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Abstract
Thrombospondin-1 is the first and most studied naturally occurring protein inhibitor of angiogenesis.
Its characteristic multi-domain structure determines thrombospondin-1 divergent functions, which
include but are not limited to the regulation of angiogenesis. Below we overview the structural
determinants and receptors expressed on the endothelial and other cell types, that are at the root of
thrombospondin-1 striking ability to block neovascularization. We specifically emphasize
thrombospondin-1 direct apoptotic action on the remodeling vascular endothelium and summarize
current knowledge of its pro-apoptotic signaling and transcriptional networks. Further, we provide
comprehensive survey of the thrombospondin-based anti-angiogenic strategies with special focus on
the combination treatments. We convincingly illustrate how precise knowledge of the pro-apoptotic
events and intermediates elicited by thrombospondin in the vascular endothelial cells facilitates the
design of the most effective treatment combinations, where the efficacy of thrombospondin-derived
compounds is maximized by the partner drug(s) (“complementation” strategies) and provide
examples of such fine-tuning of the thrombospondin-based anti-angiogenic treatments.
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TSP1 structure and function
The members of the large family of matricellular proteins including thrombospondin-1 (TSP1)
play important roles in genesis and remodeling of multiple tissues including cartilage and
vasculature. TSP1 is one of the important pivots that regulate vascular tissue homeostasis
whereas its key function is the negative control of angiogenesis. TSP1 was the first naturally
occurring protein inhibitor of angiogenesis [1] to be identified; its anti-angiogenic effects have
since been established in a multitude of experimental models and linked to specific epitopes
in the multi-domain, multi-functional TSP1 molecule. TSP1 is the first identified, and therefore
best studied thrombospondin family representative, its structure is thus considered as prototype
for the other family members. In the thrombospondin family, another member, TSP2 has a
similar domain structure and, non-surprisingly, its functions significantly overlap with those
of TSP1. Specifically, both TSP1 and TSP2 potently inhibit angiogenesis [2].

In adult organisms, TSP1 expression is limited to the sites of tissue remodeling where it resides
in the extracellular space and determines cell phenotype and extracellular matrix structure and
composition [3]. Although not all TSP1 domains have been ascribed cognate cell surface
receptors, the assumption that each domain has a corresponding receptor(s) is not far from the
truth: the array of TSP1 receptors expressed by a given cell determines the repertoire for cellular
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responses, which are extremely diverse. TSP1 promotes the migration of vascular smooth
muscle cells but suppresses chemotaxis and motility of the endothelial cells with equal potency.
TSP1 stimulates matrix assembly by binding other matrix proteins, such as fibronectin and
collagen and regulates matrix digestion by matrix metalloproteinases and plasmin. Finally,
TSP1 stimulates apoptosis of the endothelial cells and T cells but promotes survival of the
vascular smooth muscle cells. This diversity of function marks TSP1 and its close homolog
TSP2 as critical players in physiological angiogenesis, development, wound healing,
synaptogenesis, and the corresponding tissue remodeling but also in pathological processes
including atherosclerosis, neoplasia and tumor angiogenesis.

The current state of the structure-function analysis of TSP1 and 2, which is pertinent to
angiogenesis is summarized in Figure 1a. TSP1 functional epitopes probably originate from
exon shuffling in the course of evolution. The N-terminal (N-ter) domain contains high-affinity
binding site for heparin and heparan sulfate proteoglycans; N-ter, but not the heparin-binding
site also mediates VEGF uptake and clearance via low-density lipoprotein receptor-related
protein (LRP) [4]. The core of the TSP1 contains three thrombospondin type 1 repeats (TSRs),
also called malarial (Mal) or properdin repeats and three epidermal growth factor or
thrombospondin type 2 repeats. TSRs are found in more than a hundred human proteins [5]
and represent the most studied TSP1 anti-angiogenic epitope. TSRs and their peptide mimetics
are successfully used to block angiogenesis and tumor growth in preclinical models [6] and
the mimetics have been evaluated in early stage clinical trials [7]. TSP1 is the only member of
the family that has the ability to activate TGF-β: this function is mapped to the critical RFK
sequence between TSR1 and TSR2 [8, 9] (Figure 1). This ability indirectly impinges on
angiogenesis, since TGF-β is the major modifier of the vascular smooth muscle cells (VSMC)
proliferation and motility (recruitment to the vasculature), the two factors critical for the
stability of the microvasculature [10]. TSP1 C-terminal portion (from the last type 2 repeat to
the C-terminus, C-ter) contains over 30 calcium-binding sites wrapped around a sandwich
structure formed by the last 200 amino acids of the TSP1 [3]. This is the most conserved of all
TSP domains, the signature domain for the entire family. The presence of the calcium-binding
domain suggests TSP1 functions in the calcium homeostasis, a role that only begins to unravel:
recent study demonstrates the loss of another calcium-binding protein, calbindin, and
compensatory repression of the transient potential receptor channel 4, lowers calcium intake
in the renal carcinoma cells. The resulting decrease of intracellular calcium, in turn, causes
TSP1 misfolding and impaired secretion due to the retrograde transport of misfolded protein
from the Golgi complex to the endoplasmic reticulum [11]. Another study ascribes the Type
3 TSP1 repeats the ability to block angiogenesis by quenching bFGF [12].

