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Lay Abstract 

 Blood clots formed following vascular injury are associated with the procoagulant 

activity of a protein called tissue factor. Based on the observation that autoantibodies 

against another protein called GRP78, which is found at the cell surface of activated 

endothelial cells, can promote the development of plaques in arteries. I found that the 

anti-GRP78 autoantibodies can promote tissue factor procoagulant activity in activated 

endothelial cells by enhancing cytoplasmic Ca2+ levels. Additionally, I also found small 

molecules that may block the ability of the anti-GRP78 autoantibody to interact with cell 

surface GRP78 to activate cell surface GRP78, which may represent a potentially novel 

treatment strategy in the formation of blood clots.



 

iv 
 

 

Abstract 

Atherothrombosis is the underlying contributor of cardiovascular disease whereby the 

thrombotic events following atherosclerotic plaque rupture are linked to tissue factor (TF) 

and its procoagulant activity (PCA). We have reported previously that the 78-kilodalton 

glucose-regulated protein (GRP78) observed on the cell surface of tumour cells acts as 

a novel signalling receptor to regulate TF PCA. Cell surface GRP78 also acts as a 

neoantigen known to promote an immune response that leads to the generation of anti-

GRP78 autoantibodies. Given that the proinflammatory cytokine tumour necrosis factor α 

(TNFα) is known to contribute to atherosclerotic lesion development and promote TF 

expression, I investigated whether the anti-GRP78 autoantibodies against cell surface 

GRP78 can regulate TF PCA in TNFα-treated cultured endothelial cells. In this M.Sc. 

thesis, I demonstrated that TNFα treatment promotes TF PCA, an effect mediated by NF-

κB activation. Additionally, treatment with TNFα was observed to elevate cell surface 

GRP78 expression levels. Further, anti-GRP78 autoantibodies enhanced TF PCA in 

endothelial cells pre-treated with TNFα. These effects of the anti-GRP78 autoantibodies 

were further enhanced in cells pre-treated with ER stress-inducing agents, also known to 

enhance cell surface GRP78 levels. I also showed that anti-GRP78 autoantibodies can 

also elevate intracellular Ca2+ levels, which is known to contribute to TF activation. 

Sequestering the anti-GRP78 autoantibody or blocking the anti-GRP78 autoantibody 

from cell surface GRP78 attenuated anti-GRP78 autoantibody-induced TF PCA. In this 

study, we identified small chemical compounds predicted to bind to cell surface GRP78 

(termed GRP78 binders) that inhibited anti-GRP78 autoantibody-induced TF PCA. 

Together, these findings provide evidence that the anti-GRP78 autoantibodies can 
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contribute to enhanced TF PCA and that disrupting the engagement of the anti-GRP78 

autoantibody to cell surface GRP78 with these GRP78 binders may represent a potential 

therapeutic strategy for the treatment and management of atherothrombosis. 
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1. Introduction 

1.1. Atherothrombosis and Tissue Factor (TF) 

1.1.1. Atherothrombosis 

Atherothrombosis is an inflammatory condition characterized by superimposed 

thrombus formation following atherosclerotic plaque disruption, manifesting clinically as 

an ischaemic heart attack or stroke (1). Further, atherothrombosis is the major 

complication of cardiovascular disease, the leading cause of premature global mortality 

and a burden on the quality of life (2). Conventional cardiovascular disease risk factors, 

including hyperlipidemia, diabetes mellitus, obesity, lack of physical activity, age, tobacco 

use, and family history of cardiovascular disease, are also associated with enhanced 

blood thrombogenicity (3–6). Clinically, inflammatory biomarkers such as high sensitivity 

C-reactive protein have been used in the assessment for the risk of cardiovascular 

disease (7–10), highlighting the role of inflammation in cardiovascular disease and 

atherothrombosis (11). Although each risk factor alone is known to contribute to 

atherothrombotic disease independently, these risk factors are predicted to work in 

concert to promote the activation of inflammatory processes that lead to plaque formation 

and thrombotic complications that can follow (11, 12).  

The process of atherothrombosis has been reported to occur in early adolescence and 

progress throughout adulthood (1). The initial stage of atherothrombosis is characterized 

by a local pro-inflammatory response induced by endothelial cell dysfunction and lipid 

accumulation in the arterial wall that leads to the recruitment of immune cells (13). In the 

activated endothelium, nuclear factor κB (NF-κB) localizes to the nucleus, enhancing the 

expression of proinflammatory cytokines such as tumour necrosis factor α (TNFα), IL-1β, 

and IL-6 which are known to promote atherosclerotic lesion development and progression 
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(14). Additionally, activated teloHAECs also express macrophage chemoattractant 

protein-1 (MCP-1) and vascular cell adhesion protein 1 (VCAM-1), intercellular adhesion 

molecule 1 (ICAM-1), and E-selectin (13). This process leads to the recruitment and 

infiltration of circulating leukocytes into the vessel wall. Further, the accumulation of 

macrophages that uptake cholesterol-rich lipids inside the vessel wall result in a foam-

like appearance observed in the fatty streak (15). As the plaque progresses, vascular 

smooth muscle cells (VSMCs) migrate and proliferate within the intima resulting in the 

thickening of the arterial wall (15). Intimal VSMCs produce collagen- and proteoglycan-

rich extracellular matrix (ECM) which together form a fibrous cap that overlies the lipid-

rich core of the atherosclerotic plaque (15, 16). In advanced atherosclerotic lesions, 

secretion of matrix metalloproteinases by apoptotic macrophages results in ECM 

degradation (11). Additionally, TNFα and other proinflammatory cytokines have been 

reported to contribute to intimal VSMC and inhibit ECM production (17). Together, chronic 

ECM degradation and the loss of ECM production enhances the risk of plaque disruption 

and subsequent thrombotic complications (18). 

1.1.2. The Role of TF in the Coagulation Cascade 

The enhanced thrombogenicity following vascular injury has been attributed to TF and 

its procoagulant activity (PCA) (19). TF is the primary activator of the extrinsic pathway 

of the coagulation cascade and is essential in the hemostatic response following vascular 

trauma (19). The coagulation cascade is a series of activations of serine proteases that 

result in FIa (fibrin) clot formation, which serves as a scaffold for platelet adhesion and 

aggregation required following vascular injury (Figure 1) (20). The two major pathways 

that characterize the coagulation cascade are the intrinsic clotting pathway and the 
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extrinsic clotting pathway, both of which result in the activation of factor (F)X and the 

subsequent generation of FIIa (thrombin) (21). Further, thrombin mediates the conversion 

of FI (fibrinogen) into fibrin monomers known to polymerize into the fibrin clot (20). 

Thrombin is also known to mediate the cleavage of protease-activated receptors on the 

platelet cell surface, resulting in platelet activation and aggregation (22). The intrinsic 

clotting pathway is initiated by contact activation of FXII with negatively charged surfaces 

and proteins (23). FXIIa converts FXI to FXIa, which in turn activates FIX (23). FIX in  

complex cofactors FVIIIa and Ca2+ activates FX to generate thrombin (20). The extrinsic 

coagulation cascade is initiated following vascular trauma, whereby circulating FVII/FVIIa 

binds to FIII (TF), in which the TF·FVIIa complex catalyzes the activation of FX, leading 

to thrombin generation and fibrin formation (19).  
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Figure 1. TF and the coagulation cascade. 

TF functions as the activator of the extrinsic pathway of coagulation following vascular 

injury. Cell surface TF binds to circulating FVII/FVIIa, in which the complex converts FX 

to FXa. FXa converts of prothrombin to thrombin, leading to fibrin clot formation. Adapted 

from Pérez-Pujol et al. (2012) (24). 

  



MSc Thesis – Jack Chen  McMaster University 
 

5 
 

 



MSc Thesis – Jack Chen  McMaster University 
 

6 
 

1.1.3. TF Expression 

TF was first identified as a component within tissue extracts which induced thrombin 

formation when incubated in plasma (25). Additionally, TF plays a critical role during 

embryonic vascular development as TF-deficient (TF-/-) mice are embryonically lethal 

between embryonic days 8.5 and 10.5 due to the lack of vascular integrity resulting in 

greater bleeding events (26). According to the Human Protein Atlas database, constitutive 

TF expression has been identified in several human tissues, particularly in highly 

vascularized tissues such as the placenta, adipose tissue, pancreas, and brain (25). High 

levels of TF mRNA have been identified in brain, heart, kidney, and lung tissue lysates 

(27). TF expression has also been identified in most tumours and is thought to contribute 

to tumour progression and metastasis (28, 29). In the vasculature, constitutive TF 

expression is found in adventitial fibroblasts and pericytes (30, 31). TF expression has 

also been observed in the various cell types that compose the atherosclerotic plaque (32, 

33). Notably, most TF in atherosclerotic plaques is localized to lesion-resident 

macrophages and macrophage foam cells (32). Under normal physiological conditions, 

endothelial cells are reported to seldomly express TF (19). However, several studies have 

reported that TF expression can be induced in cultured endothelial cells in the presence 

of IL-1β, TNFα, and lipopolysaccharide (LPS) (34–37). Additionally, Thiruvikraman et al. 

reported TF expression throughout the atherosclerotic plaque, particularly in overlying 

endothelial cells and VSMCs within the plaque, using digoxigenin-labelled FVIIa and FX 

(38).  
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1.1.4. TF Protein Structure and Post-Translational Modifications 

TF is a 47-kDa integral transmembrane glycoprotein encoded by the human TF gene 

located on chromosome 1p21-22, composed of approximately 12.4 kilobases (39). The 

TF gene contains six exon sequences where exon 1 encodes a signal sequence, exon 2 

to exon 5 encodes the extracellular N-terminal domain, and exon 6 encodes the 

transmembrane domain and the cytoplasmic C-terminal domain (Figure 2) (39, 40). 

Although TF was previously described as FIII, it does not share homology with other 

members of the coagulation cascade (39). Instead, TF is classified as a type II cytokine 

receptor with a structurally conserved binding domain formed by the anti-parallel beta-

sandwich and the lack of a characteristic WSxWS motif found in type I receptors (39, 41). 

The N-terminal domain contains two extracellular immunoglobulin-like domains that form 

a 125° angle which functions as the binding site of FVII/FVIIa and FX (42). Previous 

reports have shown that the transmembrane domain does not alter the ability of TF to 

form a complex with FVIIa but instead plays a crucial role as a membrane anchor to 

facilitate and enhance the binding of the TF·FVIIa complex with FX (43). Following 

purification, recombinant human (rh) TF has an approximate molecular mass of 29 kDa, 

whereas TF purified from human cells has a molecular mass of 45-47 kDa (44). The 

discrepancy between the molecular mass of rhTF is due to N-linked glycosylation found 

on asparagine (Asn) residues 11, 124, and 137 located in the extracellular domain of TF 

(44). rhTF also contains disulfide bonds between cysteine (Cys) residues 49 and 57 and 

between 186 and 209 (44). An alternatively spliced isoform of TF was also identified in 

circulation that lacks exon 5 and possesses a unique exon 6 compared to full-length TF 

and was found in circulation due to loss of the transmembrane domain (45). The 
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cytoplasmic C-terminus domain of TF is not required in the coagulation cascade activation 

(46) but is involved in intracellular signalling pathways that contribute to cell adhesion in 

macrophages (47, 48). 
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Figure 2. Structure of TF 

Schematic of the 4 domains of TF: the ER signal sequence (not shown), an extracellular 

domain, a transmembrane domain, and a cytoplasmic domain. The extracellular domain 

functions as the binding site of FVII/VIIa and FX. The transmembrane domain anchors 

TF to the cell membrane. The intracellular domain is not involved in the TF-mediated 

activation of FX but plays a role in TF-mediated intracellular signalling pathways. Human 

TF is glycosylated at residues Asn11, Asn124, and Asn134, depicted as yellow circles. 

