothe-
lial cells and mural cells, including pericytes 
and smooth muscle cells. Arteries and veins are 
surrounded by vascular smooth muscle cells, 
whereas pericytes are present on capillaries, 
postcapillary venules, and collecting venules 
throughout the body. Pericytes are smooth mus-
cle-like single cells found in close contact with 
endothelial cells within the basement mem-
brane, where they are wrapped around the ves-
sel sending out long protrusions that make 
contact with a number of endothelial cells and 
other pericytes (Fig.  7.1) (Bergers and Song 
2005). The presence of pericytes on these vessel 
types is plastic, and varies between tissues.

PDGF made by endothelial cells has a crucial 
role in the recruitment of pericytes to vessels 

(Betsholtz 2004). Moreover, a basic retention 
motif in the common C-terminus of PDGF-BB 
is crucial for this process, since it makes contact 
with sulfated heparan proteoglycans and ensures 
that PDGF-BB remains in the close environment 
of the producing endothelial cells (Lindblom 
et al. 2003; Abramsson et al. 2007). Since peri-
cytes are contractile cells they presumably exert 
parts of their morphogenic control of capillary 
diameter through PDGF-BB-induced pericyte 
contractility. In addition, pericytes also regulate 
capillary diameter by regulating endothelial pro-
liferation and differentiation. Absence of pericytes 
in PDGF-B/PDGF b-receptor null mice coin-
cides with endothelial hyperplasia, suggesting 
that pericytes negatively control endothelial pro-
liferation (Hellstrom et  al. 2001). Absence of 
pericytes also leads to defects in endothelial 
junction formation, suggesting that pericytes 
control endothelial differentiation in vivo.

7.3.2 
Identification of Pericytes

Despite their physiological importance, peri-
cytes still remain an understudied cell type. Part 
of the problem when studying pericytes is the 
difficulty in identifying them, since there is no 
convenient pan-pericyte marker. Pericytes reside 
within the basement membrane; thus morpho-
logical identification by electron microscopy 
remains the most reliable means of identifying a 
pericyte in mature tissues (Baluk et  al. 2005). 
However, during angiogenic sprouting and vas-
cular remodeling, the basement membrane is not 
fully developed, making this method of identifi-
cation more difficult to apply (Baluk et al. 2003). 
Therefore, several marker proteins are used for 
studying pericytes during angiogenesis (Bergers 
and Song 2005).

As expected from its importance for the 
recruitment of pericytes, the PDGF b-receptor 
is one of the most widely used markers for peri-
cytes. However, this receptor is also expressed 
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on other stromal cells such as smooth muscle 
cells, fibroblasts and myofibroblasts. Another 
commonly used marker is a-smooth muscle 
actin (ASMA) that is expressed by pericytes, 
smooth muscle cells, and myofibroblasts. The 
expression of ASMA by pericytes is primar-
ily  restricted to sites of vascular remodeling. 
Desmin is a component of intermediate fila-
ments, and is found in mature skeletal, cardiac, 
and smooth muscle cells. On pericytes, its 
expression appears to be restricted to differenti-
ated cells in close physical contact with the 
endothelium. The expression of ASMA and 
desmin is likely to reflect the role of pericytes as 
contractile cells that participate in the regulation 
of capillary blood flow. The NG2 chondroi-
tin  sulfate proteoglycan (also known as high-
molecular-weight melanoma-associated anti-
gen, or sometimes AN2 in mice) is expressed 
on the surface of activated pericytes during vas-
culogenesis and angiogenesis. The regulator of 
G-protein signaling-5 (RGS-5), a regulator of 
signaling pathways downstream of heterotri-
meric G-protein coupled receptors, was recently 
described as a marker for developing pericytes. 

Its expression overlaps with the expression of 
NG2 and the PDGF b-receptor.

