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Thrombospondins TSP-1 and TSP-2 are potent endogenous inhibitors of angiogenesis. They
inhibit angiogenesis through direct effects on endothelial cell migration, proliferation, sur-
vival, and apoptosis and by antagonizing the activity of VEGF. Several of the membrane
receptor systems and signal transduction molecules that mediate the effects of TSP-1 and
TSP-2 have been elucidated. TSP-1 and TSP-2 exert their direct effects through CD36,
CD47, and integrins. Recent data indicate that CD36 andb1 integrins collaborate to transmit
the signals that are initiated by TSP-1 and TSP-2. Furthermore, these receptors appear to
associate with VEGFR2 to form a platform for the integration of positive and negative
signals for angiogenesis. Cross talk between pro- and antiangiogenic signal transduction
pathways may enable TSP-1 and TSP-2 to inhibit angiogenesis byantagonizing survival path-
ways while also activating apoptotic pathways. CD36 and CD47 are both involved in the sup-
pression of nitric oxide (NO). Advances in understanding of the molecular regulation of
angiogenesis by TSP have paved the way for innovations in experimental treatment of
cancers and will likely continue to offer vast avenues for discovery in other disease processes
as well.

In 1971, Judah Folkman proposed that the reg-
ulation of angiogenesis required endogenous

inhibitors to counterbalance the effects of
known stimulators (Folkman 1971). In 1990,
thrombospondin-1 (TSP-1)—a 142,000-Da
glycoprotein initially isolated from human pla-
telets (Lawler et al. 1978)—became the first
endogenous protein inhibitor of angiogenesis
to be identified (Good et al. 1990). Noel Bouck’s
laboratory observed that BHK21/cl13 cells
secrete a 140,000-Da factor that inhibits endo-
thelial cell migration and neovascularization

in the rat cornea. Using standard biochemical
approaches, Bouck’s group showed that this
inhibitory factor is a proteolytic fragment of
TSP-1. In the same year, Taraboletti et al.
(1990) reported that TSP-1 antagonizes the
growth-promoting effects of serum and basic
fibroblast growth factor (bFGF) on endothelial
cells, and Bagavandoss and Wilks (1990)
reported that TSP-1 inhibits endothelial cell
proliferation. Subsequent studies from many
laboratories have identified a diverse group of
proteins that inhibit angiogenesis. Some of
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these proteins, such as brain-specific angiogen-
esis inhibitor (BAI1), share the active sequence
repeat, designated the thrombospondin type 1
repeat (TSR), with TSP-1 and TSP-2 (Kaur
et al. 2003; Tucker 2004). The identification of
endogenous protein inhibitors established that
physiological and pathological angiogenesis is
regulated by a balance of stimulators and inhib-
itors. It also led to the concept of the “angio-
genic switch,” which can be applied at the
cellular or tissue level (Hanahan and Folkman
1996). On the cellular level, the “angiogenic
switch” refers to the change in endothelial cell
phenotype from quiescent to sprouting. The
“angiogenic switch” can also refer to the
changes that occur in the tumor microenviron-
ment that lead to the initiation of angiogenesis.
The amounts of TSP-1 and TSP-2 have been
shown to be key determinants of the initiation
of angiogenesis, and the local amount of
TSP-1 in tissue is an important determinant
of tumor growth (Zaslavsky et al. 2010). The
identification of endogenous protein inhibitors
of angiogenesis has also opened a new avenue
for the development of therapeutic strategies
for the regulation of angiogenesis. Recombinant
protein-, small molecule-, and cell-based strat-
egies to increase TSP levels, primarily for the
treatment of cancer, are currently in develop-
ment (Zhang and Lawler 2007).

The regulation of angiogenesis by TSP-1
and TSP-2 has been extensively reviewed
(Zhang and Lawler 2007; Mirochnik et al.
2008; Isenberg et al. 2009b). In the present
review, we focus on the effects of TSP-1 and
TSP-2 on the molecular events in and around
the endothelial cells that govern their transi-
tion to an angiogenic phenotype. These effects
include suppression of vascular endothelial
cell growth factor (VEGF) bioavailability and
activity, induction of endothelial cell apoptosis,
inhibition of endothelial cell migration, and
suppression of nitric oxide signaling. We also
discuss recent advances in the application of
TSP-based therapies for the control of an-
giogenesis.