Human TF also forms disulfide bonds between Cys residues Cys49 and Cys57 and 

between Cys186 and Cys209. 
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1.1.5. TF Encryption and Proposed Mechanisms of TF De-encryption 

Expression of cell surface TF does not necessarily correlate with PCA (49). Oxidized 

low-density lipoproteins (oxLDL) have been reported to induce TF expression in VSMCs 

without promoting TF PCA (50, 51). As such, current thinking suggests that at least two 

pools of TF exist: encrypted (non-functional) TF and de-encrypted (functional) TF (52). 

Furthermore, FVIIa was shown to bind to encrypted TF slowly; however, it had no 

detectable effect on FX activation (53). In contrast, FVII/FVIIa was shown to bind rapidly 

to de-encrypted TF, resulting in FXa generation (53). Several TF encryption/de-encryption 

mechanisms have been proposed, including i) TF disulfide bond isomerization; ii) TF 

dimerization; iii) TF compartmentalization in lipid rafts/caveolae; iv) TF-FVIIa endocytosis; 

and the v) altered phospholipid asymmetry model (Figure 3) (54). Although the specific 

mechanisms that regulate TF have been suggested to vary between different cell types 

(54). 
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Figure 3. Proposed mechanisms of TF de-encryption 

There are several proposed mechanisms of TF de-encryption which may vary between 

cell types. A) In the TF disulfide bond isomerization model, oxidation of thiol groups of 

Cys186 and Cys209 forming a disulfide bond promotes TF de-encryption. Further, cell 

surface PDI may contribute to the disulfide bond formation. B) Under the TF dimerization 

model, TF remains encrypted when TF forms homodimers and can become de-encrypted 

under conditions that lead to the formation of TF monomers. C) At the cell surface, 

encrypted TF is also believed to reside in lipid rafts or caveolae that sequester TF away 

from FX and can become de-encrypted following the disruption of the caveolae. D) 

Endocytosis of TF·FVIIa complex mediated by TFPI with or without LRP sequesters the 

TF·FVIIa complex into vesicles which can be degraded or transported back to the cell 

surface. E) Under the anionic phospholipid asymmetry model, TF de-encryption occurs 

following the expression of anionic phospholipids on the outer leaflet. The illustration was 

generated with BioRender.  
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1.1.5.1. TF Disulfide Bond Isomerization 

One proposed cell surface TF de-encryption mechanism involves the oxidation of 

extracellular residues Cys186 and Cys209. Although TF contains two Cys pairs (Cys49 and 

Cys57; Cys186 and Cys209) capable of forming disulfide bonds, the bond between Cys49 

and Cys57 has been reported to be not required for de-encryption of TF (55). Under the 

view of this mechanism, Cys186 and Cys209 of encrypted TF contain reduced thiol groups 

(54). Following the oxidation between the extracellular residues Cys186 and Cys209, the 

resultant disulfide bond induces a conformational change in TF required for the binding 

of TF to FVII/FVIIa (55). Additionally, Ahamed et al. (2006) showed that human umbilical 

vein endothelial cells (HUVECs) overexpressing either TFC186A or TFC209A mutations had 

dramatically reduced FXa generation in comparison to cells overexpressing wild-type 

(WT) TF; however this mutant TF retained intracellular signalling function (56). In support 

of this hypothesis, it was reported that HgCl2-mediated oxidation of the thiol groups of 

Cys186 and Cys209 enhanced TF PCA (57). Additionally, protein disulfide isomerase (PDI), 

an intracellular oxidoreductase found at the cell surface, has been observed to co-

immunoprecipitate with TF using anti-TF antibodies, indicating a potential regulatory role 

of cell surface PDI on TF PCA (57). Further, a separate study demonstrated that purified 

PDI enhanced the ability of soluble TF to generate FXa. This effect was attenuated with 

bacitracin, known to inhibit both the oxidoreductase and chaperone function of PDI (58). 

Further, Versteeg and colleagues showed that inhibition of the oxidoreductase function 

of PDI using phenyl arsine oxide, glutathione, or dithiothreitol (DTT) failed to attenuate 

PDI-enhanced TF PCA, indicating  that the chaperone function of PDI is required for TF 

de-encryption (58). 
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1.1.5.2. TF Dimerization 

Under the TF dimerization model of TF encryption, encrypted TF is believed to arise 

from homodimer complexes and disassociation into TF monomers is required to induce 

TF PCA (49). Early chemical cross-linking studies using membrane-impermeable 3,3'-

dithiobis(sulfosuccinimidyl propionate) (DTSSP) and sulfosuccinimidyl-2-(p-

azidosalicylamido)ethyl-1,3-dithiopropionate (SASD) on intact cells revealed multimeric 

TF complexes in J82 human bladder carcinoma cells and human kidney cells 

overexpressing TF (59). Additionally, these multimeric TF complexes were shown to be 

disrupted with the reducing agent DTT (59). In a separate study, Bach and Moldow (1997) 

showed that the calcium ionophore ionomycin induced TF PCA in HL-60 human myeloid 

leukemia cells, an effect that was attenuated with the calmodulin inhibitor calmidazolium 

(60). The authors also indicated that pre-treatment with ionomycin attenuated DTSSP-

induced cross-linking, suggesting that inhibition of TF dimerization by Ca2+ ionophores is 

required for TF de-encryption. Based on these observations, it is thought that the TF 

dimers can sequester the binding site of FX to inhibit FXa generation (49). However, 

Doñate et al. (2000) showed that recombinant TF inserted with a leucine zipper 

dimerization domain was able to form TF homodimers (61). These TF dimer variants were 

shown to bind FVIIa but did not effectively alter the activation of FXa in comparison to TF 

monomers. 

1.1.5.3. TF Compartmentalization in Lipid Rafts/Caveolae 

Previous reports suggest lipid rafts may also contribute to the regulation of TF 

encryption/de-encryption (62). Lipids rafts are cholesterol- and sphingolipid-rich regions 

of the cell membrane which serve as a platform for the compartmentalization of 
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membrane proteins such as TF (63). Early studies revealed the expression of TF in lipid 

rafts in human embryonic kidney 293 (HEK293) cells (64). Additionally, methyl-β-

cyclodextrin-induced disruption of the lipid rafts was shown to enhance TF PCA (64). 

Further, it has been suggested that TF has retained lipid rafts in the form of caveolae on 

the cell membrane (63). TF distribution in caveolae lipid rafts has been reported to varies 

between cell types, including SMCs (65), fibroblasts (66), and tumour cells (62). 

Moreover, Sevinsky et al. (1996) demonstrated that the formation of the TF·FVIIa·Xa 

complex could also induce redistribution of TF into caveolae which were suggested as a 

form of feedback inhibition (67). In this proposed mechanism, encrypted TF are 

sequestered in caveolae which lack the necessary conditions for TF PCA and become 

de-encrypted when TF is released into the non-lipid regions of the membrane (52). In 

agreement with this notion, disruption of caveolae through freeze-thawing or detergents 

on SMCs was shown to promote TF PCA activation (68, 69).  

1.1.5.4. Endocytosis of TF·FVIIa 

Another proposed mechanism of TF PCA regulation involves the endocytosis of the 

TF·FVIIa complex (70). Receptor-mediated endocytosis is a process of internalization of 

membrane proteins through membrane invagination and the formation of clathrin-coated 

vesicles (71). Iakhiaev et colleagues (1999) demonstrated that the binding of FVIIa to TF 

induced the internalization and degradation of the TF·FVIIa complex in WI-38 human 

embryonal lung fibroblasts (70). Although the levels of bound FVIIa depleted over time, it 

was shown that the cell surface TF expression levels remained unchanged, indicating 

that TF is recycled back to the cell surface (70). Further, TF pathway inhibitor (TFPI) may 

contribute to this process as the TFPI·FXa complex, further enhancing the FVIIa-induced 
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internalization and degradation of the TF·FVIIa complex (70). Consistent with these 

observations, Hamik et al. (1999) demonstrated that the binding of FVIIa and TFPI 

downregulated TF expression through the activation of LDL receptor-related protein 

(LRP)-dependent internalization and degradation of the TF·FVIIa complex. Hence, 

Iakhiaev et colleagues (1999) suggested two mechanisms of TF·FVIIa complex 

internalization: i) LRP-independent internalization or ii) LRP-independent internalization 

depending on the presence of TFPI/FXa (70). In a separate study, cytosolic acidification 

of BHK-21 hamster kidney cells leads to degradation FVIIa, indicating clathrin-coated 

vesicles may not be required for the internalization of the TF·FVIIa complex (72). 

1.1.5.5. Altered Phospholipid Asymmetry 

The eukaryotic cell membrane is a phospholipid bilayer with several critical differences 

in phospholipid compositions between the outer and inner leaflet, often characterized as 

an asymmetric phospholipid bilayer (73). Although most phospholipids have been 

observed on both leaflets, the outer leaflet primarily consists of neutral-charged and 

positively-charged phospholipids such as sphingomyelin and phosphatidylcholine (74, 

75). In contrast, the inner leaflet contains anionic lipids such as phosphatidylethanolamine 

(PE), phosphatidylinositol (PI), and phosphatidylserine (PS) (74, 75). Moreover, the 

distribution of phospholipids is actively maintained between the two leaflets mediated by 

membrane-embedded translocases known as scramblases, flippase, and floppase (75). 

Scramblases are membrane proteins that passively facilitate the movement of 

phospholipids to both the outer or inner membrane leaflet (75). Flippase proteins transport 

lipids from the outer leaflet to the inner leaflet in an adenosine triphosphate (ATP)-

dependent manner (75). Similarly, floppase is also ATP-dependent but transport 



MSc Thesis – Jack Chen  McMaster University 
 

18 
 

phospholipids from the inner leaflet to the outer leaflet (75). It has been reported that 

enhancing the concentrations of the anionic phospholipid PS promotes the binding of 

FVII/FVIIa to TF reconstituted in phospholipid vesicles (76). In addition, previous reports 

have shown that Ca2+ ionophores are known to promote TF PCA (77). The cytosolic influx 

of Ca2+ is also known to inhibit flippase function and activate scramblase, resulting in a 

net movement of PS towards to outer leaflet (77). In agreement with this notion, a 

chemical inhibitor of flippase, N-ethylmaleimide, was also shown to enhance FXa 

generation in fibroblast monolayers (78). Additionally, studies have demonstrated that PS 

can be replaced with other anionic phospholipids, including PE, which was shown to 

increase the sensitivity of TF to PS and enhance FXa generation (79). In support of this 

notion, Wolberg et al. (1999) demonstrated that sequestration of PS using annexin V only 

partially inhibited Ca2+ ionophore-stimulated TF PCA, indicating that PS alone is not the 

sole contributor to TF de-encryption (77).   
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1.2. Endoplasmic Reticulum (ER) 

1.2.1. ER Functions 

The ER is a multifaceted organelle that plays critical roles, including protein folding of 

membrane and secreted proteins, and regulates intracellular Ca2+ movement (80). The 

production of membrane-bound and secreted proteins is initiated on ER membrane-

bound ribosomes and the Sec61 translocon complex, where nascent polypeptides start 

to fold in the ER lumen co-translationally (81, 82). The ER lumen provides a unique 

oxidative environment which encourages protein folding and the formation of disulfide 

bonds mediated by PDI (81). Maintaining ER Ca2+ levels has also been reported to be 

important for the protein folding function of ER chaperones calnexin, calreticulin, the 78-

kDa glucose-regulated protein (GRP78), and GRP94 (83). Also, post-translational 

modifications occur before their exit from the ER, including signal sequence cleavage, N-

linked glycosylation, disulfide bond formation, and polypeptide oligomerization (80). 

Properly folded and modified polypeptides leave the ER through coat protein complex II-

coated vesicles and are transported to the Golgi apparatus for further modifications (84). 

In contrast, unfolded or misfolded polypeptides can aggregate and disrupt ER function 

(84). To prevent protein aggregation and maintain ER homeostasis, ER-resident 

chaperones assist in protein folding until their correct conformation is achieved (84). 

