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Abstract

Activation of soluble guanylate cyclase by nitric oxide (NO) controls signaling pathways that play
critical roles in normal vascular physiology and in the pathogenesis of cardiovascular disease. We
have identified the secreted protein thrombospondin-1 as a key regulator of NO signaling.
Thrombospondin-1 limits the angiogenic activity of NO in endothelial cells, its vasodilator activity
in vascular smooth muscle, and its antithrombotic activity in platelets. Loss of either
thrombospondin-1 or its receptor CD47 in transgenic mice results in hyperdynamic responses to NO
and reveals the importance of this pathway in normal physiology. Thrombospondin-1 and CD47 null
mice show improved abilities to respond to ischemic stress, suggesting that therapeutic targeting of
this pathway could benefit patients with a variety of ischemic conditions. We review the preclinical
development of therapeutics targeting thrombospondin-1 or CD47 for improving survival of fixed
ischemia, ischemia due to aging and peripheral vascular disease, and skin grafting.
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A. Introduction

Cardiovascular disease is the single greatest source of morbidity and mortality in Western
societies, affecting more than 80% of people over the age of 65 [1,2]. Manifestations include
stroke, macular degeneration, peripheral vascular disease, hypertension, heart and other vital
organ failure, heart attack, and poor wound healing. The etiology of cardiovascular disease
involves either acute or subacute decreases in blood flow with concurrent under-perfusion of
tissue [3]. These flow alterations are associated with changes in the structure of arteries and
the contractile function of vascular smooth muscle cells (VSMC) [4,5]. Arteries, the major
conduits of blood flow to peripheral tissues, dynamically alter their luminal diameter in
response to changing regional tissue metabolic needs. Control of blood flow and arterial
diameter is achieved through an integrated system of local and central modifiers that stimulate
VSMC relaxation or contraction. Intrinsic regulation of vascular contractility and blood flow
is an area of great research interest. Among the currently known locally acting vasodilators,
nitric oxide (NO) is perhaps the most critical to cardiovascular health [6].
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B. Nitric Oxide

NO is a gaseous diatomic radical that is produced through the conversion of L-arginine to L-
citrulline by three nitric oxide synthases (nNOS/NOS1, iNOS/NOS2 and eNOS/NOS3) [7,8].
eNOS is the predominant NOS isoform expressed in endothelial cells and platelets. The activity
of eNOS is extensively regulated by its subcellular localization, calcium/calmodulin and Hsp90
binding, cofactor levels, and several phosphorylation sites [9]. NO is also generated in low
oxygen environments through the nitrite reductase activities of several proteins including
hemoglobin, myoglobin, and xanthine oxidase [10-12]. Among its several bioactivities, NO is
one of the most potent antagonists of VSMC contraction known [13]. Treatment with
acetylcholine relaxes intact arterial segments but not those lacking endothelium. These
observations led to a search for the endothelial derived relaxing factor that controls smooth
muscle contractility, which was found to be NO [14-17]. In its target cells, NO binds to the
heme moiety of soluble guanylate cyclase (SGC), increasing its enzymatic activity and leading
to accumulation of intracellular cGMP [18]. Elevated cGMP in turn activates a number of
downstream targets controlling signaling pathways that modulate the contractility of VSMC
[19] (Fig. 1). In this manner NO relaxes VSMC, dilates blood vessels, and enhances tissue
perfusion [20]. Therapeutics such as nitroglycerine and sodium nitroprusside have capitalized
upon this property of NO and for generations have been a mainstay in the treatment of
myocardial ischemic vascular disease [21,22].