TSP1 anti-angiogenic activity is not limited to the TSRs: the procollagen homology domain
proximal to the TSRs also interferes with angiogenesis, however its anti-angiogenic function
is little explored [13]. Another peptide at the C-ter region of TSP1, 4NIK may either inhibit or
induce angiogenesis, depending on the cell and tissue context [14,15].

TSP1 angioinhibitory epitopes
TSP1 effects on angiogenesis can be classified as direct and indirect. The direct ones target
and modify the behavior of endothelial cells proper, while the indirect effects are mediated by
the endothelial cell environment, where the changes occur to the complex milieu of growth
factors and cytokines, angiogenesis inhibitors, proteases and adhesion factors produced by
other cell types. Indirect effects of TSP1 include the recruitment of the vascular smooth muscle
cells thereby stabilizing the remodeling capillaries and precluding further angiogenesis [16];
the binding and sequestration of the pro-angiogenic growth factors and cytokines secreted by
non-endothelial cells, such as bFGF and VEGF [17,18] thus lowering endothelial cell survival,
migration and vascular sprouting. In addition, TSP1 promotes VEGF internalization by the
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non-endothelial cells via low density lipoprotein receptor-related protein (LRP) and partially
suppresses VEGF expression by the same cells [4]. Finally, TSP1 pro-apoptotic effect on
activated macrophages reduces the levels of inflammatory cytokines, which are important
players in the pathological angiogenesis [19,20]. TSP1 direct effects on the endothelial cells
encompass the repression of motility and chemotaxis [21], cell cycle arrest [22] and apoptosis
[23,24].

The domain(s) responsible for the sequestration of the growth factors reside at the N-terminus
of the TSP1 molecule, in the heparin-binding domain [17]; TGF-β activating sequence is
positioned at the proximal end of the TSRs [5] and the peptide sequences required for the killing
of T cells, macrophages and dendritic cells has been mapped to the C-terminus [20].

TSP1 direct anti-angiogenic activities map largely to TSRs (Figure 1a). The anti-angiogenic
activity has been ascribed to the NGVQYRN sequence in the procollagen homology domain
[13] and to the KRFKQDGGWSHWSPWSSC in TSR2 [25]. Unexpectedly, although the
KRFKQDGGWSHWSPWSSC sequence encompasses TGF-β activating motif RFK, its ability
to suppress proliferation of the endothelial and tumor cells is independent of the TGF-β
activation. The anti-angiogenic fragment from the procollagen domain inhibits endothelial cell
chemotaxis in vitro and angiogenesis in vivo; however, its function has not been further
explored. Three independent studies by Tolsma, Iruela-Arispe and Dawson using synthetic
peptides identified the sequence SPWSSCSVTCGDGVITRIR, or MalII peptide within TSR2
[13, 25, 26] and a similar sequence in the TSR3 (SPWDIASVTAGGVQKRSK). Two L- to
D-isoleucine substitution further stabilized SPWSSCSVTCGDGVITRIR peptide and
increased its specific activity [26]. Minimal version of the D-Ile MalII peptide yielding DI-
TSP, a heptapeptide containing D-isoleucyl substitution for the first L-isoleucine29 and the
internal Arg residue replaced by Nva showed activity at low nanomolar concentrations [26]
(Figure 2). Further optimized TSP1 peptide mimetics ABT-510 and ABT-526 (Figure 2) have
improved stability and pharmacokinetics [27] and have been showing promise in early-phase
clinical trials [7, 28].

TSP1 induces endothelial cell apoptosis to block angiogenesis
TSP1 was the first anti-angiogenic agent, for which apoptosis was shown to be the main way
of exerting anti-angiogenic activity [23]. Later this observation was generalized for the
majority of natural angiogenesis inhibitors including angiostatin, endostatin, tumstatin,
SPARC and many others [29]. The apoptosis is induced predominantly in the endothelial cells
by intact thrombospondin and by the KRFKQDGGWSHWSPWSSC peptide (see above),
while the peptide from procollagen domain, NGVQYRNC lacked the pro-apoptotic capacity
[24]. The apoptotic effect of KRFKQDGGWSHWSPWSSC peptide is independent of TGF-
β activation but requires the WSXW motif. Interestingly, the pro-apoptotic action of TSP1 and
its peptides is independent of their anti-proliferative activity. Later studies have demonstrated
that TSP1 and 2 anti-proliferative activities are due to the inhibition of G1/S phase transition
and are mediated by p21 accumulation and Rb dephosphorylation, and are presumably
triggered at CD36 cell surface receptor [22]. Alternatively, TSP can induce CD36-independent
growth arrest in HUVEC via p53-dependent p21 induction [30]. Similar pathway have been
shown for another TSR containing protein, brain-specific angiogenesis inhibitor I (BAI1),
where p53 induction is mediated via αvβ5 integrin [31]. Another study directly linked apoptosis
and anti-angiogenesis by demonstrating that pan-caspase inhibitor, z-VAD relieved
angiogenesis blockade by TSP1 in vivo, in the mouse cornea model [23].

