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As the growth of most cancers is dependent on the growth of tumor blood vessels, inhibition of tumor angiogenesis may
provide an efficient strategy to slow down or block tumor growth. The possibility of selectively targeting angiogenic
vasculature in a tumor mass depends on molecular, cellular, and structural differences between the tumor vessels and
their normal counterparts (Figure 1). Tumor cells, like normal cells, need to be located close to the blood vessels serving
their metabolic demands to the extent that in solid tumors every endothelial cell in a tumor vessel is considered to support
several concentric layers of tumor cells (1). A hypoxic tumor generates its own microcirculation mainly via the hypoxia-
inducible factor (HIF) complex, which is activated by inhibition of its oxygen-dependent prolyl hydroxylation and
proteasomal destruction (2). This leads to increased transcription of several hypoxia-induced genes. One such gene
encodes VEGF, which activates endothelial cell (EC) responses during angiogenesis in coordination with, for example,
matrix adhesion events. Studies of the signaling pathways of VEGF receptors, integrins, and cadherins have provided
new antiangiogenic strategies for inhibition of tumor growth, and inhibition of VEGF-C and VEGF-D signals that stimulate
lymphangiogenesis seems to inhibit lymphatic metastasis in mice (3). One of the most striking new developments in
antiangiogenesis research concerns the inflammatory cells and pericytes (PCs) associated with the tumor […]
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failure are progressive, it suggests that
this counter-regulatory mechanism
within the heart is limited and ulti-
mately fails to provide long-term pro-
tection. Secondly, we must consider
whether or not it will ultimately be ben-
eficial or detrimental to treat (i.e., pre-
vent) cardiac hypertrophy in response
to pathologic conditions such as hyper-
tension or valvular disease. In other
words, would cardiac decompensation
simply occur sooner if one blocks the
hypertrophic phase of the response?
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As the growth of most cancers is
dependent on the growth of tumor
blood vessels, inhibition of tumor
angiogenesis may provide an efficient
strategy to slow down or block tumor
growth. The possibility of selectively

targeting angiogenic vasculature in a
tumor mass depends on molecular,
cellular, and structural differences
between the tumor vessels and their
normal counterparts (Figure 1).
Tumor cells, like normal cells, need to
be located close to the blood vessels
serving their metabolic demands to
the extent that in solid tumors every
endothelial cell in a tumor vessel is
considered to support several concen-
tric layers of tumor cells (1). A hypoxic
tumor generates its own microcircula-
tion mainly via the hypoxia-inducible
factor (HIF) complex, which is activat-
ed by inhibition of its oxygen-depend-
ent prolyl hydroxylation and proteaso-

mal destruction (2). This leads to
increased transcription of several
hypoxia-induced genes. One such gene
encodes VEGF, which activates
endothelial cell (EC) responses during
angiogenesis in coordination with, for
example, matrix adhesion events.
Studies of the signaling pathways of
VEGF receptors, integrins, and cad-
herins have provided new antiangio-
genic strategies for inhibition of tumor
growth, and inhibition of VEGF-C and
VEGF-D signals that stimulate lym-
phangiogenesis seems to inhibit lym-
phatic metastasis in mice (3). One of
the most striking new developments in
antiangiogenesis research concerns the
inflammatory cells and pericytes (PCs)
associated with the tumor vasculature.
The new findings presented in this
issue of the JCI by Bergers and collabo-
rators suggest that the PCs of tumor
blood vessels and their signaling mech-
anisms via the PDGFR-β are function-
ally important for the maintenance of
tumor blood vessels (4). These find-
ings add another constituent cell type
of tumor stroma to the list of anti-
cancer targets.
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Role of PDGF signals in vascular
development
The different types of blood vessels
develop through the assembly of the
two principal cell types — ECs and PCs
(or vascular smooth muscle cells). ECs
first form tubes, which subsequently
recruit a PC/smooth muscle cell coat-
ing. PCs contribute to the stability of
the capillary wall by participating in
the assembly of the basal lamina
beneath the endothelial layer, and they
also appear to regulate EC function by,
for example, promoting EC survival
(5). A number of mouse mutants have

shown that impairment of either the
PC or EC population impacts the
other cell population as well, indicat-
ing that the communication between
ECs and PCs is essential for normal
blood vessel development (6).