Additionally, irreversibly misfolded polypeptides undergo ER-associated degradation 

(ERAD) and are translocated to the cytosol for degradation by the ubiquitin-proteasome 

system (84). 

1.2.2. ER Stress and the Unfolded Protein Response 
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ER stress arises from conditions that disrupt ER homeostasis, leading to an 

accumulation of misfolded proteins, which can overwhelm the capacity for correct protein 

folding (85). Pharmacological compounds that impair glycosylation, disrupt protein 

folding, or induce ER Ca2+ depletion can also result in ER stress (85). Additionally, 

conditions such as nutrient deprivation, defects in post-translational modifications, and 

disruption in the ERAD pathway can elicit an ER stress response (86, 87). To mitigate 

uncontrolled ER stress, the signalling network known as the unfolded protein response 

(UPR) is activated following GRP78 dissociation from three established ER stress 

sensors, including activating transcription factor 6 (ATF6), inositol-requiring enzyme 1 

(IRE1), and protein kinase RNA-like endoplasmic reticulum kinase (PERK) resulting in 

the inhibition of de novo protein synthesis, upregulation of protein degradation, and 

enhanced ER chaperone expression occurs (Figure 4) (85). Following activation, ATF6 

localizes to the Golgi body, where it undergoes cleavage by site-1 protease (S1P) and 

site-2 protease (S2P) (85). Cleaved ATF6 functions as a transcription factor in the 

nucleus, where it regulates the expression of ERAD components, X-box binding protein 

1 (XBP1), and ER chaperones such as GRP78 (85). Splicing of XBP1 mRNA is mediated 

by activated IRE1α (85). sXBP1 protein is a nuclear transcription factor that regulates the 

expression of ERAD components and ER chaperone proteins (85). Additionally, sXBP1 

promotes ER expansion by upregulating phospholipid synthesis (88). Functionally active 

PERK phosphorylates eukaryotic translation initiation factor 2α (eIF2α), inhibiting de novo 

protein synthesis (88). In addition, prolonged expression of phosphorylated eIF2α also 

induces the expression of ATF4, a transcription factor that regulates genes involved in 

autophagy and resistance to oxidative stress (88). ATF6 also regulates the expression of 
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C/EBP homologous protein (CHOP), a transcription factor responsible for the expression 

of proapoptotic factors that drive ER stress-induced apoptosis (88). As a result of 

unresolved ER stress, chronic UPR activation is known to induce proapoptotic signalling 

pathways leading to cell death (88).  

Our laboratory and others have shown several links exist between ER stress and 

atherosclerotic lesion development and progression (89–91). In support of this notion, 

enhanced levels of GRP78, phospho-PERK, and CHOP expression have been observed 

in early fatty streaks and advanced atherosclerotic lesions of apolipoprotein-deficient 

(apoE−/−) mice (92). Further, adenoviral-mediated sXBP1 overexpression reportedly 

accelerates atherosclerotic lesion development (93). Markers of UPR activation have also  

been observed in atherosclerotic lesion-resident cells, including macrophage foam cells 

(94), VSMCs (95), and endothelial cells that overlie lesions (96). Additionally, apoE−/− mice 

given small chemical chaperones 4-phenylbutyrate or tauroursodeoxycholic acid known 

to protect against ER stress have been shown to protect against atherosclerotic lesion 

progression (91, 97, 98). Atherosclerotic lesion development have a high tendency to 

occur in vascular regions that are branched, bifurcated, or with high curvature due to 

increased exposure to shear stress (99, 100). Endothelial cells exposed to shear stress 

reportedly have elevated levels of IRE1, GRP78, and sXBP1 expression compared to 

cells exposed to laminar flow (93, 96). Another link between ER stress and 

atherosclerosis is homocysteine. Hyperhomocysteinemia is independent risk factor for 

cardiovascular disease and thrombosis (101). It was reported that treatment with 

homocysteine promotes protein misfolding and upregulation of GRP78 and CHOP 

expression in cultured endothelial cells (102). 
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Figure 4. The role of GRP78 in the ER. 

GRP78 functions as a protein chaperone in the ER and facilitates nascent polypeptide 

folding. Under normal physiological conditions, GRP78 can be bound to ATF6, IRE1, and 

PERK, inhibiting the activation of these transmembrane sensors of ER stress. Under 

conditions of ER stress, the dissociation of GRP78 from these proteins leads to the 

activation of the UPR, resulting in the upregulation of ER chaperones and cochaperones, 

proteins involved ERAD, and attenuation of protein translation. Chronic UPR activation 

due to unresolved ER stress can also lead to the activation of proapoptotic pathways. The 

illustration was generated with BioRender.  
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1.2.3. ER Chaperones 

Although newly translated small proteins have the capacity to spontaneously fold into 

their proper orientation, larger proteins typically require the assistance of ER-resident 

molecular chaperones to fold appropriately and efficiently to avoid protein aggregation 

(80). Additionally, ER chaperones prevent the premature export of misfolded proteins out 

of the ER as a form of quality control (80). The Ca2+-dependent calnexin and calreticulin 

pathway mediates the folding of glycoproteins (103). Calnexin is an ER-membrane-bound 

lectin chaperone that binds newly synthesized N-linked glycosylated polypeptides 

similarly to its soluble homolog calreticulin, which lacks a transmembrane domain (103). 

Additionally, calnexin/calreticulin also allows for the binding of co-chaperones such as 

ERp57, which mediates the oxidation of thiol groups to form disulfide bonds (103). Other 

co-chaperones of calnexin/calreticulin include ERp29, which has chaperone function and 

cyclophilin B, which mediate protein bond isomerization (103). Subsequently, glucosidase 

II cleaves the glucose group from the properly folded protein inhibiting the binding of 

calnexin/calreticulin and transported out of the ER (104). If the protein is partially 

misfolded, UDP-glucose: glycoprotein glucosyltransferase (UGGT) mediates the addition 

of a glucose moiety to the polypeptide to allow calnexin/calreticulin to bind and continue 

protein folding (104). 

1.2.4. GRP78 

Molecular chaperones assist in protein folding by binding to long hydrophobic patches 

exposed on nascent/misfolded polypeptides until no exposed hydrophobic patches 

remain (105). Subsequently, the classical chaperone folding function requires the 

hydrolysis of ATP to generate adenosine diphosphate (ADP) and inorganic phosphate 
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(Pi) (80). In the cytosol, heat shock protein 70 (Hsp70) and Hsp90 proteins are the primary 

molecular chaperones that maintain the protein folding of cytosolic polypeptides. GRP78, 

the ER homologue of Hsp70, is one of the most well-described classical ER molecular 

chaperones that stabilize nascent polypeptide folding and facilitate the export of terminally 

misfolded polypeptides out of the ER (109). GRP78 expression was first characterized as 

an upregulated 78-kDa protein following the viral infection or glucose deprivation of green 

monkey fibroblast (CV-1) cells (106). Expression of GRP78 is observed ubiquitously 

throughout most tissues (25). The importance of GRP78 as an essential protein is 

highlighted  particularly during early embryonic development as homozygous GRP78 

knockout (GRP78-/-) mice were found to be lethal on embryonic day 3.5 (107). 

Interestingly, aged heterozygous GRP78 (GRP78+/-) mice with approximately half the 

expression of GRP78 compared to wild-type control mice, have been reported to have 

similar body weight and organ morphology (108).  

The human GRP78 amino acid sequence is evolutionarily conserved with its yeast 

homolog KAR2 (109, 110).  Human GRP78 also shares approximately 98-99% amino 

acid sequence homology with its homolog found in mice and rats (Figure 5) (111). Full-

length GRP78 is a soluble protein chaperone which consists of 654 amino acids which 

encode for an N-terminal ER signalling sequence, an ATPase domain, a substrate-

binding domain, and a C-terminal lysine, aspartic acid, glutamic acid, and leucine (KDEL) 

ER retention sequence KDEL retention motif (112).  
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Figure 5. Schematic of GRP78. 

The schematic diagrams of human GRP78, mouse GRP78, and the yeast homolog KAR2 

from Saccharomyces cerevisiae. The structure of GRP78 is highly conserved between 

species each containing an ER signalling sequence (not shown), ATPase domain 

(yellow), substrate-binding domain (orange), and KDEL sequence (blue).  
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1.2.5. Cell Surface GRP78 

Under certain conditions, GRP78 has been observed in several other cellular 

structures, including the nucleus (113) and mitochondria (114). GRP78 has also been 

reported on the cell surface at low levels, which can be further exacerbated under 

conditions of ER stress (115, 116). Moreover, cell surface GRP78 was first described as 

a transmembrane protein based on early transmembrane domain prediction analysis and 

fluorescence-activated cell sorting (FACS) analysis. However, recent biochemical studies 

examining the translocation of GRP78 revealed cell surface GRP78 as a non-

transmembrane peripheral protein (117). The mechanisms that regulate cell surface 

localization of ER-resident chaperones are yet to be fully elucidated and are under current 

investigation (117, 118). Notably, GRP78 and other proteins that possess a lysine-

aspartate-glutamate-leucine (KDEL) sequence have been observed at the cell surface 

(117). Under physiological conditions, KDEL-containing proteins are retained in the ER 

through interactions with the KDEL receptor (119). Early work on cell surface GRP78 

suggested that overexpression of KDEL-containing proteins can overwhelm of the KDEL 

receptor due and allow GRP78 and other KDEL-containing proteins to escape the ER 

and localize to the cell surface (116). In agreement with this notion, ectopic 

overexpression of GRP78 was shown to enhance cell surface GRP78 levels in the 

absence of the UPR. Additionally, ER stress was recently shown to disrupt retrograde 

Golgi trafficking by activating proto-oncogene tyrosine-protein kinase (SRC)-mediated 

dispersion of the KDEL receptors (120). Interactions between GRP78 and 

transmembrane and secreted proteins such as Gα-interacting vesicle-associated protein 

(121), an isoform of CD44 (122, 123), and Par-4 (124) have recently been described to 
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be involved in the translocation of GRP78 to the cell surface. Further, co-chaperones may 

also contribute the localization of GRP78 to the cell surface as knockdown of DnaJ-like 

protein 1 (MTJ-1/HTJ-1) has reported to reduce cell surface GRP78 levels (125). 

Enhanced cell surface GRP78 expression is also associated with pathologies 

including cancer (126–128), rheumatoid arthritis (129), and more recently, 

atherosclerosis (130–132). Further, cell surface GRP78 was initially characterized as a 

co-receptor for activated α2-macroglobulin (α2M) that binds the N-terminal domain of cell 

surface GRP78 (Leu98-Leu115) (133). At the cell surface, GRP78 functions as a signalling 

receptor known to interact with several binding partners such as T-cadherin (134), Cripto 

(135), Kringle 5 (136), and Par-4 (124). Mintz and colleagues (2003) were first to identified 

cell surface GRP78 as an autoantigen that leads to the production of a pool of anti-GRP78 

autoantibodies in patients with cancer (137). Of these anti-GRP78 autoantibodies, an 

anti-GRP78 autoantibody that recognizes the tertiary epitope within the N-terminal 

domain of GRP78 (Leu98-Leu115) is associated with disease progression and poorer 

prognosis in patients with prostate cancer (138). Our laboratory has previously shown 

that the binding of these anti-GRP78 autoantibodies to cell surface GRP78 promoted 

DU145-xenograft tumour growth mediate by TF in NOD/SCID mice (139). Additionally, 

engagement of the anti-GRP78 autoantibody to cell surface GRP78 was shown to elevate 

cytosolic Ca2+ levels, enhancing TF PCA in T24/83 bladder carcinoma cells (139). 