Normal physiologic levels of NO (<10 nM) exert pro-survival effects on endothelial and VSMC
by promoting their proliferation, adhesion, and migration [23,24]. Such levels of NO are
produced by eNOS and nNOS and serve to provide tonic pro-survival support to vascular cells
[25]. The availability of pro-survival NO concentrations in vivo in vascular cells depends on
levels of the substrate arginine, regulatory phosphorylation of eNOS, and the availability of
necessary NOS cofactors such as NADPH and BH,4. However, at higher concentrations (>100
nM) NO is cytostatic or cytotoxic for vascular cells [26]. The latter amounts of NO are found
in the context of inflammatory cell activation, are produced by iNOS, and induce
phosphorylation of p53 and dephosphorylation of MAP kinases via induction of MKP1 [27].
Although high levels of NO are pro-inflammatory, physiologic concentrations of NO produced
by eNOS can promote tissue survival under inflammatory stress by limiting the effects of
inflammatory cytokines. This is particularly true in terms of VSMC contractility and
inflammation at the endothelium. Physiologic NO tempers endothelial activation by
inflammatory agents, suppresses expression of adhesion molecules and minimizes
inflammatory cell interactions with endothelial cells [28,29]. All of these effects support the
maintenance of tissue perfusion by limiting thrombosis and leukocyte diapedesis.

Sustained low doses of NO enhance endothelial cell proliferation, adhesion and migration and
thereby stimulate new blood vessel formation [23,30,31]. An ex vivo model of wound healing
using muscle tissue incorporated into a type | collagen matrix can be used to quantify vascular
cell invasion and migration through the collagen matrix. Vascular outgrowth in this assay is
significantly increased by exogenous NO or L-arginine. In contrast, vascular outgrowth from
muscle explants is inhibited by the nonspecific NOS inhibitor N-nitro-L-arginine methyl ester
(L-NAME) [23]. Consistent with these results, in vivo models of wound healing have shown
positive roles for NO and L-arginine in promoting wound healing [32-34].

C. Physiologic Regulation of NO Signaling

NO diffuses rapidly through tissue and can engage targets both at the site of production and in
neighboring cells. The major route for elimination of NO in circulation is its reaction with
oxygenated hemoglobin (Hb) to form MetHb and biologically inactive NO3™. Some NO is
consumed following conversion to reactive metabolites that modify free thiols on proteins and
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glutathione, forming S-nitrosothiols on albumin and other proteins [35]. In inflammatory
environments, superoxide scavenging of NO can limit its ability to signal via sGC [36].
Although these pathways are important for limiting the duration of NO-signaling within the
vascular lumen and in pathologic states, they do not provide an explanation for the dynamic
regulation of NO signaling within the arterial wall. Hydrolysis of cGMP, the product of NO-
activated sGC, by several phosphodiesterases and feedback control of eNOS activation through
substrate and byproduct modifications and availability provide some limits for NO/cGMP
signaling [37,38]. However, we recently discovered that the secreted matricellular protein
thrombospondin-1 (TSP1) provides another major physiological control for this pathway
[23].

D. Inhibition of Nitric Oxide Signaling by Thrombospondin-1

We found that NO-stimulated ex vivo angiogenesis is significantly enhanced in the absence of
endogenous TSP1 [23]. Furthermore, addition of picomolar concentrations of exogenous TSP1
is sufficient to potently block NO-driven angiogenic responses. TSP1 is produced by all
vascular cell types and modifies cellular response from an extracellular position by engaging
a number of cell surface receptors [39,40]. Though defined roles for TSP1 in tumor
angiogenesis and wound healing were known and inhibition of cGMP synthesis had been
reported in a melanoma cell line [41], a role for the protein to regulate vascular NO signaling
was not appreciated. Notably, prior studies had shown that TSP1 expression in endothelial,
VSMC, and kidney mesangial cells is itself a target of NO/cGMP signaling [42-45]. We found
that exogenous TSP1 potently blocks NO-stimulated increases in endothelial cell proliferation,
adhesion and migration [23]. Primary murine endothelial cells from TSP1 null animals
demonstrate significantly greater increases in proliferation and adhesion when compared to
wild type cells. The physiologic importance of these findings was emphasized by the finding
that TSP1 null endothelial cells consistently demonstrate increased basal levels of cGMP
compared to wild type cells. Thus, endogenous TSP1 functions as a tonic antagonist of NO
signaling in endothelial cells. NO-stimulated accumulation of cGMP is also profoundly
sensitive to exogenous TSP1, with picomolar concentrations being sufficient to completely
block NO stimulation of sGC. A recombinant fragment of TSP1 derived from its type 1 repeats
that interacts with the cell receptor CD36 is equally effective at inhibiting NO-driven
angiogenic responses and cGMP flux in vascular cells. Peptides derived from this area of the
protein that bind to CD36 and certain CD36 antibodies also block NO signaling in vascular
cells.