CD36 is the endothelial anti-angiogenic and pro-apoptotic receptor for TSP1
In the endothelial cells, TSP1 induces caspase-dependent apoptosis [23]. Several studies
identified CD36 as essential receptor for the TSP1 and 2 anti-angiogenic and pro-apoptotic
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activity [23,32]. CD36 is an 88-kDa cell-surface transmembrane glycoprotein of the scavenger
receptor B family, which is key for multiple cell functions, including platelet aggregation, anti-
angiogenesis, uptake of the long chain fatty acids and oxidized LDL (oxLDL), cell adhesion
and phagocytosis [33]. TSP1 binding to CD36 is inhibited by the CSVTCG peptide [34,35]
(Figure 1). Large vessel endothelial cells lacking CD36 fail to respond to TSP1 in the in vitro
assays for angiogenesis, unless transfected with exogenous CD36 [32]. CD36 neutralizing
antibodies or CD36 soluble fragments, which disrupt CD36-TSP binding, also hamper TSP1
inhibition of the endothelial cell migration, morphogenesis and apoptosis [23,32]. Moreover,
TSP in vivo anti-angiogenic activity critically depends on CD36: neither TSP-1 nor TSP-2
effectively block bFGF or VEGF induced neovascularization in CD36 null mice in the matrigel
or corneal assays [23,36]. Moreover, CD36 null mice mount a more vigorous response to the
angiogenic growth factors than their wild type counterparts [36], suggesting the importance of
CD36-TSP axis in the maintenance of angiostasis in adult organisms. The important structural
features of CD36 are shown in Figure 3a. The cationic face of the TSRs interacts with the CD36
amino acids 93–100, a charged domain conserved in all CD36 family members and between
species, termed CLESH (CD36, LIMP2, EMP, SRB-1) [37]. Interestingly, LDL, which binds
another CD36 epitope upstream of CLESH (aa139-155) can also block angiogenesis and causes
endothelial cell apoptosis via mechanism similar to that of TSP1 [38]. TSP1 binding to CD36
and anti-angiogenic activity is regulated on two levels: by competitive binding between TSP1
and Histidine-Rich Glycoprotein (HGRP), which also contains a CLESH domain and thus acts
as a soluble decoy receptor for TSR-containing proteins [36] (Figure 3b), and possibly by CD36
phosphorylation at the consensus site between aa87-99 by the protein kinase C, which also
suppresses TSP1 binding [39]. Thus the CD36-TSP-HGRP (Figure 3c) is an important module
that determines angiostasis vs. angiogenesis.

TSP1 apoptotic pathways
Multiple groups have demonstrated that TSP-induced apoptosis of the microvascular
endothelial cells is caspase-dependent and indicated caspases 3 and 8 ([23,40] and Roya
Khrosavi-Far, personal communication). This process is mediated by CD36, which is clustered
in cholesterol-rich lipid rafts in association with the src family kinases (SFK), Fyn, Lyn and
Yes [41]. TSR binding to CD36 increases CD36-Fyn association, and leads to Fyn activation,
which is critical for TSP-dependent apoptosis and anti-angiogenesis: microinjections of Fyn
neutralizing antibodies abolish subsequent signaling events leading to apoptosis; moreover,
mice null for Fyn mount robust response to bFGF in the corneal assay despite the presence of
TSP1 in slow-release implants [23]. TSP1 interaction with CD36 results in the activation of
p38 kinase and c-Jun N-terminal kinase (JNK). JNK induction is critical for the TSP-1
dependent apoptosis and angiogenesis since TSP1 anti-angiogenic activity is severely
compromised in JNK-1 and to some degree in JNK-2 null mice [42]. On the other hand, p38
inhibitor SB203580 blocks TSP1-induced apoptosis in vitro and restores corneal angiogenesis
in vivo [23].

TSP1 causes apoptosis selectively in the remodeling endothelium in vivo (e.g. tumor
vasculature or growth factor-induced neovessels), which is best represented in vitro by the
endothelial cells treated with angiogenic stimuli, including VEGF, bFGF and IL-8 [43]. This
selectivity is attributed to the induction of the intrinsic apoptotic cascade triggered by the
interaction between the CD95 (Fas) receptor and its cognate ligand, CD95L (FasL). CD95 is
extremely low on the surface of resting endothelial cells and in quiescent microvessels: it
becomes prominent in the presence of angiogenic stimuli, both in vitro and in vivo due to
redistribution of the intracellular pool of CD95 from the Golgi complex to the cell membrane.
In contrast, TSP1 has no effect on CD95 expression or presentation, but strongly increases
p38-dependent expression of CD95L mRNA and protein. The CD95L induction initiates the
secondary receptor-ligand interaction, which triggers apoptotic events including the activation
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of initiator caspase-8 and executioner caspase-3. These in vitro findings are supported by the
loss of TSP1 inhibitory activity in mice deficient for CD95 or CD95L and by the increased
vascularization in the tissues of mice deficient for both CD95 and its ligand [43].

At the transcription level, pro-angiogenic signaling events by both VEGF and bFGF include
the induction of the Nuclear Factor of the Activated T-cells (NFATc2) transcription factor,
which contributes to angiogenesis by driving the expression of COX-2 and the endogenous
caspase-8 inhibitor, c-FLIP [44,45]. NFATc2 is activated and undergoes nuclear import upon
dephosphorylation by its associated phosphatase, calcineurin [46]. TSP-1 activation of JNK-1
and 2 leads to re-phosphorylation and subsequent nuclear export and cytoplasmic retention of
NFATc2. Interestingly, NFAT phosphorylation, TSP1-dependent apoptosis and anti-
angiogenic activity in the mouse corneal assay were significantly inhibited by the specific JNK
inhibitor, SP-600125 ([44] and Volpert and Zaichuk, unpublished observations). These
findings are summarized in Figure 4.