In 2003, Liu and collaborators identified the expression of cell surface GRP78 in 

atherosclerotic lesion-resident endothelial cells in both apoE-/- mice and human lesions 

(131). Similarly, Crane et al. (2018) also identified the presence of cell surface GRP78 in 

atherosclerotic lesion-resident endothelial cells and elevated titres of anti-GRP78 
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autoantibodies associated with lesion progression (130). Additionally, elevated levels of 

the anti-GRP78 autoantibodies were also observed in patients with established 

cardiovascular disease (130). Further, the engagement of anti-GRP78 autoantibodies to 

cell surface GRP78 was shown to activate NF-κB and enhance adhesion molecule 

expression in cultured endothelial cells (130). In agreement with these findings, apoE-/- 

mice injected with the anti-GRP78 autoantibodies had accelerated lesion progression, 

compared to IgG-treated control mice (130). In terms of a specific mechanism, binding of 

the anti-GRP78 autoantibodies to cell surface GRP78 led to activation and nuclear 

localization of NF-κB, increased expression of VCAM-1 and ICAM-1, thereby enhancing 

lesion growth (130).  
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2. Rationale, Hypothesis, and Objectives of Study 

2.1. Rationale 

Although the role of cell surface GRP78 and the anti-GRP78 autoantibody has been 

studied in early lesion development, the roles of cell surface GRP78 and anti-GRP78 

autoantibodies in TF PCA in the context of atherothrombosis have yet to be elucidated. It 

was previously reported that inhibition of cell surface GRP78 with a commercially 

available antibody activated TF PCA in murine brain-derived endothelial cells (bEND3.1) 

(140). Although the mechanism remained unclear, it was suggested cell surface GRP78 

might regulate TF PCA. Our laboratory has demonstrated that engagement of the anti-

GRP78 autoantibody to cell surface GRP78 also activated TF PCA in T24/83 bladder 

carcinoma in an intracellular Ca2+-dependent manner (139). To further these studies, we 

recently collaborated with Atomwise Inc. to identify small molecules predicted to bind to 

GRP78 (referred to as GRP78 binders) that may disrupt the ability of the anti-GRP78 

autoantibody to interact with cell surface GRP78. Given that lesion-resident endothelial 

cells can express both cell surface GRP78 (130) and TF (141), activation of cell surface 

GRP78 by the anti-GRP78 autoantibody on endothelial cells may have a potential role in 

the enhanced thrombogenicity following plaque rupture. However, whether the binding of 

the anti-GRP78 autoantibody to cell surface GRP78 affects TF PCA in endothelial cells 

is unknown and is the basis of my hypothesis and objectives.  

2.2. Hypothesis 

The binding of the anti-GRP78 autoantibody to cell surface GRP78 promotes TF PCA 

in endothelial cells. 

2.3. Objectives 

2.3.1. Overall Objectives 
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The overall objective is to identify whether engagement of the anti-GRP78 

autoantibody to cell surface GRP78 on endothelial cells regulates TF PCA and 

characterize the underlying mechanisms that impact TF PCA (Figure 6). 

2.3.2. Specific Objectives 

i. Investigating whether the interaction between cell surface GRP78 and the anti-

GRP78 autoantibody promotes TF PCA in cultured human aortic endothelial cells. 

ii. Determining the effect of cell surface GRP78 activation by the anti-GRP78 

autoantibody on intracellular Ca2+ levels. 

iii. Identifying GRP78 binders that can bind cell surface GRP78 and block the anti-

GRP78 autoantibody effect on TF PCA. 
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Figure 6. A schematic representing the predicted cellular events following the 
engagement of the anti-GRP78 autoantibody and cell surface GRP78.  

Although GRP78 primarily resides in the ER, it can localize to the cell surface under 

certain conditions where it functions as a receptor. The binding of the anti-GRP78 

autoantibody to residues Leu98-Leu115 has been previously shown to promote inositol 

1,4,5-trisphosphate (IP3) generation and activate IP3-sensitive calcium channels on the 

ER membrane (139). Elevated cytoplasmic Ca2+ can lead to disruption in cell membrane 

asymmetry, leading to TF PCA (77). Further, enhanced cytoplasmic Ca2+ can also 

activate the canonical NF-κB pathway and promote TF PCA. Together, these intracellular 

events may lead to the de-encryption of TF and the subsequent generation of thrombin. 

Objective ①: Investigating whether the interaction between cell surface GRP78 and the 

anti-GRP78 autoantibody promotes TF PCA in cultured human aortic endothelial cells. 

Objective ②: Determining the effect of cell surface GRP78 activation by the anti-GRP78 

autoantibody on intracellular Ca2+ levels. 

Objective ③: Identifying GRP78 binders that can bind cell surface GRP78 and block the 

anti-GRP78 autoantibody effect on TF PCA. 
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3. Experimental Procedures 

3.1. Cell Line and Culture Conditions 

Immortalized human aortic endothelial cells (teloHAEC) were obtained from the 

American Type Culture Collection (ATCC, CRL-4052) grown in endothelial cell basal 

medium (EGM-2; Lonza) supplemented with 2% fetal bovine serum (FBS), growth factors 

(EGM-2 Bullet Kit; Lonza), L-glutamine (2 mM), penicillin (100 μg/mL), and streptomycin 

(100 μg/mL) (Gibco, Thermo Fisher Scientific). Cells were cultured in a humidified 

incubator at 37°C with 5% CO2. 

3.2. Cell Treatments 

Recombinant human TNFα was purchased from R&D Systems and was used at 5 

ng/mL unless otherwise stated. TPCA-1 (1 µM), an NF-κB pathway inhibitor through 

selective inhibition of IKK, was obtained from Caymen Chemical (142). ER stress 

inducers, thapsigargin (TG), a sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pump 

inhibitor and tunicamycin (TM), a N-glycosylation inhibitor, were purchased from Caymen 

Chemical and were used at 1 μM and 2 μg/mL, respectively. Human IgG isolated from 

serum was purchased from Millipore-Sigma. Anti-green fluorescent protein (anti-GFP) 

antibody and anti-TF were used at a final concentration of 10 µg/mL and were obtained 

from Cell Signalling and Affinity Biologics, respectively. Enoxaparin (Lovenox®; Sanofi) 

and unfractionated heparin (Fresenius Kabi Canada) were used at a final concentration 

of 50 µg/mL and 50 U/mL, respectively. 

3.3. Identification of GRP78 binders (Atomwise Inc., San Francisco, CA) 

In collaboration with Atomwise Inc., over 3 million commercially compounds were 

virtually screened against human GRP78 using AtomNet™,  a deep convolutional neural 

network for structure-based drug design(143). 86 small molecules were identified with 
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predicted affinity high affinity (predicted KD ≤ 1 μM) for the anti-GRP78 autoantibody 

binding site (Leu98-Leu115 of GRP78) and are referred to as “GRP78 binders”. Additionally, 

81 out of the 86 compounds were provided to us by Atomwise Inc. Each compound was 

denoted as A01* - G09* and used at a final concentration of 10 µM unless otherwise 

stated. According to Atomwise, D05* and E08* were known to be DMSO negative 

controls. 

3.4. Anti-GRP78 Autoantibody Isolations 

Anti-GRP78 autoantibodies targeting the Leu98-Leu115 region of GRP78 were isolated 

from the blood of prostate cancer patients, as previously described (139). Informed 

consent was obtained from clinically diagnosed prostate cancer patients and approved 

by the Research Ethics Board of St. Joseph’s Healthcare Hamilton (REB# 08-3047). 

Briefly, the anti-GRP78 autoantibodies were purified using the conformational peptide, 

CNVSDKSC (CanPeptide Inc.), that mimics the tertiary structure of the Leu98-Leu115 

region of GRP78 (137) using SulfoLink® Immobilization Kit for Proteins (Thermo Fisher 

Scientific) as per manufacturer's instructions and dialyzed in phosphate-buffered saline 

(PBS).  

3.5. Measurement of TF PCA 

Cell surface TF PCA defined as the amount of FXa generated was measured in intact 

cells continuously as previously described (144). Briefly, the chromogenic reporter 

substrate S-2765 (Chromogenix, Diapharma) was used to measure FXa generation 

indirectly. One day before the experiment, an equivalent number of cells were seeded 

into 96-well plates (1×104 cells/well). Cells were subsequently pre-treated with treatments 

as indicated. The cells were washed in 1X Tris-buffered saline (TBS) before analysis. A 
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cocktail containing 1 nM of FVIIa (Enzyme Research Laboratories), 30 nM of FX (Enzyme 

Research Laboratories), 10 mM CaCl2 (Millipore-Sigma) and 0.4 nM of S-2765 in TBS 

was added to each well. Either human IgG (Millipore-Sigma) or the anti-GRP78 

autoantibody was diluted in 1X TBS, and a 10 μL addition was added given dose to the 

respective wells. The absorbance at 405 nm was measured kinetically every 2 minutes 

for 3 hours at 37°C. A standard curve was generated where 100 units of TF PCA were 

defined as the amount of activity in 1.5 μL of purified human TF equivalent to 450 μg of 

TF (as determined by the American Diagnostica ELISA). Vmax was calculated with 

SoftMax Pro and used to determine the amount of FXa generated per 1×104 cells. All 

assays were performed in triplicate, and data was expressed as fold change relative to 

the TNFα-treated group to correct the plate-to-plate variation. 

3.6. Fura-2 AM Ca2+ Assay 

Intracellular Ca2+ levels were indirectly measured using the Fura-2 Ca2+ Flux Assay Kit 

(Abcam) as per the manufacturer’s instructions. Briefly, teloHAECs were grown to 80% 

confluency in black clear bottom 96-well plates. Cells were incubated with 100 μL of Fura-

2 AM in 1X Pluronic F127 Plus for 1 hour at 37°C. Plates were read at 37 °C kinetically 

at two wavelengths (λ), λ1 (340 nm excitation, 515 nm emission), and λ2 (380 nm 

excitation, 515 nm emission), where λ1/λ2 corresponds to the ratio of Fura-2 AM dye 

bound to Ca2+ over the unbound dye. Baseline measurements for each well were 

continuously obtained for 5 minutes and measured for an additional 20 minutes following 

the addition of Hank’s balanced salt solution (HBSS), TG (1 µM), TM (2 µg/mL), human 

IgG (60 μg/mL), or the anti-GRP78 autoantibody (60 μg/mL). The area under the curve 
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(AUC) was determined using Graphpad Prism (version 6.01, Graphpad Software, La 

Jolla, CA). 

3.7. Immunofluorescent Staining 

3.7.1. Immunofluorescent Staining of Intracellular Proteins  

TeloHAECs were grown on Lab-Tek®II Chamber Slides (Thermo Fisher Scientific) 

until 50% confluency and cultured for 24 hours. Following treatment, cells were washed 

twice with 1X PBS, fixed in 4% paraformaldehyde (PFA), and permeabilized in 0.1% 

Triton X-100 in 1X PBS. Subsequently, cells were washed in 1X PBS and incubated in 

5% bovine serum albumin (BSA; Millipore-Sigma) in 1X PBS for 1 hour. Subsequently, 

cells were incubated with anti-NF-κB p65 (1:200, Cell Signalling Technology; catalogue 

no. 8242S), or anti-β-actin (1:500, Millipore-Sigma; catalogue no. A5441) in 5% BSA in 

1X PBS for 1 hour at room temperature. The cells were washed in 1X PBS and incubated 

with a Cy™5 AffiniPure donkey anti-rabbit IgG (1:200, Jackson ImmunoResearch 

Laboratory; catalogue no. 711-175-152), or appropriate Alexa Fluor® conjugated (1:200, 

Thermo Fisher Scientific) secondary antibody for 45 minutes at room temperature. 

Following incubation, cells were washed in 1X PBS three times and counterstained with 

DAPI (Millipore-Sigma). Cells were subsequently mounted and images were captured 

using EVOS FL Cell Imaging System (Thermo Fisher Scientific).  

