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ABSTRACT 

Thrombospondin-1 (TSP-1) binding to its membrane receptor CD47 results in an 

inhibtion of the nitric oxide (NO) receptor soluble guanylate cyclase (sGC) and a 

decrease in intracellular cGMP levels.  This causes physiologic effects such as 

vasoconstriction and a rise in blood pressure.  The mechanism by which TSP-1 binds to 

CD47 at the membrane to decrease sGC activity is largely unknown. CD47 can 

physically associate with a number of binding partners, including αvβ3 and vascular 

endothelial growth factor receptor 2 (VEGFR2).  Binding of a C-terminal fragment of 

TSP-1 called E3CaG1 to CD47 leads to a rise in intracellular calcium ([Ca
2+

]i), which 

decreases sGC activity via a phosphorylation event.  Binding of E3CaG1 is also known to 

disrupt the interaction between CD47 and VEGFR2, leading to a decrease in endothelial 

nitric-oxide synthase (eNOS) activity and  cGMP levels through an Akt signaling 

pathway.  However, it is not known whether other membrane proteins associated with 

CD47 are required for E3CaG1 binding and a subsequent [Ca
2+

]i increase.  Plasmon-

waveguide resonance (PWR) spectroscopy was employed to elucidate the mechanism of 

TSP-1 inhibition of sGC activity through membrane complexes involving CD47.  Using 

PWR, I found E3CaG1 can bind specifically to CD47 within native Jurkat membranes 

with picomolar and nanomolar dissociation constants (Kd), suggesting multiple CD47 

complexes are present.  Among these complexes, CD47/VEGFR2 was found to bind 

E3CaG1 with a picomolar Kd and CD47/αvβ3 was found to bind E3CaG1 with a 

nanomolar Kd.  In addition, the presence of an anti-VEGFR2 antibody inhibited the 

E3CaG1-induced calcium response, which suggested CD47 in complex with VEGFR2 
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was responsible for TSP-1 reduction of sGC activity.  I show that when both CD47 and 

VEGFR2 are returned to a HEK 293T cell line that does not contain these receptors, an 

increase in [Ca
2+

]i upon E3CaG1 binding is restored.  Interestingly, E3CaG1 was also 

found to bind to VEGFR2 in complex with the integrin αvβ3 on CD47-null cell lines and 

their derivations, causing a decrease in [Ca
2+

]i levels.  Therefore, the third type 2 repeat 

and C-terminal domains of TSP-1 can cause both increases and decreases in calcium 

based upon the availability of protein complexes to which it binds.  
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CHAPTER 1 

THROMBOSPONDIN-1 REGULATION OF NITRIC OXIDE SIGNALING 

1.1       Nitric oxide signaling  

      Nitric oxide plays a fundamental role in the body and is involved in the regulation 

of blood pressure, neurotransmission, cardiovascular function, and platelet aggregation 

via its receptor soluble guanylate cyclase (sGC) (1-4).  Nitric oxide is a small, uncharged 

molecule containing an unpaired electron, making it a reactive free radical.  Being 

uncharged, nitric oxide can readily traverse cell membranes, where it binds to target 

proteins containing iron, including heme groups and iron-sulfur complexes (5). 

Endothelium-derived relaxing factor (EDRF), which was originally identified as a 

substance that relaxed sections of aorta (6), was identified to be nitric oxide several years 

later (7). 

1.1.1  Nitric oxide as a second messenger 

            Nitric oxide is generated by a class of enzymes called nitric oxide synthases 

(NOS). These enzymes use arginine and oxygen as substrates, producing citrulline and 

nitric oxide as products.  Nitric oxide is required for basal blood flow, as demonstrated, 

for example, by the endothelium-derived nitric oxide synthase inhibitor N-monomethyl-

L-arginine (L-NMMA), which caused a 50% decrease in blood flow in live human 

subjects (8).  Nitric oxide is continuously produced in endothelial cells and diffuses into 

target cells, including vascular smooth muscle cells, where it binds to its targets and 

regulates blood pressure and cardiovascular health.  Nitric oxide acting as a second 

messenger can not only bind to iron in heme-containing proteins such as hemoglobin, 
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sGC, and oxidoreductase, but it can also undergo oxidation to produce dinitrogen 

trioxide.  This molecule can then nitrosate base pairs, which in turn causes deamination 

and damage of DNA (9).  Nitric oxide also acts as a neurotransmitter, and inhibition of 

neuronal nitric oxide synthase was shown to decrease nonadrenergic noncholinergic 

relaxation of muscle (2, 3).  Macrophages can produce large amounts of nitric oxide in 

order to inhibit bacterial growth (10), thus this signaling molecule plays a role in the 

immune system as well.  In addition to its role in the cardiovascular and immune systems, 

nitric oxide is also involved in the reduction of platelet aggregation.  S-nitroso-N-

acetylpenicillamine, which releases nitric oxide, was shown to produce similar effects as 

prostacyclin, a known inhibitor of platelet aggregation (11).  

1.1.2  Isoforms of nitric oxide synthases 

 Nitric oxide synthases are expressed in various tissues to generate nitric oxide 

through the conversion of arginine to citrulline in a reaction that requires oxygen, 

NADPH, and FAD (12).  There are three main isoforms of nitric oxide synthases: 

neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS).  eNOS and 

nNOS are constitutively expressed in endothelial cells and neurons, respectively, and 

require calcium-dependent calmodulin for their activation (13-15).  iNOS, which is found 

in cells such as macrophages, fibroblasts, and smooth muscle cells, has delayed NO 

production and, while also binding calmodulin, is not as dependent upon calcium for its 

activation compared to the other two isoforms (16-18).  iNOS is transcriptionally induced 

by the presence of cytokines or bacteria and releases large amounts of NO to kill 

invading pathogens (5, 16).       
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1.1.3  The nitric oxide receptor soluble guanylate cyclase 

 There are two forms of guanylate cyclase, NO-sensitive (generally soluble) and 

NO-insensitive (membrane-bound).  However, NO-sensitive soluble guanylate cyclases 

can be localized to synaptic membranes (19, 20).  Once NO is generated by NOS, it binds 

to a heme moiety on its major receptor in target cells, soluble guanylate cyclase (sGC) 

(21, 22) (Figure 1.1).  NO does not activate NO-insensitive membrane-bound GC, which 

is instead activated by peptide hormones (19, 21).  sGC is ~150 kDa and consists of two 

α and β subunits. Two isoforms of each exist: α1, α2, β1, and β2 (23-25).  The structure of 

sGC consists of an N-terminal Heme-Nitric oxide/Oxygen (H-NOX) domain, a PAS 

domain, a coiled-coil domain, and a C-terminal catalytic domain (26) (Figure 1.2).  NO 

binds to the ferrous heme within the β subunit of the H-NOX domain to cause a 

conformational change in the protein, allowing its substrate GTP to be converted to 

cGMP in a process requiring magnesium (Mg
2+

) as a cofactor (22, 27, 28).   

1.1.4  Mechanism of sGC activation 

 sGC activation involves a proximal histidine residue within the H-NOX domain 

that is coordinated to the heme iron of the β subunit.  When the iron atom is in its ferrous 

state, NO binds and subsequently causes a break of the His-Fe(II) bond (29).  Using a 

purified sGC fragment from Manduca sexta not containing the cyclase domain, two 

phases of NO binding were observed.  The first involved the rapid formation of a 6-

coordinate intermediate upon initial NO binding, and the second, slower step involved the 

release of His to re-form a 5-coordinate structure (30).  This 2-step process has also been 

found to occur in full-length sGC (31). However, the cleavage of the His-Fe(II) bond was 
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shown to be dependent on NO concentration using full-length sGC, whereas this step was 

not dependent on NO concentration using the truncated form that did not contain the 

cyclase domain.  Therefore, it has been suggested that a second, non-heme NO binding 

site within the catalytic domain influences the loss of His within the NO-bound heme 

pocket (30), but this theory remains to be confirmed.  

1.2  Ligands of CD47 

1.2.1  Thrombospondins 

          There are 5 types of thrombospondins that are known to exist: Thrombospondin-1 

(TSP-1) and Thrombospondin-2 (TSP-2), which exist as trimers, and Thrombospondin-3, 

-4, and-5 (TSP-3, -4, and -5), which are pentameric (32).  The overall structure of TSP-1 

and TSP-2 consists of an N-terminal domain followed by an oligomerization domain, a 

procollagen homology domain, three properdin-1ike/Type 1 repeats, three epidermal 

growth factor (EGF)-like/Type 2 repeats, a calcium-binding domain, and a globular C-

terminal domain (32).  TSP-3, -4 and -5 do not contain procollagen homology domains or 

Type 1 repeats, and have an additional Type 2 repeat (33). 

1.2.2  TSP-1 structure and domains 

          TSP-1 is a homotrimeric ~450 kDa matricellular protein that is known for its role 

in wound healing and angiogenesis (34, 35).  TSP-1 consists of three identical 

monomeric chains that are connected by disulfide bonds (32).  Starting from the N-

terminus, TSP-1 contains a domain that binds heparin, a procollagen homology domain, 

three Type 1 repeats that contain binding sites for the transmembrane protein CD36, three 

EGF-like type 2 repeats, 7 Type 3 repeats that bind calcium, and a C-terminal CD47-
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binding domain (Figure 1.3) (32, 34).  In addition to binding heparin, the N-terminal 

domain of TSP-1 can bind fibrinogen, and β1 integrins such as α3β1 and α6β1 (34).  After 

the N-terminal and oligomerization domains, there is a procollogen homology domain 

that is known to contain multiple cysteines and inhibit neovascularization and endothelial 

cell migration (32, 36).  Type I repeats (TSR1) are not only known to bind to CD36 to 

regulate angiogenesis, but the AAWSHW sequence within TSR1 also binds to and 

activates TGF-β (37, 38).  The last Type 2 repeat (TSR2) contains an RGD binding site 

that is known to bind to integrin αvβ3 on endothelial cells, smooth muscle cells, and 

platelets (39-41). Each type 3 repeat (TSR3) binds approximately 2 calcium ions (32).  In 

the absence of calcium, the structure of TSR3 elongates to expose a thrombin cleavage 

site, which is not available in the presence of calcium (42).  Therefore, calcium 

contributes to the overall structure and stability of the protein (34).  The major receptor 

for the C-terminal domain of TSP-1 is CD47, which is involved in the inhibition of NO-

stimulated endothelial and smooth muscle cell adhesion, proliferation, and migration 

(43).  Therefore, TSP-1 is a multifunctional protein with multiple domains and binding 

receptors, and is involved in physiological processes ranging from blood clotting to cell 

migration.  

1.2.3 TSP-1 as an inhibitor of angiogenesis 

         CD36 is an anti-angiogenic membrane receptor that binds to the type I repeats 

(TSR) of TSP-1 (44, 45).  Ligation of CD36 by TSP-1 inhibited NO-induced 

proliferation and cGMP production in vascular smooth muscle cells (VSMCs) and CD36 

is also known to translocate the enodothelial nitric oxide synthase (eNOS) activator 
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Figure 1.1.  Mechanism of NO production and physiologic effects of sGC activation.  In 

endothelial cells, increases in [Ca
2+

]i lead to calcium binding to calmodulin, which in turn 

activates eNOS. eNOS converts L-arginine to citrulline, producing NO.  As a small 

uncharged molecule, NO can traverse cell membranes, where it diffuses into vascular 

smooth muscle cells to bind to and activate sGC.  cGMP is produced, which can bind to 

cGMP-dependent kinase (cGK) to decreased calcium ion levels.  cGMP can also bind to 

cGMP-gated ion channels to increase influx of Na
+
 in exchange for Ca

2+
, also decreasing 

calcium levels within the cell.  This causes vasodilation and a decrease in blood pressure.  

cGMP is degraded by phosphodiesterases (PDE) to yield GMP, attenuating the NO signal 

in a negative feedback manner.   
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Figure 1.2.  sGC domain structure. sGC is a heterodimer and consists of α and β subunits. 

Each has an N-terminal H-NOX domain, followed by PAS, coiled-coil, and cyclase 

domains.  NO binds to the heme subunit within the B H-NOX domain, causing a 

conformational change that allows GTP to be converted to cGMP within the catalytic 

cyclase domain.  
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Figure 1.3.  TSP-1 monomer and E3CaG1 structure and domains.  TSP-1 consists of an 

N-terminal heparin-binding domain, an oligomerization domain, a procollagen homology 

domain, three TSR1 domains, three TSR2 domains, 7 calcium-binding TSR3 domains, 

and a CD47-binding C-terminal domain.  E3CaG1 is a C-terminal fragment of TSP-1, 

consisting of the third TSR2, all of the TSR3 domains, and the C-terminal CD47-binding 

domain. E3CaG1 was purified using an N-terminal poly-(His)6 tag.  
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myristic acid (46, 47).  It was then shown that the inhibition of nitric oxide signaling was 

connected to inhibition of myristic acid uptake by CD36 and subsequent decrease in 

eNOS activity (48).  Peptides to the CD36 binding region of TSP-1 also display anti-

angiogenic activity by inhibiting VEGF-driven capillary formation (49).  Although CD36 

has been shown to have TSP-1 induced anti-angiogenic effects, TSP-1 binding to the 

membrane receptor CD47 plays a significant role in reduction of angiogenic cellular 

effects such as migration and proliferation (43).  TSP-1 binding to CD47 decreases the 

amount of time it takes for platelets to aggregate in the presence of nitric oxide (50).  

TSP-1 was also able to inhibit NO-induced cell migration in CD36-null, but not CD47-

null, muscle explants, indicating CD47 was the primary receptor for anti-angiogenic 

TSP-1 effects (43). 

1.2.4  Signal Regulatory Protein α (SIRPα) 

          Signal regulatory protein α (SIRPα), also known as SHPS-1, is the other known 

ligand of CD47 (51, 52).  It is a single transmembrane spanning protein tryrosine 

phosphatase that has three extracellular Ig-like domains (53).  CD47 acts as a “marker of 

self” when bound to SIRPα on circulating macrophages, limiting phagocytosis of red 

blood cells (54, 55).  Therefore, the SIRPα/CD47 interaction plays a key role in the 

immune system.  Binding of CD47 to SIRPα also regulates cell adhesion, with ligation of 

SIRPα causing a decrease in melanoma cell migration (56).  It is important to note that 

SIRPα can bind to CD47 alone, without another membrane protein binding partner.  This 

is evidenced by the fact CD47 can bind SIRPα on erythrocytes, which have no known 

integrins on its membrane (57).  There has also been recombinant expression of the 
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extracellular domain of SIRPα, which was shown to bind to a recombinant extracellular 

domain of CD47 in vitro with a 1.2 μm Kd (58).  The crystal structure of the extracellular 

domain of SIRPα bound to the extracellular domain of CD47 showed a high surface 

complementarity between the two, involving the N-terminal loops of SIRPα (58).  The 

interaction between CD47 and SIRPα involve numerous salt bridges and hydrogen bonds, 

and an aspartate residue within SIRPα has been shown to be critical to CD47 binding.   

1.3  CD47 as a receptor for TSP-1 

CD47 is a ~50 kDa transmembrane protein expressed on nearly all cell types and 

is the receptor for the C-terminal domain of the extracellular matrix protein TSP-1 (59, 

60).  The binding of TSP-1 to CD47 results in a variety of physiological effects, 

including platelet aggregation, vasoconstriction, and endothelial cell adhesion and 

proliferation (43, 50, 61).  This has implications in wound healing, cardiovascular 

disease, and angiogenesis. 

1.3.1  Discovery of CD47 

CD47 was first identified in 1990 when attempting to discover the antigen that 

bound to an antibody called B6H12, which was shown to inhibit integrin-dependent 

phagocytosis (59).  It was originally hypothesized that B6H12 was an antibody to an 

integrin with an RGD-binding site.  However, it was shown that B6H12 was an antibody 

to an integrin-associated protein that physically associated with β3 integrins on platelets 

and also affected their function (59).  Integrin-associated protein (IAP) was proven to be 

the same protein as CD47 by use of anti-CD47 as well as anti-IAP antibodies in flow 

cytometry experiments (62).  Later, it was determined that the C-terminal domain of 
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TSP-1 bound to integrin-associated protein through affinity labeling of a C-terminal 

peptide of TSP-1 and immunoprecipitation with anti-CD47 antibodies (60).       

1.3.2  CD47 structure  

 CD47 is a widely distributed membrane protein, and has been found on multiple 

cell types, including monocytes, lymphocytes, platelets, and erythrocytes (59).  CD47 is  

composed of an immunoglobulin-like extracellular domain, followed by five 

transmembrane helices and intracellular alternatively spliced cytoplasmic domain (63, 

64) (Figure 1.4).  Based on IgV homology, CD47 is also predicted to contain a disulfide 

bond between two cysteine residues in the extracellular domain (63).  There is also a 

long-range disulfide bond that exists between a cysteine residue within the extracellular 

domain and the transmembrane spanning domain (65).  There are 5 predicted N-linked 

glycosylation sites in the extracellular domain of CD47, and one within the 

transmembrane spanning domains (63, 66).  Although glycosylation sites are necessary 

for CD47 to be expressed at the membrane of yeast cells (67), it has been shown that 

these glycosylation sites are not necessary for proper CD47 folding (67) nor required for 

the CD47/SIRPα interaction (68).  

1.3.3  E3CaG1  

A fragment of TSP-1, called E3CaG1, consists of the third type 2 EGF-like 

repeat, the calcium binding domain that contains an RGD integrin binding site, and the 

CD47-binding C-terminal domain (69, 70) (Figure 1.3).  E3CaG1 was used to examine 

the specific effects of CD47 binding without interference from the many other TSP-1-  
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Figure 1.4.  Diagram of CD47 structure. CD47 consists of a large, extracellular, IgV-like 

domain that contains 5 N-linked glycosylation sites.  There are 5 predicted 

transmembrane helices and an alternatively spliced cytoplasmic tail.  An additional 

glycosylation site is predicted to be within the transmembrane domains.  CD47 also has 

two disulfide bonds (S-S), one located within the extracellular domain, and one between 

the extracellular and transmembrane domains.  
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binding proteins.   