TSPs are large multidomain proteins that
interact with a wide range of other proteins.
As such, their functions are dynamic and

pleiotropic. In some experimental models,
TSP-1 has been reported to promote angiogen-
esis (BenEzra et al. 1993; Nicosia and Tuszynski
1994). In these models, the proangiogenic
effects of TSP-1 stem from its ability to promote
the function of inflammatory cells or smooth
muscle cells. In addition, the isolated amino-
terminal domain of TSP-1 has been shown to
promote angiogenesis (Ferrari do Outeiro-
Bernstein et al. 2002). Although this activity is
eclipsed by that of the antiangiogenic domains
within the context of the intact molecule, it is
possible that proteolytic cleavage of TSP-1 in
tissues may generate some of this domain
(Iruela-Arispe 2008).

VEGF BIOAVAILABILITY AND ACTIVITY

The antiangiogenic effects of TSP-1 have been
most extensively characterized in the tumor
microenvironment (Fig. 1). TSP-1 antagonizes
VEGF in several important ways, via inhibition
of VEGF release from the extracellular matrix,
direct interaction, and inhibition of VEGF sig-
nal transduction.

In a transgenic model of breast cancer,
angiogenesis, tumor size, and the level of active
matrix metalloproteinase-9 (MMP-9) are inver-
sely correlated with the level of TSP-1 (Rodri-
guez-Manzaneque et al. 2001). In this study,
tumor progression in TSP-1-null, wild-type,
and TSP-1-overexpressing mice was compared.
The effect of TSP-1 on MMP-9 activation is
thought to reflect the binding of TSP-1 to inac-
tive MMP-9, which leads to suppression of
activation. Similarly, cutaneous wounds in
TSP-2-null mice show increased MMPs and
VEGF (Maclauchlan et al. 2009). The binding
of TSP-1 and TSP-2 to MMPs is mediated by
the TSRs (Bein and Simons 2000). Rodriguez-
Manzaneque et al. (2001) detected decreased
VEGF bound to its receptor in the presence of
TSP-1. They concluded from these studies that
TSP-1 inhibits the release of VEGF from the
extracellular matrix through suppression of
MMP activity.

TSP-1 also binds directly to VEGF, and this
interaction can mediate the uptake and clear-
ance of VEGF from the extracellular space
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(Gupta et al. 1999; Greenaway et al. 2007).
TSP-1 binds to low-density receptor-related
protein (LRP) in a glycosaminoglycan-depend-
ent manner (Wang et al. 2004). This interac-
tion mediates the uptake and clearance of
TSP-1 along with its associated proteins. To
date, MMPs and VEGF have been shown to be
taken up by cells through this mechanism,
which represents a second strategy for suppres-
sion of active MMPs by TSP-1. The domain of
TSP-1 that binds to VEGF has not been identi-
fied. VEGF has, however, been reported to bind
to the TSRs of other proteins, including pleio-
trophin and connective tissue growth factor
(Inoki et al. 2002; Heroult et al. 2004). TSP-1
binds to fibroblast growth factor-2 (FGF-2)
through its type 3 repeats, and this interaction
has also been proposed to inhibit angiogenesis
(Colombo et al. 2010).