3.7.2. Immunofluorescent Staining of Cell Surface Proteins  

TeloHAECs were grown on Lab-Tek®II Chamber Slides (Thermo Fisher Scientific) 

until 50% confluency and cultured for 24 hours. Following treatment, cells were washed 

with ice-cold PBS and incubated with anti-GRP78 antibody (1:200, Affinity Biologicals; lot 

no. AP3927), or anti-β-actin antibody (1:500, Millipore-Sigma; catalogue no. A5441) in 
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5% BSA in 1X PBS for 30 minutes at 4 °C. Following incubation, cells were washed twice 

with 1X PBS, fixed in 4% PFA, and incubated in 5% BSA (Millipore-Sigma) in 1X PBS for 

1 hour. Further, cells were incubated with appropriate Alexa Fluor® conjugated secondary 

antibody (1:200, Thermo Fisher Scientific) or DyLight™594 donkey anti-sheep IgG 

conjugate (1:200, NovusBio, catalogue no. NBP1-72745DL594) secondary antibody for 

45 minutes at room temperature. Cells were subsequently washed in 1X PBS and 

incubated with wheat germ agglutinin (WGA) (5 μg/mL, Biotium; catalogue no. 29022) for 

10 minutes at room temperature. Following incubation, cells were washed in 1X PBS 

three times and counterstained with DAPI (Millipore-Sigma). Cells were subsequently 

mounted, and images were captured using EVOS FL Cell Imaging System (Thermo 

Fisher Scientific). Fluorescence intensity was determined using ImageJ. 

3.8. Production and Purification of Recombinant Human GRP78 

Recombinant human GRP78 (rhGRP78) was produced and purified as previously 

described (139). Briefly, Rosetta DE3 cells previously transformed with a GRP78-pET-

28b bacterial expression construct by Dr. Elizabeth Crane were grown in LB media in a 

37°C bacterial incubator overnight. Subsequently, rhGRP78 expression was induced with 

isopropyl β-d-1-thiogalactopyranoside (IPTG; 500 μM) for 5 hours. Following incubation, 

GRP78 protein was purified using HisPur Ni-NTA Spin Columns (Thermo Fisher 

Scientific) as per the manufacturer’s instructions. The purity of rhGRP78 was determined 

using SDS-PAGE and Coomassie Brillant Blue R-250 dye. Elutions containing a single 

band of at ~78 kDa range were subsequently dialyzed in Tris-HCl (20 mM Tris, 150 mM 

NaCl, 10% glycerol, pH 7.4). Functionally active rhGRP78 was determined by ATPase 

activity. 
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3.9. ATPase Activity Measurements 

ATPase assays were performed using ATPase/GTPase Activity Assay Kit (Millipore 

Sigma) as per the manufacturer’s instruction. To examine ATPase activity of purified 

rhGRP78, rhGRP78 (0.5-1 μg) was incubated with assay buffer and ATP (Caymen 

Chemical, 1 mM) for 15 minutes at room temperature. Following incubation, a malachite 

green assay reagent was added to terminate the enzyme reaction, and absorbance was 

measured at 620 nm using the SpectraMax Plus384 plate reader. Phosphate 

concentration was determined using the phosphate standard provide by the 

manufacturer. Enzyme activity was calculated as per the manufacturer’s instructions. To 

examine the ATPase activity of rhGRP78 in the presence of a small molecule, 0.5 ug of 

rhGRP78 with or without either a GRP78 binder (10 μM) or DMSO diluted with assay 

buffer and incubated for 15 minutes a room temperature before the addition of ATP (1 

mM). Following incubation, a malachite green assay reagent was added to terminate the 

enzyme reaction, and absorbance as previously described. 

3.10. Immunoblotting 

Total cell lysates were collected in 4X SDS lysis buffer containing a protease inhibitor 

cocktail (Roche) and were measured for protein concentration using DC Protein Assay 

(BioRad). Samples were separated on a 10% SDS-PAGE and transferred to a 

nitrocellulose membrane. Nitrocellulose membranes were subsequently incubated with 

5% skim milk and with primary antibodies: anti-GRP78 (1:2000, Affinity Biologicals; 

catalogue no. AP3927) or anti-GRP94 (1:1000, Enzo Life Sciences; catalogue no. 9G10) 

rocking overnight at 4°C. Following incubation, membranes were washed three times in 

1X TBS-Tween-20 and incubated with respective secondary antibodies conjugated to 

horseradish peroxidase (HRP). Membranes were washed three times in 1X TBS-Tween-
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20 The signal was detected using Western Lightning® ECL Pro (PerkinElmer) 

chemiluminescent reagent, and blots were imaged using Chemidoc XRS+ System (Bio-

Rad). Blots were probed using anti-β-actin (1:2000, Millipore-Sigma; catalogue no. 

A5441) antibody was used as a loading control.  

3.11. Enzyme-linked Immunosorbent Assay (ELISA) 

Binding of anti-GRP78 autoantibodies were assessed using an ELISA originally 

described by Gonzalez-Gonrow et al. (138) and modified to examine binding of small 

molecules. Briefly, 96-well plates were coated with the CNVSKDSC peptide conjugated 

to KLH (3 μg/mL) (KLH-CNVSKDSC) or rhGRP78 (3 μg/mL) in coating buffer (0.1 M 

NaHCO3, 0.5 M NaCl, pH 9.6). Plates were washed in PBS-T and blocked with 3% BSA 

in coating buffer and subsequently incubated with or without a GRP78 binder at indicated 

concentrations in 3% BSA overnight, followed by incubation with anti-GRP78 

autoantibody (60 μg/mL) for 1 hour. Plates were washed and subsequently incubated with 

anti-human IgG conjugated to HRP and developed by adding an 3,3',5,5'-

tetramethylbenzidine substrate (100 ng/mL; Millipore-Sigma) to the plate for 5 minutes, 

after which the reaction was stopped with 500 mM H2SO4. Absorbance was measured at 

450 nm and expressed relative to secondary only control to adjust for plate-to-plate 

variation. All assays were performed in triplicate. 

3.12. Statistical Analysis 

Graphpad Prism (version 6.01, Graphpad Software, La Jolla, CA) was used to analyze 

quantitative data. Statistical analysis between two treatment groups was analyzed using 

a two-tailed, unpaired Student’s t-test, whereas comparisons between multiple groups 

were determined using analysis of variances (ANOVA), and a Tukey’s post hoc test was 
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used if significant differences were identified during ANOVA. A p < 0.05 was considered 

statistically significant. All error bars represent the standard deviation of the mean. 
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4. Results 

4.1. TNFα Contributes to TF PCA Through NF-κB in Endothelial Cells 

Under normal physiological conditions, endothelial cells express negligible levels of TF 

(145). However, it is reported that endothelial cells exposed to known activators of the 

NF-κB pathway, including TNFα, can stimulate TF expression and promote TF PCA in 

vitro (146). To investigate the effects of the anti-GRP78 autoantibodies on TF PCA in 

endothelial cells, we sought to generate an in vitro model to measure TF PCA in 

teloHAECs. To determine whether TF PCA could be measured in cultured endothelial 

cells, teloHAECs were treated with several concentrations of TNFα (0-10 ng/mL) using a 

previously established continuous TF PCA assay (144). As shown in Figure 7A, TNFα 

induces TF PCA in a dose-dependent manner compared to the PBS-treated control cells. 

Further, pre-treatment with the NF-κB inhibitor TPCA-1 (1 μM) protected teloHAECs 

against TNFα-induced TF PCA (Figure 7A). Additionally, TPCA-1 dose-dependently 

reduced the effect of TNFα (5 ng/mL) on TF PCA in teloHAECs (Figure 7B). Next, we 

characterized the impact of TNFα on TF PCA in cultured endothelial cells by individually 

removing components of TF assay reaction mixture including FVIIa, FX, S-2765, and 

CaCl2 and examined TF PCA in untreated teloHAECs or cells pretreated with TNFα (5 

ng/mL) or TNFα (5 ng/mL) and TG (1 μM). TG is a known activator of TF PCA in cells and 

was used as a positive control (144). In agreement with previous observations (144), each 

reagent is required to detect the active chromogenic substrate (Figure 7C). Additionally, 

immunofluorescent staining of endothelial cells treated with TNFα (5 ng/mL) induced NF-

κB p65 nuclear localization at 12 and 24 hours (Figure 8A). However, TNFα-induced 

nuclear localization of NF-κB p65 was attenuated in teloHAECs pre-treated with TPCA-1 

(Figure 8B). Together, these results indicated that TNFα activated NF-κB in teloHAECs 
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and promoted TF PCA. Accordingly, we selected to use TNFα (5 ng/mL) based on the 

relatively low activation of the TF PCA to examine the effects of reagents that may alter 

TF PCA in teloHAECs. 

  



MSc Thesis – Jack Chen  McMaster University 
 

45 
 

Figure 7. TNFα promotes TF PCA mediated by NF-κB activation in cultured 
endothelial cells. 

A) TeloHAECs were incubated without or with TPCA-1 (1 µM) for 1 hour and followed 

with several concentrations of TNFα (0-10 ng/mL) for 24 hours and assayed for TF PCA. 

B) TeloHAECs were pre-treated with several concentrations of TPCA-1 (0-1 μM) for 1 

hour prior to incubation with TNFα (5 μg/mL) for 24 hours. C) TeloHAECs were pretreated 

with either TNFα (5 ng/mL) or TNFα (5 ng/mL) and TG (1 μM) as a positive control for 24 

hours. Following incubation, cells were washed and assayed for TF PCA in complete 

assay buffer or buffer that lacked either FVIIa, FX, chromogenic substrate S-2765, or 

CaCl2. Each bar represents the mean ± standard deviation (n = 3 per group). *, p < 0.05 

PBS control, one-way ANOVA; #, p < 0.05 versus TNFα (0 ng/mL), one-way ANOVA; ^, 

p < 0.05 versus TNFα alone (5 ng/mL), one-way ANOVA. 
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Figure 8. TNFα promotes NF-κB nuclear localization in cultured endothelial cells. 

Immunofluorescent staining of A) teloHAECs treated without or with TNFα (5 ng/mL) for 

12 and 24 hours; B) TeloHAECs were pre-treated with either DMSO or TPCA-1 (1 µM) 

for 1 hour before treatment with TNFα (5 ng/mL) for 24 hours. Following incubation, cells 

were fixed and stained for NF-κB p65 subunit (red) and DAPI (green) and visualized using 

immunofluorescence imaging. Representative images of immunofluorescent staining of 

NF-κB p65 subunit localization and DAPI are presented. Original magnification, 20x. 
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4.2. Recombinant Human GRP78 Does Not Alter TNFα-induced TF PCA  

Bhattacharjee et al. (2005) first reported that cell surface GRP78 could modulate TF 

PCA through a direct interaction in bEND3.1 cells (140). However, our laboratory has 

previously shown that 1) recombinant TF does not bind to immobilized rhGRP78 and 2) 

the addition of exogenous rhGRP78 does not modulate TF PCA in T24/83 bladder 

carcinoma cells (139). To examine whether exogenous GRP78 modulates TNFα-induced 

TF PCA, rhGRP78 was generated and purified from bacteria that express rhGRP78 

following treatment with IPTG. The purity of the rhGRP78 isolation was determined using 

Coomassie blue staining of lysates obtained throughout the purification process (Figure 

9A). To determine whether the bands at approximately 78 kDa correspond to GRP78, a 

separate gel containing each lysate was subject to immunoblotting for GRP78 expression. 

As shown in Figure 8B, rhGRP78 is present in the induced fraction, total fraction, elution 

1, and elution 2 fractions. Additionally, the purified rhGRP78 has greater ATPase activity 

than BSA, indicating that the rhGRP78 is functionally active (Figure 9C). To determine 

whether exogenously added rhGRP78 altered TNFα-induced TF PCA, teloHAECs were 

pre-treated with TNFα (5 ng/mL) for 24 hours and subsequently treated with several 

concentration of rhGRP78 (0-50 μg/mL). As shown in Figure 9D, treatment with 

exogenous rhGRP78 does not appear to modulate TNFα-induced TF PCA in teloHAECs.  
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Figure 9. rhGRP78 does not activate TF PCA in TNFα-treated teloHAECs 

A) Representative image of a Coomassie-stained SDS-polyacrylamide gel of fractions 

collected throughout the purification process of recombinant human GRP78. Bacterial cell 

lysates were collected using 4X SDS-PAGE lysis buffer before (lane 2) and after (lane 3) 

the addition of IPTG. Total soluble cell lysate (lane 4) was subsequently incubated in a 

His-Pur™ Ni-NTA affinity purification column and allowed to flow through (lane 5). The 

column was washed 3 times (lane 6-8), and eluted (lane 9-11) using an increasing 

gradient of imidazole. B) Immunoblot of identical samples were ran on a separate gel, 

transferred to a nitrocellulose membrane, and probed with an anti-GRP78 antibody. C) 

Functional activity of purified rhGRP78 was confirmed by measuring ATPase activity. 