PDGF-B has been identified as an
essential factor regulating PCs, and
thus, indirectly, EC function. Targeted
disruption of PDGF-B or PDGFR-β in
mice results in ablation of microvas-
cular PCs, which normally form part
of the capillary wall (7, 8). The mutant
mouse embryos develop abnormal vas-
culature with an irregular vessel diam-

eter, increased leakiness, and capillary
microaneurysms. During normal
development, PDGF-B secreted (and
bound) by vascular ECs signals to
neighboring PC progenitors express-
ing PDGFR-β to promote the recruit-
ment of PCs along the angiogenic
sprouts. The sprouting capillaries in
the PDGF-B knockout mice have been
found unable to attract PDGFR-
β–positive PC progenitor cells, which
leads to abnormal capillaries (7).
Endothelium-restricted ablation of
PDGF-B results in viable mice with
extensive variation of density of PCs in
the central nervous system and a range
of retinal microvascular abnormalities
reminiscent of those found in diabetic
humans (9). Proliferative retinopathy
developed when PC density was less
than 50% of normal, indicating that a
reduction of the PC density is suffi-
cient to cause retinopathy in mice.
This suggests that PC loss may also be
a causal pathogenic event in human
diabetic retinopathy.

PDGFR as a second tumor target
Confocal- and intravital microscopic
imaging of tumor blood vessels have
shown that the tumor vessels are struc-
turally and functionally abnormal
when compared with normal vessels.
The tumor vessels are characterized by
variable and often increased diameter,
irregular shape, chaotic blood flow,
and leakiness (10). The vascular ECs in
tumors also have an altered pattern of
gene expression when compared to
ECs in normal tissue, indicating that
the tumor ECs are distinct also at the
molecular level (11). Such abnormali-
ties of tumor vessels provide the poten-
tial for targeting these vessels without
destroying the normal vasculature.
Through probing of accessible EC sur-
face molecules by in vivo phage display,
a few endothelial molecules have been
identified that characterize ECs from
either tumor or normal tissue (12).

PCs show clear differences in their
association with ECs between normal
and tumor vessels, and considerable
heterogeneity has been detected in the
degree of PC coating of the angiogenic
vessels in different types of tumors (13).
In many tumors, PC coating of vessels
is sparse compared to normal tissues. 
In two transplantable mouse tumor 

Figure 1
Growth factor receptor signals involved in tumor angiogenesis and vascular development. A
solid tumor is dependent on new blood vessels for growth. (a) Angiogenesis is induced by
VEGF produced mainly by hypoxic tumor cells and inflammatory cells (such as macrophages,
which also secrete MMPs involved in the angiogenic switch) (19). Placental growth factor
(PlGF) produced in the tumor may recruit bone marrow–derived endothelial precursor cells
(EPCs), which become incorporated into the angiogenic vessels (20). The tip cells of a grow-
ing angiogenic sprout, and also the tumor cells, secrete PDGF-B, which binds to the EC sur-
face and recruits PCs to migrate along the angiogenic sprouts (8, 9). In normal tissues, blood
vascular ECs and PCs are in tight contact, and angiopoietin-1 (Ang-1) increases the stabili-
ty of the vessels (b). In tumor vessels, Ang-2, an antagonist of Ang-1, is produced by the ECs,
and the PCs are often only loosely attached to EC tubes; they also have long projections
reaching out from the vessels to the surrounding matrix (13, 22) (c). The tumor blood ves-
sels are leaky and the peritumoral lymphatic vessels (shown in yellow in panel a) cannot clear
the extravasated material (10), which results in increased interstitial fluid pressure (IFP) with-
in the tumor. The findings of Bergers et al. now suggest that concomitant inhibition of ECs
and PCs through inhibition of their respective transmembrane tyrosine kinase receptors
VEGFR-2 and VEGFR-1 (d) and PDGFR-β (e) results in more efficient inhibition of angio-
genesis (4). The roles of additional ligands, VEGF-B (23) and PDGF-D (24, 25), which bind
to VEGFR-1 and PDGFR-β, respectively, are not yet clear in these processes.