Not much is known about the regulation of 
the expression of these markers, and they may 
represent either distinct or overlapping popula-
tions of pericytes. The expressions of pericyte 
markers are dynamic, and their expression var-
ies, depending on the species and tissue studied. 
When addressing the involvement of pericytes 
in vessel maturation, the difficulty to identify 
pericytes still present a problem, and most stud-
ies therefore contain the analysis of several 
marker proteins.

7.3.3 
The Origin of Pericytes

During embryonic development, pericytes and 
smooth muscle cells, as well as endothelial cells, 
are believed to be derived from mesenchymal 
precursors (Bergers and Song 2005). During this 
process, PDGF-BB/PDGF b-receptor signal-
ing is essential for the recruitment and differen-
tiation of pericytes. Postnatally, pericytes are 

Fig. 7.1    (a) Morphology of capillaries of normal tis-
sues. The pericytes reside between the basement 
membrane and the endothelial cells. Each pericyte 
makes contact with several endothelial cells and wraps 
itself around the vessel. (b) Morphology of capillaries 

of tumors. The tumor vessels are contorted and often 
flattened. Pericytes make contact with the endothe-
lium, but are often partly dethatched and often extend 
protrusions away from the vessel. The basement 
membrane varies in thickness and has gaps in it.
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7 presumed to either migrate with the endothelial 
sprouts during the initiation of angiogenesis, or 
to differentiate from a local source of  mesen-
chymal cells in response to PDGF and/or trans-
forming growth factor b (TGF-b). However, 
recent studies have also described the existence 
of bone marrow-derived pericyte progenitor 
cells (Lamagna and Bergers 2006) and tissue-
specific pericyte progenitors (Howson et  al. 
2005; Dore-Duffy et  al. 2006; Tamaki 
et al. 2007).

The adult bone marrow contains both hema
topoietic and mesenchymal stem and progenitor 
cells. Therefore, the recruitment of bone mar-
row-derived progenitors into tumors supports 
the initiation of tumor angiogenesis by incorpo-
rating endothelial and pericyte progenitor cells 
into the newly formed vessels. It has been 
proposed that the release of cytokines from 
tumors induces the mobilization of hematopoi-
etic bone marrow stem cells (Petit et al. 2007). 
The recruitment of endothelial progenitor cells 
and their incorporation into tumor vessels 
have been demonstrated in a number of studies 
(Lyden et al. 2001; Shirakawa et al. 2002), and 
was recently shown to have an important role in 
the vascularization of at least two types of lung 
metastases. Circulating progenitor cells positive 
for PDGF b-receptor, the stem cell antigen-1 
(Sca-1) and CD11b have been demonstrated to 
incorporate into blood vessels and to mature 
into NG2-, ASMA- and desmin-positive peri-
cytes (Song et al. 2005). Circulating cells posi-
tive for CD11b and CD45 have also been shown 
to incorporate into vessels as pericyte-like 
cells, although these cells only expressed NG2 
(Rajantie et al. 2004).

Several studies have also demonstrated the 
presence of pericyte progenitor cells in various 
other tissues, which appear to contribute to post-
natal vasculogenesis and angiogenesis. Since 
these progenitor cells give rise to cell popula-
tions expressing different pericyte markers (see 
later in the text), it is unclear as to what extent 
the presence of these cells on vessels stabilizes 

the vascular function. Thus, the neonatal rat 
aorta contains cells positive for the PDGF 
b-receptor, Tie2 and CD34, but negative for 
endothelial markers (Howson et al. 2005). These 
cells differentiates into pericytes when cocul-
tured with endothelial cells or aorta ring explants 
in vitro. In the microvasculature of the adult rat 
CNS, cells positive for nestin and NG2 that has 
the capacity to differentiate into pericyte-like 
cells in vitro were identified (Dore-Duffy et al. 
2006). In mice, skeletal muscle-derived stem 
cells negative for CD31 and CD45 were reported 
to differentiate into pericytes, endothelial cells, 
and smooth muscle in vivo (Tamaki et al. 2007). 
Although these studies indicate the presence of 
cells with the capability to differentiate into 
pericytes in adult tissues, most of the stud-
ies were performed in vitro. Information is still 
scarce about differentiation of tissue pericytes 
in  vivo during vascular remodeling, or during 
tumor angiogenesis. Further studies addressing 
the physiological function of vessels that con-
tain pericytes recruited from different sources 
are required.