BSA was used as a negative control. D) TNFα-treated teloHAECs were exposed to 

increasing concentrations of rhGRP78 (0-50 μg/mL) and assayed for TF PCA. Each bar 

represents the mean ± standard deviation. *, p < 0.05 versus BSA control, 2-tailed t-test. 

  



MSc Thesis – Jack Chen  McMaster University 
 

51 
 

 

  



MSc Thesis – Jack Chen  McMaster University 
 

52 
 

4.3. Anti-GRP78 Autoantibody Induces TF PCA in teloHAECs 

It was reported that the anti-GRP78 autoantibodies activate TF PCA in cells that 

express cell surface GRP78, including T24/83 bladder carcinoma cells and DU145 

prostate cancer cells (139, 147). Our lab has previously shown that pharmacological 

inducers of ER stress can also enhance the expression of cell surface GRP78 in cultured 

HAECs (130). Further, TNFα has been reported to promote UPR activation and enhanced 

cell surface GRP78 expression (129, 148, 149). Based on these observations, we 

examined the effects of TNFα on cell surface GRP78 expression in cultured endothelial 

cells. To examine the expression of cell surface GRP78 levels in teloHAECs, cells were 

either untreated or treated with TNFα (5 ng/mL) for 24 hours and subjected to 

immunofluorescent staining of GRP78 in non-permeabilized teloHAECs. TeloHAECs 

were also co-stained with fluorescently-labelled WGA, a lectin that binds cell surface 

glycoproteins and used to identify cell surface staining in non-permeabilized cells (150). 

As shown in Figure 10A, a low but detectable level of GRP78 co-localizes with WGA 

staining in the untreated teloHAECs, an effect that is further enhanced in endothelial cells 

treated with TNFα for 24 hours. Additionally, non-permeabilized teloHAECs showed little 

to no immunofluorescent staining of cytosolic β-actin in contrast to permeabilized cells 

(Figure 10B). Taken together, our data suggests that treatment with TNFα can enhance 

cell surface GRP78 levels in cultured teloHAECs.   

Next, we examined the impact of the anti-GRP78 autoantibody on TNFα-induced TF 

PCA in cultured endothelial cells. Although healthy patients have been reported to have 

low levels of circulating anti-GRP78 autoantibodies, patients with pathological conditions 

such as cardiovascular disease or prostate cancer have been reported to have elevated 
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levels of anti-GRP78 autoantibodies (≥ 60 μg/mL) compared to healthy control patients 

(130, 138, 139). Based on these observations, the anti-GRP78 autoantibody 

concentration of 60 μg/mL was considered as a pathological concentration of 

autoantibody used in the current study. To investigate the effects of anti-GRP78 

autoantibody on TNFα-induced TF PCA, teloHAECs were either untreated or treated with 

TNFα (5 ng/mL) for 24 hours and subsequently treated with either human non-specific 

IgG antibody (60 μg/mL) or the anti-GRP78 autoantibody (60 μg/mL) prior to the TF PCA 

assay. TeloHAECs treated with the anti-GRP78 autoantibody alone elevated TF PCA 

compared to untreated control group, an effect that was further enhanced with in cells 

pretreated with TNFα (Figure 10C). To further explore the effect of the anti-GRP78 

autoantibody on TF PCA, teloHAECs were pre-treated with TNFα for 24 hours and 

subsequently treated with increasing concentrations of anti-GRP78 autoantibody (10-60 

µg/mL). Our results show that the anti-GRP78 autoantibodies dose-dependently activated 

TF PCA in TNFα-treated teloHAECs (Figure 10D). Taken together, the anti-GRP78 

autoantibody can promote TF PCA in TNFα-treated teloHAECs. 
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Figure 10. The anti-GRP78 autoantibody enhances TF PCA in teloHAECs. 

A) Representative images of immunofluorescent staining of teloHAECs pretreated 

without or with TNFα (5 ng/mL) for 24 hours. Subsequently, non-permeabilized cells were 

stained for GRP78 (red), WGA (blue), or DAPI (green) and visualized using 

immunofluorescence imaging. Fluorescence intensity of GRP78 was quantified and 

expressed relative to the untreated control. B) Immunofluorescent staining of β-actin 

(cyan) in either permeabilized or non-permeabilized teloHAECs. Original magnification, 

20x. C) TeloHAECs were treated with or without TNFα (5 ng/mL) for 24 hours and 

subsequently treated with human IgG (60 μg/mL) or anti-GRP78 autoantibodies (AutoAb; 

60 μg/mL) prior to TF PCA measurement. D) TeloHAECs were pretreated with TNFα (5 

ng/mL) for 24 hours before the addition of several concentrations of anti-GRP78 

autoantibodies (0-60 μg/mL) before measurement of TF PCA. Each bar represents the 

mean ± standard deviation (n = 3 per group). #, p < 0.05 versus untreated control group 

(NT), one-way ANOVA; ^, p < 0.05 versus AutoAb alone, one-way ANOVA. *, p < 0.05 

versus TNFα (0 μg/mL AutoAb), one-way ANOVA. 
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4.4. Thapsigargin and Tunicamycin Enhance Anti-GRP78 Autoantibody Induced TF 
PCA  

Our previous studies have demonstrated that anti-GRP78 autoantibodies enhance TF 

PCA in cancer cells which have elevated levels of cell surface GRP78 (139). TG is a well-

established SERCA pump inhibitor that results in ER Ca2+ depletion and UPR activation 

(151). Similarly, TM attenuates ER N-glycosylation of de novo polypeptides required for 

maturation of certain proteins, resulting in the ER accumulation of misfolded polypeptides 

(151). Both TG and TM have both been shown to promote ER stress and activate the 

UPR, resulting in elevated total and cell surface GRP78 expression (130). Consistent with 

prior observations, TG (1 μM) or TM (2 μg/mL) treatments elevated total GRP78 and 

GRP94 protein levels relative to untreated cells (Figure 11A), a hallmark of UPR 

activation. Next, we investigated the effects of TG and TM on intracellular Ca2+ levels on 

teloHAECs using the Fura-2 AM Ca2+ assay. In contrast to TM which did not alter 

cytoplasmic Ca2+ levels, teloHAECs treated with TG robustly enhanced cytosolic Ca2+ 

levels (Figure 11B).  

We next examined cell surface GRP78 levels of teloHAECs treated with TG (1 μM), 

TM (2 μg/mL), TNFα (5 ng/mL), TNFα (5 ng/mL) and TG (1 μM), or TNFα (5 ng/mL) and 

TM (2 μg/mL). As shown in Figure 11C, immunofluorescent staining of non-permeabilized 

teloHAECs treated with TG, TM, and TNFα show elevated cell surface GRP78 staining 

compared to the untreated control. Additionally, TNFα-induced cell surface GRP78 

expression were further enhanced when co-treated with TG or TM (Figure 11C). Based 

on these observations, we investigated the effects of the anti-GRP78 autoantibody on TF 

PCA in teloHAECs pretreated with TNFα co-treated with or without TG or TM. TeloHAECs 

pre-treated with TNFα alone or with either TM or TG for 24 hours and subsequently 
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treated with either human IgG or the anti-GRP78 autoantibody prior to assessing TF PCA. 

TeloHAECs treated with the anti-GRP78 autoantibody, but not IgG, have elevated TF 

PCA (Figure 11D). This effect by the anti-GRP78 autoantibody was further enhanced in 

teloHAECs pre-treated with either TG or TM (Figure 11D). These results indicate that the 

anti-GRP78 autoantibody can promote TF PCA in TNFα-stimulated endothelial cells, 

which can be further enhanced following TG or TM treatment.  
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Figure 11. Thapsigargin and tunicamycin enhances the anti-GRP78 autoantibody-
mediated TF PCA in TNFα-treated teloHAECs. 

A) GRP78 and GRP94 expression was examined teloHAECs treated with either TG (1 

μM), TM (2 μg/mL), or untreated using immunoblots. β-actin was used as a loading 

control. B) Intracellular Ca2+ release from the ER was examined in TG (1 μM; blue 

triangle), TM (2 μg/mL; orange square), or HBSS (grey circle) treated teloHAECs using 

the high-affinity Ca2+ dye, Fura-2 AM. Baseline fluorescence was measured at 340 nm 

and 380 nm was measured for 5 minutes, where TG, TM, or HBSS was added to the cells 

immediately after the 5-min time point. AUC was determined following the addition of each 

reagent. C) Immunofluorescent staining of GRP78 (red) of non-permeabilized 

teloHAECs. Cells were either untreated or treated with TG (1 μM), TM (2 μg/mL), or TNFα 

(5 ng/mL) individually, or co-treated with TNFα (5 ng/mL) with TG (1 μM) or TNFα (5 

ng/mL) and TM (2 μg/mL) for 24 hours prior to treatment. Cells were subsequently 

countered stained with DAPI (green) and visualized using immunofluorescence imaging. 

Representative images of immunofluorescent staining of GRP78 (red) and DAPI (green) 

are presented. Original magnification, 20x. Fluorescence intensity of GRP78 was 

quantified and expressed relative to the untreated control. D) TeloHAECs were pretreated 

with TNFα alone or with either TG or TM for 24 hours before measurement of TF PCA 

following the addition of either human IgG (60 μg/mL) or anti-GRP78 autoantibody 

(AutoAb, 60 μg/mL). Each bar represents the mean ± standard deviation (n = 3 per group). 

^, p < 0.05 versus HBSS control, one-way ANOVA; *, p < 0.05 versus TNFα control, one-

way ANOVA; &, p < 0.05 versus AutoAb alone, one-way ANOVA. 
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4.5. Anti-GRP78 Autoantibodies Enhances Cytosolic Ca2+ levels 

Enhanced cytosolic Ca2+ has been previously shown to the phospholipid asymmetry 

known to promote TF PCA (152). In agreement with this notion, we and others have 

previously shown that the anti-GRP78 autoantibodies purified from patients with cancer  

can promote ER Ca2+ release into the cytosol in cancer cells (138, 139). Based on these 

observations, we examined the changes in cytosolic levels of Ca2+ over time in teloHAECs 

following treatment with HBSS, TG (1 μM), TM (2 μg/mL), non-specific IgG antibodies (60 

μg/mL), or the anti-GRP78 autoantibody (60 μg/mL), where TG and TM were positive and 

negative controls, respectively. Consistent with previous reports, TG rapidly induces 

elevated cytosolic Ca2+ levels in contrast to TM or HBSS (Figure 12A). Further, 

teloHAECs treated with the anti-GRP78 autoantibodies also had elevated cytosolic Ca2+ 

levels compared to the non-specific IgG antibodies (Figure 12A). Given the observations 

that TNFα can contribute to elevated cell surface GRP78 levels (Figure 10A), we also 

assessed ER Ca2+ levels following the addition of anti-GRP78 autoantibodies in TNFα-

pretreated teloHAECs. In Figure 12B, the effect of the anti-GRP78 autoantibodies to 

increase cytosolic Ca2+ levels were further enhanced in teloHAECs pretreated with TNFα. 

These results indicate that the anti-GRP78 autoantibodies alone can enhance cytosolic 

Ca2+ levels which can be further enhanced following pre-treatment with TNFα. 
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Figure 12. Anti-GRP78 autoantibodies increases cytosolic Ca2+ levels. 