1.4  CD47 associates with other membrane proteins 

1.4.1  Integrins 

CD47 is widely known to associate with integrin αvβ3 on platelets, ovarian OV10 

cells, and C32 melanoma cells (59, 71, 72).  CD47 has also been shown to physically 

form a complex with integrin αIIbβ3 on platelets (73).  Binding of the C-terminal domain 

of TSP-1 to CD47 is known to have an effect on the activity of several integrins, 

including αvβ3, αIIbβ3, and α2β1 (72, 74, 75) .  The C-terminal domain of TSP-1 as well as 

the 4N1K peptide enhances αvβ3 mediated melanoma cell spreading, but this 

enhancement is blocked by an anti-CD47 antibody (72).  Binding of the 4N1K peptide, 

which is derived from the C-terminal domain of TSP-1, to CD47 is also known to 

activate platelet aggregation through integrin αIIbβ3 via recruitment of focal adhesion 

kinase (FAK) (74). Peptide 4N1K was also shown to induce vascular smooth muscle cell 

chemotaxis, and this response was inhibited by the addition of anti-CD47 and anti-α2 

antibodies (75).  

1.4.2  VEGFR2 

CD47 has been recently shown to have a constitutive association with the vascular 

endothelial growth factor receptor 2 (VEGFR2) (76).  VEGFR2 is a receptor tyrosine 

kinase located in endothelial cell membranes.  Binding of the ligand VEGF to VEGFR2 

is associated with vascular development as well as angiogenesis of blood vessels through 

the PI3 kinase/Akt signaling pathway (77, 78).  Activation of VEGFR2 through the   

binding of its ligand VEGF results in increased expression and activity of endothelial 
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nitric oxide synthase (eNOS), thus leading to increased circulating nitric oxide levels (79, 

80).  However, binding TSP-1 to CD47 causes a disruption of the CD47/VEGFR2 

association and results in a dephosphorylation of VEGFR2 (76).  Additionally, TSP-1 

was shown to inhibit Akt activation through binding to CD47, thus resulting in inhibition 

of the nitric oxide pathway (76).  CD47 is involved with multiple signaling pathways and 

regulates many cellular functions, as evidenced by its binding to a variety of receptors 

including integrins, VEGFR2, and SIRPα.  Although the ligands of CD47 can bind to it 

in complex with other receptors (i.e. VEGFR2), the extracellular domain of SIRPα can 

bind to CD47 alone, and CD47 is present on erythrocytes, which contain no integrins 

(81).  Therefore, CD47 is the receptor of signaling pathways that may or may not involve 

association with other intracellular membrane proteins.  

1.5  TSP-1 as a nitric oxide regulator 

TSP-1 binds to CD47 through its C-terminal domain, leading to inhibition of the 

nitric oxide-binding enzyme sGC and decreased cGMP production (82-84).  TSP-1-

induced inhibition of sGC can ultimately lead to multiple physiological effects, including 

vasoconstriction, decreased angiogenesis, and impaired wound healing (61, 85-87).  

1.5.1  TSP-1 binding to CD47 downregulates sGC through a rise in intracellular  

calcium  

It has been shown in endothelial and vascular smooth muscle cells that picomolar 

levels of TSP-1 binding to CD47 causes a decrease in cGMP levels through the nitric 

oxide receptor sGC (43, 86).  Ligation of CD47 causes a decrease in NO-stimulated 

responses such as vascular cell adhesion, migration, and proliferation (43).  TSP-1 has 
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been reported to cause a decrease in NO-stimulated tissue perfusion (88).  Antibody 

ligation of TSP-1 or genetic knockdown of CD47 caused an increase in tissue survival 

(88, 89), indicating TSP-1 binding to CD47 contributed to ischemia in injured tissues.  It 

has been recently shown in our lab that E3CaG1 binding to CD47 causes a rise in [Ca
2+

]i 

in Jurkat T lymphocytes, which in turn decreases cGMP levels (82).  Inhibition is through 

sGC phosphorylation, which reduces the Km for GTP by 13-fold (82).  Therefore, the 

increase in [Ca
2+

]i is the direct link between the anti-angiogenic properties of the C-

terminal domain of TSP-1 the inhibition of the nitric oxide signaling pathway through 

sGC. Angiotensin II (Ang II) is another ligand that inhibits sGC activity through binding 

to its G protein-coupled AT1 receptor on endothelial and vascular smooth muscle cells 

(90, 91). Ang II causes an increase in [Ca
2+

]i through activation of phospholipase C 

(PLC) and extrusion of calcium ions from the sarcoplasmic reticulum. A particular study 

found the decrease in cGMP levels caused by Ang II was reversed by the 

calcium/calmodulin-dependent phosphodiesterase inhibitor IBMX (90), and we have 

shown in our lab that Ang II-induced calcium increases directly inhibited sGC activity 

(82). This shows that both TSP-1 and Ang II inhibit sGC through an [Ca
2+

]i increase.       

1.5.2  TSP-1, VEGFR2, and calcium 

VEGFR2 can associate with β1 integrins as well as αvβ3 in addition to its 

association with CD47 and CD36 (45, 92, 93).  Integrin αvβ3 is a multifunctional 

signaling molecule that has been shown to have pro-angiogenic as well as anti-angiogenic 

properties depending on which proteins it binds and associates with (94).  For example, 

VEGF binding to VEGFR2 induces phosphorylation of αvβ3 to induce adhesion and 
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migration of endothelial cells (95).  However, TSP-1 can bind directly to αvβ3 via an 

RGD domain (41), and it has been suggested this can cause localization of TSP-1 to cell 

surfaces to promote its anti-angiogenic effects (94, 96).  

TSP-1 can modulate the calcium activity of αvβ3. TSP-1 has been shown to cause 

calcium influxes in IMR-90 fibroblasts, and the process involves binding to both αvβ3 and 

CD47 (97).  CD47 was also shown to be necessary for the calcium increase in endothelial 

cells which involved fibronectin-binding integrins (98).  Taken together, these data show 

that angiogenesis is a multifaceted process involving multiple membrane receptors 

including integrins, VEGFR2, and CD47, and that TSP-1 can regulate angiogenic 

physiologic responses depending on the protein complexes to which it binds.  

1.6  Research Topic 

The goal of this dissertation was to identify possible membrane binding partners 

that associate with CD47 and are required for the decrease in sGC activity induced by 

TSP-1 (Figure 1.6).  In Chapter 2, I describe how the use of PWR spectroscopy allowed 

for measurement of dissociation constants for a C-terminal fragment of TSP-1 binding to 

native cell membranes, and that multiple CD47 complexes exist within these membranes. 

In Chapter 3, I identify the membrane proteins that are associated with CD47 and 

involved in TSP-1 binding.  I determined that CD47 was associated with both VEGFR2 

and integrin αvβ3 through PWR spectroscopy.  In addition to its association with CD47, I 

discovered VEGFR2 also formed a complex with αvβ3 on native Jurkat T lymphocyte 

plasma membranes.  Our hypothesis was that VEGFR2 was required for TSP-1 binding 

to CD47, and TSP-1 binding to this complex causes a rise in [Ca
2+

]i.  In Chapter 4, I 
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show that VEGFR2 is involved in TSP-1-induced calcium increase through the use of a 

flow cytometry fluorescence-based calcium assay.  In Chapter 5, I use HEK 293T cells 

containing knockouts of both CD47 and VEGFR2 to prove that both proteins are required 

for the increase in [Ca
2+

]i observed upon TSP-1 binding.  In Chapter 6, I discuss further 

experiments that would strengthen the conclusion that the VEGFR2 association with 

CD47 is required for TSP-1-induced calcium increase.  These include purification of 

cloned CD47 and structural studies by X-ray crystallography, as well as insertion of 

purified CD47 into a synthetic lipid bilayer and measurement of TSP-1 binding.  Critical 

residues of CD47 involved in TSP-1 binding could also be identified through 

mutagenesis and subsequent PWR binding studies.  
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Figure 1.5.  Diagram of research goal. TSP-1 binds to CD47 through its C-terminal 

domain, causing an increase in [Ca
2+

]i, ultimately causing a decrease in sGC activity and 

a reduction in cGMP levels.  CD47 is known to associate with multiple membrane 

proteins, including β1 and β3 integrins as well as VEGFR2.  The goal of my work was to 

determine if other membrane proteins were required for TSP-1 induced inhibition of 

sGC.  
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CHAPTER 2 

.  DEVELOPMENT OF PLASMON-WAVEGUIDE RESONANCE (PWR) 

SPECTROSCOPY FOR MEASUREMENT OF THROMBOSPONDIN-1 BINDING TO 

NATIVE JURKAT MEMBRANES 

2.1  Introduction to PWR 

        Plasmon-waveguide resonance spectroscopy is an optical technique that can be 

used to measure binding affinities of ligands to membrane receptors as well as give 

information about structural changes a receptor undergoes upon ligand binding.  PWR 

has been used previously to determine binding constants as well as different 

conformations due to ligand binding to the human δ-opioid receptor (99, 100).  It is 

important to note that PWR can be used to examine ligand/receptor interactions in a 

native plasma membrane.  This is crucial when determining binding constants to 

receptors such as CD47, whose ligand binding can involve multiple membrane protein 

binding partners.  Details concerning the theory and analysis of PWR have been 

described elsewhere (101-107).  PWR involves coupling plasmon-generating modes 

within a metal film to waveguide modes under total internal reflection conditions.  Total 

internal reflection occurs when light traveling through a material with a specific 

refractive index reaches the interface of a second material with a different refractive 

index at an incident angle that is greater than critical angle.  This only occurs when the 

refractive index of the light traveling through the first material (n1) is greater than the 

refractive index of the second material (n2), according to Snell’s Law (n1[sinθ1] = 

n2[sinθ2]).  The resonator (or plasmon waveguide), which consists of a glass prism 
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containing a 50 nm layer of silver beneath a 500 nm layer of silica (n1), is in contact with 

an aqueous buffer medium (n2) and placed on a rotating table to record the PWR 

spectrum (Figure 2.1).  The refractive index of the glass prism substrate (n3) also has to 

be less than that of the waveguide in order for total internal reflection to occur between 

each of the interfaces (108).  The silver is responsible for producing plasmon modes, and 

the dielectric silica acts as a waveguide, in which resonances can be excited at the 

expense of the incident light energy.  Surface plasmon resonance spectroscopy (SPR) 

does not include the dielectric silica layer on the prism surface, and therefore is less 

sensitive than PWR.  Activation of waveguide modes produces an evanescent 

electromagnetic field on the surface of the silica that decays exponentially into the 

adjacent medium.  The interaction between the evanescent electromagnetic field and 

molecules immobilized on the silica surface (such as deposited membrane fragments) 

allows for changes in optical characteristics to be measured.  Under resonance conditions, 

the electromagnetic wave from the polarized light couples to that of the guided waves in 

the silica, producing a dramatic decrease in reflected light intensity.  Polarized light 

reflected through the prism excites waveguide modes using both p- and s-polarized light 

(perpendicular and parallel to the prism surface, respectively) to generate two 

independent PWR spectra.  Changes in the refractive index of both p- and s-polarized 

light (np and ns, respectively) affect the angle at which the waveguide modes are excited.  

Since p-polarized light is perpendicular and s-polarized light is parallel to the prism 

surface, changes in np and ns can give information regarding mass and/or structural 

changes that occur upon ligand binding.  In addition, plotting resonance position shifts as 
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a function of the amount of ligand added to the prism surface can be used to determine 

dissociation constants.  In this chapter, PWR spectroscopy is used to measure the 

E3CaG1 binding to Jurkat T cell plasma membranes in order to calculate Kd values.  

Jurkat cells lose their ability to bind E3CaG1 over time or under high density growth 

conditions, yet retain CD47 on their membrane.  This led to the hypothesis that another 

membrane protein might be associated with CD47 and involved in E3CaG1 binding, and 

the presence of this associated protein changes over time.   This chapter also describes 

how PWR spectroscopy was used to identify a possible candidate for the membrane 

protein in complex with CD47 involved in E3CaG1 binding.  

2.2  Materials and Methods 

2.2.1  Materials 

          CD47 monoclonal antibody (B6H12) (1 mg/ml) and an isotype control antibody 

(IgG1, κ-FITC) were obtained from eBioscience (San Diego, CA).  Anti-Na
+
/K

+
 ATPase 

antibody (C464.6) was obtained from Millipore (Temecula, CA).  Jurkat T cells were 

purchased from ATCC (T1B-152).  Recombinant SIRPα-Fc was a generous gift from Dr. 

Thomas Miller (NIH).  Phosphate-buffered saline (PBS) was prepared as 10 mM 

KH2PO4, 10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4.  Tris-buffered saline 

(TBS) was prepared as 10 mM Tris HCl, 150 mM NaCl, pH 7.4.  Lysis buffer was 

prepared as  50 mM Tris-HCl, 100 mM KCl, pH 7.5, supplemented with 4% (v/v) 

mammalian protease inhibitor cocktail (Sigma, St. Louis, MO).  Sucrose solutions were 

made in 50 mM Tris-HCl, 100 mM KCl, pH 7.5 and filtered using a 0.2 μm filter (to 

ensure purity) for use in sucrose gradients.  The baculovirus vector pAcGP67.coco was 
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kindly provided by Dr. Deane Mosher (University of Wisconsin).  PWR prisms were 

coated by Evaporated Coatings, Inc. (Willow Grove, PA).  Unless otherwise noted, all 

other materials were obtained from Sigma.  

2.2.2  Cell culture 

          Sf9 insect cells were grown in Grace’s Insect Media (Invitrogen) containing 10% 

FBS, gentamicin, and fungizone.  Jurkat T cells were maintained in RPMI 1640 

(Invitrogen) supplemented with 5% - 10% fetal bovine serum (FBS), 5 mg/ml penicillin, 

and 1 mg/ml streptomycin grown at 37    C in 5% CO2.  Jurkat T cells considered low-

passage were cultured at a density below 2 x 10
6
 cells/ml for less than 3 weeks.  Jurkat T 

cells considered high-passage were cultured for longer than 4 weeks or at a density above 

3 x 10
6
 cells/ml.  MCF-7 cells were maintained in DMEM supplemented with 10% FBS, 

5 mg/ml penicillin, and 1 mg/ml streptomycin grown at 37    C in 5% CO2. 

2.2.3  Preparation of plasma membrane fragments 

          Approximately 10
8
 Jurkat T cells were centrifuged at 300 x g in a Dynac 

centrifuge (Becton Dickinson, Franklin Lakes, NJ) for 5 min to pellet cells.  Pellets were 

washed twice with 5 ml of PBS buffer, frozen quickly in liquid nitrogen and stored at -80  

  C until further use.  Pellets were lysed by resuspending in 250 μl lysis buffer and 

disrupted with 25 strokes using a 25 gauge needle.  This lysate was centrifuged at 1000 x 

g at 4    C for 10 min to remove unbroken cells and nuclei.  The supernatants were 

carefully layered on top of a discontinuous sucrose gradient prepared using 750 μl each  

of 50%, 45%, 40%, 35%, and 30% sucrose solutions.  The gradients were centrifuged at 

200,000 x g for 17 h at 4    C using a SW60 rotor (Beckman, Brea, CA) with acceleration  
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Figure 2.1.  PWR instrument setup. Polarized light from a He/Ne laser is totally internally 

reflected through a glass prism that has a 50 nm layer of Ag overlayed by a 500 nm layer 

of dielectric SiO2.  The resonator is placed on a rotating table so reflected light intensity 

is measured as a function of incident angle.  Total internal reflection excites waveguide 

modes using p- and s-polarized light to generate an evanescent electromagnetic field, 

producing a decrease in reflected light intensity.  Deposition of membrane fragments on 

the prism surface alters the angle at which resonance occurs and alters the characteristics 

of the PWR spectrum.  Changes in resonance angle as a function of concentration of 

ligand added can be used to measure Kds.  
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and deceleration profiles of 7.  After centrifugation, a clear band was visible at the 35% 

interface. 400 µl fractions were taken from the top of the gradient, and those containing 

membrane were pooled, diluted 10-fold with 50 mM Tris-HCl, 100 mM KCl, pH 7.5 and 

centrifuged at 100,000 x g for 1 h at 4    C.  The pellets were resuspended in 200 μl of the 

same buffer, and ali uots were fro en  uickly in li uid nitrogen and stored at - 0   C until 

further use.  A BCA assay (Thermo Scientific) was used to determine total protein 

concentrations using bovine serum albumin (BSA) as the standard. 

2.2.4  Purification of E3CaG1 

E3CaG1 was purified as described previously (82, 109).  Sf9 insect cells at a 

density of 1 x 10
6
 cells/ml were transferred into serum-free SF900II media (Invitrogen) 

prior to infection with baculovirus encoding E3CaG1 with a multiplicity of infection of 5.  

After infecting for 65 hours, media containing secreted E3CaG1 was added to Ni
2+

-NTA 

beads (Qiagen, Valencia, CA) to purify E3CaG1 using its N-terminal His-tag.  Beads 

were washed with 10 mM Tris-HCl, 150 mM NaCl, 15 mM imidazole, pH 7.2, then 

eluted with 10 mM Tris-HCl, 150 mM NaCl, 2 mM CaCl2, 300 mM imidazole, pH 7.2.  

Purified E3CaG1 was dialyzed into TBS with 2mM CaCl2 and aliquots were stored at -

 0    C until further use.  A BCA assay was performed to determine total protein 

concentration, as described above. 

2.2.5  Preparation of prisms for PWR spectroscopy 

           Before each use, prisms were cleaned in a 1% solution of Tergazyme (Alconox, 

White Plains, NY) for 30 minutes in a sonicating water bath.  Afterwards, 3 washes of 10 

min each in Millipore-filtered water were performed with a thorough rinsing of the prism 
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in Millipore-filtered water between each wash.  The prisms were dried with nitrogen gas 

for immediate use.   

2.2.6  Deposition of membrane fragments onto PWR prism 

The sample cell was filled with 50 mM Tris-HCl, 100 mM KCl, pH 7.5 and  

allowed to equilibrate before addition of membrane fragments.  After equilibration of the 

buffer occurred, the prism was separated from the sample cell. A solution of 10 μl of 100 

mM CaCl2 was deposited onto the silica surface of the prism, followed by 10 μl of 

purified plasma membranes and allowed to equilibrate for 25 min at room temperature.  

Addition of CaCl2 to membranes allowed for better adherence to the silica surface.  The 

resonator was then placed in the sample compartment of the PWR spectrometer.  The 

prism was washed 4 times with 50 mM Tris-HCl, 100 mM KCl, pH 7.5 at 100 μl/sec to 

remove unbound membrane and excess calcium ions.  Changes in the PWR spectra were 

recorded after membrane deposition.  