Endothelial cells sense changes in blood flow and shear but cannot directly regulate vascular
diameter to maintain vascular homeostasis. Endothelial cells alter their NO production in
response to these physiological stimuli, and the NO diffuses into the vessel wall to control the
contractile state of the underlying VSMC [46-49]. Like endothelial cells, VSMC contain sGC
and express several TSP1 receptors. Because TSP1 potently inhibits NO-stimulated VSMC
proliferation, adhesion, migration and cGMP accumulation [24], it is reasonable then to
consider a role for TSP1 in regulating VSMC contractility.

At the molecular level, VSMC contracture involves interactions between myosin and the actin
cytoskeleton. Agents that promote VSMC contraction enhance actin/myaosin cross-bridging.
NO-induced cGMP accumulation decreases intracellular calcium and activates myosin light
chain phosphatase to dephosphorylate the myosin regulatory subunit myaosin light chain-2
(MLC?2), leading to reduced myosin-actin interactions and relaxation of VSMC [50,51] (Fig.
1). We found that NO-stimulated relaxation of VSMC is directly blocked by TSP1 at the level
of MLC2 by preventing its dephosphorylation [52]. Exogenous TSP1 prevents NO-driven
relaxation of pre-contracted VSMC. Conversely, TSP1 null VSMC contract to a known agonist

Curr Drug Targets. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

much less than wild type cells. Therefore, TSP1 also antagonizes this acute response of VSMC
to NO.

E. CD47 is Necessary for TSP1 Inhibition of NO Signaling in Vascular Cells

In vitro experiments using human cells and recombinant domains of TSP1 demonstrated that
the type 1 repeats and the C-terminus of TSP1 effectively block NO-stimulated events. A
recombinant N-terminal domain that engages integrin receptors and calreticulin/LRP did not
alter or moderately enhanced the NO response. The receptors for the active domains of TSP1
are CD36 and CD47 (Fig. 1). Peptides derived from the amino acid sequence of the C-terminus
that bind to CD47 also block NO signaling. Targeting CD36 using peptides derived from the
type 1 repeats of TSP1 or recombinant type 1 repeats also blocks NO-stimulated cGMP
signaling in vascular cells. Therefore, ligation of CD47 or CD36 is sufficient to block NO-
driven vascular cell responses. However, TSP1 inhibits NO/cGMP signaling in vascular cells
and tissue explants from CD36 null but not those from CD47 null mice. Thus, CD47 is
necessary for TSP1 blockade of NO signaling, whereas CD36 is only sufficient in cells that
also express CD47. CD47 is expressed on the surface of virtually all cells due to its role in
immune cell modulation and self-recognition [53].

F. CD36 as a Target for TSP1 Inhibition of NO Signaling

Although CD36 is not the necessary receptor for TSP1 signaling, it remains a potential target
for therapeutic control of this pathway. CD36 functions not only as a receptor for TSP1 but
also as a translocase for free fatty acids (reviewed in [54]). The free fatty acid myristate was
recently reported to stimulate eNOS in a CD36-dependent manner, resulting in increased
endogenous NO production [55]. We in turn discovered that TSP1 and TSP1-based agents
block myristate uptake into vascular cells and thereby block eNOS-mediated production of NO
and NO-stimulated events including sGC stimulation [56]. More than 100 cytoplasmic
proteins, including a number of important signaling proteins, are regulated by acylation of
subterminal Gly residues with myristate [57]. We demonstrated that myristoylation and
membrane translocation of Fyn, a Src family kinase, is regulated in a CD36-dependent manner.
Blocking myristate uptake in vascular cells using a CD36-binding peptide from TSP1
prevented Fyn translocation and tyrosine phosphorylation of Src family kinases. eNOS is also
a myristoylated protein, but membrane translocation of eNOS was not CD36-dependent.
Therefore, the myristate/CD36-dependent activation of eNOS must occur at a later step.
Interestingly, Src kinase-mediated phosphorylation of eNOS at Tyr-83 in endothelial cells and
intact vessels was recently shown to play a critical role its functional activation [58]. This
finding provides a mechanism by which TSP1 could prevent eNOS activation by preventing
Src family kinase activation via CD36. Therefore, these CD36-binding peptides could be lead
compounds for designing inhibitors of NO signaling that act by inhibiting myristate uptake via
CD36.