The three TSRs of TSP-1 have also been
shown to inhibit VEGF signal transduction
(Zhang et al. 2009). Treatment of human der-
mal microvascular endothelial cells (HDMECs)
with 3TSR decreases VEGF-induced phosphor-
ylation of VEGFR2 at tyrosine-1175 in a dose-
dependent fashion. Decreased VEGFR2 phos-
phorylation is also observed in vivo when
mice are treated with 3TSR before a tail-vein
injection of VEGF. This decrease in VEGFR2
phosphorylation in vivo and in vitro correlates
with decreased VEGF-induced permeability as
measured by the Miles assay. In these studies,
the investigators also detected an interaction
between VEGFR2 and CD36 (a member of the
class B scavenger receptor family), which func-
tions as a receptor for TSP-1 and TSP-2 (Zhang
et al. 2009). An association of CD36 with b1
integrins is necessary for the inhibition of
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Figure 1. Schematic representation of the role of TSP-1 in the tumor microenvironment. TSP-1 affects angio-
genesis through direct effects on endothelial cells and by antagonizing VEGF function. TSP-1 also suppresses
the level of circulating endothelial cells (CEC).
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VEGFR2 phosphorylation by TSP-1 (Primo
et al. 2005). Mutation of cysteine-464 in the
carboxy-terminal cytoplasmic tail of CD36
renders it incapable of complexing with b1
integrins and of inhibiting VEGFR2 signal
transduction. The close physical localization
of pro- and antiangiogenic receptors in the
plasma membrane may facilitate cross talk
between these two signal transduction pathways.

Inhibition of VEGFR2 phosphorylation
appears to lead to decreased activation of the
Akt pathway. Treatment of endothelial cells
with 3TSR suppresses the activation of Akt
in response to VEGF (Ren et al. 2009). This
observation is consistent with increased ac-
tivation of survival and proliferative pathways
in endothelial cells that are isolated from
TSP-1-null mice (Wang et al. 2006). In addi-
tion, elevated levels of Akt phosphorylation
are seen in the retinas of TSP-1-null mice (Sun
et al. 2009). Because Akt mediates survival of
endothelial cells, the data indicate that TSP-1
inhibits angiogenesis by antagonizing survival
pathways while also activating apoptotic path-
ways. The absence of TSP-1 also results in an
increase in the expression of fibronectin in
retinal endothelial cells, which may further pro-
mote cell survival through integrin engagement
(Wang et al. 2006).

INDUCTION OF APOPTOSIS THROUGH
CD36 AND Fyn

In 2000, Jimenez et al. (2000) reported that
TSP-1 induces apoptosis of endothelial cells
in culture. Double staining with CD31 and
TUNEL (terminal deoxynucleotidyl transferase
dUTP nick end labeling) reveals that the TSRs of
TSP-1 can induce apoptosis of tumor endothe-
lial cells in vivo (Sun et al. 2009). In the presence
of TSP-1, Fyn is recruited to CD36, and
mitochondrial-dependent and -independent
pathways are activated (Jimenez et al. 2000;
Ren et al. 2009). In the absence of TSP-1, Src
becomes the principal Src family kinase to asso-
ciate with CD36 (Sun et al. 2009). The induc-
tion of endothelial cell apoptosis by TSP-1
and TSP-2 is mediated by the binding of the
TSRs to CD36 (Dawson et al. 1999; Simantov

et al. 2005; Koch et al. 2011). Multiple non-
overlapping peptide sequences in the TSRs of
TSP-1 have been shown to be active (Iruela-
Arispe et al. 1999). The X-ray crystallographic
structure of the TSRs revealed that they fold so
that the active sequences form a single positively
charged surface on one side of the domain (Tan
et al. 2002). This positively charged region is
thought to bind a negatively charged sequence
between base pairs 95 and 143 of CD36.

A schematic representation of the signaling
pathway that mediates TSP-1-induced apopto-
sis of endothelial cells is shown in Figure 2.
Several studies have shown that activation of
Jun amino-terminal kinase (JNK) occurs rap-
idly after TSP-1 binds to CD36 (Jimenez et al.
2001; Ren et al. 2009). TSP-1 induces apoptosis
through release of cytochrome c and sequential
activation of caspase-9 and caspase-3. Induc-
tion of endothelial apoptosis also involves
changes in the expression of membrane recep-
tors. Treatment of endothelial cells with TSP-1
reportedly up-regulates the Fas/FasL receptor/
ligand pair (Volpert et al. 2002). In another
study, death receptors 4 and 5 were reported
to be increased after treatment of endothelial
cells with the TSRs (Ren et al. 2009). Whereas
endothelial cells are usually resistant to tu-
mor necrosis factor–related apoptosis-induc-
ing ligand (TRAIL)–induced apoptosis, they
become sensitized to TRAIL after treatment
with 3TSR.