2.2.7  Addition of E3CaG1 to sample cell 

          Stock solutions of E3CaG1 were used to make 1 μM, 50 nM, 12.5 nM, 7.5 nM, 

2.5 nM, 1.5 nM, and 0.5 nM dilutions.  E3CaG1 dilutions for use in PWR were made in 

TBS supplemented with 2 mM CaCl2.  Dilutions were added in 1 μl increments to the 

500 μl PWR sample cell to make the final concentrations indicated and slowly mixed 

with a Hamiltonian syringe.  Changes in the PWR spectra were recorded after ligand 

addition.  PWR spectra were allowed to equilibrate prior to addition of subsequent ligand 

additions.  Equilibration time ranged between 15 and 45 minutes.  We approximate the 

total amount of ligand added is larger than the amount of membrane receptor within the 
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membrane, given that the sample cell volume is approximately 1000 times larger than the 

volume of deposited membrane in contact with the sample cell (103).  This is to ensure 

equilibrium dissociation constants are being meausured.  For example, purified 

membrane concentrations contained approximately 0.2 mg/ml total protein, and these 

samples included plasma membranes, membranes from the endoplasmic reticulum, 

Golgi, lysosomes, etc.  Assuming 10% of the sample contained plasma membrane, this 

would translate into approximately 5 ng of plasma membranes in contact with the sample 

cell after addition and equilibration. The amount of CD47 could constitute approximately 

1 - 5% of the total plasma membrane deposited on the prism surface in order for the 

amount of ligand added to be sufficiently larger than the amount of receptor, but in 

actuality the concentration of CD47 within the plasma membrane could be much smaller. 

This indicates our instrument setup and sample deposition is appropriate for measuring 

dissociation constants, even at the picomolar level.   

2.2.8  Addition of CD47/isotype antibodies to sample cell 

Stock solutions of antibody were used to make 50 nM, 12.5 nM, 7.5 nM, 2.5 nM, 

1.5 nM, and 0.5 nM dilutions.  Antibody dilutions for use in PWR spectroscopy were 

made in 50 mM Tris-HCl, 100 mM KCl, pH 7.5.  Dilutions were added in 1 μl 

increments to the 500 μl PWR sample cell to make the final concentrations indicated, and 

changes in the PWR spectra were recorded. 

2.2.9  PWR instrument 

 Plasmon waveguide resonance spectroscopy was performed using a Beta PWR 
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instrument (Proterion Corperation) that measures reflected light intensity from a CW 

laser (He-Ne; λ = 632.8 nm) as a function of incident angle.  Minimums in reflected light 

intensity at the resonance angle upon ligand addition were compared to that of the 

membrane without any ligand added to obtain ligand resonance position shifts (LRS).  

The resonance angle of the membrane was also compared to that of buffer alone to obtain 

the membrane resonance position shift (MRS).  The ligand resonance position shift  was 

divided by the membrane resonance position shift measured using both p- and s- 

polarized light and multiplied by 100 to obtain percent resonance position shifts (% RS = 

[LRS/MRS] x 100).  Binding experiments were repeated at least three times, and the 

titration curves shown in figures are representative of one experiment.  

2.2.10  Data Analysis 

            Bar graphs depict an average of at least three independent experiments ± standard 

error of the mean (SEM). Statistical analysis to determine the significance between data 

sets was performed using an unpaired Student’s t-test.  Values of p ≤ 0.05 (*), and p ≤ 

0.01 (**) were considered statistically significant.  2-parameter hyperbolic PWR binding 

curves were fit using the equation y = a[x]/(Kd + x).  3-parameter hyperbolic PWR 

binding curves were fit using the equation y = y0 + ((a[x])/(Kd + x)).  Data sets were fit 

using 2-parameter hyperbolic functions when the final membrane resonance position after 

washing was used as the initial zero concentration of ligand/antibody added. A 3-

parameter hyperbolic function was used when initial concentrations of ligand/antibody 

added did not produce significant resonance position shifts, and therefore a zero 
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concentration was not used as the initial data point.  Sigmoidal PWR binding curves were 

fit using the equation y = a/(1 + e 
–((x – Kd)/b)

).  

2.3  Results 

2.3.1  CD47 is required for E3CaG1 binding 

          In order to determine the necessary membrane components involved in TSP-1 

binding to CD47, PWR spectroscopy was performed using purified Jurkat plasma 

membranes.  Purified Jurkat plasma membranes were placed on the PWR resonator, and 

a spectral shift was recorded, indicating deposition of the membrane fragments occurred. 

An increase in resonance position of at least 100 mdeg using p-polarized light was 

recorded for each experiment, which indicated enough membranes were deposited to 

measure a subsequent ligand spectral shift (Figure 2.2).   Prisms were then washed to 

remove unbound membranes and equilibrated before subsequent ligand/antibody 

addition.  A typical s:p ratio ranging from 0.5-0.7 was observed upon membrane addition 

for experiments, which is similar to previously reported values (110, 111).  These values 

indicate resonance position shifts measured using s-polarized light are less than 

resonance position shifts measured using p-polarized light.  This translates into higher 

changes in refractive index as measured by p-polarized light than by s-polarized light. 

These differences in resonance position depending on the polarization of light used could 

indicate that membranes maintain a molecular order when deposited upon the prism 

surface (111).    

Before we determined TSP-1 could bind to CD47 on Jurkat plasma membranes, it 

was first determined that CD47 was present on the membrane fragments.  Previous flow  
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Figure 2.2.  Typical PWR spectra observed for p- and s-polarized light.  Red spectra 

show the resonance angle observed upon addition of buffer (50 mM Tris-HCl, 100 mM 

KCl, pH 7.5) alone.  Blue spectra show the resonance angle measured upon addition of 

membranes to the prism surface.  The resonance position increases dramatically, 

indicating an increase in refractive index.  The pink spectra show the resonance angle 

upon washing the membrane.  The resonance position decreases compared to unwashed 

membrane, indicating a decrease in refractive index both perpendicular and parallel to the 

prism surface, which could be explained by removal of some membrane from the prism 

surface.  
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cytometry experiments from our laboratory indicate that although Jurkat T lymphocytes 

retain CD47 on their surface, over time they lose the ability to bind to TSP-1 (82).  To 

observe if the same trend could be measured by PWR spectroscopy, low-passage Jurkat T 

lymphocyte plasma membranes were placed in a PWR spectrophotometer, and increasing 

amounts of anti-CD47 antibody was added to determine a dissociation constant (Figure 

2.3).  An average Kd of 1.3 pM was measured (Table 2.1), indicating CD47 was present 

on the membranes.  When increasing amounts of anti-CD47 antibody were added to high-

passage Jurkat plasma membranes, a similar Kd of 1.7 pM was measured (Figure 2.4, 

Table 2.1), showing CD47 is continuously present. 

 2.3.1.1 Addition of anti-CD47 antibody inhibits E3CaG1 binding 

To measure TSP-1 binding to CD47, a recombinant C-terminal fragment of TSP-1 

called E3CaG1 was used. E3CaG1 contains the third type II repeat, the calcium-binding 

domain, as well as the C-terminal domain known to bind to CD47 (69, 70).  This 

fragment was used in order to avoid complications due to the other domains of TSP-1 

binding to their various receptors.  It is important to note, however, that E3CaG1 retains 

an RGD sequence in the last type III repeat that binds to integrin αvβ3 (40, 41) in addition 

to the C-terminal domain that binds to CD47.  As a control experiment, E3CaG1 did not 

significantly bind to the prism surface if no membranes were deposited (Figure 2.5).  To 

determine if E3CaG1 was binding to CD47, a saturating amount of E3CaG1 was added to 

purified Jurkat plasma membranes followed by 13.3 nM of anti-CD47 antibody (Figure 

2.6).  Unlike with antibody alone, no significant spectral shifts were observed upon  
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TABLE 2.1.  List of dissociation constants determined by PWR spectroscopy 

Ligands/Antibodies added to 

low-passage purified Jurkat plasma membranes 

Kd (pM) ± SD 

E3CaG1
a
 1.3 ± 0.65 

E3CaG1
b
 2300 ± 790 

SIRPα 
c
 3.1 ± 1.7 

anti-CD47 (B6H12) Ab
 d
 1.3 ± 0.29 

anti-αv (272-17E6) Ab
 e
 1.2 ± 0.7 

anti-VEGFR2 (260.4) Ab
 f
 2.9 ± 3.01 

anti-CD47 (B6H12) Ab then E3CaG1
 g
 no binding 

anti-αv (272-17E6) Ab then E3CaG1
 h
 retained pM binding, no nM binding 

anti-VEGFR2 (260.4) Ab then E3CaG1
 i
 no pM binding, reduced nM binding 

Ligands/Antibodies added to high-passage 

purified Jurkat plasma membranes 

  

SIRPα 
j
 1.4 ± 1.4 

anti-CD47 (B6H12) Ab
 k
  1.7 ± 0.71 

E3CaG1
 l
 no binding 

Ligands/Antibodies added to CD47-JinB8 

plasma membranes (expression on) 

 

E3CaG1
 m

 1.3 ± 0.85 

E3CaG1
 n
 1300 ± 460 

anti-VEGFR2 (260.4) Ab then E3CaG1
 o
 no pM binding, no nM binding 

anti-CD47 (B6H12) Ab then E3CaG1
 p
 no pM binding, retained nM binding 

Ligands added to MCF-7 purified plasma 

membranes 

 

E3CaG1
 q
 1.7 ± 0.77 

Ligands added to CD47-JinB8 plasma 

membranes (expression off) 

 

E3CaG1
 r
 1800 ± 1000 

 
a 
pM E3CaG1 titration curves (n = 3, ranging from 1 pM to 150 pM) 

b 
nM E3CaG1 titration curves (n = 3, 200 pM E3CaG1 was added to saturate pM binding 

sites, then nM E3CaG1 was added, ranging from 1.2 nM to 6 nM) 
c
 pM SIRPα titration curves (n = 3, ranging from 1 pM to 50 pM) 

d 
anti-CD47 (B6H12) Ab titration curves (n = 4, ranging from 1 pM to 50 pM) 

e 
anti-αv (272-17E6) titration curves (n = 3, ranging from 1 pM to 30 pM) 

f 
anti-VEGFR2 (260.4) Ab titration curves (n = 3, ranging from 1 pM to 25 pM) 

g 
anti-CD47 (B6H12) Ab titration curve was performed, then no significant binding 

occurred upon subsequent addition of 5 nM E3CaG1 (n = 4) 
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h 
13.3 nM anti-αv (272-17E6) Ab was added to membranes and allowed to equilibrate, 

followed by the addition of 5 pM E3CaG1, then an additional 5 nM E3CaG1 was added 

(n = 3) 
i 
50 pM or 10 nM anti-VEGFR2 (260.4) Ab was added to membranes (different amounts 

did not alter % resonance position shifts because the Kd for antibody binding is low pM) 

and allowed to equilibrate, followed by the addition of 50 pM E3CaG1, then up to 5 nM 

E3CaG1 was additionally added (either a single amount was added or a nM titration 

curve was performed, n = 3) 
j 
SIRPα titration curves (n = 3, ranging from 1 pM to 30 pM) 

k 
anti-CD47 (B6H12) Ab titration curves (n = 3, ranging from 0.5 pM to 75 pM) 

l 
One E3CaG1 titration curve was performed (ranging from 15 nM to 170 nM), and other 

experiments were performed in which 5 nM E3CaG1 was added to membranes (n = 2, no 

apparent binding was observed in any case) 
m 

pM E3CaG1 titration curves (n = 3, ranging from 0.5 pM to 5 pM) 
n 

nM E3CaG1 titration curves (n = 3, ranging from 1 nM to 5 nM) 
o 
50 pM anti-VEGFR2 (260.4) Ab was added to membranes and allowed to equilibrate, 

followed by the addition of 50 pM E3CaG1, then an additional 5 nM E3CaG1 was added 

(n = 3) 
p 

13.3 nM anti-CD47 (B6H12) Ab was added to membranes and allowed to equilibrate, 

followed by the addition of 50 pM E3CaG1, then an additional 5 nM E3CaG1 was added 

(n = 3) 
q 

pM E3CaG1 titration curves (n = 4, ranging from 0.5 pM to 50 pM) 
r 
nM E3CaG1 titration curves (n = 3, 50 pM E3CaG1 was added to saturate pM binding 

sites, then additional nM E3CaG1 was added, ranging from 1 nM to 5 nM).            
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Figure 2.3.  CD47 is present on low-passage Jurkat plasma membranes.  Representative 

binding curve of anti-CD47 antibody added to to low-passage purified Jurkat plasma 

membranes.  An anti-CD47 Ab (B6H12) was added in increasing concentrations to 

membranes until saturation was reached.   Dissociation constants measured with both p- 

and s-polarized light were calculated using 2-parameter hyperbolic fits. 
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Figure 2.4.  CD47 is present on high-passage Jurkat plasma membranes.  Representative 

binding curve of anti-CD47 Ab to young purified Jurkat plasma membranes.  

Experiments were performed as described for Figure 2.3. 
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Figure 2.5.  E3CaG1 does not bind to the prism surface.  Resonance postion shifts are 

shown from addition of E3CaG1 to a bare prism in conact with buffer, as well as from 

addition of E3CaG1 to low-passage Jurkat plasma membranes (n = 3 for each condition).  

There are minimal resonance postion shifts observed from addition of E3CaG1 to the 

bare prism, indicating E3CaG1 does not bind to the silica of the prism surface.  
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Figure 2.6.  E3CaG1 binds to CD47.  Bar graphs depicting PWR percent resonance 

position shifts of anti-CD47 (B6H12) Ab, with and without prior E3CaG1 incubation.  +* 

indicates the ligand/antibody that was first added.  – indicates no second protein was 

added to the membrane.  For experiments where both antibody and E3CaG1 were added, 

the data shown are for the second protein.  The expected shift for the addition of the first 

protein was observed in all cases.  E3CaG1 additions show total percent resonance 

position shifts after pM titration curves were performed (up to 150 pM added).  13.3 nM 

anti-CD47 Ab was added after E3CaG1 titration curves or after one large amount of 

E3CaG1 (2 nM) was added to the membrane.  Anti-CD47 Ab additions show total 
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percent resonance position shifts after pM titration curves were performed (up to 13.3 nM 

added).  5 nM E3CaG1 was added after CD47 Ab titrations.  The graph also shows 

percent resonance position shift caused by E3CaG1, with and without prior anti-CD47 

antibody incubation.  anti-CD47 Ab binding is inhibited by the presence of E3CaG1, and 

vice versa. 
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addition of the anti-CD47 antibody, indicating E3CaG1 was indeed binding to its 

membrane receptor CD47.  Purified Jurkat plasma membranes were also pre-incubated 

with a saturating amount of anti-CD47 antibody prior to 5 nM E3CaG1, and the latter 

produced no further significant resonance position shifts, confirming the specificity of 

E3CaG1 binding (Figure 2.6).    

The negative resonance position shift observed upon E3CaG1 binding is 

indicative of a decrease in refractive index, which could be caused by a decrease in mass. 

To ensure addition of E3CaG1 was not removing membranes from the prism surface, a 

Na
+
/K

+
 ATPase antibody was added to purified MCF-7 plasma membranes, followed by 

the addition of anti-VEGFR2 antibody.  The Na
+
/K

+
 ATPase antibody produced a 

decrease in resonance position, mimicking the negative resonance position shift of 

E3CaG1.  Binding of this antibody should not affect the subsequent binding of the anti-

VEGFR2 antibody if the membranes were still adhered to the prism surface, and we 

indeed observed that binding of the Na
+
/K

+
 ATPase antibody did not prevent the 

subsequent positive resonance position shift from anti-VEGFR2 antibody binding (Figure 

2.7).  Therefore, the decrease in resonance position from E3CaG1 binding is possibly due 

to a large conformational change that results in a decrease in refractive index or a 

rearrangement within the membrane that causes a mass decrease. 

2.3.1.2 Addition of an isotype antibody and Angiotensin II do not inhibit E3CaG1    

              binding 

To ensure the anti-CD47 antibody was not nonspecifically binding to Jurkat  

membranes, an anti-mouse isotype antibody was added to low-passage Jurkat plasma  
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Figure 2.7.  Negative resonance position shifts do not inhibit subsequent antibody 

binding.  PWR bar graph showing addition of anti-Na
+
/K

+
 ATPase Ab (C464.6) followed 

by anti-VEGFR2 (55B11) Ab.  +* indicates the ligand/antibody first added.  – indicates 

no second protein was added to the membrane.  For experiments where both proteins 

were added, the data shown are for the second protein.  Addition of 13.3 nM anti-Na
+
/K

+
 

ATPase Ab produced a decrease in refractive index using both p- and s-polarized light, 

which did not prevent the subsequent increases in refractive index caused by addition of a 

1:250 dilution of anti-VEGFR2 Ab.  This suggests negative resonance position shifts do 

not indicate removal of membrane from the prism surface, but rather a possible 
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conformational change that causes a decrease in the refractive index of the light 

interacting with material on the prism surface.  Error bars are representative of the range 

of 2 independent experiments.   



60 

 

 

membranes prior to the addition of E3CaG1.  Addition of 1 nM isotype antibody did not  

produce significant spectral shifting upon addition to low-passage Jurkat plasma 

membranes, indicating minimal binding occurred (Figure 2.8).  In addition, the presence 

of the isotype antibody did not inhibit subsequent resonance position shifts upon 5 nM 

E3CaG1 addition, which demonstrated the anti-CD47 antibody inhibition of E3CaG1 was 

specific and that membranes remain functional throughout the experiment.  The accuracy 

of our PWR measurements were substantiated by adding Angiotensin II (Ang II), to 

purified Jurkat plasma membranes.  An average Kd of 0.56 nM was measured (Figure 

2.9), which is similar to reported values that range between 0.2-1.0 nM (112-114).  

2.3.2  E3CaG1 binds to CD47 on purified Jurkat plasma membranes with picomolar and    

nanomolar dissociation constants  

After determining E3CaG1 was binding to CD47, increasing amounts of E3CaG1 

were added to determine the Kd.  Two distinct dissociation constants were observed.  

Higher affinity binding occurred with an average Kd of 1.3 pM, and lower affinity 

binding occurred with an average Kd of 2.3 nM (Figures 2.10 and 2.11).  This indicates 

multiple CD47 complexes are present within Jurkat plasma membranes.   