Recent studies reveal that the regulation of angiogenesis and apoptosis by TSP1 involves
another transcription factor, nuclear factor kappa beta (NFκB). Previous studies have identified
the induction of NFκB by VEGF as necessary part of angiogenesis [47]. Surprisingly, TSP1
further enhanced NFκB activation. A specific inhibitor of NFκB, which blocks upstream
IKKα and IKKβ kinases, abolished apoptosis and reversed anti-angiogenesis by TSP1 in
vitro and in vivo, in matrigel plug assay, suggesting critical role of NFκB in TSP1 anti-
angiogenic, pro-apoptotic function i. Timed measurements of NFκB activity in VEGF-
stimulated endothelial cells and in the absence or in the presence of TSP1 reveal major
distinctions in the activation kinetics: while VEGF causes short and transient NFκB activation,
which repeats with 3–4 hour intervals, the effect of TSP1 was sustained for at least 6 hours and
persisted for 12 hours (Figure 5) i. In the case of JNK and p38 kinases, short and transient
activation leads to survival, while long and sustained activation causes apoptosis [48]: it is not
unlikely that similar differences in NFκB activation kinetics also produce opposing biological
effects. NFκB plays a pivotal role in the regulation of both survival and apoptotic molecules:
chromatin immunoprecipitation studies have shown that TSP1-driven NFκB acts as a
transcriptional activator for CD95L but represses c-FLIP transcription. These contrasting
activities depend on the composition of NFκB complex, promoter-specific context and
chromatin reorganization. At the CD95L promoter, NFκB p65/p50 dimers recruit p300 histone
acetylase (HAT) and subsequently decrease the DNA association with histones H3 and H4. In
contrast, at the c-FLIP promoter, NFκB is present in the form of p50/p50 transcriptionally
inactive dimers, which recruit histone deacetylase HDAC1 causing deacetylation and increased
DNA binding of the H3 histone and restricting the presence of p300. Moreover, NFκB appears
to be responsible for the displacement of NFATc2 from c-FLIP promoter: the dissociation of
NFAT from the cFLIP promoter is abolished by NFκB inhibitor, BMS-345541, suggesting that
NFAT and NFκB compete for similar or adjacent binding sites, an event that has been
speculated upon but never actually demonstrated [49]. The effects of TSP1 on NFκB/NFAT
driven transcription are summarized in Figure 6 i.

Polverini and co-workers noted the decreased Bcl-2 expression in the endothelial cells exposed
to TSP1 [50]. Although the mechanism has not been explored, it is feasible that Bcl-2 is also
downregulated via NFAT-dependent mechanism. In fact, Endothelin-1 drives Bcl-2 expression
via NFAT and therefore promotes endothelial cell survival [51]. The decrease of the two
important survival factors, like cFLIP and Bcl-2 make the endothelial cells highly susceptible
to the TSP1 apoptotic molecular events.

iAurora AB, Biyashev D, Mirochnik Y, Zaichuk TA, Renault MA, Losordo D, Kwiatek A and Volpert OV. NFκB AND NFAT:
BALANCING VASCULAR REGRESSION AND ANGIOGENESIS. Submitted.
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TSP1-induced killing of non-endothelial cells
Interestingly, TSP1 can induce cell death in non-endothelial cells. In particular, TSP1 type 3
repeats and a minimal active peptide for the C-terminal region, 4N1K cause the ligation of the
CD47 receptor/integrin-associated protein (IAP), which results in the death of T-cells,
macrophages and dendritic cells [20,52]. This is thought to limit the number of mature T cells
and macrophages, a process necessary for healthy immunostasis [53]. The cell death caused
by CD47 ligation is resistant to the exogenous rescuing cytokines, such as interleukin-4 or
interferon-γ. Importantly, it occurs independent of caspase activation and is not associated with
DNA fragmentation, although phosphatidylserine exposure is symptomatic of apoptosis [54].
The CD47-dependent, caspase-independent T cell apoptosis is attributed to ROS production,
which occurs independently of the release of cytochrome C and apoptosis inhibitory factor
(AIF) by the mitochondria [55]. ROS accumulation, in turn, drives the increased production
of the dynamin-related protein Drp-1, which causes dramatic and rapid actin reorganization
and subsequent membrane rupture [56]. In fibroblasts subjected to mechanical stress, increased
TSP1 production and subsequent CD47 ligation also cause cell death [57]. In contrast, in the
vascular smooth muscle cells and endothelial cells CD47/IAP ligation stimulates focal
adhesion kinase and cyclic GMP production and results in the survival and increased
angiogenesis [24]. Thus it appears that TSP1 regulates cell survival in multiple ways and across
multiple tissues and cell types. The physiological meaning of TSP1 killing of monocytes is yet
unclear, as well as the meaning of the TSP1 and CD36-dependent suppression of the
megacaryocytopoiesis [58]. However, this is a feasible mechanism of TSP1-dependent
suppression of the circulating endothelial precursor cells, which, are critical components of
tumor angiogenesis and metastases [59,60]. Finally, studies with synthetic peptides indicated
two heparin-binding peptides, Hep-I at the NH2-terminus and GGWSHW within the TSRs
potently induced differentiation and apoptosis of HL-60 and NB4 leukemia cells, suggesting
that cell surface heparan sulfates may be involved in the TSP1 apoptotic effect on
promyelocytic cells [61].