Apoptosis

Caspase-3

Caspase-8

JNK

Fas
FasLTRAILTSP-1/3TSR

DR4/5CD36
Fyn

Caspase-9

Cytochrome c

Mitochondria

Plasma
membrane

Figure 2. Signaling pathways that mediate the induc-
tion of endothelial apoptosis by TSP-1.
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Circulating endothelial cells (CECs) have
been reported to contribute to a variable extent
to tumor angiogenesis (Dome et al. 2009). The
level of CECs in TSP-1-null mice is considerably
higher than that of wild-type mice (Shaked et al.
2005). ABT-510—a TSP mimetic under clinical
study—decreases the number of CECs, suggest-
ing that, like capillary endothelial cells, their sur-
vival is regulated by the interaction of the TSRs
with CD36. It should be noted that it has not
been established that ABT-510 binds to CD36.

INHIBITION OF ENDOTHELIAL CELL
MIGRATION AND PROLIFERATION

TSP-1 reportedly inhibits angiogenesis by
suppressing endothelial cell cycle progression
in a CD36-independent fashion (Yamauchi
et al. 2007; Oganesian et al. 2008). Very-low-
density lipoprotein receptor (VLDLR) in the
membrane of capillary endothelial cells binds
TSP-1 and mediates the inhibition of cell cycle
progression through the Akt/MAPK pathway
(Oganesian et al. 2008). A second pathway
that includes p53 and p21 reportedly mediates
the inhibition of the cell cycle in large vessel
endothelial cells (Yamauchi et al. 2007).

Endothelial cell migration is important to
the formation of sprouting capillaries, and
TSP-1 and TSP-2 antagonize this process
(Dawson et al. 1997). The inhibition of capillary
endothelial cell migration involves the binding
of the TSRs to CD36 (Dawson et al. 1997). In
large vessel endothelial cells, which express little
or no CD36,b1 integrins mediate the inhibition
of migration through a process that involves
PI3K, but not Akt (Short et al. 2005). The
TSRs of TSP-1 reportedly bind multiple b1
integrins (Calzada et al. 2004). Consistent
with the close association of CD36 with b1
integrins (see above), an antibody to the b1
integrin subunit also suppressed the ability of
TSP-1 to inhibit the migration of CD36-posi-
tive small vessel endothelial cells (Short et al.
2005). These studies cannot distinguish be-
tween effects on b1 integrin signaling and steric
hindrance of CD36 by the anti-b1 integrin anti-
body because the two receptors are in close
proximity.

SUPPRESSION OF NITRIC OXIDE
SIGNALING THROUGH CD36 AND CD47

An important mechanism through which TSPs
regulate angiogenesis is through CD36- and
CD47-dependent inhibitory effects on nitric
oxide (NO) (Roberts et al. 2007; Isenberg
et al. 2009b). Endogenous NO is a vasoactive
molecule produced primarily in the vascular
endothelium using the substrate L-arginine
by three isoforms of nitric oxide synthase
(NOS): endothelial cell–derived NOS (eNOS;
also called NOS3), macrophage-derived NOS
(iNOS), and neuronal NOS (nNOS). NO
signaling participates in several important
vascular functions, including transient vasodi-
latation, inhibition of platelet aggregation,
both promotion and inhibition of angiogenesis
(Duda et al. 2004), and promotion of cytosta-
sis and cell death. This spectrum of activity is
explained by variations in concentration- and
time-dependant actions of NO (Morbidelli
et al. 2003; Roberts et al. 2007). Briefly, eNOS
normally generates burst-like production of
low levels (,1–10 nmol/L) of NO, which act
in a paracrine manner to relax adjacent smooth
muscle cells, leading to vasodilatation. Changes
in eNOS regulation (via phosphorylation of
Ser-1179) lead to a more sustained, low-level
production of NO (at concentrations of 1–10
nmol/L) that stimulates proliferation and
migration of endothelial cells (Isenberg et al.
2005; Ridnour et al. 2005). NO is produced at
higher levels (.300 nmol/L) by iNOS, and at
these concentrations increases Ser-15 phos-
phorylation on p53 and phosphorylation of
MKP-1, causing cytostasis and, at even higher
concentrations, cell death (Isenberg et al.
2005; Ridnour et al. 2005). The variation in
these effects occurs over a timescale of seconds
to days, with vasodilatory and platelet effects
taking place within seconds, and effects on vas-
cular permeability and angiogenesis occurring
over hours to days (Isenberg et al. 2009b).