models, T241 fibrosarcoma and KRIB
osteosarcoma, tumor vessels fail to
recruit a proper coverage of PCs,
although tumor vessel endothelium is
found to express PDGF-B. The sparse
PC coat of tumor vessels may result
from a limited pool of PCs available for
recruitment from nearby tissues or pos-
sibly also from the bone marrow (14).
Even in tumors, where tumor vessels
are coated with PCs, such as in the pan-
creatic tumors of the RIP1-Tag2 mice,
MCa-IV, and Lewis lung tumors, the
coating is abnormal; PCs are loosely
associated with the ECs, with wide
spaces separating the two cell types
(13). PCs also show cytoplasmic
processes penetrating into the tumor
parenchyma and the basement mem-
brane is only loosely associated with
either ECs or PCs (13).

In this issue of the JCI, the trans-
genic RIP1-Tag2 pancreatic β-cell
tumor model, where a clear angio-
genic switch has been described to
occur during tumorigenesis, has been
used to investigate the role and
potential use of PCs as a target of
antiangiogenenic therapy (4). The
study suggests that the inhibition of
PDGFR-β kinase activity by SU6668
or STI571/Gleevec is sufficient to
inhibit tumor growth although the
tumor cells themselves do not express
PDGFR-β. Instead, PDGFR-β–posi-
tive cells aligning the tumor blood
vessels may be the main common tar-
get of these tyrosine kinase inhibitors.
The combination of SU6668 or
STI571/Gleevec with the VEGFR
inhibitor SU5416 was found to be
most effective in reducing tumor
growth, even in the late stages, where
inhibition of VEGF signaling alone
was inefficient. This result supports
the previous suggestions that in the
absence of PC coating the vascular
ECs become sensitized to apoptosis
after VEGF withdrawal (15). One
caveat in the interpretation of these
studies is that the PC recruitment and
tumor growth reduced by SU6668 or
STI571/Gleevec may not necessarily
be causally linked as they may also
relate to the inhibition of other kinas-
es. Nevertheless, the study demon-
strates the promise of combinatorial
approaches to angiogenesis inhibi-
tion and should inspire further

attempts to target the EC and PC
compartments separately and in com-
bination in experimental tumors.

Implications for stromal targeting
In tumors where oncogenic mutants of
PDGFR-β have been characterized,
such as the TEL-PDGFR-β fusion in
chronic myelomonocytic leukemia or
where ectopic induction of ligand
secretion occurs, such as the secretion
of the collagen-PDGF-B fusion in der-
matofibrosarcoma protuberans, the
targeting of PDGFR-β is an obvious
strategy for tumor therapy (16). The
article by Bergers et al., however, has
much wider implications because the
targeting of PDGFR-β in PCs can be
beneficial even in the absence of onco-
genic forms of the receptor (4). In a
recent study, the blocking of PDGFR-β
by the STI571/Gleevec tyrosine kinase
inhibitor or by nucleic acid aptamers
was found to enhance tumor chemo-
therapeutic efficacy in mice (17). In the
tumor type used in the study, the
PDGFR-β positive tumor stromal cells
appeared to be the drug target. Inhibi-
tion of their PDGFR-β was found to
lower the otherwise high interstitial
fluid pressure in the tumor thus en-
hancing drug uptake. The exact mech-
anisms of such an effect are not com-
pletely known, but they may be related
to the finding that the PDGFR-β sig-
naling pathway is responsible for peri-
cellular matrix contraction by connec-
tive tissue cells. PDGFR-β–induced
activation of PI3K plays a role in con-
trol of interstitial fluid pressure in nor-
mal tissues as well (18).