7.4 
Vessel Maturation

7.4.1 
Normal Vessels

During embryonic development, the nascent 
vascular network is formed through de  novo 
vessel formation from angioblasts or stem cells, 
a process termed vasculogenesis. From these 
vessels, new vessels sprout and form bridges 
by  angiogenesis. The vessels are then stabi-
lized through the recruitment of mural cells, and 
through generation of the basal membrane. The 
final patterning of the vascular network is deter-
mined by signals provided by soluble angiogen-
esis factors as well as components of the 
basement membrane and ECM, which stimulates 
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proliferation, survival, migration, and differen
tiation of endothelial and mural cells. As already 
described, PDGF-BB is secreted by the endo
thelial cells during angiogenesis, presumably 
in response to vascular endothelial growth fac-
tor (VEGF), which facilitates the recruitment 
of  mural cells. The endothelial differentia-
tion sphingolipid G-protein coupled receptor 1 
(EDG1 or S1P1) (Allende and Proia 2002), which 
is activated by sphingosine 1-phosphate, appears 
to be important for mural-cell migration, and its 
genetic ablation in mouse led to a similar pheno-
type as that of PDGF ko mice. It remains to be 
investigated whether these signals are unrelated 
or if the EDG1 receptor signals downstream of 
the PDGF b-receptor.

Angiopoietin (Ang) 1 and 2 both act through 
the Tie2 receptor, but with different outcomes 
(Morisada et al. 2006). Ang1 stabilizes the phys-
ical contacts between endothelial cells and peri-
cytes, thereby making the vessels less leaky. The 
role of Ang2 appears to be contextual. When 
VEGF is absent, Ang2 destabilizes vessels by 
inhibiting Ang1 signaling, but in the presence 
of  VEGF Ang2 facilitates vascular sprouting. 
TGF-b is expressed by both endothelial and 
mural cells. It promotes vessel maturation not 
only by inducing differentiation of mesenchy-
mal cells to mural cells, but also by stimulating 
ECM production. As with Ang2, TGF-b can be 
either pro- or antiangiogenic, depending on the 
context (Bertolino et al. 2005).

The presence of pericytes on the capillary bed 
is necessary for normal vessel function. Genetic 
studies in mice showed that loss of PDGF-BB 
or the PDGF b-receptor leads to a severe defi-
ciency in pericyte recruitment, causing micro-
vascular leakage and hemorrhage (Lindahl et al. 
1997; Hellstrom et al. 1999). When investigat-
ing animals chimaeric for the PDGF b-receptor, 
it was evident that only PDGF b-receptor posi-
tive cells populated the vascular smooth muscle 
and pericyte compartment, directly demonstrat-
ing a need for PDGF signaling for the develop-
ment of these cells (Crosby et al. 1998).

During angiogenic sprouting, PDGF-B is 
expressed by the endothelial tip cell (Gerhardt 
et al. 2003). Tissue-specific knockout of PDGF-
BB in endothelial cells resulted in a similar phe-
notype as that of PDGF b-receptor ko, indicating 
that paracrine signaling between the endothe-
lium and pericytes is required in the process 
of pericyte recruitment (Bjarnegard et al. 2004). 
When examining animals chimaeric for endo
thelial PDGF-BB, they displayed a variation in 
pericyte coverage and morphology of individual 
brain capillaries indicative of segments of 
PDGF-BB, expressing endothelium with normal 
recruitment of pericytes (Bjarnegard et al. 2004). 
The PDGF-BB molecule contains a short, basic 
sequence that functions as a retention motif 
allowing the secreted growth factor to remain 
on the tip cell. Mutational loss of the reten-
tion sequence resulted in partial detachment of 
the pericytes from the angiogenic  sprout, pre-
sumably due to diffusion of PDGF-BB into 
the surrounding tissue (Lindblom et al. 2003). 
These findings highlight the need for a para-
crine PDGF signal and a physical contact with 
endothelial cells for pericyte recruitment and 
differentiation.