Regulation of eNOS is complex and is
achieved by altering its expression levels, post-
translational modification, subcellular localiza-
tion, and binding of several regulatory proteins
(Dudzinski and Michel 2007). VEGFA is an
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important driver of NO signaling via stimula-
tion of eNOS (Murohara et al. 1998; Fukumura
et al. 2001; Aicher et al. 2003; Milkiewicz et al.
2005; Yu et al. 2005). By binding its receptor
VEGFR2 on the endothelial cell surface, VEGFA
induces parallel pathway (via both PI3K/AKT-1
and PLCg/AMPK pathways) phosphorylation
of Ser-1177 on eNOS, which drives produc-
tion of NO. NO then binds to the prosthe-
tic heme on soluble guanylate cyclase (sGC) to
stimulate cyclic guanosine monophosphate
(cGMP) synthesis, which acts to promote
endothelial cell migration, proliferation, and
survival, as well as vascular permeability (Isen-
berg et al. 2009b).

The relevance of VEGF-NO signaling is
supported by data from eNOS-deficient mice.
When type I collagen gels in the craniums of
these mice were exposed to supplemental
VEGFA, angiogenesis, vessel diameter, blood
flow rate, and vascular permeability were found
to be proportional to NO levels (Fukumura
et al. 2001). TSP-1 is an important antagonist
of the NO signaling pathway and powerfully
counteracts these proangiogenic signals, as
reviewed below. TSP-1 and TSP-2 have been
shown to antagonize the proangiogenic NO
signaling pathway through binding to endo-
thelial cell surface receptors CD36 (Isenberg
et al. 2007) and CD47 (Fig. 3) (Isenberg et al.
2006). Identification of NO signaling as a target
of the TSP–CD36 antiangiogenic interaction
was only recently proposed (Isenberg et al.
2007). Engagement of CD36 by the TSR of
TSP blocks uptake of myristate and interferes

with AMPK and Src signaling pathways, which
are promoters of NO signaling (Fig. 3). Addi-
tionally, TSP has been shown to antagonize
proangiogenic signaling by NO via its binding
and activation of CD47 (Isenberg et al.
2009b), also known as integrin-associated pro-
tein. Whereas both CD36 and CD47 can medi-
ate suppression of NO signaling by TSP-1, only
CD47 is required (Isenberg et al. 2006). Con-
centrations of native TSP-1 inhibit NO signal-
ing in vascular cells from both wild-type and
CD36-null mice, suggesting simultaneous regu-
lation of alternative NO signaling pathways by
TSPs (Isenberg et al. 2006). Binding of TSP-1
to CD47 occurs at two peptide motifs on the
carboxy-terminal domain (Gao et al. 1996),
and although partial conservation of some of
these residues is found in TSP-2 and TSP-4,
high-affinity binding to CD47 appears specific
to TSP-1 (Isenberg et al. 2009a). TSP-1 activates
CD47, which, in turn, produces counter-
regulatory signals on sGC and cGMP-depend-
ent protein kinase I (cyclic GKI, the down-
stream product of cGMP signaling) activity,
which together interrupt proangiogenic NO
signaling.

The importance of the TSP–NO pathway is
supported by the observation that the inhibi-
tory effects on angiogenesis of TSP-1 are
achieved at much lower concentrations in vivo
than in vitro (in assays lacking NO). Data
from the studies mentioned above show that
TSP-1 is a 100-fold more potent inhibitor of
angiogenesis in the presence of NO (Isenberg
et al. 2005).