A drug targeting CD36 is currently in clinical trails as an anti-angiogenic agent for treating
cancer [59,60]. ABT-510 was designed based on a CD36-binding peptide from the type 1
repeats of TSP1 [61]. Therefore, we examined its efficacy as an inhibitor of NO/cGMP
signaling in vascular cells. Although the TSP1-based mimetic Gly-Asp-Gly-Val-(olle)-Thr-
Arg-lle-Arg potently inhibits myristate uptake, the synthetic derivative ABT-510 (NAc-Sar-
Gly-Val-(c-allo-1le)-Thr-Nva-lle-Arg-ProNEt) is less potent than the former peptide or whole
TSP1[62]. ABT-510is also less active than TSP1 or Gly-Asp-Gly-Val-(olle)-Thr-Arg-lle-Arg
for inhibiting myristate-stimulated vascular cell adhesion to collagen and cGMP accumulation
[62]. Consistent with its ability to modulate NO signaling in vascular cells, ABT-510
moderately stimulates thrombin-driven platelet aggregation, suggesting a potential pro-
thrombotic side effect of this anti-angiogenic agent. Although ABT-510 was less potent than
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expected for inhibiting NO/cGMP signaling via CD36, it is a potent inducer of endothelial and
VSMC apoptosis via an as yet undefined mechanism. Therefore, ABT-510 remains an
interesting candidate for inhibiting tumor angiogenesis, but this therapeutic activity is probably
not mediated by inhibition of NO/cGMP signaling.

G. TSP1 Regulation of NO Signaling in Platelets

Nitric oxide also plays a critical role in maintaining blood flow by minimizing platelet
activation and platelet adhesion to endothelium and matrix [63]. This is particularly important
in the microcirculation where aggregation of activated platelets could rapidly obstruct blood
flow. TSP1 comprises the major protein of platelet a-granules, and on activation at the site of
hemorrhage platelets degranulate, resulting in a local burst of TSP1. Concurrently, alterations
in shear at the point of hemorrhage drives increased eNOS activity and a local burst in
endogenous NO [64]. The later stimulates sGC in the adjacent vascular cells including platelets
and VSMC. Yet, the precise function TSP1 plays in modifying platelets has remained
controversial, with studies demonstrating a pro- as well as anti-thrombotic roles [65-68]. Most
surprisingly mice with a disrupted Thbs1 gene, whose platelets lacked any detectable
thrombospondins, failed to show increased bleeding times on a tail snip assay [69,70]. The
confusion in these contradictory results becomes understandable when re-interpreted in terms
of TSP1 inhibition of NO signaling. In vitro, NO delays thrombin-stimulated aggregation and
platelet adhesion to collagen. TSP1 and recombinant domains and peptides derived from TSP1
potently inhibit NO-stimulated delay in platelet aggregation, adhesion and cGMP accumulation
[71]. Platelets lacking either TSP1 or CD47 require several times more thrombin to initiate
aggregation as compared to wild type cells and, in the presence of exogenous NO, were
rendered refractory to thrombin.

As in other vascular cells, TSP1 inhibits activation of SGC by NO in platelets, but further
studies identified an additional downstream target of TSP1 for inhibiting NO-signaling. Our
previous studies using endothelial and VSMC showed that TSP1 inhibits several functional
responses of vascular cells stimulated by a cell-permeable cGMP analog [23,24]. This indicated
that a second target must exist downstream of SGC. NO is known to inhibit platelet adhesion
by limiting allb/p3 integrin activation (Fig. 2). NO-stimulated cGMP in platelets activates
cGK-1, which in turn blocks activation of Rap1 by phosphorylation of the Rapl GTPase
activator protein Rap1GAP2, preventing Rapl-mediated activation of the integrin allb/B3
[72,73]. TSP1 restores GTP loading of Rapl and also inhibits NO- and cGMP-stimulated
phosphorylation of a second cGK-1 target VASP in platelets, suggesting that cGK-1 is a
downstream target of TSP1/CDA47 signaling. This was confirmed using a defined peptide
substrate of cGK-I, phosphorylation of which was blocked in an in vitro kinase assay when the
platelets were previously exposed to TSP1.