Although PDGF b-receptor ko mice die from 
bleedings due to microanuerysms and a lack of 
mural cells, loss of pericytes in all tissues is not 
complete (Hellstrom et al. 1999). It thus appears 
as if PDGF is critical for the proliferation and 
migration of both pericytes and vascular smooth 
muscle cells, but that the initial formation of 
these cell types can also be induced by other 
factors. It is presently unclear where these cells 
originate from and what are the factors that 
induce their differentiation. It has been pro-
posed that endothelial cells only express 
PDGF-BB at the sites of the vessels where peri-
cyte recruitment occurs (Lindahl et  al. 1997; 
Hellstrom et al. 1999). This is supported by the 
finding that in the developing CNS, PDGF-BB 
is mainly expressed by the endothelial cells sit-
uated at the tip of the sprouting vessels (Gerhardt 
et al. 2003).
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7 7.4.2 
Tumor Vessels

The growth of large, solid tumors is directly 
dependent on the presence of a tumor vascula-
ture (Folkman 1971). As the tumor grows, 
hypoxia induces the expression of VEGF by 
tumor cells. This induces angiogenesis by acti-
vating the endothelial cells on surrounding ves-
sels, thereby stimulating the branching and 
growth of new blood vessels into the tumor 
(Bergers and Benjamin 2003) (Fig. 7.2). During 
this process, the connections between the 
endothelial cells are loosened. Matrix metallo-
proteases are activated, leading to the degrada-
tion of the basement membrane. This serves 
two purposes. First, it allows the detachment of 
both endothelial cells and pericytes from the 
basement membrane, facilitating their migra-
tion into the tumor. Second, it may also activate 
proangiogenic factors within the basement 
membrane. Endothelial cells and pericytes 

migrate into the tumor tissue, where they 
proliferate and reconnect to form new vessels. 
Although most studies suggest that the endothe-
lial cells lead the formation of new vessels, 
there are also studies suggesting that the peri-
cytes migrate into the tissue first.

Tumor blood vessels have a number of struc-
tural and functional abnormalities (Jain 2003). 
They are dynamic, and vessels are continuously 
being initiated, remodeled, and regressed. The 
vessels are irregular in size and shape, tortuous 
and lack the normal hierarchical arrangement of 
arterioles, capillaries, and venules. The struc-
ture of the vessel wall is also abnormal. The 
tumor vessel diameter varies greatly, and the 
endothelial cells form an imperfect lining and 
contain a large number of fenestrations (Baluk 
et  al. 2005). Although the presence of a base-
ment membrane surrounding tumor vessels have 
been reported, it appears to be morphologically 
and functionally altered due to the vessel remod-
eling (Baluk et  al. 2003). As a result of the 

Fig. 7.2  Angiogenic sprouting. 
A new capillary is formed as a tip 
cell leads the sprouting capillary 
into the tissue. Pericytes may be 
recruited through the invasion and 
proliferation of pericytes from the 
mother vessel, by differentiation 
of stromal precursors, or through 
the recruitment of bone marrow 
precursor cells. Different 
molecular markers described for 
pericytes derived from mother 
vessels (Gerhardt et al., 2003), 
bone marrow-derived progenitors 
(Song et al., 2005; Rajantie et al., 
2004, respectively) and tissue 
progenitors (Dore-Duffy et al., 
2006; Howson et al., 2005; 
Tamaki et al., 2007, respectively) 
are given.