Myristate

CD36 CD47

cGMP

Angiogenesis

cGK-1

Plasma
membrane

sGCeNOS NO

Src/Fyn

VEGF
VEGFR2

TSP-1

Figure 3. Inhibition of NO signaling by thrombospondin-1. TSP-1 inhibits myristate uptake by competing
for binding sites on CD36. Decreased myristalation leads to decreased recruitment of Src to the plasma
membrane.
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Monoclonal antibodies that interfere with
VEGFR signaling—including bevacizumab, sun-
itinib, and sorafenib—also interrupt angiogene-
sis by disrupting VEGF-mediated NO signaling.
Effects on NO could explain some of the known
side effects of these medications, including
hypertension (Izzedine et al. 2007) and thrombo-
sis, the latter of which has been observed up to
33% more often among patients taking beva-
cizumab compared with placebo (Nalluri et al.
2008). Thrombospondins or their derivatives
show significant promise as effective angiogenesis
inhibitors and anticancer agents in animal mod-
els (Miao et al. 2001), and clinical trials are cur-
rently under way evaluating the efficacy of
ABT-510 in several solid tumors. Putting the
molecular effects of TSPs on NO signaling in
the context of both the malignancy and
the patient will be essential to identify which
patients could benefit from a synthetic derivative
of TSPs.

THERAPEUTIC OPPORTUNITIES FOR
REGULATION OF ANGIOGENESIS WITH
TSP-1 AND TSP-2

Given the importance of TSP-mediated effects
on angiogenesis, apoptosis, and extracellular
matrix composition, considerable interest has
been shown in using this protein as a clinical
therapeutic. Generally, two approaches to
increasing TSP-mediated inhibition of angio-
genesis have been explored in the context of
neoplasia: (1) administration of chemothera-
pies based on recombinant TSP or a TSP-
derived peptide, including the TSRs of TSP-1
and TSP-2; and (2) up-regulation or potentia-
tion of the effects of endogenous TSPs.

In contexts in which tissue ischemia limits
recovery, it may be beneficial to suppress TSP
expression in order to promote angiogenesis.
More effective recovery is observed for kidney
ischemia/reperfusion injury and the cutaneous
flap assay in TSP-1-null mice as compared to
wild-type mice (Thakar et al. 2005; Isenberg
et al. 2007). TSP-1-null and CD47-null mice
display decreased necrosis and significantly
improved healing in the cutaneous flap model
and full-thickness skin grafts. Whereas grafts

performed onto wild-type mice fail, the major-
ity of those performed with TSP-1-null or
CD47-null mice survive (Isenberg et al. 2008).
Thus, targeting the TSP-1/CD47/NO signaling
axis may promote healing of skin grafts. Inhib-
ition of TSP-1 also improves pancreatic islet
graft revascularization and function (Olerud
et al. 2008).

Exogenous Thrombospondins and Their
Derivatives

Direct inhibition of angiogenesis through ad-
ministration of therapeutic TSPs—or a deriva-
tive thereof—has been proposed as a potential
anticancer therapy (Zhang and Lawler 2007).
Given the complexity of its interactions, how-
ever, efforts have been undertaken to identify
and purify the regions of TSP-1 and TSP-2
that interrupt angiogenesis selectively. Several
domains of TSP-1 have been shown to interfere
with angiogenesis, including the TSRs and pro-
collagen homology domain (Persson et al. 1995;
Guo et al. 1997; Iruela-Arispe et al. 1999; Reiher
et al. 2002; Thakar et al. 2005). To illustrate this,
mice with experimental B16F10 melanomas
and Lewis lung carcinomas have been treated
systemically with recombinant peptides com-
posed of various combinations of the TSRs
with and without the TGF-b-activating se-
quence of TSP-1, the RFK sequence (Miao
et al. 2001). An 81% inhibition of B16F10
tumor growth was seen following treatment
with a recombinant version of all three TSRs,
with similar findings following administra-
tion of TSR2 þ RFK (the second TSR with
the TGF-b-activating sequence) recombinant
protein. These peptides proved to be potent
inhibitors of endothelial cell migration, and
treated mice showed reduced vessel density. In
addition, they had favorable effects on tumor
cell apoptosis and proliferation. Similar effects
on tumor inhibition were seen with a mouse
model of pancreatic cancer, with decreased
intratumoral vessel number and size, and
increased endothelial cell apoptosis (Zhang
et al. 2005). Recently, the combination of
3TSR and lexatumumab (a TRAIL receptor 2
antibody with agonist properties) has been
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shown to lead to even more potent inhibition of
angiogenesis by inducing endothelial cell apop-
tosis and attenuating the Akt survival pathway
(Ren et al. 2009), supporting the concept that
synergism could accompany combination ther-
apy. These results show promise and highlight
the importance of understanding the mecha-
nisms of TSP activity to more selectively modu-
late its downstream targets in favorable ways in
human cancers.