The expected binding curve for a simple system is increasing resonance position 

shift for added mass.  Neither pM nor nM binding displayed this behavior: both gave a 

negative resonance position shift, and nM binding produced a sigmoidal curve.  This 

behavior was saturable and reproducible.  While the full reason for this is not yet 

apparent, similar observations have been made by adding the antagonist naltrindole (NTI) 

to the human brain δ-opoid receptor (103).  Addition of NTI caused decreases in   
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Figure 2.8.  Addition of an isotype Ab does not inhibit E3CaG1 binding.  Bar graph 

depicting PWR percent resonance position shifts from the addition of an isotype Ab 

followed by 5 nM E3CaG1.  +* indicates the ligand/antibody first added.  For 

experiments where two proteins were added, the data shown are for the second protein.    

There is minimal isotype Ab binding (1 nM added), and this does not inhibit subsequent 

binding of 5 nM E3CaG1.  This shows inhibition of E3CaG1 binding by anti-CD47 Ab is 

specific.  The graph also shows comparable percent resonance position shifts from 5 nM 

E3CaG1 after membranes were incubated with Ang II, as compared to E3CaG1 percent 
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resonance  position shifts after membranes were incubated with an isotype Ab.  *Ang II 

p- and s-polarization error bars represent a range over 2 independent experiments.  
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Figure 2.9.  Angiotensin II binds to low-passage Jurkat membranes with a nM Kd. 

Binding curve showing resonance position shifts upon addition of Angiotensin II.  The 

curve was fit using a 3-parameter hyperbolic function.  Both p- and s-polarization curves 

show low nanomolar dissociation constants, which are similar to reported values.  
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Figure 2.10.  E3CaG1 binds to low-passage Jurkat plasma membranes with a pM Kd. 

Representative pM binding curve of E3CaG1 to young purified Jurkat plasma 

membranes.  E3CaG1 was added in increasing concentrations to low-passage purified 

Jurkat plasma membranes until saturation was reached. E3CaG1 binds to young purified 

Jurkat plasma membranes with a pM Kd. 
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Figure 2.11.  E3CaG1 binds to low-passage Jurkat plasma membranes with a nM Kd. 

Representative PWR binding curve of nM E3CaG1 binding to low-passage Jurkat 

membranes.  Picomolar binding sites were saturated (using 200 pM E3CaG1) before 

increasing nanomolar concentrations of E3CaG1 were added.  Curves were fit using a 3-

parameter sigmoidal function.   
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resonance position  using both p- and s-polarized light, and smaller resonance angles 

were attributed to decreases in mass density (103).  Sigmoidal curves that showed 

decreases in resonance position have also been observed during incorporation of the 

cytochrome b6f protein complex into a phosphatidylcholine membrane (115).  It was 

suggested that one possibility for this observation was the dissociation of a dimeric 

complex upon membrane incorporation (115).  The fact that we observed a sigmoidal 

curve produced from negative resonance position shifts upon E3CaG1 binding suggests 

cooperativity occurred when nM amounts of E3CaG1 were added to the membrane 

surface, and the binding of one molecule of E3CaG1 influenced the binding of another.  

The fact that the resonance position shifts are negative (compared to the resonance 

position of the membrane alone) upon both pM and nM E3CaG1 binding, could indicate 

the dissociation of a receptor complex, which would explain the observation of a 

refractive index decrease upon ligand binding.  An example of a PWR spectra recorded 

upon increasing pM concentrations of E3CaG1 added to low-passage purified Jurkat 

plasma membranes is shown in Figure 2.12. 

2.3.3  Determining the measurement of equilibrium dissociation constants 

To ensure equilibrium dissociation constants were being measured rather than 

simply titrating receptors on the membrane surface, I compared the magnitude of 

E3CaG1 resonance position shifts to resonance position shifts that occurred upon 

deposition of membrane fragments.  If equilibrium dissociation constants were being 

measured, a similar Kd should be measured regardless of the amount of receptor present.  

Greater receptor concentration, as indicated by greater percentage of resonance shifts  
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Figure 2.12.  Example of PWR spectra upon pM E3CaG1 addition to low-passage Jurkat 

plasma membranes.  Increasing amounts of pM E3CaG1 were added to low-passage 

Jurkat plasma membranes, and the resonance angle decreased with each addition 

(compared to the resonance angle of the membrane without prior ligand addition).  
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from the membrane, should not alter the value found for Kd. This is what was found, as  

shown in Table 2.2.  For example, when more membrane fragments adhered onto the 

prism surface, indicated by a higher membrane resonance position shift, a higher spectral 

shift from the bound ligand was recorded (Table 2.2).   This suggests more receptor was 

present to bind ligand due to the larger amount of membrane available for binding.  

Although total resonance position shifts resulting from the bound ligand varied, similar 

dissociation constants were calculated, indeed showing equilibrium dissociation constants 

were being measured.  

2.3.4  E3CaG1 binds to CD47 on purified MCF-7 plasma membranes 

           To confirm the higher binding affinity of E3CaG1 to CD47 in a cell line other 

than Jurkat cells, an increasing amount of E3CaG1 was added to purified MCF-7 (breast 

cancer epithelial cell) plasma membranes.  A similar Kd of 1.65 pM was observed, 

indicating E3CaG1 binding is similar in both lymphocytes and epithelial cells (Figure 

2.13).  On MCF-7 plasma membranes, addition of E3CaG1 produced a decrease in the 

resonance position compared to the resonance position of membrane fragments alone, 

which is a similar trend observed using Jurkat plasma membrane fragments. 

2.3.5  CD47 is not sufficient for E3CaG1 binding 

Since our laboratory previously found that CD47 was necessary but insufficient 

for E3CaG1 binding, I hypothesized that a second protein was required.  When E3CaG1 

was added in increasing amounts to high-passage purified Jurkat plasma membranes, 

little changes in resonance position were observed, even up to concentrations of 170 nM 

(Figure 2.14).  Therefore, additions of E3CaG1 using high-passage Jurkat membranes 
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TABLE 2.2.  List of p- and s-polarization resonance position shifts from addition of 

membrane and E3CaG1 to the PWR prism surface.  Increasing pM amounts of E3CaG1 

were added to the membrane, and total percent resonance position shifts are listed.  

Increasing resonance position shifts correlate to increasing ligand resonance position 

shifts, but similar dissociation constants were calculated, as listed in Table 2.1 (under 

low-passage Jurkat plasma membranes E3CaG1
 a
).     

p-polarization Jurkat membrane 

 resonance position shifts (mdeg) 

p-polarization E3CaG1  

resonance position shifts (mdeg) 

Percent 

E3CaG1 shifts 

286 -12 4.2% 

327 -18 5.5% 

489 -47 9.6% 

s-polarization Jurkat membrane  

resonance position shifts (mdeg) 

s-polarization E3CaG1 resonance 

 position shifts (mdeg) 

 

161 -9 5.6% 

198 -24 12.1% 

278 -25 9.0% 
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Figure 2.13.  E3CaG1 binds to purified MCF-7 plasma membranes with a pM Kd.  PWR 

binding curve showing resonance position shifts upon E3CaG1 binding to purified MCF-

7 membranes.  Both p-and s-polarization curves indicate pM binding with similar values 

for Kd to those measured with Jurkat plasma membranes.  
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Figure 2.14.  E3CaG1 does not appear to bind to high-passage Jurkat membranes.  

Increasing concentrations of E3CaG1 were added to high-passage Jurkat membranes and 

no significant changes in resonance position were observed compared to low passage 

Jurkat plasma membranes (Figure 2.10). This indicates CD47 is not sufficient for 

E3CaG1 binding.  Two other experiments were performed in which 5 nM E3CaG1 was 

added to high-passage Jurkat membranes, and no significant binding was observed in 

either case.  
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produced significantly less refractive index changes compared to low-passage purified 

Jurkat plasma membranes, even when concentrations of E3CaG1 were 1000-fold higher.  

This confirms results from previous flow cytometry experiments that show E3CaG1 

cannot bind to Jurkat T lymphocytes that have been in cell culture for long periods (82). 

Therefore, although CD47 is present on Jurkat T-lymphocytes regardless of passage 

number, Jurkat cells cultured over 4 weeks can no longer bind E3CaG1.  This is perhaps 

due to a change in a CD47 signaling complex that no longer allows for E3CaG1 to bind, 

and may involve another membrane protein associated with CD47.  This change in 

phenotype that occurs within Jurkat cells over time may be used to identify the proposed 

CD47 complex that is involved in the reduction of sGC activity upon TSP-1 binding.  In 

this and future chapters, experiments are performed that search for this unknown 

component of the CD47 complex.  

2.3.6  SIRPα binds to CD47 on Jurkat plasma membranes  

SIRPα is the other known ligand of CD47, and it has been shown to bind to the 

CD47 extracellular domain with μM affinity (58).  SIRPα was added to both low and 

high-passage purified Jurkat plasma membranes and found to bind to both samples 

(Figure 2.15, 2.16).  The average Kd observed when SIRPα bound to low-passage purified 

Jurkat plasma membranes was 3.1 pM (Table 2.1) and when bound to high-passage 

purified Jurkat plasma membranes was 1.4 pM (Table 2.1).  Furthermore, SIRPα addition 

to both low-passage and high-passage Jurkat plasma membranes produced decreases in 

resonance position compared to membrane alone, which is similar to that observed when 

E3CaG1 was added to low-passage Jurkat membranes.  Although both CD47 ligands  
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Figure 2.15.  SIRPα-Fc binds to CD47 on low-passage Jurkat membranes.  

Representative PWR binding curve of SIRPα-Fc added to low-passage purified Jurkat 

plasma membranes.  Increasing concentrations of SIRPα-Fc was added to membranes 

until saturation was reached.  A pM dissociation constant was measured for both p- and s-

polarizations.   
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Figure 2.16.  SIRPα-Fc binds to CD47 on high-passage Jurkat membranes.  Experiment 

setup is the same as described in Figure 2.12.  SIRPα-Fc binds to high-passage Jurkat 

plasma membranes with a pM Kd similar to that observed on low-passage purified Jurkat 

plasma membranes.  
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caused decreases in refractive index upon addition to the membrane surface, E3CaG1 

binding was lost over time, wheras SIRPα binding was retained.  Therefore, SIRPα 

binding to CD47 does not change over time, whereas E3CaG1 binding does.  This 

suggests SIRPα does not bind to CD47 in the same manner as E3CaG1.  This also gives 

support to previous evidence that SIRPα can bind to CD47 alone, without the presence of 

binding partners. It is also possible SIRPα binds tightly to a CD47 complex that differs 

from that which binds E3CaG1.     

2.4  Discussion  

Nitric oxide, produced from NOS, regulates multiple physiologic processes 

through binding to its receptor sGC, including angiogenesis, blood pressure and 

neurotransmission. Thrombospondin-1 is a multifunctional matricellular protein that has 

a multitude of domains that bind a variety of receptors, including the integrin-associated 

protein CD47 (39).  Through PWR spectroscopy, I have shown a C-terminal fragment of 

TSP-1 called E3CaG1 binds to CD47 with both pM and nM affinities, suggesting other 

possible membrane proteins are involved in E3CaG1 binding to CD47.  The Roberts 

group has also shown picomolar levels of TSP-1 (10 - 100 pM) is sufficient to inhibit 

sGC activity (43, 86).  Also, circulating levels of TSP-1 are reported to be low, 

approximately 50 - 200 pM (116), which supports a low picomolar dissociation constant 

of TSP-1 binding to its receptor CD47.  We observed decreases in both p- and s-polarized 

light upon the addition of E3CaG1 to purified Jurkat plasma membranes, which indicated 

decreases in refractive index upon ligand binding.  This could be explained by the 

dissociation of a receptor complex.  One possibility, explored in the next chapter, is that 
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E3CaG1 binds to CD47 in complex with VEGFR2 on Jurkat T cells since previous work 

has shown CD47 and VEGFR2 dissociate upon TSP-1 binding (76).  I have also shown 

E3CaG1 loses the ability to bind to CD47 over time by PWR spectroscopy, confirming 

previous findings from our lab (82).  Therefore, it is possible the expression of specific 

membrane proteins associated with CD47 change over time, decreasing E3CaG1 binding. 

I have also found that the other known ligand of CD47, SIRPα, binds with a 

picomolar dissociation constant.  The previously reported Kd of SIRPα is 1.2 μM (58), 

but this value was found using surface plasmon resonance (SPR) spectroscopy and 

adding the extracellular domain of CD47 to an immobilized extracellular domain of 

SIRPα.  Also, the Kd was found only using extracellular domains of both SIPRα and 

CD47 and it has been reported CD47 needs a long-range disulfide bond between one of 

its transmembrane domains and its extracellular domain in order to function properly and 

bind SIRPα efficiently (65).  The fact that the previously reported Kd was not found using 

full-length CD47 could explain the discrepancy between it and the low picomolar Kd 

reported here, measured with full-length CD47.  
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CHAPTER 3 

.  IDENTIFICATION OF MEMBRANE PROTEINS IN COMPLEX WITH CD47 

INVOLVED IN THROMBOSPONDIN-1 BINDING 

3.1  Introduction 

        Work done up to this point suggested another membrane protein is involved in 

E3CaG1 binding to CD47. CD47 is widely known to associate with integrins such as 

αvβ3, and since E3CaG1 contains a β3 binding site in the last type 2 repeat, I hypothesized 

E3CaG1 could bind to a CD47/αvβ3 complex.  The decrease in resonance position shifts 

that were observed upon E3CaG1 binding using PWR spectroscopy are reflective of 

refractive index decreases. One possiblility for this observation is a decrease in mass that 

could result from a dissociation of a receptor complex, and it has been previously shown 

TSP-1 causes a dissociation of CD47 in complex with VEGFR2.  These observations also 

led to the possibility that E3CaG1 bound to CD47 in complex with VEGFR2.  In the 

previous chapter, I found E3CaG1 to specifically bind to CD47 on Jurkat T cells using 

PWR, and that binding is lost after long periods of growth in tissue culture.  E3CaG1 was 

also shown to bind specifically to CD47 on Jurkat T cells through PWR spectroscopy.  

CD47 was also shown to remain on Jurkat cells while E3CaG1 binding decreases over 

time.  This, coupled with the fact that SIRPα binding does not decrease over time, all 

pointed toward E3CaG1 binding to a CD47 complex whose expression might be altered 

with cellular age.  Therefore, I next examined candidate proteins associated with CD47 

that were involved in E3CaG1 binding through experiments involving PWR 

spectroscopy, flow cytometry, shRNA inhibibition, and lentiviral expression.  
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3.2  Materials and Methods 

3.2.1  Materials 

          Integrin αv monoclonal antibody 272-17E6 was obtained from abcam 

(Cambridge, MA).  VEGFR2 monoclonal antibodies 55B11 and 260.4 were obtained 

from Cell Signaling Technology (Danvers, MA) and Sigma (St. Louis, MO), 

respectively.  Anti-mouse AlexaFluor 647 secondary antibody was obtained from 

Invitrogen (Grand Island, NY).  Goat anti-His-FITC antibody was obtained from QED 

Biosciences (San Diego, CA).  Jurkat JinB8 cells were a generous gift from Dr. Thomas 

Miller (NIH).   The CD47-pEGFP-N3 vector was a generous gift from Dr. David Roberts 

(NIH).  Lenti-X HEK 293T cells were purchased from Clontech (Mountain View, CA).  

Stain/wash buffer was prepared as PBS containing 0.2% (v/v) BSA, and 0.02% (v/v) 

sodium azide. pLVX-Tight-pURO and pLVX-tet-off Advanced vectors were obtained 

from Clontech.  Xfect reaction buffer, Lenti-X HTX packaging mix, and Xfect polymer 

were also obtained from Clontech.  Krebs buffer was prepared as 25 mM HEPES, 120 

mM NaCl, 4.75 mM KCl, 1.44 mM MgSO4, 11 mM glucose, pH 7.4.   

3.2.2  Cell culture 

          JinB8 cells were maintained in RPMI 1640 (Invitrogen) supplemented with 5% - 

10% fetal bovine serum (FBS), 5 mg/ml penicillin, and 1 mg/ml streptomycin.  CD47-

JinB8 cells were maintained in RPMI supplemented with 10% tetracycline-free FBS, 5 

mg/ml penicillin, 1 mg/ml streptomycin, 0.25 μg/ml puromycin, 100μg/ml G41 , and 500 

ng/ml doxycycline.  Lenti-X HEK 293T cells (Clontech) were maintained in high-glucose 

DMEM (4.5g/L glucose) supplemented with 10% tetracycline-free FBS, 5 mg/ml 
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penicillin, and 1 mg/ml streptomycin.  All cell lines were grown at 37    C in 5% CO2. 

3.2.3  Cloning of CD47-eGFP 

           The CD47-pEGFP-N3 vector was used for cloning into the lentiviral pLVX-

Tight-pURO vector.  This vector contains human CD47 isoform 2 (NM_198793.2) with a 

C-terminal eGFP tag and a BamHI restriction site between them.  The BamHI site was 

mutated using the Stratagene QuikChange Lightning Mutagenesis kit (Agilent 

Technologies, Santa Clara, CA).  PCR amplification was performed on the mutated 

CD47-pEGFP-N3 vector introducing 5’ BamHI and 3’ MluI restriction sites using the 5’ 

AACTCGGATCCATGTGGCCTCTAGTAGCA 3’ (forward) and 5’ 

AGTTCACGCGTTTACTTGTACAGCTCGTCCATG 3’ (reverse) primers.  The DNA 

was ligated into the pGEM-T-easy vector per manufacturer’s instructions (Promega, 

Madison, WI).  CD47-eGFP was then transferred to the pLVX-Tight-pURO vector 

through double digestion with fast digest BamHI and MluI (Fermentas, Waltham, MA) 

and ligation with the rapid DNA ligation kit (Thermo Scientific).  DNA sequencing 

showed the correct nucleotide sequence except for a single point mutation at position 545 

(NM_198793.2) that resulted in a glycine instead of a glutamate residue.  This mutation 

did not affect fluorescence of the protein or E3CaG1 binding as confirmed by confocal 

microscopy and PWR spectroscopy.  

3.2.4 Generation of lentivirus 

          CD47-eGFP and Tet-off lentivirus were produced using the Clonetech Lenti-X Tet-

Off advanced inducible expression system according to manufacturer’s instructions 

(Clonetech).   Lenti-X HEK 293T cells were plated in a 10 cm tissue culture dish so they 
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were 80 - 90% confluent at the time of transfection.  CD47-eGFP within the pLVX-

Tight-pURO vector as well as the pLVX-Tet-Off Advanced vector were transfected 

separately into the Lenti-X cells using Xfect reaction buffer, Lenti-X HTX packaging 

mix and Xfect polymer.  The media was changed 24 hours later, and cells were incubated 

an additional 48 hours so cells could secrete the virus.  The supernatant was then 

collected, centrifuged at 500 x g for 10 min to remove debris, then fro en at - 0    C until 

further use.  Viral titers were determined using the Lenti-X p24 rapid titer kit 

(Clonetech).   