TSP1 based therapies and combinations
There are several excellent reviews on TSP-based cancer therapies including those by the
groups of Lawler, Mosher and Khrosavi-Far [3,6,21,62], which give detailed and
comprehensive overview of existing preclinical models using TSP1 and TSP2. Here we will
briefly recapitulate this information, with specific emphasis on the TSP1 pro-apoptotic
properties and discuss the combinatorial strategies whose design was based on the knowledge
gained from the studies of TSP1 signaling pathways.

a. Rationale for the use of TSP1
TSP1 is frequently decreased in angiogenesis-dependent diseases, especially in cancer, an
event that is followed by the shift of angiogenic equilibrium from angiosuppression to
angiogenesis (angiogenic switch) in the environment permissive for angiogenesis and therefore
free nutrient delivery/waste removal critical to the unlimited tumor expansion. The decrease
of TSP1 expression in the tumors is typically driven by the main genetic relays of tumor
progression, by oncogenes and tumor suppressors [63]. As is the case with many angiogenesis
inhibitors, TSP1 expression is sustained by the tumor suppressor genes (APC, p53, p73, PTEN,
SMAD4 [64–68]) and repressed by the oncogenes (Ras, Myc, Id-1, src, c-Jun, HER2 and others
[69–76]). TSP1 can also be inhibited through the promoter hypermethylation as it happens in
lymphoma and neuroblastoma [77,78] and by hypoxia/anoxia, which are common in the
exponentially growing tumors [79]. Increased, expression of HRGP, a soluble counterpart of
CD36, can sequester TSP1 from the tumor microenvironment and also flip the angiogenic
switch [37]. Finally, TSP secretion may be hampered by aberrant folding due to the deficit of
intracellular calcium [11]. In the light of early discoveries by Folkman and colleagues [80],

Mirochnik et al. Page 6

Curr Drug Targets. Author manuscript; available in PMC 2010 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



restoring the TSP axis and thus flipping back the angiogenic switch appears an attractive
alternative to the highly toxic conventional treatments or a useful adjuvant approach that may
allow lowering the doses of toxic compounds, reduce the emergence of resistant tumor and
increase the duration of treatment. TSP1-based strategies are especially attractive because they
target exclusively remodeling endothelium and are harmless for the quiescent vasculature.

b. Means of restoring TSP1 expression
The team of Robert Kerbel and other groups found that TSP1 levels are restored by the
continuous and frequent administration of low-dose chemotherapy (metronomic dosing),
particularly cyclophosphamide in both endothelial and tumor cells leading to decreased tumor
growth and apoptosis in the non-endothelial and endothelial compartments [81,82]. However,
this approach did not receive clinical verification: in children with recurring refractory solid
tumors metronomic therapy with cyclophosphamide or vinblastin produced highly variable
levels of circulating TSP1, which did not correlate with the disease progression [83]. However,
in the combination therapy with bevacizumab and metronomic cyclophosphamide, which
proved effective in blocking tumor growth and angiogenesis, neither VEGF nor TSP1 levels
in patients’ serum reflected the outcome [84] suggesting that the circulating levels of the target
protein are not reflective of the treatment efficacy. The hypermethylation of TSP1 promoter
in some cancer types suggested the use of methylation inhibitor, 5-azacytidine in preclinical
animal studies, the treatment significantly lowered the methylation of TSP1 promoter on
chromosome 15, restored TSP1 expression and effectively decreased angiogenesis and tumor
growth [77]. A cell-based delivery approach to reconstitute TSP-2 levels in squamous cell
carcinomas, melanomas and Lewis lung carcinoma was used in the study by Detmar and
colleagues [85]. Biodegradable polymer containing TSP-2 expressing fibroblasts was
implanted into ovarian pedicle and the decreased tumor growth was accompanied by reduced
angiogenesis and increased apoptosis. Finally, an elegant approach by Silverstein and co-
workers employs inactivation of HRP expression in tissues and tumors expressing TSP1 and
HRGP simultaneously [37], however this technique needs further validation.

b. Rationale for the use of TSP1 peptide fragments
Overexpression of the 180 kDa TSP1 molecule in most cases delays tumor growth, and causes
significant reduction in mean vessel density (MVD), supporting the clinical utility of TSP1.
This proved true for the breast and cutaneous carcinomas, fibrosarcomas, glioblastoma and
more [86–90]. The injections of the TSP-1 expressing plasmid into the tumor site effectively
suppressed the growth of the prostate cancer xenografts (DU-145) [91] and systemic injections
of purified TSP1 from platelets inhibited melanoma growth [92]. However, the high molecular
weight, the difficulties and costs of the large-scale production, possible immunogenicity, and
especially the multiplicity of the TSP1 receptors, functions and target cells all present serious
obstacles to the development of the intact TSP1 molecule for human use. Some studies
demonstrate increased angiogenesis associated with TSP-1 overexpression (reviewed in [21]),
which could be due to the TSP1-dependent CD47 ligation, which may increase the motility
and invasiveness of the tumor cells [93]. Another possibility is that selective pressure posed
by continuous TSP1 application leads to the selection and overgrowth of the pre-existing tumor
cells expressing higher levels or broader spectra of angiogenic stimuli and are therefore
resistant to the anti-angiogenic effect of TSP1 [94,95]. Although the nascent molecule may not
be suitable for clinical use, it is feasible to use the shorter fragments (peptides) that bind a
single receptor on the endothelial cells and produce exclusively anti-angiogenic effect: they
are easier to generate on a large scale and less immunogenic. Interestingly, recent studies report
the cleavage of TSP-1 and TSP2 by ADAMTS-1 metalloproteinase, which releases shorter
peptides with enhanced anti-angiogenic activity, suggesting that in vivo TSP1 and 2 in their
matrix-bound intact form act as a reservoir of anti-angiogenic activity, which can be released
by proteolytic degradation [96]. Consistent with that notion, we observed TSP1 fragments of
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varying length in the plasma of mice bearing TSP1 producing tumors (Volpert and Veliceasa,
unpublished observations). Therefore, TSP1 peptides present a more viable therapeutic
alternative for the full-length parental molecule, and a better replication of the in vivo mode
of action.