Invading pericytes
-PDGF �-rec/ASMA/NG2

Recruitment of
bone marrow
stem cells
-PDGF �-rec/Sca-1/CD11b
-CD11b/CD45

Differentiation of
stroma myofibroblasts
or tissue progenitors
-PDGF �-rec/Tie2/CD34
-nestin/NG2
-CD31/CD45
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abnormal organization and ultrastructure of the 
vessels, the blood flow in the tumor vessels is 
chaotic and the vessels are leaky (Hashizume 
et al. 2000), resulting in an increase the intersti-
tial fluid pressure (IFP) in the tumor. Furthermore, 
because of continuous remodeling of the vascu-
lature, the blood flow and permeability varies 
not only between tumors, but also between 
regions of the same tumor, between the same 
region over time, and between the tumor and 
metastases. This is at least partly due to an 
imbalance between various pro- and antiangio-
genic factors such as VEGF and Ang1/2. Taken 
together, the vessel abnormalities render the 
tumor vasculature inefficient at delivering not 
only oxygen and nutrients, but also drugs.

The density of pericytes covering normal 
capillaries varies between tissues, which is the 
case also for the pericyte coverage of tumor ves-
sels (Baluk et al. 2005). In some studies no peri-
cytes were found around the tumor capillaries, 
whereas other studies found the vessels covered 
to varying extents. It is unclear as to what extent 
these variations are due to differences between 
the tissues or the tumor types studied. Since 
PDGF-BB expression by endothelial cells is 
heterogeneous (Hellstrom et al. 1999), this may 
explain the uneven pericyte coverage of tumor 
vessels. Also, as discussed earlier, there may 
also be differences in the expression of the vari-
ous molecular markers between tumor types, 
making an accurate pericyte count difficult. It is 
not just the pericyte density that is abnormal. 
Tumor-associated pericytes often display both 
an abnormal expression of markers, as well as 
abnormal morphology (Baluk et  al. 2005). In 
tumors, pericytes are often found to express 
both ASMA and NG2, which are known to be 
expressed during vascular remodeling. Where 
normal pericytes are in  close contact with the 
endothelium and reside within the basement 
membrane, tumor pericytes  are often loosely 
associated with the endothelium, and may 
extend long protrusions into the surrounding tis-
sue. At present, it is not clear whether the cells 

displaying the abnormal morphology are truly 
pericytes, if they are in the process of differen-
tiation from myofibroblasts, or if they represent 
pericytes that are partially detaching from the 
endothelium to divide. Furthermore, it is unclear 
as to what extent these pericytes are able to par-
ticipate in vessel function.

There are several sources described for peri-
cyte progenitors during normal vascular remod-
eling, but it is currently unclear where tumor 
pericytes originate from. In angiogenesis in the 
retina, pericytes have been shown to migrate 
along the angiogenic sprout in response to the 
PDGF-BB expressed by the endothelial cells 
(Gerhardt et al. 2003). In tumors, it is also pos-
sible that components of the tumor microenvi-
ronment induce the differentiation of fibroblasts 
into myofibroblasts. Such cues may be TGF-b 
or PDGF expressed by tumor cells or the sur-
rounding stroma. The incorporation of bone 
marrow-derived circulating pericyte progeni-
tors into tumors have also been described (Song 
et  al. 2005). The relative importance of these 
sources of pericytes is yet to be determined.

7.5 
Tumor Therapy Targeting PDGF Receptors 
on the Vasculature

The genetic instability of tumor cells poses a 
serious problem when developing specific 
drugs targeting mutated proteins in tumors. 
Tumors that initially respond well to targeted 
therapies often develop resistance to the ther-
apy, partly because of the enrichment of cells 
with new mutations. It has been proposed that 
targeting of tumor stroma, tumor vessels, and 
fibroblasts could be a means to avoid drug resis-
tance since these tissues are more genetically 
stable (Hofmeister et  al. 2008). Given the 
importance of PDGF in tumor stroma forma-
tion, the PDGF receptors are interesting targets 
in antistromal therapy.
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7 7.5.1 
Antiangiogenic Therapy Targeting Pericytes

Targeting of tumor angiogenesis has long been 
an attractive idea for the treatment of solid 
tumors (Folkman 1971; Cao 2004). Although 
therapies targeting the VEGF pathway are effi-
cient in mouse tumor models, the results of sev-
eral clinical trials suggests that therapies 
targeting VEGF alone may not be enough for 
efficient antiangiogenic therapy (Cobleigh et al. 
2003; Yang et al. 2003).