3.2.5  Stable transduction of cells 

         0.5 x 10
6
 JinB8 cells were washed twice in PBS and once in RPMI supplemented 

with 10% tetracycline-free FBS, 5 mg/ml penicillin, and 1 mg/ml streptomycin before 

transduction. Cells were then co-transduced with Tet-off and CD47-eGFP lentivirus at a 

2:1 ratio with a multiplicity of infection of 2 by centrifugation for 2 hours at 1000 x g at 

room temperature.  Cells were then transduced for 24 hours at 37    C in 5% CO2 before 

being put in RPMI supplemented with 10% FBS, 5 mg/ml penicillin, 1 mg/ml 

streptomycin, 2 µg/ml puromycin, and 500 µg/ml G418, and 500 ng/ml doxycycline.  

The puromycin and G418 antibiotics were used to select for cells containing both the 

CD47-eGFP (puromycin resistance) and Tet-off (G418 resistance) vectors.  Cells were 

maintained in selection media for 11 days until cells started to multiply (cells were 

centrifuged at 100 x g every 2-3 days to remove dead cells before resuspension in fresh 

media) . After JinB8 cells transduced with CD47-eGFP began to multiply, the 

concentration of antibiotics was reduced to 0.25 μg/ml puromycin and 100 μg/ml G41  
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and cells were maintained in this concentration from this point forward.  Expression of 

protein was turned on by centrifugation of cells at 180 x g for 5 min at room temperature, 

washing 2x in PBS, then resuspending cells in RPMI supplemented with 10% 

tetracycline-free FBS, 5 mg/ml penicillin, 1 mg/ml streptomycin, 0.25 μg/ml puromycin 

and 100 μg/ml G41 .  Cells were maintained in this media for at least 4  hours prior to 

experiments. 

3.2.6  Confocal microscopy 

 35 mm live-cell dishes were used for confocal microscopy (MatTek, Ashland, 

MA).  JinB  cells stably transduced with CD47-eGFP were washed and resuspended in 

Krebs buffer before being incubated on coverslips for 1 hour at 37    C in 5% CO2.  To 

prepare coverlips for confocal microscopy, 0.01% poly-l-lysine was added to 1.5 glass 

coverslips for 1 h at room temperature.  The poly-l-lysine was then removed and the 

coverslips washed twice in nuclease-free water (Invitrogen) .  Cells were imaged on a 

Nikon C1si scanning confocal microscope using an excitation wavelength of 488 nm and 

a 525/50 detector.  A 60x, 1.4 NA oil-immersion objective and Nikon CCD camera were 

used to view confocal images.  At least three random fluorescence images were recorded 

for each sample. Nikon EZ-C1 version 3.8 software was used to acquire images. 

3.2.7 Flow cytometry binding studies 

         For E3CaG1 binding studies, 2x10
6
 Jurkat cells per condition were serum starved 

48 hours prior to the experiment.  Cells were centrifuged at 180 x g for 5 min at room 

temperature and washed once in PBS and once in stain/wash buffer at 4    C.  Cells were 

incubated with 10 nM anti-VEGFR2 (260.4) antibody or anti-CD47 (B6H12) antibody 
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for 30 min at 4    C, washed in stain/wash buffer, and fixed with 2% (v/v) PFA 

(paraformaldehyde) for 15 min at 4    C.  Cells were washed in stain/wash buffer before 

being incubated with 25 nM E3CaG1 for 1 h at 4    C.  A FITC-conjugated anti-His 

antibody was added and cells were incubated for an additional 30 min at 4    C.  The cells 

were washed as described and fixed again with 2% (v/v) PFA.  In experiments 

determining VEGFR2 levels over time, 0.5 x 10
6
 cells per condition were used. Cells 

were washed once in PBS, and once in stain/wash buffer before being incubated with 10 

nM anti-VEGFR2 (260.4) antibody for 30 min at 4   C.  Cells were centrifuged at 200 x g 

for 5 min at 4   C, and resuspended in stain/wash buffer.  5 μg anti-mouse AlexaFluor 647 

secondary antibody was added for 30 min at 4   C.  Cells were washed as described, and 

resuspended in stain/wash buffer with 2% PFA until acquisition. Fluorescence was 

measured using a Becton Dickinson LSR II flow cytometer with an excitation wavelength 

of 488 nm and a 525/50 nm emission filter or with a Guava easyCyte 8HT flow 

cytometer (Millipore, Billerica, MA) using a 40 mW red laser with an excitation 

wavelength of 635 nm and a 661/19 nm emission filter.  On the LSR, 10,000 cells were 

counted and gated on live cells using forward and side scatter fluorescence.  On the 

Guava easyCyte 8HT, 5,000 cells were counted and gated on live cells using forward and 

side scatter fluorescence.  The same gate was applied for each sample measured.  A gate 

was also created on the population of cells fluorescent at 525 nm or 661 nm, and the same 

gate was applied for each sample measured.  Cells without any fluorophore and those 

incubated with secondary antibody alone were used as controls.  Total mean/median 

fluorescence (MFI) was calculated by multiplying the fluorescence of the gated 
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population at 525 nm or 661 nm by the percentage of cells within the gate (MFI x % 

cells) (117).  Relative MFI was calculated as (total MFI)sample – (total MFI)secondary Ab.  

Data analysis was performed using FloJo or Millipore InCyte software (Billerica, MA). 

3.3 Results 

3.3.1 E3CaG1 binds to CD47 in complex with VEGFR2 with a picomolar Kd 

To further investigate VEGFR2 as the possible membrane complex that binds 

E3CaG1 and regulates the production of cGMP, increasing amounts of anti-VEGFR2 

(260.4) antibody was added to purified Jurkat plasma membranes to determine if this 

receptor was present.  Addition of the anti-VEGFR2 antibody bound with an average Kd 

of 2.9 pM (Figure 3.1, Table 2.1), confirming the presence of VEGFR2.  When 

membranes were pre-incubated with anti-VEGFR2 antibody, picomolar binding of 

E3CaG1 was significantly reduced, suggesting E3CaG1 bound to a CD47/VEGFR2 

complex with pM affinity (Figure 3.2).  Measurement of E3CaG1 binding to Jurkat cells 

by flow cytometry was also shown to be reduced when anti-CD47 or anti-VEGFR2 

antibodies were added (Figure 3.3 and Figure 3.4).  However, when low-passage Jurkat 

membranes were pre-incubated with anti-VEGFR2 antibody, nM E3CaG1 binding was 

still observed.  Levels of nM E3CaG1 binding were slightly, but not significantly lower 

than those observed without pre-incubation of anti-VEGFR2 antibody Figure 3.2).  These 

results indicated VEGFR2 did not play a significant role in E3CaG1 binding to CD47 

with a nM Kd.   

3.3.2  E3CaG1 binds to CD47 in complex with integrin αvβ3 with a nanomolar Kd 

 Since E3CaG1 was shown to bind to CD47/VEGFR2 with high affinity, I 
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Figure 3.1. VEGFR2 is present on low-passage Jurkat plasma membranes.  

Representative PWR binding curve resulting from addition of increasing concentrations 

of anti-VEGFR2 (260.4) Ab to low-passage Jurkat membranes.  A pM Kd was measured. 
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Figure 3.2.  E3CaG1 binds to CD47/VEGFR2 with a pM Kd and CD47/αvβ3 with a nM Kd 

on low-passage Jurkat plasma membranes. Bar graphs depicting PWR percent resonance 

positions shifts on low-passage purified Jurkat plasma membranes upon pM and nM 

E3CaG1 binding, with or without prior incubation of anti-VEGFR2 (260.4) Ab or anti-

αvβ3 (272-17E6) Ab.  +* indicates the ligand/antibody first added.  – indicates the protein 

was not added to the membrane.  For experiments where two proteins were added, the 

data shown are for the second protein.  For experiments where three proteins were added, 

pM E3CaG1 sites were saturated prior to the addition of nM E3CaG1, and resulting 

percent resonance position shifts shown are those resulting only from nM addition of 

E3CaG1.  The expected shift for the addition of the first protein was observed in all 

cases.  The presence of anti-VEGFR2 Ab (50 pM or 10 nM) inhibited 50 pM but not 5 

nM concentrations of E3CaG1 binding.  5 nM E3CaG1 was added either in one large 
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amount or through titration.  Prior addition of 13.3 nM anti-αvβ3 Ab inhibited 5 nM but 

not 50 pM binding of E3CaG1.  E3CaG1 additions were added through one addition to 

the sample cell.  This indicates E3CaG1 binds to CD47 in complex with VEGFR2 with a 

pM Kd and CD47 in complex with αvβ3 with a nM Kd. 
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Figure 3.3.  Dot plots showing fluorescence from anti-His-FITC secondary Ab bound to 

E3CaG1, with and without prior incubation of anti-VEGFR2 (260.4) and anti-CD47 

(B6H12) antibodies.  Fluorescence at 525 nm is shown on the x-axis.  Numbers within 

the cell populations represent the percentage of cells within the gate.  A.  Fluorescence 

from addition of anti-His-FITC Ab alone.  B.  Fluorescence from addition of 25 nM 
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E3CaG1 prior to addition of anti-His-FITC secondary Ab.  C.  Same as B, except cells 

were previously incubated with 10 nM anti-VEGFR2 Ab.  D.  Same as B, except cells 

were previously incubated with 10 nM anti-CD47 Ab.  Dot plots show an increase in 

fluorescence upon E3CaG1 addition compared to secondary Ab alone, indicating binding.  

However, prior incubation with either anti-VEGFR2 or anti-CD47 antibodies decreased 

fluorescence compared to that caused by E3CaG1 addition. 
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Figure 3.4.  E3CaG1 binds to CD47 in complex with VEGFR2 by flow cytometry. 

Graphical representation of Figure 3.3.  Flow cytometry experiment showing relative 

MFI after 25 nM E3CaG1 addition (compared to MFI of anti-His-FITC Ab alone) to 

Jurkat cells.  Incubation with anti-CD47 (B6H12) Ab or anti-VEGFR2 (260.4) Ab 

significantly decreased E3CaG1 binding, indicating E3CaG1 was binding to a complex 

involving CD47 and VEGFR2.  n = 3.   
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wanted to identify if E3CaG1 bound to CD47 in complex with another membrane protein 

to produce the second, nanomolar Kd.  PWR experiments showed incubation with anti-

VEGFR2 antibody did not inhibit spectral shifting caused by nM E3CaG1 addition to 

membranes, indicating E3CaG1 was binding to a CD47 complex not involving VEGFR2 

with a nanomolar Kd on Jurkat cells (Figure 3.2).  To investigate the possibility of 

E3CaG1 binding to a CD47 complex involving integrin αvβ3, we first examined if αvβ3 

was present on Jurkat plasma membranes.  An anti-αv antibody was added to purified 

Jurkat plasma membranes and produced spectral shifting, which indicated binding.  The 

resulting binding curve showed an average Kd of 1.2 pM (Figure 3.5, Table 2.1).  This 

dissociation constant was similar to that for anti-CD47 (B6H12) antibody, the  

strength of binding coming from the high affinity and avidity for antibody-antigen 

interactions.  Knowing that αv was present within the membrane, a saturating amount 

anti-αv antibody was added, followed by a saturating amount of pM E3CaG1 (50 pM).  

Resonance position shifts were observed similar to those seen without prior incubation of 

antibody, but no further spectral shifts were observed after subsequent 5 nM E3CaG1 

addition.  This showed E3CaG1 was binding to CD47 in complex with integrin αv with 

nanomolar affinity (Figure 3.2).  Our lab has previously shown E3CaG1 binding to CD47 

causes a decrease in NO-stimulated sGC activity in Jurkat T cells, and this reduction is 

reversed by incubation with an anti-CD47 antibody (82).  We have also shown that 

addition of an anti-αvβ3 as well as anti-αv antibody to Jurkat cells prior to E3CaG1 does 

not inhibit E3CaG1-induced reduction of cGMP (82).  This suggests although there is a  

αvβ3/CD47 complex on the cell membrane, it is not involved in the nitric oxide signaling 



91 

 

 

 

Figure 3.5.  Integrin αv is present on low-passage Jurkat plasma membranes. 

Representative PWR binding curves resulting from addition of increasing concentrations 

of anti-αv (272-17E6) Ab to low-passage Jurkat membranes.  A pM Kd was measured.   
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pathway.  

3.3.3  The loss of E3CaG1 binding correlates to a decrease in VEGFR2 expression 

Since CD47/αvβ3 was not the complex involved in E3CaG1-induced sGC 

inhibition, I examined whether VEGFR2 in complex with CD47 was involved in 

regulating the NO signaling pathway.  Flow cytometry experiments were done to 

determine if VEGFR2 levels changed with Jurkat cell time in tissue culture and could 

possibly correlate to the loss of E3CaG1 binding.  The presence of VEGFR2 was 

significantly reduced on high-passage Jurkat cells compared to low-passage Jurkat cells 

as shown by flow cytometry and PWR spectroscopy (Figure 3.6, 3.7, and 3.8).  Since 

E3CaG1 could not bind to high-passage cells, this suggested VEGFR2 was needed for 

E3CaG1 binding.   

3.3.4  Expression of CD47-eGFP in CD47-null (JinB8) cells using a lentiviral 

transduction system  

Native Jurkat T cells contain the protein receptor CD47 on their membrane (82, 

118, 119).  A mutated Jurkat cell line called JinB8, however, does not contain CD47 

(119).  I generated a cell line called CD47-JinB8 in which human CD47 with a C-

terminal enhanced green fluorescent protein (eGFP) tag was stably put back into JinB8 

cells through lentiviral transduction.  Expression of CD47-eGFP was under control of a 

tetracycline regulator, with addition of doxycycline turning off expression of the protein. 

This cell line was generated to determine if E3CaG1 binding to and functionality of 

CD47 could be restored.  Additionally, CD47-JinB8 cells were made in order to produce 

large amounts of properly glycosylated recombinant CD47 for future purification and 
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Figure 3.6.  Dot plots showing fluorescence upon anti-VEGFR2 (260.4) Ab addition to 

low and high-passage Jurkat cells.  Fluorescence emitted at 661 nm is shown on the x-

axis.  A.  Low-passage Jurkat cells incubated with anti-mouse AlexaFluor 647 secondary 

Ab alone.  B.  Low-passage Jurkat cells incubated with anti-VEGFR2 Ab prior to the 

addition of anti-mouse AlexaFluor 647 secondary Ab.  C.  Same as A, only done with 

high-passage Jurkat cells.  D.  Same as B, only done with high-passage Jurkat cells.  
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Figure 3.7.  VEGFR2 levels decrease on Jurkat cells over time. Graphical representation 

of Figure 3.6.  Low and high-passage Jurkat cells were incubated with anti-VEGFR2 

(260.4) Ab prior to incubation with anti-mouse AlexaFluor 647 secondary Ab and 

fluorescence was measured.  There was a significant increase in fluorescence in low-

passage Jurkat cells when they were incubated with anti-VEGFR2 Ab compared to those 

incubated with secondary Ab alone.  There was no significant difference in high-passage 

Jurkat cells treated with anti-VEGFR2 Ab compared to those treated with secondary Ab 

alone.  n = 3.   
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Figure 3.8.  There is a significant decrease in anti-VEGFR2 Ab binding in high-passage 

Jurkat membranes compared to anti-CD47 Ab binding.  PWR bar graph showing percent 

resonance position shifts upon anti-VEGFR2 Ab and anti-CD47 Ab addition to both low-

passage and high-passage Jurkat cells.  – indicates the protein was not added to the 

membrane.  There is no significant difference between anti-VEGFR2 (260.4) Ab and 

anti-CD47 (B6H12) Ab binding to low-passage Jurkat cells (data shown are from 

independent titration curves that range from 1 pM to 50 pM).  However, there is minimal 
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anti-VEGFR2 (55B11) Ab binding to high-passage Jurkat membranes (a single amount 

of a 1:250 dilution was added) and a significant difference between anti-VEGFR2 Ab and 

anti-CD47 (B6H12) Ab binding (data shown are from independent titration curves 

ranging from 1 pM to 75 pM) was observed. 
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structural studies. 

3.3.4.1 Determination of transduction by PWR spectroscopy and confocal microscopy  

           To determine if CD47-JinB8 cells behaved in a similar manner to Jurkat cells, we 

first examined whether CD47-eGFP was expressed properly in the cell membrane. 

Purified CD47-JinB8 membranes with expression turned on and off (by withdrawal and 

maintenance in doxycycline, respectively) were deposited on the surface of the PWR 

prism followed by addition of anti-CD47 (B6H12) antibody.  There was a significant 

difference in CD47 expression between JinB8 cells and CD47-JinB8 cells maintained 

without doxycycline, with the latter showing a much higher percent resonance position 

shift from the addition of the B6H12 antibody than the former (Figure 3.9).  

 To confirm the expression of CD47-eGFP on CD47-JinB8 cells, confocal 

microscopy was done to show the distribution of fluorescence on live cells.  CD47-JinB8 

cells were maintained with and without doxycycline, then placed on poly-l-lysine coated 

coverslips for imaging.  Poly-L-lysine was used to help the cells adhere to the coverslips 

for imaging due to Jurkat T lymphocytes being a suspension cell line.  There was more 

fluorescence observed from cells with CD47-eGFP expression turned on than from cells 

with CD47-eGFP fluorescence turned off (Figure 3.10).  Fluorescence was distributed 

evenly throughout cells maintained without doxycyline (expression turned on), and 

fluorescence was also observed on these cell membranes.  This supports the PWR data 

where anti-CD47 (B6H12) antibody bound to purified CD47-JinB8 plasma membranes.  