TeloHAECs were pre-treated A) without or B) with TNFα (5 ng/mL) for 24 hours. 

Intracellular Ca2+ release was examined in using Fura-2AM where baseline 

measurements taken for 5 minutes and immediately treated with either HBSS (grey 

circle), TG (1 μM) (blue triangle), TM (2 μg/mL) (orange square), IgG (60 μg/mL) (green 

triangle), or the anti-GRP78 autoantibody (AutoAb, 60 μg/mL) (red diamond), and 

fluorescent readings were taken for an additional 20 minutes. The ratio of Ca2+ bound 

(excitation 340 nm/ emission 595 nm) over unbound (excitation 380/ emission 595 nm) 

Fura-2 AM dye was measured and expressed as fold change relative to time = 0. Each 

symbol represents the mean ± standard deviation (n = 3 per group). C) AUC was 

determined for each treatment group. Each bar represents the mean ± standard deviation 

(n = 3 per group). *, p < 0.05 versus HBSS alone, one-way ANOVA; #, p < 0.05 versus 

AutoAb alone, one-way ANOVA.  
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4.6. CNVKSDKSC Peptide Attenuates Anti-GRP78 Autoantibody-Induced TF PCA 

It was previously reported that the CNVKSDKSC conformational peptide mimics the 

tertiary structure of  the anti-GRP78 autoantibody binding region on cell surface GRP78 

(138). Further, incubation of the conformational peptide with the anti-GRP78 autoantibody 

was shown to inhibit the ability of the anti-GRP78 autoantibody to activate cell surface 

GRP78 T24/83 bladder carcinoma cells and HAECs (130, 139). To extend our current 

findings, purified anti-GRP78 autoantibodies were incubated with or without the 

CNVKSDKSC conformational peptide (90 μg/mL) for 1 hour and subsequently used to 

treat TNFα-pretreated teloHAECs and assayed for TF PCA. The CNVKSDKSC 

conformational peptide alone did not modulate TF PCA in TNFα-treated teloHAECs 

(Figure 12). However, teloHAECs treated with the anti-GRP78 autoantibody incubated 

with the CNVKSDKSC conformational peptide showed marked reduction in TF PCA 

compared to the anti-GRP78 autoantibody-treated group (Figure 13). 
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Figure 13. CNVKSDKSC conformational peptide inhibits the anti-GRP78 
autoantibody-induced TF PCA. 

TeloHAECs were pre-treated with TNFα (5 ng/mL) for 24 hours prior to treatment with or 

without the CNVKSDKSC conformational peptide (90 μg/mL), the anti-GRP78 

autoantibody (60 μg/mL) (AutoAb), or autoantibody pre-incubated with the conformational 

peptide for 1 hour prior to measurement of TF PCA. Each bar represents the mean ± 

standard deviation (n = 3 per group). *, p < 0.05 versus TNFα alone, one-way ANOVA; #, 

p < 0.05 versus AutoAb, one-way ANOVA. 
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4.7. Anti-GRP78 Autoantibody Induces TF PCA Mediated by Functional TF 

Several reports have demonstrated that blocking with an inhibitory anti-TF antibody 

effectively attenuated TF PCA in different cell types (139, 153, 154). Based on 

observation that the anti-GRP78 autoantibody can promote TF PCA in teloHAECs (Figure 

11), we examined whether functional TF is required for the effects of the autoantibody on 

TF PCA. TNFα-treated teloHAECs were treated with either an inhibitory anti-TF antibody 

or an anti-GFP antibody control 1 hour before the addition of human IgG or the anti-

GRP78 autoantibody. As shown in Figure 14, the anti-GFP antibody did not mitigate the 

anti-GRP78 autoantibody-induced TF PCA in TNFα-treated teloHAECs. In contrast, pre-

treatment with anti-TF antibody attenuated anti-GRP78 autoantibody-mediated TF PCA. 

These findings indicate the effect of the anti-GRP78 autoantibody on TF PCA is mediated 

by functional TF on teloHAECs. 
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Figure 14. Anti-TF antibodies inhibit the anti-GRP78 autoantibody-induced TF 
PCA in TNFα-treated teloHAECs 

TNFα-treated teloHAECs were pretreated with either an anti-GFP antibody (10 μg/mL) or 

an anti-TF antibody (10 μg/mL) for 1 hour prior to measurement of TF PCA following the 

addition of either human IgG (60 μg/mL) or anti-GRP78 autoantibody (60 μg/mL). Each 

bar represents the mean ± standard deviation (n = 3 per group). *, p < 0.05 versus TNFα 

alone, one-way ANOVA; #, p < 0.05 versus AutoAb, one-way ANOVA. 
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4.8. Heparin or Enoxaparin Attenuates Anti-GRP78 Autoantibody-mediated TF PCA in 
teloHAECs 

Previous reports demonstrate that heparin and enoxaparin could compete with the 

binding of the anti-GRP78 autoantibody for cell surface GRP78 on cancer cells and 

endothelial cells (130, 147). Pre-treatment with either heparin or enoxaparin was also 

shown to inhibit the binding of the anti-GRP78 autoantibody to cell surface GRP78 

attenuate TF PCA in DU145 prostate cancer (147). Additionally, we have previously 

shown pre-treatment with enoxaparin attenuated anti-GRP78 autoantibody-induced NF-

κB p65 nuclear localization in HAECs. To further investigate the effects of the anti-GRP78 

autoantibody, we examined whether heparin or enoxaparin could block the effects of the 

anti-GRP78 autoantibody on TF PCA in teloHAECs. To assess the effects of heparin or 

enoxaparin on the effect of the anti-GRP78 autoantibody on TF PCA, teloHAECs were 

pre-treated with TNFα for 24 hours followed by heparin (50 U/mL) or enoxaparin (50 

µg/mL) for 1 hour before treatment with the anti-GRP78 autoantibody. As shown in Figure 

15, we observed that the pre-treatment with heparin or enoxaparin attenuated the anti-

GRP78 autoantibody-induced activation of TF PCA.  
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Figure 15. Pre-treatment with either heparin or enoxaparin blocked anti-GRP78 
autoantibody-induced TF PCA in teloHAECs. 

TNFα-treated teloHAECs were treated with either unfractionated heparin (50 units/mL) or 

enoxaparin (50 μg/mL) for 1 hour prior the addition of anti-GRP78 autoantibody (AutoAb, 

60 μg/mL). Each bar represents the mean ± standard deviation (n = 3 per group). *, p < 

0.05 versus TNFα alone, one-way ANOVA; #, p < 0.05 versus AutoAb, one-way ANOVA. 
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4.9. Identification of GRP78 Binders That Inhibited TNFα- and Anti-GRP78 
Autoantibody-induced TF PCA in teloHAECs 

Based on our current findings, we show that both unfractionated heparin and 

enoxaparin can inhibit anti-GRP78 autoantibody induced TF PCA in TNFα-treated 

teloHAECs. However, the use of heparin and heparin-derived molecules are limited due 

to a risk of excessive bleeding (155). As such, we sought to identify small molecules that 

may alter the ability of the anti-GRP78 autoantibody to bind to cell surface GRP78. In 

collaboration with Atomwise Inc. 86 compounds were originally identified using AtomNet, 

the first deep convolutional neural network capable of screening millions of commercially 

available compounds for binding affinity prediction (143). Following discussions with 

Atomwise Inc. regarding the insolubility of several compounds, we sought to screen a 

newly generated set of compounds predicted to bind to GRP78 and assess the effects of 

these compounds in the presence of either human IgG or the anti-GRP78 autoantibodies. 

81 of the 86 of the initial set of GRP78 binders were provided to our laboratory and 

denoted as A01*-G09*, where compounds D05* and E08* were revealed as the internal 

DMSO vehicle control of the second set of compounds. TeloHAECs were incubated with 

TNFα (5 ng/mL) and a GRP78 binder (10 μM, A01*-G09*) for 24 hours and subsequently 

treated with either human IgG (60 μg/mL) or the anti-GRP78 autoantibodies (60 μg/mL) 

prior to assessing TF PCA. Additionally, we observed the formation of precipitates in 

teloHAECs treated with 23 compounds (A03*, A07*, A09*, B01*, B12*, C06*, C10*, D01*, 

D04*, D11*, E02*, E04*, E05*, E07*, E10*, E11*, E12*, F03*, F06*, F09*, F11*, G05*, 

and G09*) independent of either IgG or anti-GRP78 autoantibody treatment. As such, 

these compounds were omitted from further investigation. In Figure 16A, teloHAECs 

treated with compounds A01*, A04*, B10*, B11*, C08*, C12*, D02*, D03*, D06*, D07*, 
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D09*, and D12* (Group 1) had significantly lower TF PCA compared to the DMSO vehicle 

control group treated with either IgG or the anti-GRP78 autoantibody. Further, we 

observed that teloHAECs treated with B03*, B04*, B07*, and B08* (Group 2) did not alter 

TF PCA compared to the vehicle control group treated with IgG but had reduced anti-

GRP78 autoantibody-induced TF PCA compared to the DMSO vehicle control group 

(Figure 16B, 16C). Based on these observations and in accordance with Specific 

Objective III of this study, we selected Group 2 compounds for further evaluation as these 

compounds may disrupt the interaction between the anti-GRP78 autoantibody and cell 

surface GRP78. Although potentially interesting in terms of direct effects on ER luminal 

GRP78, Group 1 compounds were not further investigated in this research project. 
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Figure 16. Screening of small molecules predicted to bind to cell surface GRP78 
on anti-GRP78 autoantibody-induced TF PCA.  

TeloHAECs were treated with or without TNFα (5 ng/mL) and a GRP78 binder (10 μM) 

for 24 hours and subsequently treated with either human IgG antibodies (60 μg/mL) or 

anti-GRP78 autoantibody (AutoAb; 60 μg/mL) prior to assessing TF PCA. A) Compounds 

that inhibited TF PCA in the presence of either human IgG antibodies or anti-GRP78 

autoantibodies (Group 1) and B) compounds that attenuated anti-GRP78 autoantibody-

induced TF PCA (Group 2). C) Structures of Group 2 compounds. Each bar represents 

the mean ± standard deviation (n = 3 per group). *, p < 0.05 versus DMSO and IgG, one-

way ANOVA; #, p < 0.05 versus DMSO and AutoAb, one-way ANOVA. 
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4.10. GRP78 binders B07* and B08* Reduces the ATPase Activity of rhGRP78 

According to Atomwise Inc., GRP78 binders that were examined in this project are 

predicted to bind to the regions of GRP78 at or near the anti-GRP78 autoantibody binding 

region on cell surface GRP78. Previous findings demonstrated that compounds that 

directly bind to GRP78 but not in the ATPase domain can also alter the ATPase function 

of GRP78 (156). Given the relative proximity of the anti-GRP78 autoantibody binding 

region and the ATPase domain of human GRP78, we examined whether Group 2 GRP78 

binders altered the ATPase activity of rhGRP78. To examine ATPase activity, rhGRP78 

was incubated with each Atomwise compound in Group 2 (10 μM) for 15 minutes prior to 

assessing for ATPase activity. In contrast to B03* or B04*, rhGRP78 incubated with B07* 

or B08* had reduced ATPase activity compared to the rhGRP78 incubated with the 

DMSO vehicle control (Figure 17). Based on these observations these compounds may 

interact at or near the ATPase binding site of rhGRP78 and potentially with cell surface 

GRP78 and will be further evaluated using more sensitive methods to detect potential 

interactions between B07* and B08* and GRP78. 
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Figure 17. B07* and B08* inhibits rhGRP78 ATPase activity. 