When revisiting the mouse models, studies 
indicated that the response to VEGF-targeting 
therapy may be dependent on the maturity of the 
tumor vessels. Established, mature tumor vessels 
with richer pericyte coverage appear to be less 
sensitive to the antiangiogenic therapy than ves-
sels with fewer pericytes. The notion that 
PDGF-BB may protect endothelial cells from 
antiangiogenic therapy was further supported by 
a study by Huang et  al. (Huang et  al. 2004), 
where an increased expression of PDGF-BB was 
detected around vessels that became resistant to 
anti-VEGF therapy. These observations initiated 
the idea that antiangiogenic therapy may be more 
efficient if both endothelial cells and pericytes 
are targeted using both VEGF receptor and 
PDGF receptor kinase inhibitors. This notion has 
recently been corroborated in a study of vessels 
in a nonmalignant tissue, chicken chorioallantoic 
membranes, displaying different stages of vascu-
lar maturity during development (Hlushchuk 
et al. 2007). In tumors, this type of combination 
therapy have been shown to give synergistic 
antiangiogenic and antitumor effects (Bergers 
et al. 2003; Erber et al. 2004; Hasumi et al. 2007), 
although the magnitude of the effect of PDGF 
inhibitors on the vasculature may be contextual 
(Sennino et al. 2007). It is currently not known 
why tumor pericytes are targeted during this 
treatment, while the vast majority of mural cells 
in the body are unaffected. It is possible that 
only  a subset of abnormal, activated pericytes 
that are in the process of being remodeled, are 

targeted while more mature subsets are unaf-
fected (Hasumi et al. 2007).

7.5.2 
Improving the Efficacy of Conventional Therapies

As a consequence of the poor perfusion and 
abnormal functions of tumor vessels, the deliv-
ery of nutrients and oxygen into the tumor is 
poor (Jain 2005). This also affects the therapeu-
tic outcome of both chemotherapy and radio-
therapy. In the clinic, hypoxia strongly correlates 
with tumor radioresistance (Moeller et al. 2007), 
and preclinical data showed that increased tumor 
oxygenation  improved the response to radia-
tion therapy. Different approaches to modify the 
tumor vasculature have been taken to correct for 
this problem.

The abnormal tumor vasculature and stroma 
results in an elevated IFP in tumors compared 
to normal tissues. In addition to forming a barrier 
to transcapillary transport of nutrients and oxy-
gen, the elevated IFP also results in inefficient 
uptake of therapeutic agents, especially macro-
molecules such as liposomes and antibodies 
(Heldin et al. 2004). Thus, lowering of IFP could 
be used to improve the therapeutic efficiency of 
both chemotherapy and radiation therapy. There 
are several factors affecting the IFP in tumors. 
The excess VEGF produced by hypoxic tumor 
cells induce capillary leakiness, resulting in an 
increased outflow of plasma proteins into the 
interstitium. Tumors are typically void of func-
tional lymph vessels, which impair the fluid 
drainage from the tumor. Also, fibrosis and 
contraction of interstitial matrix mediated by 
stroma fibroblasts participates in the elevation of 
tumor IFP. PDGF contributes to the regulation of 
IFP  through the phosphatidylinositol-3’ kinase 
(PI3K) signaling pathway (Heuchel et al. 1999). 
Activation of PDGF b-receptors on stromal fibro-
blasts induce avb3 intergrin-mediated contrac-
tion of the extracellular matrix thereby controlling 
the dermal IFP (Liden et  al. 2006). The PDGF 