3.3.5  A CD47-null Jurkat cell line in which CD47 is re-introduced behaves similarly to 

native Jurkat T cells 
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Figure 3.9.  CD47 is present on CD47-JinB8 cells by PWR spectroscopy.  PWR bar 

graph showing percent resonace position shifts upon addition of anti-CD47 (B6H12) Ab 

on JinB8, CD47-JinB8 (expression off), and CD47-JinB8 (expression on) membranes 

(one amount of 13.3 nM anti-CD47 Ab added in each case).  There is no significant 

difference between anti-CD47 Ab binding to JinB8 and CD47-JinB8 (expression off) 

membranes.  There is, however, a significant difference between anti-CD47 Ab binding 

on JinB8 and CD47-JinB8 (expression on) membranes.  This shows CD47 is present on 

CD47-JinB8 (expression on) but not CD47-JinB8 (expression off) membranes.  A similar 
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negative resonance position shift upon addition of anti-CD47 Ab on CD47-JinB8 

(expression on) membranes was observed as compared to native high-passage Jurkat 

cells.   
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Figure 3.10.  CD47 is expressed on CD47-JinB8 cells by confocal microscopy.  Images 

were taken at 10.6% laser power.  A.  Confocal microscopy image of CD47-JinB8 cells 

(expression off).  Image size: 258.3 µm.  B.  Same as A, except done with CD47-JinB8 

cells (expression on).  Image size: 258.3 µm.  There are more fluorescent cells in the 

CD47-JinB8 (expression on) image than the CD47-JinB8 (expression off) image.  C.  

Image B, only zoomed in.  Image size: 193.2 µm.  
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 3.3.5.1 E3CaG1 binds to CD47 in complex with VEGFR2 with a picomolar Kd on JinB8  

cells stably transduced with CD47-eGFP and another complex involving 

VEGFR2 with a nM Kd 

          To see if E3CaG1 bound to its receptor CD47 on CD47-eGFP-JinB8 cells, 

increasing concentrations of pM E3CaG1 were added, and a Kd of  1.3 pM was observed 

(Figure 3.11), which is the same as the 1.3 pM Kd measured for native Jurkat T cells 

(Figure 2.8).  To observe if E3CaG1 bound to CD47/VEGFR2 with pM affinity on 

CD47-JinB8 membranes, anti-VEGFR2 antibody was incubated on membranes prior to 

the addition of E3CaG1.  The anti-VEGFR2 antibody inhibited pM E3CaG1 binding on 

CD47-JinB8 membranes in addition to native Jurkat membranes, showing the same 

CD47 complex was occurring on both cell lines (Figure 3.13). 

 A second, weaker Kd of 1.3 nM was also measured on the CD47-JinB8 purified 

plasma membranes (Figure 3.12).  I have also shown that this occurs on purified plasma 

membranes from native Jurkat cells, from binding to CD47 in complex with integrin αvβ3. 

On low-passage Jurkat membranes, it was also observed that incubation with anti-

VEGFR2 antibody slightly reduced, but did not significantly inhibit, nM binding of 

E3CaG1 to the membrane.  However, when the same experiment was performed on 

CD47-JinB8 cells, the presence of anti-VEGFR2 antibody caused a significant decrease 

in both pM and nM E3CaG1 binding (Figure 3.13).  This suggested that on this cell line, 

VEGFR2 was involved in both pM and nM E3CaG1 binding.  This suggested E3CaG1 

was binding to another complex involving VEGFR2 with nM affinity, and that there was 

much more of this complex present on CD47-JinB8 cells than native Jurkat cells.  
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Figure 3.11.  E3CaG1 binds to CD47-JinB8 plasma membranes with a pM Kd.  The same 

experimental setup was done as described in Figure 2.10, only performed using CD47-

JinB8 membranes.  
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Figure 3.12.  E3CaG1 binds to CD47-JinB8 plasma membranes with a nM Kd.  The same 

experimental setup was done as described in Figure 2.11, only performed with CD47-

JinB8 membranes. 
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Figure 3.13.  E3CaG1 binds to CD47/VEGFR2 with a pM affinity and another VEGFR2 

complex with a nM affinity on CD47-JinB8 plasma membranes.  Bar graphs depicting 

PWR percent resonance positions shifts on CD47-JinB8 plasma membranes upon pM and 

nM E3CaG1 binding, with or without prior incubation of anti-VEGFR2 (260.4) Ab or 

anti-CD47 (B6H12) Ab.  +* indicates the ligand/antibody first added.  – indicates the 

protein was not added to the membrane.  For experiments where two proteins were 

added, the data shown are for the second protein.  For experiments where three proteins 

were added, pM E3CaG1 sites were saturated prior to the addition of nM E3CaG1, and 

resulting percent resonance position shifts shown are those resulting only from nM 

addition of E3CaG1.  Anti-VEGFR2 (260.4) antibody (a single amount of 50 pM was 
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added to membranes) inhibits both 50 pM and subsequent 5 nM E3CaG1 binding, 

indicating VEGFR2 is involved in binding to both complexes.  Prior addition of anti-

CD47 Ab (a single amount of 13.3 nM was added to membranes) inhibited 50 pM but not 

subsequent 5 nM binding of E3CaG1. Taken together, these results indicated on CD47-

JinB8 membranes, E3CaG1 can bind to a CD47/VEGFR2 complex with pM affinity and 

a separate VEGFR2 complex not involving CD47 with nM affinity. 
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 3.3.6  E3CaG1 binds to VEGFR2 in complex with integrin αvβ3 with a nM Kd 

          To further investigate this complex, E3CaG1 was added to CD47-JinB8 cells in 

which expression of CD47 had been turned off as well as JinB8 cells that did not contain 

CD47 (Figure 3.14 and 3.15).  No significant pM E3CaG1 binding was observed on 

either cell line, which was expected since we have shown E3CaG1 binds to CD47 in 

complex with VEGFR2 with pM affinity.  However, nM E3CaG1 binding was still 

observed on both cell lines (Figure 3.14 and 3.15).  These data indicated E3CaG1 was 

binding to a complex not involving CD47 with nM affinity.  E3CaG1 is known to have a 

β3 integrin binding site in its third type II repeat, so we hypothesized that E3CaG1 was 

binding to VEGFR2 in complex with αvβ3 on CD47-JinB8 membranes.  To test this 

hypothesis, anti-αv as well as anti-VEGFR2 antibodies were added to CD47-JinB8 

(expression off) membranes prior to the addition of E3CaG1.  Both antibodies inhibited 

E3CaG1 resonance position shifts (Figure 3.14).  In addition, no binding of anti- αv nor 

anti-VEGFR2 antibodies was observed on purified JinB8 plasma membranes after 

addition of nM E3CaG1 (Figure 3.15).  Therefore, we concluded E3CaG1 was binding to 

a VEGFR2/αvβ3 complex.  In addition, when anti-CD47 antibody was pre-incubated on 

CD47-JinB8 (expression on) membranes, pM E3CaG1 binding was retained whereas nM 

binding was not (Figure 3.13).  This confirmed E3CaG1 was binding to a VEGFR2 

complex not involving CD47 with a nM Kd on JinB8 and derivations of JinB8 cell lines.  

The presence of a limited amount of VEGFR2/αvβ3 complex could also explain the slight 

reduction in nM E3CaG1 binding on low-passage Jurkat membranes upon prior 

incubation with anti-VEGFR2 antibody.  In spite of the identification of VEGFR2/αvβ3 
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Figure 3.14.  E3CaG1 binds to VEGFR2/αvβ3 on CD47-JinB8 (expression off 

membranes).  PWR bar graph depicting percent resonance position shifts upon E3CaG1 

addition on CD47-JinB8 (expression off) membranes.  +* indicates the ligand/antibody 

first added.  – indicates the protein was not added to the membrane.  For experiments 

where two proteins were added, the data shown are for the second protein.  No significant 

shifts were observed upon 50 pM E3CaG1 binding due to the fact that no CD47 was 
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present.  However, subsequent 5nM E3CaG1 binding was observed (nM E3CaG1 was 

titrated on the membrane ranging from 1 nM to 5 nM). nM E3CaG1 binding was 

inhibited by pre-incubation of either 6.65 nM anti-αv (272-17E6) or 50 pM anti-VEGFR2 

(260.4) Ab (single amounts of the antibodies were added to the membrane prior to 

addition to a single amount of 5 nM E3CaG1).   
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Figure 3.15.  E3CaG1 inhibits anti-αv and anti-VEGFR2 Ab binding to JinB8 plasma 

membranes.  PWR bar graph showing percent resonance position shifts upon E3CaG1 

addition to JinB8 membranes.  +* indicates the ligand/antibody first added.  – indicates 

the protein was not added to the membrane.  For experiments where two proteins were 

added, the data shown are for the second protein.  For experiments where three proteins 

were added, pM E3CaG1 was added prior to the addition of nM E3CaG1, and resulting 
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percent resonance position shifts shown are those resulting only from subsequent 

antibody addition.  The same trend was observed on JinB8 membranes as on CD47-JinB8 

(expression off) membranes.  No pM E3CaG1 binding was observed, but subsequent nM 

E3CaG1 binding was measured (a single amount of 50 pM E3CaG1 was added to the 

membranes, followed by a single amount of 5 nM E3CaG1).  Subsequent addition of 6.65 

nM anti-αv (272-17E6) or 50 pM anti-VEGFR2 (260.4) Ab (added in single amounts) did 

not produce significant resonance position shifts, indicating the presence of E3CaG1 

inhibited antibody binding to their receptors.     



111 

 

 

on the CD47-JinB  cell line, the presence of a CD47/αvβ3 complex cannot be excluded, 

since incubation with anti-CD47 antibody did seem to slightly reduce the s-polarization 

percent resonance position shift caused by nM E3CaG1 addition. Therefore, it is possible 

a small amount of CD47/αvβ3 resides within CD47-JinB8 membranes, and the sigmoidal 

E3CaG1 nM binding curve (Figure 3.12) could be representative of E3CaG1 binding to 

this complex, VEGFR2/αvβ3, or perhaps represents E3CaG1 binding to a combination of 

the two.  When E3CaG1 was added to CD47-JinB8 (expression off) membranes, a Kd of 

1.8 nM was measured for binding to the VEGFR2/αvβ3 complex through addition of 

increasing amounts of nM E3CaG1 (Figure 3.16, Table 2.1).  This curve was hyperbolic, 

and differed from the nM E3CaG1 binding curve observed on CD47-JinB8 (expression 

on) membranes, giving support to the presence of a small amount of CD47/ αvβ3 complex 

on CD47-JinB8 membranes in addition to the larger amount observed on low-passage 

Jurkat membranes.  This data could suggest the sigmoidal curve observed when nM 

E3CaG1 was added to CD47-JinB8 (expression on) membranes could be a combination 

of two hyperbolic curves, measuring binding to both CD47/αvβ3 and VEGFR2/αvβ3.  

3.4  Discussion  

In this chapter, I have shown that the transmembrane protein CD47 associates 

with other membrane proteins such as vascular endothelial growth factor receptor 2 and 

integrin αvβ3 on native Jurkat T cell plasma membranes.  Since CD47 associates with 

multiple binding partners, precise measurement of dissociation constants to particular 

CD47 complexes is complicated, and is further made difficult by determination of Kd 

values within the native membrane environment.  However, PWR spectroscopy allowed 
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Figure 3.16.  E3CaG1 binding curve to CD47-JinB8 (expression off) plasma membranes. 

E3CaG1 was added in increasing amounts to purified CD47-JinB8 (expression off) 

plasma membranes, and a representative set of p- and s-polarization binding curves are 

shown.  E3CaG1 bound with a nM Kd.  
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for precise measurement of dissociation constants of multiple CD47 complexes through 

changes in refractive index upon ligand binding.  Through PWR spectroscopy, I have 

shown E3CaG1 binds to CD47 in complex with VEGFR2 with a picomolar dissociation 

constant on both Jurkat and CD47-JinB8 cell lines (Figure 3.2 and 3.12).  The 

identification of a CD47/VEGFR2 complex by PWR spectroscopy is consistent with 

immunoprecipitation experiments showing the association of CD47 with VEGFR2 on 

HUVEC cells (76).  This is not the first evidence of a picomolar dissociation constant 

between a ligand and its receptor.  For example, transforming growth factor beta-1 

(TGFB-1) has been reported to bind to the TGFB receptor with a 50 pM Kd (120), and 

antibody-antigen interactions also range from pM to low nM (121).  Biotin binds to 

avidin with an even higher affinity, on the order of 4x10
-14

 M (122).  Tumor necrosis 

factor (TNF) can bind to the TNF receptor-1 (TNF-R1) with high affinity (19 pM Kd) 

while binding to the TNF receptor-2 (TNF-R2) with lower affinity (420 pM Kd), and the 

higher affinity binding has been attributed to the higher stability of the TNF/TNF-R1 

interaction (123).  Therefore, E3CaG1 binding to CD47 in complex with VEGFR2 

creates a stable interaction strengthened by multiple intermolecular forces in order for the  

ligand to bind with such high affinity. 

CD47 is also widely known to associate with integrin αvβ3 on platelets, ovarian 

OV10 cells, and C32 melanoma cells (59, 71, 72), so it is not surprising that I have 

shown this interaction to occur on Jurkat T lymphocytes as well.  E3CaG1 was 

determined to bind to a second CD47 complex involving αvβ3 with approximately 1000-

fold less affinity than the CD47/VEGFR2 complex.  E3CaG1 was also shown to bind to a 
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protein complex involving VEGFR2 and integrin αvβ3 on JinB8 cells and derivations of 

this cell line (Fig 3.13).  It is possible that when CD47 is not available, VEGFR2 

associates with αvβ3, which forms a complex that is known to exist (92, 93).  For 

example, it was shown that the αv as well as the β3 domain of integrin αvβ3 were both 

required for VEGFR2 association, and this association was not dependent upon the 

growth factor activation of the VEGFR2 receptor (93).  This evidence supports the 

binding of E3CaG1 to VEGFR2/αvβ3 in our PWR experiments, which involve native 

membranes without the presence of VEGF.     
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CHAPTER 4 

APPLICATION OF A FLUORESCENCE-BASED CALCIUM ASSAY AS A 

FUNCTIONAL READOUT FOR THROMBOSPONDIN-1 BINDING TO CD47 

4.1  Introduction 

       In this chapter, I describe the use of a flow cytometry calcium assay to determine 

which of the identified CD47 complexes bind E3CaG1 and cause a rise in intracellular 

calcium.  Our laboratory recently demonstrated that E3CaG1 binding leads to a rise in 

[Ca
2+

]i to ~250 uM, and that this rise was required for inhibition of sGC (82).  Monitoring 

of E3CaG1-depended increases in [Ca
2+

]i therefore provides a convenient readout for 

functional binding.  Since it has already been shown αvβ3 is not involved in the E3CaG1-

induced decrease in sGC activity, the next step was to test if a VEGFR2/CD47 complex 

was required.  Flow cytometry proved to be useful as a functional assay for E3CaG1 

because after a fluorescence calcium indicator was added to cells, sub-populations that 

responded to E3CaG1 by showing an increase in fluorescence could be identified.  This is 

an advantage when compared to measurement of fluorescence by a spectrophotometer, 

which only provides an average fluorescence of the population and small changes are 

difficult to detect.  Detection is additionally complicated by the transient nature and high 

fluctuations in calcium mobilization.  I therefore used flow cytometry to measure calcium 

changes in both suspension and adherent cells before and after treatment with antibodies 

to determine if the VEGFR2/CD47 complex was functionally significant in regulating the 

NO pathway.  

4.2  Materials and Methods 



116 

 

 

4.2.1  Materials 

 Ionomycin and Fluo-3-AM were obtained from Invitrogen (Grand Island, NY).   

Other materials used are described in previous chapters.  

4.2.2  Cell culture 

          Cells were maintained as described in previous chapters.  

4.2.3  Flow cytometry calcium assay 

          0.5x10
6
 Jurkat, CD47-JinB8, or JinB8 cells per condition were serum starved for 

48 hours prior to the experiment.  Suspension cells were centrifuged at 180 x g for 5 min 

at room temperature before being loaded with 2.5-5 μM Fluo-3-AM for 30 min at room 

temperature.  Cells were washed twice with Krebs buffer, and resuspended in 400 μl 

Krebs buffer per condition.  Cells were put in a Grenier 96-well round-bottom 

polystyrene plate, then incubated with 10 nM anti-VEGFR2 (260.4), anti-αv (272-17E6), 

or anti-CD47 (B6H12) antibodies for 20 min at room temperature.  E3CaG1 or buffer 

alone (TBS supplemented with 2 mM CaCl2) was added to the wells.  Fluorescence was 

measured using a Guava easyCyte 8HT flow cytometer in plate format.  A 75 mW blue 

laser with an excitation wavelength of 488 nm was used to excite fluorophores and 

fluorescence was collected using a 525/30 nm emission filter.  5000 cells were counted 

for each condition, and were gated on live cells using forward and side scatter 

fluorescence.  Cells were treated with 15 μM ionomycin and 750 μM CaCl2 as a positive 

control and all populations were gated on this condition to determine which cells showed 

an increase in intracellular calcium.  The MFI at 525 nm was multiplied by the 

percentage of cells within the positive gate (of the total population), which resulted in the 
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total MFI.  Cells without Fluo-3-AM showed no fluorescence under these gating 

conditions.  Total MFI from addition of buffer alone was subtracted from each well to 

calculate relative MFI.  Data analysis was performed using Millipore InCyte software. 

4.3  Results 

4.3.1  Measurement of TSP-1 induced intracellular calcium increase by flow cytometry 

          To determine if the increase in [Ca
2+

]i caused by E3CaG1 could be observed by 

flow cytometry, Jurkat cells were loaded with Fluo-3-AM, a fluorescent dye that is 

converted to Fluo-3 by esterases once inside the cell.  Fluo-3 is the form that readily 

binds to calcium.  Fluorescence of Fluo-3 increases once bound to calcium, and can thus 

be used as an assay for calcium levels in live cells.  In Jurkat cells, E3CaG1 caused an 

increase in fluorescence when treated with 10 pM, 1 nM, and 25 nM E3CaG1 as 

measured by flow cytometry compared to buffer alone (Figure 4.1).  There were no 

significant differences in calcium increases between the three concentrations, showing 

that treatment with pM E3CaG1 saturates the CD47/VEGFR2 complex and supports a 

pM Kd.  

4.3.2  Anti-VEGFR2 antibody inhibits E3CaG1-induced [Ca
2+

]i in Jurkat cells 

        Due to the reported constitutive VEGFR2 association with CD47 in endothelial 

cells and that addition of an anti-VEGFR2 antibody inhibited pM E3CaG1 binding by 

PWR spectroscopy, we wanted to determine if addition of anti-VEGFR2 antibody 

affected E3CaG1-induced calcium levels within the NO pathway.  Addition of E3CaG1 

caused increases in [Ca
2+

]i as shown by flow cytometry.  However, pre-incubation with 

an anti-VEGFR2 antibody inhibited this increase in fluorescence at all three E3CaG1 
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concentrations (Figure 4.1 and Figure 4.2).  This suggests VEGFR2 in complex with 

CD47 is involved in the E3CaG1-induced rise in intracellular calcium in Jurkat cells.  