H. TSP1 and Wound Healing

Transgenic mice have proven to be a very powerful tool for asking fundamental questions about
the roles of particular proteins in development and physiology. The TSP1 null mouse at first
appeared quite unremarkable, lacking obvious developmental defects and having minimal
irregularities as an adult [74]. In a dermal punch biopsy model of wound repair TSP1 null
animals had slower healing rates, a finding supported by studies in similar wounds treated with
TSP1 antisense oligomers, which also healed at a slower rate [75,76]. These findings were
unexpected given the known inhibitory role of TSP1 in controlling neovascularization and the
accelerated wound healing observed in TSP2 null mice [75]. The differences in wound repair
between these two null mice may reflect a distinct role of TSP1 in stimulating macrophage
recruitment. This excisional wound model reveals a limiting role of TSP1 in the macrophage
recruitment for formation of granulation tissue [75]. In light of our recent findings concerning
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regulation of NO-stimulated vasodilation, we searched for additional roles of TSP1 utilizing
wound repair models that are more appropriate for assessing the role of TSP1 in controlling
tissue blood flow.

|. TSP1-CD47 Regulation of Blood Flow and Tissue Survival

Maintenance of tissue blood flow and perfusion is central to survival. Acute or chronic
decreases in flow are a key factor in many diseases that affect adults in Western societies. Some
form of vasculopathy can be demonstrated in the vast majority of elderly persons. Yet the
ability to therapeutically enhance tissue blood flow remains elusive with minimal clinical
developments beyond those obtained at the level of macro-vascular surgery [77,78].
Experimental therapies have attempted to capitalize upon the known role of NO/cGMP
signaling in increasing blood vessel diameter [79]. Therapies employing L-arginine, cGMP
phosphodiesterase inhibitors, or NO donors can increase tissue survival [80-87]. The finding
that TSP1 via CD47 limits NO-stimulated VSMC relaxation in vitro suggested a role in
controlling blood flow in vivo. Using real time functional magnetic resonance imaging (MRI)
analysis of blood flow, we found that NO-stimulated increases in muscle and soft tissue blood
flow are approximately 2-fold greater in TSP1 null mice than in wild type [52]. The enhanced
blood flow in TSP1 null mice is evident immediately following NO administration, too fast
for de novo synthesis or secretion of TSP1. Therefore, endogenous TSP1 in the extracellular
matrix surrounding arterial smooth muscle must tonically function to temper acute vascular
responses to NO. These experiments were performed using resting and otherwise unstressed
mice with intact autonomic systems. Hence, TSP1 regulation of blood flow via NO signaling
supersedes the homeostatic role of autonomic input.

The central role that TSP1 plays in controlling blood flow extends beyond normal physiologic
conditions. The soft tissue cutaneous flap model creates a fixed ischemic challenge. Tissue
blood flow and perfusion in this injury model were dramatically increased in the absence of
TSP1 or CD47 [52]. Null animals experienced close to 100% tissue survival, whereas wild
type animals subjected to comparable ischemic challenge underwent close to 50% tissue
necrosis Functional imaging demonstrated that tissue oxygen levels were preserved in ischemic
tissues in the absence of TSP1 or CD47, confirming the maintenance of tissue perfusion [88].

An identical protective effect was found following major arterial interruption in an ischemic
hindlimb model. Mice subjected to femoral artery ligation at the inguinal ligament showed
rapid loss of perfusion with eventual tissue necrosis. In contrast, TSP1 and CD47 null mice
experienced a transient decrease in limb flow following femoral artery ligation with rapid
restoration of limb perfusion. As documented by laser Doppler imaging, restoration of hindlimb
perfusion in null animals occurs within minutes via collateral remodeling, presumably
stimulated by enhanced NO signaling. Though comparable vascular collateral networks should
be present in the wild type, dynamic remodeling appears to be prevented by TSP1/CD47
inhibition of NO-signaling. These in vivo findings provide genetic evidence for the dynamic
regulation of tissue blood flow by TSP1/CD47 under vasoactive challenge or fixed ischemia.