c. Ectopic delivery of the TSR-based fragments/peptides
The list of the TSP1 and 2 peptides that were successfully tested in vivo for the inhibition of
angiogenesis and in vitro, in preclinical models is given in Table 1. Although the N-terminal
25 kDa TSP1 fragment has not been tested in tumor models, it blocks angiogenesis by
internalizing VEGF via LRP-1 receptor on the surface of cultured ovarian granulosa cells,
concomitantly decreases VEGFR2 and induces apoptosis in vitro and in vivo [4]. The synthetic
peptide derived from the TSR1 containing TGFβ activation and heparin binding sites
(KRFKQDGGWSHWSPWSSC) effectively inhibited the growth of breast carcinoma in
mouse xenograft model [25] and rodent C6 glioma in the orthotopic model [97]. The latter
study reported impressive decrease in tumor size in the peptide-treated tumors, but no changes
in the average vessel counts per mm2. However, the average vessel area was significantly larger
in control group. A direct effect of the peptides on tumor cells was not ruled out in this study.
Another angiostatic peptide, TSP1ang, was designed to retain proper folding required for the
biological activity [98]. For that purpose the two cisteine residues and procollagen domain
were retained along with the TSRs (aa 167–569). In contrast to the
KRFKQDGGWSHWSPWSSC treatment, tumors formed by the C6 glioma cells expressing
TSP1ang showed potent inhibition of angiogenesis manifested by decreased MVD and vessel
branching in both hetero- and orthotropic models. Unfortunately, resultant tumors became
more aggressive and invasive, possibly due to the exposure of the heparin-binding module.
Systemic injections of synthetic peptide TSP1 3TSR (aa361-530) effectively blocked the
growth of B16 mouse melanoma and Lewis lung carcinoma [92]. Recombinant protein
composed of all three TSRs (also 3TSR) was tested in an orthotopic model of human pancreatic
cancer where it significantly reduced angiogenesis and tumor growth due to massive apoptosis
in tumor-associated endothelium, but showed no direct effect on the tumor cells proper [99].
TSP-2/NTF (80 kDa recombinant N-terminal fragment) inhibited the growth and angiogenesis
of squamous cell carcinoma in a mouse model and its angioinhibitory effect is attributed to the
direct action on the endothelial rather then tumor cells [100].

The minimal TSP1 peptide mimetics based on the anti-angiogenic sequence GVITRIR in the
TSR2 of TSP1 were designed by Abbott in a study initiated by Bouck and colleagues. The
peptides are designated ABT-510 and ABT-526 [27] and are the most advanced of the TSP-
based anti-angiogenic peptides, with specific activity in a low nanomolar range. Both are
accepted and used in domestic and international research as the standard anti-angiogenic
compounds. ABT-526 is highly effective in mouse cancer model and in dogs with naturally
occurring cancers. Treatment with ABT-510 or ABT-526 lead to significant stabilization of
disease in companion dogs with spontaneous tumors including head and neck carcinoma,
mammary carcinoma, non-Hodgkin’s lymphoma and others. Part of the effect has been
attributed to the reduction of the circulating endothelial cells or of the endothelial progenitor
cells, with increased numbers of the circulating apoptotic endothelial cells [101]. ABT-510
also inhibits the orthotopic growth of malignant rodent glioma in rats [102]. In Phase I clinical
trial for the treatment of cancer ABT-510 peptide was well tolerated and it is now in phase II
clinical trial in various cancers including sarcoma and lymphoma. The statistical data so far
are not overwhelming, although some patients undergo delayed recurrence, stabilization of
disease and even tumor shrinkage. Most of the studies indicate the need for testing in
combinations with cytotoxic therapies [7,103,104].
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Interestingly, when ABT-510, which lacks direct immunosuppresive properties, was tested in
the rat model of graft arteriosclerosis, it reduced adventitial angiogenesis and decreased the
entry of inflammatory cells approximately twofold. This decrease resulted in dramatic
reduction of collagen deposition and thereby prevented subsequent constrictive remodeling of
the adventitia and reduction of lumen area, indicating that ABT-510 may be synergistic with
conventional immunosuppressive therapy in preventing graft arteriosclerosis, a crucial feature
of chronic graft rejection [105].