4.3.3    E3CaG1 binds to CD47 in complex with VEGFR2 to cause an increase in  

            intracellular calcium in JinB8 cells stably transduced with CD47-eGFP 

           Since E3CaG1 produces a rise in [Ca
2+

]i in Jurkat T cells, and this calcium 

increase involves VEGFR2, I wanted to determine if CD47-eGFP was functional in 

CD47-JinB8 cells and if the same trend was observed.  Cells were loaded with Fluo-3-

AM, washed to remove excess dye, and incubated with E3CaG1 or buffer alone.  10 pM, 

1 nM, and 25 nM E3CaG1 all caused increases in calcium compared to buffer alone 

(Figure 4.3 and Figure 4.4).  However, anti-VEGFR2 (260.4) antibody added to cells 

prior to E3CaG1 inhibited the increase in [Ca
2+

]i, which was also observed in native 

Jurkat T cells.  This suggests CD47-eGFP is functional and associates with VEGFR2 to 

cause a rise in calcium upon E3CaG1 binding.   

4.3.4  E3CaG1 binds to VEGFR2 in complex with αvβ3 to cause a decrease in      

             intracellular calcium in CD47-null cells 

 VEGFR2 activation can result in phospholipase C (PLC) activation, producing 

inisitol triphosphate (IP3) and leading to release of intracellular calcium stores (124, 

125). Since our data suggests VEGFR2 associates with αvβ3 on CD47-JinB8 cells, and 

intracellular calcium levels are affected by VEGFR2 phosphorylation, we asked whether 

E3CaG1 binding to VEGFR2/αvβ3 affected intracellular calcium levels.  CD47-null JinB8 

cells were used for a calcium assay as was done with CD47-JinB8 cells.  Fluo-3-AM-

loaded JinB8 cells were incubated with E3CaG1 or buffer, with and without prior  



119 

 

 

 

Figure 4.1.  Dot plots showing calcium fluorescence upon addition of E3CaG1 in low-

passage Jurkat cells.  Incubation with anti-VEGFR2 Ab inhibited the calcium increase 

caused by E3CaG1.  Fluorescence at 525 nm is shown on the x-axis.  A.  Fluorescence 

produced by background [Ca
2+

]i (from the Fluo-3-AM indicator) shown from addition of 

buffer alone.  B.  Fluorescence increase shown from addition of 25 nM E3CaG1.  C.  

Same as A, only cells were pre-incubated with anti-VEGFR2 Ab prior to buffer addition.  

D.  Same as B, only cells were pre-incubated with anti-VEGFR2 Ab prior to E3CaG1 

addition.   
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Figure 4.2.  CD47 associates with VEGFR2 to produce an E3CaG1-induced rise in 

[Ca
2+

]i in Jurkat cells.  Graphical representation of Figure 4.1.  Low-passage Jurkat cells 

were loaded with Fluo-3-AM, followed by addition of 10 pM, 1 nM, or 25 nM E3CaG1 

for 10 min.  Flow cytometry was used to measure the increase in fluorescence at 488 nm 

(compared to addition of buffer alone).  Relative MFI: (MFI x % gated cells)sample - (MFI 

x % gated cells)buffer.  Relative MFI was calculated in order to normalize cells to 

background levels of calcium.  Cells were incubated with 10 nM anti-VEGFR2 (260.4) 

Ab for 20 min prior to the addition of E3CaG1 to observe the effect of the antibody on 
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E3CaG1-induced calcium release.  As a negative control, cells were also incubated with 

anti-CD47 (B6H12) Ab prior to the addition of 25 nM E3CaG1.  E3CaG1 produced a rise 

in intracellular calcium at all three concentrations, but prior incubation of cells with both 

the anti-VEGFR2 and anti-CD47 antibodies inhibited this increase.  
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Figure 4.3.  Dot plots showing E3CaG1-induced calcium increase in CD47-JinB8 cells.  

Incubation with anti-VEGFR2 Ab inhibited the calcium increase caused by E3CaG1.  

Fluorescence emitted at 525 nm is shown on the x-axis.  A.  Cells incubated with buffer 

alone.  B. Cells incubated with 25 nM E3CaG1.  C.  Same as A, only cells were 

previously incubated with 10 nM anti-VEGFR2 (260.4) Ab.  D.  Same as B, only cells 

were previously incubated with 10 nM anti-VEGFR2 (260.4) Ab.   
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Figure 4.4.  CD47 associates with VEGFR2 to produce an E3CaG1-induced rise in 

[Ca
2+

]i in CD47-JinB8 cells.  Graphical representation of Figure 4.3.  The experimental 

setup was done as described in Figure 4.2, except for using CD47-JinB8 cells.  The same 

trend observed in Jurkat cells was also seen using CD47-JinB8 cells.   
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incubation of anti-VEGFR2 or anti-αv antibodies.  Surprisingly, increasing concentrations 

of E3CaG1 caused a decrease in [Ca
2+

]i compared to buffer alone (Figure 4.5 and Figure 

4.6).  Pre-incubation with either αv or VEGFR2 antibodies significantly inhibited the 1 

nM and 25 nM E3CaG1-induced calcium decrease.  There was not a significant 

difference between calcium levels upon 10 pM E3CaG1 addition with and without prior 

incubation of αv or VEGFR2 antibodies, which is probably due to the fact that E3CaG1 

binds to VEGFR2/αvβ3 with a nM Kd.  Therefore, E3CaG1 binds to VEGFR2/αvβ3 to 

decrease intracellular calcium levels.  Addition of anti-CD47 antibody to both Jurkat and 

CD47-JinB8 cells caused a decrease in [Ca
2+

]i (Figure 4.2 and Figure 4.4), which is 

explained by E3CaG1 binding to VEGFR2/αvβ3.  As mentioned in chapter 3, E3CaG1 

binding to VEGFR2/αvβ3 also explains why incubation of Jurkat cells with anti-VEGFR2 

antibody slightly reduced nM E3CaG1 binding.  There is possibly a small amount of the 

VEGFR2/αvβ3 complex on Jurkat plasma membranes, but not enough to significantly 

contribute to E3CaG1 binding, as shown in Figure 2.5.  E3CaG1 can therefore cause 

increases and decreases in calcium based upon the VEGFR2 complexes to which it binds.  

4.4  Discussion 

        E3CaG1 binds to CD47 to increase [Ca
2+

]i on both live Jurkat T cells and CD47-

JinB8 cells.  This calcium increase occurs upon pM addition of E3CaG1 to both cell  

lines, and the increase is inhibited by prior addition of anti-VEGFR2 antibody.  This not 

only shows CD47-eGFP is active within CD47-JinB8 cells, but, in combination with 

PWR binding studies, shows that E3CaG1 binds to a CD47/VEGFR2 complex to 

increase intracellular calcium levels.  I also examined whether calcium levels were  
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Figure 4.5.  Dot plots showing changes in intracellular calcium fluorescence upon 

E3CaG1 binding to JinB8 cells.  Fluorescence emitted at 525 nm is shown on the x-axis. 

A.  Fluorescence from addition of buffer alone.  B.  Fluorescence from addition of 25 nM 

E3CaG1.  C. and D.  Same as A, and B, respectively, except cells were pre-incubated with 

10 nM anti-VEGFR2 (260.4) Ab.  E. and F.  Same as A, and B, respectively, except cells 

were pre-incubated with 10 nM anti-αv (272-17E6) Ab.  
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Figure 4.6.  E3CaG1 binds to VEGFR2/αvβ3 to decrease [Ca
2+

]i. Graphical representation 

of Figure 4.5.  Experimental setup is the same as described in Figure 4.2, except done 

using JinB8 cells.  In addition to anti-VEGFR2 (260.4) Ab, anti-αv (272-17E6) Ab was 

also added to cells prior to the addition of E3CaG1.  Both antibodies inhibited E3CaG1-

induced calcium decrease at 1 nM and 25 nM. 
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affected by E3CaG1 binding to the VEGFR2/αvβ3 complex that was shown to exist on 

JinB8 cell lines and their derivations.  Unexpectedly, addition of E3CaG1 to 

VEGFR2/αvβ3 was shown to cause a decrease in [Ca
2+

]i on CD47-null JinB8 cells.  

Although VEGF binding to VEGFR2 is known to increase [Ca
2+

]i to ultimately lead to an 

increase in eNOS activity and activation of sGC, eNOS activation requires 

phosphorylation through Akt (126).  The increase in [Ca
2+

]i alone does not increase sGC 

activity, so E3CaG1 binding to CD47/VEGFR2 to increase [Ca
2+

]i to ultimately inhibit 

sGC activity is not a direct contradiction.  Additionally, the mechanism of VEGFR2 

activation in relation to inhibition of NO signaling in Jurkat cells is unclear.  Therefore, it 

is possible E3CaG1 can inhibit the angiogenic effects of VEGF in Jurkat cells through 

different mechanisms: by binding to CD47 in complex with VEGFR2 to decrease sGC 

activation as well as binding to αvβ3 in complex with VEGFR2 to directly lower [Ca
2+

]i 

levels.  This can be yet another example of cellular cross-talk within signaling pathways 

to regulate the effects of nitric oxide. 
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CHAPTER 5 

IDENTIFICATION OF MEMBRANE PROTEINS REQUIRED FOR 

THROMBOSPONDIN-1 INDUCED CALCIUM SIGNALING 

5.1  Introduction 

        Up to this point, I have shown evidence suggesting CD47 in complex with 

VEGFR2 is involved in the regulation of the NO signaling pathway through an E3CaG1-

induced [Ca
2+

]i increase.  To confirm the roles for VEGFR2 and CD47 in E3CaG1-

dependent [Ca
2+

]i increase, I used shRNA to knowckdown each receptor and measure 

calcium mobilization.  I then repleaced each gen and examined recovery of activity.  By 

re-introducing CD47, VEGFR2, or both and performing a flow cytometry calcium assay, 

I could determine if one or both receptors were required for the [Ca
2+

]i increase normally 

observed upon E3CaG1 binding.  The same lentiviral transduction system described in 

Chapter 3 was used to deliver CD47 and VEGFR2 shRNA into HEK293T cells.  Flow 

cytometry was used to determine if expression of these receptors were removed from the 

cell surface, and then CD47 with a C-terminal eGFP tag, VEGFR2 with a C-terminal 

mCherry tag, or both were transiently transfected into the knocked down HEK 293T 

cells.  E3CaG1 was added to cells, and increases in calcium were compared to mock 

transfected cells to determine which receptors were required for increases in [Ca
2+

]i.. 

5.2  Materials and Methods 

5.2.1  Materials 

       HEK293T cells were a gift from Dr. Roger Meisfeld (University of Arizona). 

Plasmids encoding human CD47 with a C-terminal eGFP tag and VEGFR2 with a C-



129 

 

 

terminal mCherry tag were generous gifts from Dr. David Roberts (NIH).  Other 

materials used were the same as described in previous chapters.  

5.2.2  Cell culture 

         HEK293T cells were maintained in DMEM (Invitrogen) supplemented with 10% 

FBS, 5 mg/ml penicillin, and 1 mg/ml streptomycin.  Other cell lines used in this chapter 

were maintained as described in previous chapters.    

5.2.3  Flow cytometry binding studies 

          For adherent cells, HEK 293T and HEK 293T (CD47- /VEGFR2-null) cells, 

approximately 75% confluent cells grown in a 2 cm
2
 area were used for each condition.  

The cells were washed once in PBS and once in stain/wash buffer and pipetted up and 

down to remove the cells from the wells.  The cells were transferred to 1.5 ml Eppendorf 

tubes and incubated for 30 min on ice with anti-CD47 (B6H12) or anti-VEGFR2 (260.4) 

antibodies.  Cells were resuspended in stain/wash buffer and fixed with 2% (v/v) PFA for 

15 min at 4    C.  Cells were centrifuged as described, resuspended in stain/wash buffer, 

and incubated with 0.2 μg anti-mouse AlexaFluor 647 secondary antibody for 30 min at 

4    C.  The cells were fixed again with 2% (v/v) PFA.  Cells were analyzed using a LSR 

II flow cytometer (Becton Dickinson, Franklin Lakes, NJ) with an excitation wavelength 

of 640 nm and a 670/14 nm emission filter, or analyzed with a Guava easyCyte 8HT flow 

cytometer using a 40 mW red laser with an excitation wavelength of 635 nm and a 

661/19 emission filter.  2,000 cells were counted and gated on live cells using forward 

and side scatter fluorescence.  Cells without any fluorophore and those incubated with 

secondary antibody alone were used as controls.  Total and relative MFI were calculated 
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as described in 3.2.7 using 670 nm or 661 nm fluorescence.  Data analysis was performed 

using FloJo or Millipore InCyte software.  

5.2.4  Confocal microscopy 

          HEK 293T cells were plated on 1.5 coverlips in live cell dishes (MatTek, 

Ashland, MA) 24 hours prior to transfection with CD47-eGFP, VEGFR2-mCherry, or 

both.  Cells were washed with Krebs buffer prior to imaging.  Images were taken on a 

Nikon C1si scanning confocal microscope using a 60x, 1.4NA oil-immersion objective 

and a Nikon CCD camera.  To view samples, a 488 nm excitation laser with a 525/50 nm 

detector was used to view eGFP fluorescence and a 561 nm excitation laser with a 595/50 

nm detector was used to view mCherry fluorescence.  Each sample was viewed with both 

lasers to confirm the presence or absence of CD47-eGFP and/or VEGFR2-mCherry.  At 

least three random fluorescence images were recorded for each sample.  Nikon EZ-C1 

version 3.8 software was used to acquire images. 

5.2.5  Generation of lentivirus 

          The same procedure for generation of lentivirus as described in Chapter 3.2.4 was 

performed with CD47 shRNA (NM_001777) and KDR shRNA (targeting for VEGFR2, 

NM_002253) plasmids (Sigma).  Viral titers were determined using the Lenti-X p24 

rapid titer kit (Clonetech).   

5.2.6  Stable transduction of cells 

          HEK293T cells were plated in 10 cm dishes prior to transduction. Cells were then 

co-transduced with CD47 shRNA and KDR shRNA lentivirus with a multiplicity of 

infection of 2 for 24 hours.  The media was removed and cells were incubated in DMEM 
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supplemented with 10% FBS, 5 mg/ml penicillin, 1 mg/ml streptomycin, and 3 µg/ml 

puromycin for 13 days, until cells started growing.  The amount of antibiotic was then 

reduced to 0.25 μg/ml puromycin and cells were maintained at this concentration from 

this point forward.  

5.2.7  Transfection of HEK 293T cells 

          HEK 293T cells stably transduced with CD47 and KDR shRNA were grown in a 

6-well plate 24 hours before the transfection.  The cells were 80 - 90% confluent the day 

of the transfection, and 4 µg of CD47-eGFP, VEGFR2-mCherry, or 4 μg of each were 

transfected into cells using Turbofect transfection reagent per manufacturer’s 

instructions.  Cells were transfected for 42 hours prior to being loaded with Fluo-3-AM 

and used in a calcium assay.  Although cells used for transfection had stable CD47 and 

VEGFR2 knockdowns, if the amount of DNA re-introduced into the cells by transfection 

is greater than the capacity of the shRNA, then the protein should still be able to be 

translated.  There have been other successful reports of transfection of presinilin-1 (PS1) 

and presinilin-2 (PS2) transmembrane receptors which restore expression in knockout 

mice (127). 

5.2.8  Flow cytometry calcium assay 

         The flow cytometry calcium assay was performed as described in Chapter 4.2.3 

with the following changes.  HEK 293T cells were placed in a 6-well plate 24 hours prior 

to the experiment so that they were 80%-90% confluent the day of the experiment.  The 

media was removed and cells were loaded with 5 μM Fluo-3-AM in their wells.  For 

HEK 293T cells stably transduced with CD47-eGFP, VEGFR2-mCherry, or both, 
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background fluorescence was measured and subtracted from cells that had been treated 

with E3CaG1 as described in 4.2.3.  Data analysis was performed using Millipore InCyte 

software. 

5.3  Results 

5.3.1  Determination of relative CD47 and VEGFR2 levels in native HEK 293T cells by 

flow cytometry 

        To test the hypothesis that both CD47 and VEGFR2 were required for E3CaG1-

induced [Ca
2+

]i increase, I generated a cell line that contained neither VEGFR2 nor 

CD47.  However, before this was done, I first confirmed that native HEK 293T cells 

contained both VEGFR2 and CD47.  Anti-CD47 and anti-VEGFR2 antibodies were 

added to HEK 293T cells, followed by addition of anti-mouse AlexaFluor 647 secondary 

antibody and fluorescence was determined by flow cytometry.  An increase in 

fluorescence compared to addition of secondary antibody alone was observed in cells 

treated with anti-CD47 antibody as well as those treated with anti-VEGFR2 antibody, 

indicating both receptors were present (Figure 5.1 and Figure 5.2).  

5.3.2  Determination of CD47 and VEGFR2 levels in CD47- and VEGFR2-null 

HEK293T cells by flow cytometry 

          To knock down CD47 and VEGFR2 expression, HEK 293T cells were stably 

transduced with lentiviral CD47 shRNA and KDR shRNA.  To confirm CD47 and 

VEGFR2 were no longer on the cell surface, HEK 293T (CD47-  /VEGFR2- null) cells 

were incubated with anti-CD47 or anti-VEGFR2 antibodies followed by the addition of 

anti-mouse AlexaFluor 647 secondary antibody and fluorescence measured at 661 nm.             
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Figure 5.1.  Dot plots showing fluorescence upon addition of anti-VEGFR2 (260.4) and 

anti-CD47 (B6H12) antibodies on native HEK 293T cells.  Fluorescence at 661 nm is 

shown on the x-axis.  A. Dot plot showing addition of anti-mouse AlexaFluor 647 Ab 

alone.  B. Dot plot showing addition of anti-VEGFR2 Ab prior to addition of anti-mouse 

AlexaFluor 647 Ab.  C. Dot plot showing addition of anti-CD47 Ab prior to addition of 

anti-mouse AlexaFluor 647 Ab. Both VEGFR2 and CD47 show an increase in 

fluorescence compared to addition of secondary Ab alone.   
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Figure 5.2.  CD47 and VEGFR2 are present on HEK 293T cells.  Graphical 

representation of Figure 5.1. Flow cytometry experiment showing total MFI resulting 

from the addition of anti-mouse AlexaFluor 647 secondary Ab alone, with and without 

prior addition of anti-VEGFR2 (260.4) Ab or anti-CD47 (B6H12) Ab.  There is a 

significant increase in total MFI upon incubation with both anti-VEGFR2 and anti-CD47 

Ab followed by anti-mouse secondary Ab compared to incubation with anti-mouse 

secondary Ab alone.  n = 3.   
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There was not an increase in the fluorescence of the populations of cells treated with 

CD47 or VEGFR2 antibodies compared to cells treated with secondary antibody alone 

(Figure 5.3 and Figure 5.4), indicating knockdown HEK 293T cells did not have these 

receptors.  