7  PDGF and Vessel Maturation	 111

b-receptor may also participate in the regulation 
of vessel leakiness by recruiting pericytes that 
stabilizes the capillaries (Lindahl et  al. 1997). 
Lowering of IFP by VEGF inhibitors (Lee et al. 
2000; Tong et al. 2004) as well as PDGF inhibi-
tors (Pietras et al. 2001) have been demonstrated. 
At present, it is not clear if the PDGF inhibitors 
reduce IFP by acting on pericytes or fibroblasts, 
or on both cell types. The reduction in IFP has 
been correlated to increased drug uptake (Pietras 
et  al. 2001; Willett et  al. 2004) and increased 
effect of chemotherapy (Pietras et al. 2002).

It has been proposed that restoring the bal-
ance between pro-and antiangiogenic factors 
could temporary normalize the vasculature, 
allowing for drug delivery (Jain 2005). According 
to this notion, removal of VEGF signaling would 
target the immature vasculature, pruning the less 
functional vessels and promoting the blood flow 
through the remaining vessels. Part of the nor-
malization of vessel function seen after anti-
VEGF therapy can be explained by decreased 
vessel leakiness, which reduces the osmotic 
pressure of the interstitium and consequently 
reduces the tumor IFP. The reported effects of 
anti-VEGF therapy have been transient, which 
would be expected if prolonged treatment dis-
rupt also mature vessel function. Studies have 
demonstrated that targeting VEGF receptors 
alters vessel morphology (Miller et  al. 2005; 
Taguchi et  al. 2008), with temporary improve-
ments in tumor oxygenation and response to 
radiotherapy (Dings et al. 2007). Another study 
demonstrated decreased effects of chemotherapy 
on glioblastomas, presumably due to restoration 
of the blood–brain barrier (Claes et al. 2008).

7.6 
Future Perspectives

It is increasingly clear that the properties of the 
tumor vasculature are important for the outcome 
of both antiangiogenic targeted therapies and 

conventional cancer therapies. The presence of 
pericytes on the vessels gives structural stability to 
capillaries, resulting in improved perfusion, and 
provides endothelial cells with protection to anti-
angiogenic therapy targeting the VEGF pathway. 
Understanding the precise mechanisms underlying 
vascular maturation should provide cues for refin-
ing therapies targeting the vasculature, whether 
to inhibit tumor angiogenesis or to normalize 
the vascular function for more efficient drug deliv-
ery. To achieve this, further studies evaluating 
the effects of antiangiogenic inhibitors on vessel 
function, both in animal models and in patients, are 
needed. The approval of several PDGF receptor 
inhibitors for use in the clinic (Ostman and Heldin 
2007) will be important for further validation of 
the concept of vascular normalization after antian-
giogenic therapy and the concomitant increase in 
drug uptake in patients. Such studies should reveal 
the extent to which different tumor types vary 
regarding their response to the combined target-
ing of VEGF- and PDGF receptor signaling, 
and may provide markers for the prediction of 
the therapeutic outcome in subsets of tumors.

The pericytes on tumor vessels are abnormal, 
both in the expression of molecular markers and 
in morphology. Nevertheless, B16 mouse mela-
noma tumors expressing PDGF-BB display 
increased pericyte coverage of the vessels, and 
an increased growth rate (Furuhashi et al. 2004), 
which correlates to an increased perfusion of 
small vessels and increased blood-flow rate 
(Robinson et al. 2008), indicating that the pres-
ence of abnormal pericytes exert effects on 
tumor vessel function. So how do these peri-
cytes differ from the function of a fully differen-
tiated pericyte? Further studies are required to 
understand the molecular mechanisms underly-
ing pericyte differentiation and their interactions 
with endothelial cells. It will also be important 
to determine the source of tumor pericytes and 
the signaling pathways involved in their recruit-
ment into the tumor vasculature. These studies 
require further development of more refined 
methods for studying vessel function in vivo.
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