Random soft tissue flaps and hindlimbs with proximal arterial occlusion represent fixed
ischemic injury models. They replicate clinical ischemic conditions encountered in surgery,
trauma, and vascular disease. However, these models retain some residual perfusion. In
contrast, full thickness skin grafts (FTSG) are completely anoxic at the time of grafting, and
circulation is restored only following neovascularization from the underlying wound bed that
requires 48 to 76 hours [89]. FTSG experience profound ischemia and in wild type mice
undergo essentially complete necrosis. In contrast, FTSG in TSP1 or CD47 null mice
demonstrate over 80% survival. FTSG wound beds in null animals demonstrate dramatic
vascular remodeling in the early post-graft period, whereas wild type wound beds do not
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[90]. Based on transplant experiments between null and wild type mice, the presence or absence
of TSP1 or CDA47 in the wound bed rather than in the skin graft is critical for graft survival.
Wild type FTSG on null wound beds enjoy significantly increased survival and perfusion,
whereas null grafts on wild type wound beds experience more necrosis. Thus, TSP1/CD47
signaling in the underlying wound bed appears to limit its ability to increase perfusion to
provide nutrients and oxygen needed to maintain the overlying avascular graft until
revascularization can occur.

J. Loss of TSP1/CD47 Signaling Increases Blood Flow and Tissue Survival
Despite Advanced Age or Peripheral Vascular Disease

Trauma and elective surgical procedures are the most common etiologies behind tissue under-
perfusion in the young. With advancing age, however, a majority of persons in Western
societies develop varying degrees of cardiovascular pathology [91-94]. Clinical manifestations
include peripheral vascular disease, atherosclerosis, myocardial infarction, hypertension,
stroke and macular degeneration. All these diseases involve varying degrees of tissue under-
perfusion. NO insufficiency is increasingly recognized as a primary feature of cardiovascular
disease in aging [95]. NO production and eNOS expression in blood vessels markedly decrease
with age [96,97]. Concurrently, vascular TSP1 expression increases with age in humans [98]
and rodents [99,100]. Consistent with these findings, aged wild type mice (14 to 18 months
old) demonstrate greater degrees of tissue necrosis in response to an ischemic insult than young
animals, with some animals experiencing complete flap loss [101]. In contrast, TSP1 or CD47
null mice of similar age mice demonstrate near complete tissue survival. Blood flow responses
to a vasoactive challenge analyzed using functional MRI are significantly greater in aged null
mice compared to both aged and juvenile wild type animals. At the tissue level, cGMP levels
fall with age in wild type mice but are preserved in TSP1 null mice. Despite advanced age, the
dynamic potential of NO-stimulated cardiovascular events persists in the absence of TSP1.

Atherosclerotic plaque formation is pathoneumonic of peripheral vascular disease in the
subendothelial layers of the arterial vasculature. These lesions contribute directly to decreased
tissue blood flow and perfusion. Apolipoprotein-E null mice fed a high fat diet experience an
aggressive form of this vasculopathy [102]. Under ischemic stress, these animals experience
near complete tissue necrosis. Importantly, ischemic tissue survival is significantly enhanced
through suppressing CD47 in the tissue unit [101].

K. Enhanced Cardiovascular Responses and Tissue Survival by Therapeutic
Targeting of TSP1/CD47

Selective enhancement of tissue blood flow and perfusion has tremendous therapeutic potential
to treat the ubiquitous vascular pathology in aging populations. Current approaches have had
limited clinical impact. Given the preeminent role that NO plays in controlling vascular tone
and cardiac function, we predicted that targeting TSP1/CD47 would enhance the beneficial
effects of physiologic NO on blood flow and vascular remodeling. Such a strategy could
synergize with current therapies that provide an exogenous NO source to increase blood flow
[103,104].