5.3.3  Determination of re-introduction of CD47-eGFP and VEGFR2-mCherry to 

CD47- and VEGFR2-null HEK293T cells by confocal microscopy 

           Confocal microscopy was performed to determine if HEK 293T (CD47- 

/VEGFR2-null) cells could be successfully transfected with VEGFR2-mCherry and 

CD47-eGFP. After transfections were performed as described in 5.2.7, fluorescence of 

cells transfected with VEGFR2-mCherry, CD47-eGFP, or both was observed.  Mock 

transfected cells did not display significant fluorescence using either the 488 laser or the 

561 nm laser, which would induce fluorescence of eGFP and mCherry, respectively.  

Cells transfected with CD47-eGFP were fluorescent upon excitation with the 488 nm 

laser, but not with the 561 nm laser, indicating eGFP but not mCherry was present. The 

opposite was observed with cells transfected with VEGFR2-mCherry, with fluorescence 

only observed when cells were excited with the 561 nm laser. When cells were 

transfected with both CD47-eGFP and VEGFR2-mCherry, fluorescence was observed 

using both lasers, although the mCherry fluorescence was less than the eGFP 

fluorescence.  Fluorescence of transfected cells was observed in the cytoplasm and on 

membranes (Figure 5.5).  This showed VEGFR2 and CD47 could be successfully 

expressed in HEK 293T (CD47- /VEGFR2-null) cells. 

 5.3.4  VEGFR2 is required for E3CaG1-induced [Ca
2+

]i increase in endothelial cells   
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Figure 5.3. Dot plots showing fluorescence of HEK 293T (CD47- and VEGFR2-null) 

cells upon addition of anti-VEGFR2 (260.4) and anti-CD47 (B6H12) antibodies.  

Fluorescence at 670 nm is shown on the x-axis.  A. Fluorescence upon addition of anti-

mouse AlexaFluor 647 secondary Ab alone is shown.  B. Fluorescence upon addition of 

anti-VEGFR2 Ab prior to addition of anti-mouse AlexaFluor 647 secondary Ab is shown.  

C. Fluorescence upon addition of anti-CD47 Ab prior to addition of anti-mouse 

AlexaFluor 647 secondary Ab is shown. No increase in fluorescence is observed for 

either antibody compared to secondary Ab alone, indicating these receptors were not 

present.  
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Figure 5.4.  CD47 and VEGFR2 are not present on HEK 293T (CD47- /VEGFR2-null) 

cells.  Graphical representation of Figure 5.3.  Experimental setup was done as described 

for Figure 5.2, only done using HEK 293T (CD47- /VEGFR2-null) cells.  There is no 

significant difference between cells incubated with only anti-mouse secondary Ab and 

those incubated with either anti-CD47 (B6H12) or anti-VEGFR2 (260.4) Ab followed by 

anti-mouse secondary Ab.  n = 3.  
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Figure 5.5.  Confocal microscopy images of HEK 293T (CD47- and VEGFR2-null) cells 

transfected with CD47-eGFP, VEGFR2-mCherry, or both.  Images were acquired using 

25.6% 488 nm laser power and 24.4% 561 nm laser power, except cells transfected with 

CD47-eGFP and VEGFR2-mCherry, in which images were acquired using 48.7% 488 

nm laser power and 43.6% 561 nm laser power.  For each transfection condition, images 

taken using the 488 nm laser and the 561 nm laser were acquired using identical 

instrument settings.  A.  Fluorescence of mock transfected cells using a 488 nm laser and 

a 525/50 nm detector.  B.  Fluorescence of mock transfected cells using a 561 nm laser 
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Figure 5.5 continued.  B. continued.  and a 595/50 nm detector.  No fluorescence was 

observed using either detector.  C.  Same as A, only done with cells transfected with 

CD47-eGFP.  D.  Same as B, only done with cells transfected with CD47-eGFP.  No 

fluorescence was observed using the 561 nm laser.  E.  Same as A, only done with cells 

transfected with VEGFR2-mCherry.  No fluorescence was observed using the 488 nm 

laser.  F.  Same as B, only done with cells transfected with VEGFR2-mCherry.  G.  Same 

as A, only done with cells transfected with CD47-eGFP and VEGFR2-mCherry.  H.  
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Same as B, only done with cells transfected with CD47-eGFP and VEGFR2-mCherry.  

Both CD47-eGFP and VEGFR2-mCherry fluorescence was observed in this transfection 

condition.  
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After I determined HEK 293T cells stably transduced with both CD47 and KDR 

shRNA could be successfully transfected with CD47-eGFP, VEGFR2-mCherry, and 

both, a flow cytometry calcium assay was performed to observe changes in [Ca
2+

]i upon 

E3CaG1 binding.  Increases in calcium due to E3CaG1 treatment (compared to mock 

transfection) were only observed in cells where both CD47-eGFP and VEGFR2-mCherry 

were transfected (Figure 5.6 and Figure 5.7).  As a comparison, a calcium assay was done 

on native HEK293T cells, where treatment with 25 nM E3CaG1 produced a rise in 

intracellular calcium compared to buffer alone (Figure 5.6 and Figure 5.7). There was no 

significant difference between E3CaG1 treatment of native HEK 293T cells and HEK 

293T (CD47- /VEGFR2-null) cells that had been transfected with both CD47-eGFP and 

VEGFR2-mCherry.  In addition, calcium levels in response to E3CaG1 were measured in 

native HEK 293T cells, and there was not a significant difference between the calcium 

increase in these cells when compared to that observed in HEK 293T (CD47- /VEGFR2-

null) cells that had been transfected with both CD47-eGFP and VEGFR2-mCherry.  

These data indicate cells require both VEGFR2 and CD47 for E3CaG1-induced 

intracellular calcium increase.  

5.4  Discussion 

       In this chapter, I proved both CD47 and VEGFR2 are required for increases in 

intracellular calcium caused by E3CaG1 binding to HEK 293T cells.  Therefore, the 

CD47/VEGFR2 complex not only exists in Jurkat T cells, but endothelial cells as well, 

which are more relevant to nitric oxide signaling.  Cytoplasmic calcium levels are tightly 

regulated so that small changes in calcium concentration results in large signal  
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Figure 5.6.  Dot plots showing [Ca
2+

]i increases upon E3CaG1 addition in HEK 293T 

(CD47 and VEGFR2-null) cells transfected with CD47-eGFP, VEGFR2-mCherry, or 

both.  Fluorescence at 525 nm is shown on the x-axis.  A.  Background calcium 

fluorescence in cells that were mock transfected.  B.  Calcium fluorescence in mock 

transfected cells treated with E3CaG1.  C.  Background calcium fluorescence in cells that 

were transfected with CD47-eGFP.  D.  Calcium fluorescence in CD47-eGFP transfected 

cells treated with E3CaG1.  E.  Background calcium fluorescence in cells that were 

transfected with VEGFR2-mCherry.  F.  Calcium fluorescence in VEGFR2-mCherry 

transfected cells treated with E3CaG1.   
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Figure 5.6 continued.  G.  Background calcium fluorescence in cells that were transfected 

with CD47-eGFP and VEGFR2-mCherry.  H.  Calcium fluorescence in CD47-eGFP and 

VEGFR2-mCherry transfected cells treated with E3CaG1.  I.  Calcium fluorescence in 

native HEK 293T cells treated with buffer.  J.  Calcium fluorescence in native HEK 293T 

cells treated with E3CaG1.  Increases in calcium are observed in native HEK 293T cells 

and in HEK 293T (CD47- /VEGFR2-null) cells transfected with CD47-eGFP and 

VEGFR2-mCherry upon E3CaG1 addition. 
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Figure 5.7.  Graphical representation of Figure 5.6.  CD47 and VEGFR2 are required for 

E3CaG1-induced [Ca
2+

]i increase. HEK293T cells stably transduced with CD47-eGFP 

were mock transfected, transfected with CD47-eGFP, VEGFR2-mCherry, or both for 42 

hours prior to the experiment.  A calcium assay was performed as in Figure 4.2.  The 

same calcium assay was also performed with native, non-transfected HEK293T cells.  

Fold changes in transfected cells were calculated by dividing the relative MFI of each 

condition upon E3CaG1 addition by the relative MFI upon E3CaG1 addition in mock 

transfected cells.  For native HEK293T cells, relative MFI due to E3CaG1 treatment was 

compared to addition of buffer alone.  An increase in intracellular calcium was only 

observed when both VEGFR2 and CD47 were present in HEK293T cells.  
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transduction effects (128).  Regulation of calcium levels are closely related to 

angiogenesis, and cross-talk exists between many mitogen-activated angiogenic pathways 

(128). Fibroblast growth factor (FGF) binding to its receptor on vascular cells leads to 

activation of mitogen-activated protein kinase (MAPK), which in turn increases 

arachidonic acid (AA) levels through activation of phospholipase A2 (PLA2) (129, 130). 

Increases in free AA cause increases in noncapacitative calcium entry (NCCE), and it is 

well described that VEGF binding to VEGFR2 also leads to increases in intracellular 

calcium to activate eNOS (131-133). Both pathways converge to contribute to angiogenic 

effects such as proliferation and migration (128). Therefore, pathways involving 

angiogenesis are regulated by many different growth factors and receptors that involve 

similar second messenger systems, including calcium and nitric oxide.  In addition to 

these known pathways, I have shown a CD47/VEGFR2 complex that binds to TSP-1 is 

also involved in altering intracellular calcium levels to regulate activation of sGC.  TSP-1 

therefore regulates angiogenesis through its multiple domains and binding receptors, 

including CD36 and CD47, the latter of which requires VEGFR2 for its function.  
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CHAPTER 6  

CONCLUSIONS AND FUTURE DIRECTIONS 

6.1  Conclusions 

        Through the identification of key receptor complexes involved in nitric oxide 

signaling, we can gain a more complete understanding of cardiovascular regulation.  

PWR is a powerful spectroscopic tool that can dissect many protein interactions that play 

roles in signaling pathways at the membrane level.  As I have shown, even pM 

protein/ligand interactions can be measured using this technique, which can prove useful 

when developing agonists/antagonists to specific receptors.  Retaining membrane 

proteins within their native membrane environment is also a valuable advantage of PWR, 

and gives a more accurate representation of receptor complexes in vivo.    

My thesis work focused on membrane proteins that are associated with the 

membrane protein CD47 and are involved in the inhibition of sGC caused by the 

matricellular protein TSP-1.  CD47 is a small membrane receptor, yet is associated with 

is required for the activity of a variety of other membrane proteins that are known to play 

fundamental roles in cell migration and proliferation, including integrins and VEGFR2.  

Through PWR spectroscopy, I have shown there are multiple CD47 complexes that exist 

within the native membranes of Jurkat T cells (Figure 6.1).  These include 

CD47/VEGFR2 and CD47/αvβ3, which have been shown to exist on other cell lines 

including endothelial cells and platelets.  The former binds a C-terminal fragment of 

TSP-1 called E3CaG1 with a pM Kd, while the latter binds E3CaG1 with a nM Kd.  These 

same complexes were proven to exist on a CD47-null (JinB8) cell line in which CD47 
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was re-introduced (CD47-JinB8).  However, there was also another complex not 

involving CD47 within JinB8 cell lines that bound E3CaG1 with a nM Kd. This complex 

was subsequently shown to be VEGFR2 associated with integrin αvβ3. Therefore, when 

CD47 is not present on a cell line, it is possible VEGFR2 instead associates with αvβ3.  

E3CaG1 binding to CD47 causes an increase in [Ca
2+

]i, which has been shown to inhibit 

sGC activity (82).  The CD47/VEGFR2 complex was then proven to be the functional 

complex of interest in terms of sGC inhibition and the regulation of NO signaling.  

Incubation of live cells with E3CaG1 caused an increase in [Ca
2+

]i through a flow 

cytometry based assay, and this increase was inhibited by incubation with an anti-

VEGFR2 antibody on both Jurkat and CD47-JinB8 cells. VEGFR2 in complex with αvβ3 

was also shown to be involved in regulating calcium levels within JinB8 cells.  

Incubation with E3CaG1 produced decreases in [Ca
2+

]i within this cell line, but addition 

of anti-VEGFR2 and anti-αv antibodies inhibited this decrease. This showed E3CaG1 

could bind to VEGFR2/αvβ3 to decrease calcium levels in cells that originally did not 

contain CD47.  Finally, I showed both CD47 and VEGFR2 were required for the 

E3CaG1-induced [Ca
2+

]i  increase.  This was done by knocking CD47 and VEGFR2 

receptors down and subsequently re-introducing them into HEK 293T cells, then 

observing that increases in calcium upon E3CaG1 binding were only observed when both 

CD47 and VEGFR2 were present.   

Taken together, these results show that TSP-1 can bind to CD47/VEGFR2 

complexes to cause increases in intracellular calcium in order to inhibit NO signaling.  In 

addition, my results show TSP-1 binding to αvβ3 in complex with VEGFR2 causes a  
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Figure 6.1.  Research summary.  There are multiple CD47 complexes within Jurkat 

plasma membranes. These include CD47/VEGFR2, with TSP-1 binding causing an 

inhibition of VEGFR2 signaling through an Akt pathway, which decreases sGC activity. 

Our laboratory has shown TSP-1 binding to CD47/VEGFR2 causes an increase in [Ca
2+

]i, 

which then leads to phosphorylation and inhibition of sGC. CD47 also associates with 

αvβ3, and has been suggested to act as a non-canonical GPCR to activate G-proteins.  

VEGFR2 also interacts with αvβ3, and I have shown TSP-1 binding to this complex 

causes a decrease in calcium.  SIRPα, the other known ligand of CD47, binds to CD47 on 

a circulating cell to act as a marker of self, inhibiting phagocytosis.  Although VEGF is 
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shown binding to its VEGFR2 receptor, we do not know if it is present upon TSP-1 

binding to CD47 nor how VEGF affects NO signaling within Jurkat cells.   
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decrease in [Ca
2+

]i, which could possibly contribute to an inhibition of NOS activation to 

decrease cGMP levels.  TSP-1 can possibly regulate its anti-angiogenic effects through 

multiple signaling complexes involving CD47 and VEGFR2.   In addition to the 

inhibition of sGC by binding to CD47 in complex with VEGFR2, TSP-1 has also been 

shown to disrupt VEGFR2 signaling to decrease eNOS activity (76).  Consequently, the 

CD47/VEGFR2 complex can ultimately regulate NO signaling using the same ligand 

through two separate approaches.  Cross-talk between signaling pathways is not 

uncommon, and the need for multiple levels of regulation are clear in physiologic 

processes as important as angiogenesis and cardiovascular health.   

6.2  Future Directions 

6.2.1  Purification of CD47-eGFP 

          I have successfully developed a cell line in which functional, recombinant CD47 

with a C-terminal eGFP tag is expressed in JinB8 cells.  CD47 is generously expressed 

within this cell line, as shown through confocal microscopy and PWR spectroscopy 

experiments.  This protein was expressed in a human cell line to ensure proper 

glycosylation and functionality of the protein.  By attaching a C-terminal eGFP tag, the 

protein is easily visible through fluorescence techniques such as flow cytometry or 

microscopy, and can be purified using a hydrophobic interaction (HIC) column.  This is a 

method that has been previously used to purify both soluble and membrane proteins (134, 

135), so could be employed to purify CD47-eGFP as well.  

6.2.1.1 Structural studies of CD47-eGFP by X-ray crystallography 

Once a purification system is in place and large amounts of CD47 obtained, the  



151 

 

 

protein can be used for structural studies such as X-ray crystallography. Currently, there 

is no crystal structure of full-length CD47, and little is known about how its ligand TSP-1 

binds and which residues are critical.  It would be advantageous to have a structure in 

place to determine possible conformational changes that take place upon ligand binding 

and how this is transduced to the intracellular cytoplasmic domain.  

6.2.2  Insertion of purified CD47-eGFP into synthetic lipid bilayers and determination 

of E3CaG1 binding by PWR spectroscopy 

           In addition to X-ray crystallography, purified CD47-eGFP could be used in PWR 

experiments to develop an assay for TSP-1 binding to recombinant protein.  A synthetic 

lipid bilayer can be deposited on the PWR prism surface as described previously  (115).  

After generation of the bilayer, recombinant CD47, in a detergent solution, could be 

introduced into the PWR sample cell, causing a decrease in the detergent concentration 

below its critical micelle concentration.  This will cause spontaneous transfer of CD47 

from the detergent micelle into the lipid bilayer, and incorporation should result in 

changes in the position, depth, and width of the PWR resonance curve due to the 

resulting mass and structural changes (104).  E3CaG1 can then be added to the sample 

cell and the binding constant will be measured along with any conformational changes.  

Since I have shown VEGFR2 is required for E3CaG1 binding to CD47, it is probable that 

recombinant VEGFR2 would also need to be inserted into the membrane in addition to 

CD47 before E3CaG1 binding and conformational changes can be observed.  

6.2.2.1 Identification of residues in CD47 critical for TSP-1 binding by mutagenesis 

            Once a PWR assay using recombinant CD47 is in place, mutagenesis experiments can 
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be performed on CD47 to examine what residues are important for the TSP-1/CD47 

interaction.  The extracellular domains of CD47 and SIRPα have been crystalli ed 

together (58), and the residues at the interface between these two proteins have been 

elucidated.  The C-terminal domain of TSP1 has also been crystallized (136), and the 

structure shows a number of hydrophilic residues that could possibly participate in 

electrostatic interactions with CD47.  For example, Q19, E104, E106, and T102 on CD47 

may form hydrogen bonds or ionic interactions with E999, R1000, or T998 on TSP1. 

These polar residues on CD47 can be mutated to nonpolar amino acids, and E3CaG1 

binding can be measured with PWR.  There are also two disulfide bonds within CD47 

that contribute to the overall structure and function of the protein (63, 65), so these could 

also be mutated to determine their significance in the overall structure of the protein and 

subsequent effect on E3CaG1 binding.  
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