d. TSP1-based combination treatments: intelligent design
Knowledge gained in the studies of the TSP1 signaling pathways could become valuable aid
in optimizing of the TSP-based anti-angiogenic therapies. Once the rate-limiting mediators of
TSP1 dependent apoptosis are identified, strategies can be devised to maximize their levels on
endothelial or non-endothelial cells and thus the anti-angiogenic action of TSP1. Previous
studies of the TSP1 apoptotic signaling revealed two such intermediates: CD36 and CD95
[23,43]. Below we will discuss the examples of the fine-tuning of the TSP-based anti-
angiogenic compounds, mainly ABT-510.

e. Enhancing CD36 expression
CD36 is positively regulated by PPARγ (Peroxisome Proliferator activated receptor γ) [106,
107]. Peroxisome proliferator activated receptors (PPARs), are ligand-activated transcription
factors with pleiotropic effects on cell fate. Due to its anti-proliferative, pro-apoptotic and
differentiation activities, PPARγ has been intensively studied as potential anti-cancer target
and found to harbor capabilities to both promote and suppress neoplastic growth. Thus the
therapeutic value of PPARγ agonists remains controversial. Prompted by the fact that
PPARγ ligands thiozolinediones (TZDs) block the growth effects in PPARγ-deficient
embryonic stem cell tumors [108], Panigrahy and colleagues showed potent inhibition of
angiogenesis and tumor growth by the PPARγ ligand rosiglitazone and thus extended the target
repertoire of PPARγ ligands from cancer cells proper to the tumor endothelium [109]. In this
study anti-angiogenic effect of PPARγ ligands was attributed to their direct action on the
endothelial cells and reduced VEGF production by the tumor cells. Subsequent study by Huang
and co-authors used TZDs troglitazone and rosiglitazone to augment CD36 expression by the
endothelial cells in order to enhance anti-angiogenic and anti-tumor effects of ABT-510
[110]. PPARγ natural agonist 15-deoxy-delta(12,14)-prostaglandin J2, troglitazone, and
rosiglitazone increased PPARgamma and CD36 expression by the endothelial cells and
improved the efficacy of TSP1 and ABT510 in a CD36-dependent manner. PPARγ ligands
increased endothelial CD36 protein by 20–40%. The ABT-510 and 15-deoxy-delta(12,14)-
prostaglandin J2, troglitazone and reosiglitazone cooperatively blocked endothelial cell
chemotaxis and tubulogenesis and induced apoptosis, These cooperative effects were CD36-
dependent and completely abolished by the CD36 neutralizing antibody, FA6-152. In vivo 15-
deoxy-delta(12,14)-prostaglandin J2 and troglitazone synergistically improved antiangiogenic
and antitumor effects of ABT510 in the mouse corneal model, in Matrigel plugs and in tumor
xenografts. In the tumors treated with the combination of troglitazone and ABT-510, the
apoptosis was significantly increased and the MVD proportionally decreased, compared to the
control tumors treated with the single compounds. Moreover, the larger, productive vessels in
the tumors treated with ABT-510 alone were weakly positive for CD36 and appeared resistant
to apoptosis. Conversely, in tumors subjected to the combination treatment CD36 presentation
and apoptosis in the larger vessels were significantly higher. This was the first demonstration
of the fine-tuning of antiangiogenic efficacy via targeted up-regulation of the limiting factors
such as surface receptors.
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f. Enhancing Fas levels
Redondo and co-workers discovered that in the endothelial cells treated with sub-lethal doses
of doxorubicin CD95 mRNA and surface protein were upregulated in a p53-dependent manner
(the induction was abolished by the inhibitor of p53-dependent transcription pifithrin-α
[111]. Using this result as starting point, Nelius and Quesada combined ABT-510 with low
dose doxorubicin in order to augment the expression of the rate-limiting CD95 on remodeling
endothelium [112]. Doxorubicin titrated to a dose that produced CD95 increase, but failed to
induce endothelial cells apoptosis, was combined with sub-optimal dosing of ABT-510. Low-
dose doxorubicin strongly enhanced endothelial cell apoptosis by ABT-510, anti-angiogenesis
in the subcutaneous Matrigel plugs, and the inhibition of angiogenesis and tumor growth in
prostate cancer xenografts. Predictably, concomitant in vivo increases of the vascular
endothelial CD95 and its cognate ligand accompanied by massive endothelial cell apoptosis
were observed only when ABT-510/doxorubicin combination was used.

The ability to augment CD95 expression by the vascular endothelial cells was not unique to
doxorubicin: cyclophosphamide (Cytoxan) also dramatically increased microvascular CD95.
Studies by Volpert and Kerbel demonstrated similar interactions between ABT-510 and
cytoxan where increased CD95 expression due to cytoxan synergistically increased the anti-
angiogenesis and apoptosis by ABT-510 in vitro and in vivo, in Matrigel and tumor models
[113]. This approach was termed a complementation antiangiogenic strategy. In the studies
above the in vivo dosing of cytotoxic drugs was reduced to 1/20–1/50 of the maximally tolerated
dose. Further studies demonstrated the validity of this approach: ABT-526 showed cooperative
effect with cytotoxic agent lomustine (CeeNu, Bristol-Meyers-Squibb) in pet dogs with
relapsed non-Hodgkin’s lymphoma [114] and with gemcitabine in the mouse model of
pancreatic cancer [99,115].