It is becoming clear that in addition
to the tumor cells themselves, the
tumor microenvironment, including
inflammatory cells and fibroblasts,
has a critical role in the neoplastic
process, promoting cell migration,
proliferation, and survival (19). Many
tumors secrete placental growth factor
(20), as well as other cytokines and
chemokines that are mitogenic and/or
chemotactic for inflammatory cells,
fibroblasts, and ECs. Tumor infiltrat-
ing macrophages, in turn, can secrete
VEGF and VEGF-C/VEGF-D promot-
ing angiogenesis and lymphangiogen-
esis, respectively (3, 21). While the
tumor cells themselves may escape var-
ious therapeutic strategies by develop-

ing resistant variants, the stromal cells
they have co-opted may provide a new
opportunity for therapeutic interven-
tion through, for example, PDGFR-β
inhibitors or new anti-inflammatory
therapeutic approaches. Indeed, it is
possible that the phenotypic changes
in tumor stromal cells are sufficiently
stable and permanent for their use as
targets of tumor growth inhibition.
Isolation of distinct populations of
stromal cells and their characteriza-
tion by gene expression profiling
would give important information for
these targeting approaches. Further-
more, recognizing the complexity of
tumorigenesis, and the interdepend-
ence between tumor cells and cells of
the tumor microenvironment, target-
ing a single component may not be
sufficient. Instead, as shown by the
paper by Bergers et al., combinatorial
strategies may provide improved effi-
cacy for targeted destruction of the
tumor mass (4).
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Several self-molecules have been iden-
tified as target antigens in autoim-
mune diseases. Since lack or loss of tol-
erance to these molecules is one of the
key events promoting autoimmunity,
researchers are exploring the possibil-
ity that the administration of antigens
or peptides may stimulate tolerogenic
mechanisms and delay or prevent the
full phenotypic expression of autoim-
mune diseases. There is much enthusi-
asm for such therapies, as these will
probably be disease-specific and not
associated with the side effects of con-
ventional immunosuppression. Stud-
ies have been performed and are ongo-
ing in both rodents and humans,

using whole antigens or peptides, and
testing diverse administration routes
such as intrathymic, intraperitoneal,
intravenous, subcutaneous, oral, and
intranasal. Despite many studies,
robust data demonstrating clinical
benefits are not yet available (1).

Antigen and/or peptide-based
interventions in diabetes
Type 1 diabetes (T1D) represents one
of the most suitable diseases to exem-
plify such heterogeneous outcomes.
Three autoantigens — proinsulin/
insulin, glutamic acid decarboxylase
(GAD), and tyrosine phosphatase–like
protein IA-2 (or ICA512) — have been
well characterized in both humans and
the NOD mouse model of autoim-
mune diabetes (2). Although all of
these molecules are expressed in pan-
creatic islets, insulin and its precursor
proinsulin are uniquely secreted by
pancreatic β-cells. Several studies have
suggested an important role for
autoimmune responses to epitopes of
insulin/proinsulin, such as the pep-
tides B9–23 (the 9–23 amino acid
region of the insulin B chain) (3, 4) and
B24–C36 (the proinsulin B-chain–

C-peptide junction) (5, 6). In NOD
mice, both subcutaneous and oral
administration of insulin can delay or
prevent diabetes; oral insulin induces
regulatory CD4+ T cells, while nasores-
piratory insulin induces regulatory
CD8+γδ-T cells (7–11). However, in a
Diabetes Prevention Trial–Type 1
(DPT-1) study that involved the par-
enteral administration of insulin, no
significant effect on progression to
overt disease in autoantibody-positive
first-degree relatives of T1D patients,
who have increased risk of developing
diabetes, was demonstrated (12). While
the results of the oral insulin arm of
DPT-1 are expected in June 2003, a ran-
domized, crossover, pilot trial of
intranasal insulin in at-risk first-degree
relatives demonstrated changes in
immune and metabolic markers that
were consistent with an immuno-
protective effect (13).

The subcutaneous or intranasal
administration of the insulin peptide
B9–23 can also prevent diabetes in
NOD mice (3), similarly to the neonatal
administration of the B10–24 peptide
(9). However, the administration of sev-
eral antigen-derived peptides, in adju-
vant, to newborn NOD mice, resulted
in the early activation of multiple
autoimmune responses (14). Similarly,
the intrathymic injection of T1D-asso-
ciated antigens or peptides resulted in
delayed or accelerated diabetogenesis,
depending on the peptides used (15).
Recent studies in mice have also shown
that the repeated administration of
insulin or GAD peptides, including the
B9–23 peptide, can induce lethal ana-
phylactic responses (16, 17). While sim-
ilar occurrences have not been reported
in a phase I trial in which a modified
insulin B9–23 peptide (altered peptide
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