Clinically, one TSP-1 mimetic—ABT-510—
has been developed that is currently in clinical
trials for several solid organ malignancies
(Haviv et al. 2005). To date, data from phase I
trials have shown a favorable toxicity profile,
as well as linear and time-independent pharma-
cokinetics, and biologically relevant plasma
concentrations, in patients with various solid
organ malignancies (Hoekstra et al. 2005,
2006; Gordon et al. 2008; Nabors et al. 2010).
The efficacy of ABT-510 as a single rescue agent
in patients with advanced soft tissue sarcomas
was recently assessed in a phase II clinical trial
(Baker et al. 2008). Although the results on
overall survival were encouraging, insufficient
response was seen to unambiguously promote
this application. Additionally, 21 patients with
stage IV (metastatic) melanoma were studied
in a phase II trial of ABT-510 monotherapy
(Markovic et al. 2007). Similarly, this study
failed to yield convincing evidence that ABT-
510 alone resulted in improvement in clinical
outcomes. Finally, phase II data from patients
with previously untreated advanced renal cell
carcinoma were less ambiguous, showing no
response to the study drug among patients
treated with ABT-510 as a single agent (Ebbing-
haus et al. 2007). All of these studies have, how-
ever, established an acceptable safety profile of
the drug. Furthermore, experimental work has
supported the role of ABT-510 as an adjuvant
chemotherapy, which can potentiate the anti-
tumor effects of more traditional, cytotoxic
chemotherapy, including in ovarian cancer
(Greenaway et al. 2009; Campbell et al. 2010).
It is possible that ABT-510 specifically or other
TSP mimetics will prove efficacious as an adju-
vant chemotherapy, perhaps improving clinical
outcomes and permitting lower exposure to

more traditional cytotoxic chemotherapeutics.
Clearly, more work is needed here.

Strategies to Enhance the Efficacy of
Exogenous Thrombospondins

Treatment with continuous doses of antiangio-
genic agents has been shown to enhance their
efficacy (Kisker et al. 2001). This is true for
TSPs as well (Zhang et al. 2007) and encourages
strategies that could provide more sustained
increases in TSP or TSP-derivative activity.
Along these lines, modulation of endogenous
TSP levels could provide a therapeutic avenue
to increase circulating TSP levels and augment
efficacy of anti-neoplastic regimens. Up-regula-
tion of TSP-1 has been shown to be achievable
with the continuous administration of low
doses of chemotherapeutics, referred to as
“metronomic dosing” (Browder et al. 2000),
with several agents including cyclophospha-
mide, vinblastine, and epothilone B (Bocci
et al. 2003). In the latter study, induction of
gene and protein expression of TSP-1 was
observed using metronomic dosing. TSP-null
mice did not show an advantage in reduction
of tumor burden with metronomic dosing,
whereas the wild-type controls with endoge-
nous, unadulterated TSP-1 did. Beyond changes
in expression, there is a suggestion that metro-
nomic dosing may up-regulate Fas receptor on
endothelial cells and render them more suscep-
tible to the proapoptotic effects of TSP-1 and
ABT-510, particularly in the presence of other
anti-neoplastic agents including cyclophos-
phamide and cisplatin (Yap et al. 2005). Metro-
nomic dosing is emerging as a possible schedule
to potentiate antiangiogenic effects of chemo-
therapeutics (Andre et al. 2010); this is an area
of promise, and here, too, understanding the
molecular and biochemical basis of these effects
will be essential in modulating them.