We employed several approaches to therapeutically block TSP1/CD47 signaling (Fig. 3).
Because preformed TSP1 can be released from granules in platelets and perhaps other cells at
sites of ischemic injury, rather than blocking TSP1 expression we attempted to prevent TSP1
from interacting with CD47 using antibodies. Random dorsal soft tissue flaps in wild type mice
that were injected per-operatively with a monoclonal antibody that recognizes murine TSP1
demonstrated increased tissue survival [88]. The same TSP1 antibody was effective for
enhancing tissue preservation in wild type hindlimbs following proximal femoral artery
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ligation. In these experiments the antibody was injected into the medial and lateral thigh
musculature at the time of arterial flow interruption. Because therapeutic antibodies typically
have long half lives, a single injection appears to be sufficient to maintain blood flow and
permit tissue repair.

Engaging CDA47 is necessary for TSP1 to inhibit an NO-mediated enhancement of blood flow
and tissue survival, so we also targeted CD47 using an antibody. Treatment of fixed tissue
ischemia in random myocutaneous flaps and FTSG several models using a CD47 monoclonal
antibody resulted in dramatic increases in tissue survival [88,90]

Alternatively, one can block TSP1/CD47 signaling by suppression of CD47 at the mMRNA level
using antisense agents such as morpholino oligonucleotides. A morpholino oligonucleotide
was designed complementary to a conserved sequence in the 5' region of murine and human
CD47 mRNA and verified by western blotting to prevent translation of this mRNA in vascular
cells in vitro [88]. Direct injection of this agent into FTSG, soft tissue flaps, and ischemic
hindlimbs greatly enhanced tissue survival [88,90,101]. Morpholinos can suppress expression
of their targets for several days, so this approach should be well suited to further applications
involving acute ischemic injury.

Inhibition of NO/cGMP signaling by TSP1/CD47 based agents has now been shown in murine,
porcine, bovine and human vascular cells. In mice, targeting TSP1-CD47 enhances tissue blood
flow and survival. However, murine cutaneous vascular anatomy differs from that of humans
[105]. For this reason, porcine models are often employed in pre-clinical testing of therapeutics.
To characterize our agents in a cutaneous ischemic injury that better represents human anatomy,
we studied a porcine model of tissue ischemia. We first determined the sequence of CD47 in
this species using VSMC obtained from the femoral artery of Yucatan white hairless miniature
pigs. The nucleotide sequence differed slightly from the murine sequence, which our CD47
morpholino was designed to complement, but the CD47 morpholino dramatically and
specifically suppressed CDA47 protein levels in porcine cells [106]. Similarly, treatment of
porcine VSMC with the morpholino but not a mismatched control ablated TSP1 inhibition of
NO-stimulated sGC activation. Random cutaneous flaps in Yucatan mini-pigs treated with the
morpholino showed increased tissue survival and decreased CD47 expression on
immunohistology. Treatment with a CD47 antibody also enhanced the survival of ischemic
porcine flaps. Thus, suppressing CD47 by either approach can improve tissue survival of
ischemic injury in an animal having similar vascular anatomy as humans.

These studies establish that targeting TSP1 or CD47 can enhance tissue survival in several
murine and porcine models of partial and total fixed ischemia. We propose that targeting TSP1
may be less efficient given the constant potential for platelet release of TSP1 in areas of injury
or inflammation and the accumulating evidence that TSP1 expression can be stimulated in
ischemic injuries [107-109]. Targeting the necessary receptor CD47 may more efficiently
restore the protective NO/cGMP signaling and protect ischemic tissue from endogenous TSP1
and that induced secondary to injury.

L. Clinical Implications and Future Directions

NO is a central regulator of the cardiovascular system in vertebrates. With aging, the
vasculature and tissues experience a progressive loss of the pro-survival and vascular protective
signals provided by physiologic NO. This may result from both decreased endogenous NO
synthesis and increased expression of TSP1. The net result is a loss of vascular plasticity,
decreased tissue blood flow, and loss of perfusion. Genetic or pharmacologic ablation of TSP1/
CDA47 signaling enhances the beneficial effects of NO on cardiovascular dynamics following
a vascular challenge in aged animals to a level superior to that of an untreated juvenile. This
results in increased blood flow and improved tissue survival of ischemic injuries. Given the
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protean beneficial physiologic NO exerts effects of in mammalian cells, the clinical
applications of such therapeutics may extend far beyond enhancing tissue blood flow.