g. Modulating histone deacetylase (HDAC) activity
Recent study by Aurora and Volpert demonstrated intimate involvement of HDACs in the anti-
angiogenic actions of TSP1 and another angiogenesis inhibitor, pigment epithelial-derived
factor (PEDF) i. However the effect of TSP1 on HDACs was twofold: the release of HDACs
association with the CD95L promoter and the enhancement of HDACs recruitment to the cFLIP
promoter. Thus, the effect of HDAC inhibitors (HDACi) on the TSP1 angioinhibitory effect
is difficult to predict. Earlier studies showed strong anti-angiogenic action of HDACi in
multiple models of tumor growth and angiogenesis. In the tumor microenvironment, HDACi
cause EC apoptosis and vascular regression by altering VEGF signaling via VEGFR2 and
semaphorin, vascular integrity via Ang2, and permeability via eNOS production [116].
Interestingly, a mild HDAC inhibitor, valproic acid (VA) greatly potentiated the anti-
angiogenic and anti-tumor effects of the TSP1 peptide, ABT-510 [117]. Combination therapy
inhibited the growth of small neuroblastoma xenografts with better efficacy than single-agent
treatments, and in animals with large xenografts, only combination treatment resulted in total
cessation of tumor growth. The MVD was significantly reduced in the xenografts treated with
combination therapy compared with the single-agent treatments and the structurally abnormal
vessels were less abundant suggesting that the ABT-510 combination with VA may normalize
tumor vasculature and pointing to the potential utility of this new antiangiogenic
complementation treatment in children with high-risk neuroblastoma. In our hands, another
HDAC inhibitor, Vorinostat showed a more complex, biphasic effect i. When tested in
combination with PEDF, another natural angiogenesis inhibitor that acts via CD95/CD95L
secondary death cascade [43,44]. Vorinostat synergistically increased apoptosis and anti-
angiogenesis at low doses, which had no independent effect (20 μM and lower). At 100–200
μM Vorinostat completely abolished the anti-angiogenic activity of PEDF or its active peptides.
Further molecular analysis showed that lower doses of Vorinostat were sufficient to augment
the expression of CD95L, but not cFLIP, while at higher doses both CD95L and cFLIP were
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de-repressed. One caveat for the long-term use of HDACi is their non-specific toxic effects
produced by the extremely high doses required to reach efficacy in vivo [118]. The use in
combination with TSP1 or PEDF derived anti-angiogenic drugs may offer a way to circumvent
this problem.

Conclusions
In conclusion the information available to date indicates that TSP1 is a potent angiogenesis
inhibitor and good candidate for combination treatments where its anti-angiogenic activity may
be strongly augmented by the complementing drug. It also provides an important consideration,
that the knowledge of the molecular pathways of a particular angiogenesis inhibitor or its
derivatives allows intelligent design of the most successful drug combinations and the
possibility of “fine-tuning” angiogenic activity.
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Figure 1.
TSP1 domain structure. Fragments relevant for anti-angiogenesis are indicated. Modified from
review by Zhang and Lawler, 2007 [99].
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Figure 2.
The evolution of CD36-binding peptides.
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Figure 3. CD36-TSP-HRGP axis: structure and function
(a) CD36 features important for ant-angiogenesis: CLESH domain, PKC phosphorylation site
(Y92), intracellular signaling sequence (CACRSKTIK).
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Figure 4. Summary of the TSP1 signaling pathways causing apoptosis and anti-angiogenesis
Angiogenic stimuli (right) activate survival kinases and pro-angiogenic transcription factor
NFAT leading to the transcriptional activation of cFLIP and Bcl-2 and concomitantly increases
surface CD95. Anti-angiogenic TSP1 activates Fyn, leading to sustained actitivation of p38.
It concomitantly activates JNK1-2 and NFκB. Active p38 and NFκB (p65/p50) cause
transcriptional activation of CD95L, its interaction with CD95, activation of caspases 8 and 3
and apoptosis. JNK1 and 2 directly phosphorylate NFAT and facilitate its displacement from
cFLIP promoter by NFκB (p50/p50 dimers), causing transcriptional repression and increased
susceptibility to apoptotic signals. Cumulative result of these events is endothelial cell
apoptotsis and angiogenesis blockade.
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Figure 5.
The comparison of the NFκB activation kinetics by VEGF and VEGF+TSP1.
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Figure 6.
Detailed events at the CD5L and cFLIP promoters due to NFkB induction by TSP1.
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Table 1

TSP1 active anti-angiogenic peptides

Source Domain Sequence Receptor Mechanism

TSP1 N-ter, heparin
binding (25K)

Heparin Internalizes VEGF, decreases
VEGFR2, induces apoptosis [1]

TSP1 TSR2 SPWSSCSVTCGDGVITRIR CD36 Apoptosis [2–4]

TSP1 TSR2 KRFKQDGGWSHWSPWSSC Heparin activates TGFβ [5, 6] quenches VEGF
[7]

TSP1 Procollagen + 3 TSR CD36 Apoptosis [8, 9]

TSP2 Procollagen + 3 TSR CD36? Apoptosis [10]

TSP1 3 TSR CD36 β1 integrin Apoptosis [11–13]

TSP1 TSR2 SPWSSCSVTCGDGVdITRIR (DI-TSP) CD36 Apoptosis [14]

TSP1 TSR2 Ac-Sar-GVdITNvdIR-NHEt (ABT-510) CD36 Apoptosis [15]

TSP1 TSR2 Ac-Sar-GVd-allo-ITNvdIR- NHEt (ABT-526) CD36 Apoptosis [15]
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