DELIVERY OF ANTICANCER TSP
DERIVATIVES

Cell-based delivery systems for proteins or their
active domains bypass the need to prepare large
quantities of purified proteins. Fibroblasts that
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overexpress TSP-2 have been incorporated into
biodegradable polymer grafts and transplanted
into the peritoneal cavities of mice (Streit
et al. 2002). These grafts produced sustained
increases in circulating TSP-2, which were able
to suppress angiogenesis and growth of distant
experimental squamous cell carcinoma, mela-
noma, and Lewis lung carcinoma.

Data from clinical trials have brought to
attention several important adverse side effects
associated with angiogenesis inhibitors, includ-
ing hypertension and thromboembolic events
associated with bevacizumab (Nalluri et al.
2008). Clinical studies evaluating ABT-510 to
date have been insufficiently powered to iden-
tify important adverse effects. Nevertheless,
what is clear is that targeted, sustained delivery
of anti-tumor agents to the tumor microenvi-
ronment would intuitively result in better tu-
mor inhibition with fewer systemic side effects.
Recently, mesenchymal stem cells (MSCs) have
emerged as novel cell-based delivery agents to
achieve these ends (Aboody et al. 2008; Saspor-
tas et al. 2009), and data from TSP-expressing
cell lines in central nervous system gliomas are
encouraging. Human malignant astrocytomas
(including glioblastoma multiforme) are asso-
ciated with a poor prognosis, and therapeutic
options are very limited at the present time.
These are vascular tumors, for which angiogen-
esis has been shown to be a critical component,
and antiangiogenic therapy looked upon as a
ray of hope for treatment of these cancers (Chi
et al. 2009a,b). ABT-510 has been shown exper-
imentally to be effective in reducing malignant
glioma neovascularization and inhibiting
tumor growth (Anderson et al. 2007), making
it an attractive target for MSC delivery. Recently,
human neural stem cells (hNSCs) have been
used experimentally to provide sustained
on-site delivery of secretable TSR protein to
highly malignant human gliomas raised in
mice (van Eekelen et al. 2010). Treatment with
a single dose of 3TSR-bearing hNSCs induced
a significant reduction in tumor vessel density
that resulted in inhibition of tumor progression
and was accompanied by a survival benefit in
these mice. Mesenchymal stem cells and other
innovative strategies for more effective TSP

delivery show considerable promise and will
likely continue to be an area of interest among
researchers and clinicians.

FUTURE DIRECTIONS

Initial data indicate that TSP-1 and TSP-2 bind
to multiple membrane proteins and direct the
assembly of complexes that affect signal trans-
duction pathways that regulate cell survival,
migration, differentiation, and growth. The for-
mation of these multiprotein complexes may
serve to colocalize receptor systems to specific
regions of the membrane, such as lipid rafts and
tetraspanin-enriched microdomains, where sig-
nal transduction can efficiently proceed (Chen
et al. 2000; Hynes 2009). The ability to recruit
and organize the constituents of these multipro-
tein complexes may be key to the effects of
TSP-1 and TSP-2 on cellular behavior during
dynamic processes such as angiogenesis. Future
studies will elucidate the composition of these
complexes and their function in controlling endo-
thelial cell phenotype. They will also elucidate the
role of specific signal transduction pathways in the
regulation of angiogenesis by TSPs.

Therapeutic interventions that either down-
regulate or up-regulate TSP levels to promote or
inhibit angiogenesis, respectively, may prove
useful in the future. Humanized antibodies
are a proven way to antagonize endogenous
proteins. Topical application of antibodies to
TSP-1, TSP-2, and CD47 could be developed
to promote the grafting of skin. Because pro-
ducing large quantities of protein therapeutics
is challenging, cell-based therapies for localized
or systemic up-regulation of TSP expression are
attractive. It is also possible that small molecules
that regulate endogenous TSP expression could
be developed for topical or systemic administra-
tion. Because cancer and cardiovascular disease
remain the two most common causes of death
in developed nations, development in innova-
tive therapeutic strategies to modulate angio-
genesis favorably (pro- in the latter, anti- in
the former) will likely continue for many years
to come and promises to be a fascinating voyage
of discovery.
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