Heart disease and stroke remain the number 1 and number 3 causes of death in the United
States. In 2004 close to 475,000 men and 400,000 women died from complications related to
peripheral vascular disease. Cardiovascular disease accounted for some 6 million hospital
admissions in 2005 [110]. More than 70% of men and women over the age of 65 have
manifestations of cardiovascular disease, and targeting TSP1/CD47 may benefit all of these
patient populations. Cardiovascular disease in aging populations involves both acute and
chronic ischemia, so further work is needed to assess the utility of these agents for treating
chronic ischemia and, if effective, the potential side effects that may result from chronic
suppression of this signaling pathway.

The agent with the most immediate potential for use in people is the CD47 morpholino, which
is known to suppress CD47 expression in human cells and so could be used in a human clinical
trail without further modification. Antibody A6.1 recognizes human TSP1 but would need to
be humanized to permit repeated administration during clinical testing. The CD47 antibody is
specific for murine CD47, so further research is needed to identify anti-human CD47 antibodies
that protect ischemic tissues. The TSP1/CDA47 interaction could also be targeted by inhibitory
small molecules. However, appropriate screening assays must be established to identify such
inhibitors.
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Fig. 1. Thrombospondin-1 regulation of vascular smooth muscle contractility

VSMC contraction requires interaction between myosin and actin. This process is stimulated
by myosin light chain kinase (MLCK)-mediated phosphorylation of serine-19 on myosin light
chain-2 (MLC2). Vasoconstrictors promote VSMC contraction by activating MLCK and
inactivating MLC phosphatase. NO relaxes VSMC through increasing cellular cGMP, which
activates cGK and, via cyclic nucleotide gated ion channels, reduces the amount of Ca available
for activation of MLCK. cGK phosphorylates MYP1 on serine-695 to simultaneously activate
myosin light chain phosphatase (MLCP). Engagement of CD36 or CD47 at the cell membrane
by the type 1 repeats or the C-terminal domains of TSP1 inhibits NO-stimulation of sGC and
thereby prevents intracellular cGMP accumulation.
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Fig. 2. Thrombospondin-1 regulation of platelet aggregation

Activated platelets rapidly secrete the TSP1 from their a-granules. Extracellular TSP1 can then
engage CD36 and CD47 located on the platelet membrane and inhibit NO stimulation of sSGC
or downstream cGMP-driven activation of cGK-1. Decreased activation of cGK-I decreases
Rap1GAP2-mediated unloading of thrombin-activated GTP-Rapl, thereby increasing platelet
allb/B3 integrin activation and enhancing platelet adhesion and aggregation. TSP1 also
prevents cGK-I-mediated phosphorylation of VASP and other targets to further stimulate
platelet aggregation and adhesion.

Curr Drug Targets. Author manuscript; available in PMC 2009 October 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Page 18

Ischemic So tissue Full thickness skin grafts
: -Ab301  +Ab 301

CcD47 |— Gene silencing
Antibodies,
Peptides IT

TSP1

+ Ab 301 Atherosclerosis and
advanced age

Fig. 3. Therapeutic targets for overcoming restriction of blood flow in ischemic injuries by
thrombospondin-1

TSP1 expression in ischemic injuries limits the ability of NO to restore and maintain tissue
perfusion by vasodilation. Enhanced tissue blood flow and survival can be achieved through
antibody engagement of either TSP1 (e.g. clone A6.1) or CD47 (e.g clone 301) under
conditions of a fixed ischemic insult in a range of composite tissue units including skin grafts,
soft tissue flaps, and hindlimbs. Antisense suppression of CD47 leads to similar benefits in
tissue survival. These therapeutic advantages are realized in both young and aged animals and
in the presence of atherosclerotic vasculopathy. Beneficial responses to regulation of TSP1/
CD47 signaling have been demonstrated in injury models employing mice and pigs and are
conserved in vascular cells from multiple species (murine, bovine, porcine, and human).
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