ATPase activity of rhGRP78 were assayed in the presence of either an indicated GRP78 

binder (10 μM) or DMSO vehicle control. ATPase activity was measured following 

incubation of rhGRP78 (500 ng) and an Atomwise compound (10 μM) individually or 

DMSO, and subsequently incubated with ATP (1 mM) for 30 minutes prior to the addition 

of malachite green reagent. BSA was used as a negative control. Each bar represents 

the mean ± standard deviation (n = 3 per group). *, p < 0.05 versus BSA and DMSO 

control, one-way ANOVA; #, p < 0.05 versus rhGRP78 and DMSO control, one-way 

ANOVA.  
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4.11. B07* Inhibits the Binding of the Anti-GRP78 Autoantibody to rhGRP78- and to 
KLH-CNVSDKSC-coated Plates 

rhGRP78- and KLH-CNVSDKSC- coated plates have previously been used in ELISAs 

to quantify levels of anti-GRP78 autoantibodies in both human and mouse plasma (130, 

138, 147). Moreover, the CNVSDKSC conformational peptide has previously been shown 

to mimic the anti-GRP78 autoantibody binding region (Leu98-Leu115) on cell surface 

GRP78 (137). As such, we examined the use of the anti-GRP78 autoantibodies for an 

indirect ELISA using rhGRP78 or the KLH-CNVSDKSC conjugate as the antigen coated 

onto microtitre plates. Using a previously established ELISA method (138), increasing 

concentrations of anti-GRP78 autoantibodies (0-60 μg/mL) were observed to dose-

dependently enhanced absorbance levels relative to secondary only control wells in both 

rhGRP78-coated (Figure 18A) or CNVSDSKC-coated (Figure 18B) wells. The 

concentration of the anti-GRP78 autoantibody, 60 μg/mL, was used in subsequent ELISA 

experiments based on the levels of autoantibodies found in patients with cardiovascular 

disease or prostate cancer (130, 138). Next, we investigated whether the interaction with 

the autoantibody and rhGRP78- and KLH-CNVSDKSC could be disrupted using 

enoxaparin or heparin. Both enoxaparin and heparin were observed to inhibit the binding 

of the anti-GRP78 autoantibodies to rhGRP78-coated wells (Figure 17C) but not to KLH-

CNVSDKSC-coated plates (Figure 17D). 

Based on these observations, we selected B07* and assessed whether this compound 

could disrupt the binding of the anti-GRP78 autoantibody to either rhGRP78- or KLH-

CNVSDKSC-coated. rhGRP78- or KLH-CNVSDKSC-coated plates were blocked and 

incubated with either DMSO or B07* (0.1-100 μM) for 24 hours and subsequently 

incubated with the anti-GRP78 autoantibody for 1 hour. At 10 μM and 100 μM, the B07* 
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attenuated the binding of the anti-GRP78 autoantibody to rhGRP78 (Figure 18E) or KLH-

CNVSDKSC (Figure 18F) compared to the DMSO control. Taken together, our findings 

indicates that B07* as a potential candidate compound and warrants further studies into 

the mechanism by which B07* functions to disrupt the interaction between the anti-

GRP78 autoantibody and cell surface GRP78. 
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Figure 18. Small molecules inhibit the binding of anti-GRP78 autoantibodies to 
rhGRP78 or KLH-CNVSDKSC conjugate peptide. 

Relative binding of the anti-GRP78 autoantibody was assessed using ELISA using A) 

rhGRP78- or B) KLH-CNVSDKSC conjugate as the antigen. Plates were incubated with 

indicated concentrations of the anti-GRP78 autoantibody (AutoAb) for 1 hour prior to the 

ELISA method. Indicated concentrations of either enoxaparin or heparin were incubated 

on C) rhGRP78- or D) KLH-CNVSDKSC conjugate-coated plates were incubated for 24 

hours prior to incubation with the anti-GRP78 autoantibody (60 μg/mL). Indicated 

concentrations of B07* at indicated concentration (0.1-100 μM) or DMSO vehicle control 

was incubated in E) rhGRP78- or F) KLH-CNVSDKSC conjugate-coated plates for 24 

hours prior to the incubation with the anti-GRP78 autoantibody (60 μg/mL). Absorbance 

values were expressed relative to the secondary only control wells. Each bar represents 

the mean ± standard deviation (n = 3 per group). *, p < 0.05 versus anti-GRP78 

autoantibody and DMSO control, one-way ANOVA; #, p < 0.05 versus secondary only 

control, one-way ANOVA. 
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5. Discussion 

During this M.Sc. research project, I investigated the role of activation of cell surface 

GRP78 by the anti-GRP78 autoantibody on TF PCA in teloHAECs and identify potential 

compounds that may disrupt the interaction between cell surface GRP78 and the anti-

GRP78 autoantibody. Given that endothelial cells express very low amounts of TF, 

teloHAECs were pre-treated of cells with TNFα which also serve to mimic the local 

proinflammatory conditions observed in the atherosclerotic plaque (157). I utilized a TNFα 

pre-treatment in the cell culture model system to evaluate the effect of the soluble 

rhGRP78, the anti-GRP78 autoantibody, and GRP78 binders on TF PCA. Using this cell 

culture model system, I showed that exogenous GRP78 did not activate TF PCA in 

cultured TNFα-treated teloHAECs. We also demonstrate that TNFα alone can promote 

cell surface GRP78 levels in cultured teloHAECs. Additionally, I showed that anti-GRP78 

autoantibody treated endothelial cells can activate TF PCA which can further enhance 

TNFα-stimulated endothelial cells (144). This effect of the anti-GRP78 autoantibody was 

further elevated in endothelial cells pre-treated with ER stress-inducing agents also 

known to enhance cell surface GRP78 levels (130). Additionally, I also show that the 

effect of the anti-GRP78 autoantibody on TF PCA can be attenuated with pre-treatment 

of cells with either enoxaparin, heparin, or sequestering the anti-GRP78 autoantibody 

with CNVSDKSC conformational peptide. Additionally, inhibiting TF with an inhibitory 

antibody was also shown to attenuates anti-GRP78 autoantibody-induced TF PCA in 

TNFα-pretreated teloHAECs. Further, I demonstrated that the anti-GRP78 autoantibodies 

enhances cytosolic Ca2+ levels over time using the Fura-2 AM calcium assay. I also 

identified a small molecule that alone has no effect on TF PCA but can reduce the anti-

GRP78 autoantibody-mediated effect on TF PCA, potentially through disrupting the 
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interaction with cell surface GRP78 and the autoantibody. Together, these findings 

support the hypothesis that anti-GRP78 autoantibodies can activate TF PCA in 

teloHAECs. 

5.1. TNFα Contributes to Enhanced TF PCA Through NF-κB Activation 

TNFα and other pro-inflammatory cytokines are known to play a pathological role in 

the progression of atherosclerotic lesion development (158). The binding of these pro-

inflammatory cytokines to their respective receptors leads to activation of the classical 

NF-κB pathway where the IKK phosphorylates IκB, allowing NF-κB to freely localizes to 

the nucleus to upregulate the expression of inflammatory cytokines and adhesion 

molecules (159). Several reports have shown that TNFα-induced NF-κB activation can 

also upregulate TF expression and TF PCA in cultured human endothelial cells (36, 160). 

In support of previous findings, we show that TNFα dose-dependently activates TF PCA 

in cultured endothelial cells mediated by the activation of NF-κB (35, 36). Additionally, we 

show that TPCA-1, a selective IKK2 inhibitor, dose-dependently inhibits TNFα-induced 

TF PCA. Our data indicated that TNFα (5 ng/mL) was sufficient to activate NF-κB with a 

modest increase in TF PCA relative to the untreated control. Previous studies have 

established similar levels of TNFα were sufficient to evaluate the effects of compounds 

on NF-κB activity in endothelial cells (161). As such, we examined endothelial cells 

treated with TNFα (5 ng/mL) to evaluate the effect of several components of the TF assay 

in teloHAECs. In the current study, we showed TF assay reactions cannot proceed if the 

reaction mixture lacks either FVIIa, FX, S-2765, or CaCl2, consistent with findings 

reported by Caldwell et al. (144).  

5.2. TNFα Enhances Cell Surface GRP78 Levels 
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Under normal conditions, the majority of GRP78 is localized to the ER, where it 

functions as sensor and protein chaperone for unfolded proteins (85). However, it has 

been well-established that GRP78 can localize to the cell surface where it functions as a 

signalling receptor under pharmacological or pathological conditions (162). Using 

immunofluorescent staining of non-permeabilized cells, we showed that teloHAECs 

treated with TNFα have increased staining of GRP78, indicating that TNFα can elevate 

levels of cell surface GRP78. The effect of TNFα to elevate cell surface GRP78 levels 

was further enhanced with pharmacological compounds TG and TM which have 

previously been shown to enhance cell surface GRP78 levels (130). To compliment these 

findings, other techniques such as cell surface biotinylation or FACS analysis will be 

conducted to confirm the presence of cell surface GRP78 in TNFα-treated teloHAECs. 

Consistent with the current findings, it was recently reported that exposure to pro-

inflammatory cytokines IL-1β, IFN-γ, and TNFα can enhance the level of cell surface 

GRP78 without changing total GRP78 levels in EndoC-βH1 human pancreatic beta cells 

(149). Further, Vig et al. demonstrated that the co-chaperone, DNAJC3, is required for 

the trafficking GRP78 localization in EndoC-βH1 human pancreatic beta cells (149). 

Based on these observations, future studies will evaluate whether inhibiting DNAJC3 

expression can alter cell surface GRP78 levels in TNFα-treated teloHAECs and the alter 

the ability of anti-GRP78 autoantibody to promote TF PCA. 

5.3. Regulation of TF PCA by Cell Surface GRP78 and the Anti-GRP78 Autoantibody 

A study by Bhattacharjee et al. (2005) first demonstrated a potential relationship 

between cell surface GRP78 and TF activation in murine bEND3.1 endothelial cells (140). 

Immunoprecipitation and immunofluorescent staining studies revealed cell surface 
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GRP78 and TF can co-localize at the cell surface and negatively regulate TF PCA through 

direct interaction with TF (140). However, a major limitation of that study is that the studies 

were conducted in murine endothelial cells artificially overexpressing GRP78 mediated 

by adenoviral transfection (140). Moreover, Bhattacharjee and colleagues showed that 

gel-immobilized TF was able to bind to rhGRP78 (140). In a separate study, surface 

plasmon resonance (SPR) experiments conducted by our laboratory showed that 

immobilized rhGRP78 fails to bind recombinant TF nor regulate TF PCA in T24/83 bladder 

carcinoma cells (139). Consistent with these findings, our current studies show that 

exogenous rhGRP78 did not modulate TF PCA in TNFα-treated teloHAECs and further 

supports the notion that rhGRP78 does not bind to the cell surface through TF.  

Interestingly, Bhattacharjee et al. (2005) has also shown that a commercially available 

anti-GRP78 antibody enhanced FXa generation and reduced clotting time in both 

unstimulated and LPS-stimulated bEND3.1 cells indicating cell surface GRP78 may be 

regulating TF PCA through an alternative mechanism proposed in the study (140). Our 

laboratory has previously reported that anti-GRP78 autoantibodies against the N-terminal 

domain of cell surface GRP78 promotes TF PCA in T24/83 bladder carcinoma cells and 

DU145 prostate cancer cells (139, 147). These anti-GRP78 autoantibodies were shown 

to activate TF PCA through an IP3-mediated and cytosolic Ca2+-mediated mechanisms 

(139). In agreement with prior studies, our current findings showed that the anti-GRP78 

autoantibody activation of TF PCA is mediated by elevated cytosolic Ca2+ levels, 

suggesting that a similar mechanism of TF activation by cell surface GRP78 may occur 

between cultured endothelial cells and cancer cells. Based on our current observations, 

further investigations will be conducted to determine whether pre-treatment with 8-(N,N-
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diethylamino)octyl-3,4,5-trimethoxybenzoate and 2-aminoethoxydiphenyl borate, 

compounds previously shown to inhibit IP3-mediated Ca2+-release (163), can also 

attenuate the autoantibody-mediated TF PCA.  

5.4. Anti-GRP78 autoantibody enhances TF PCA 

Using TNFα-stimulated endothelial cells, we demonstrated that the anti-GRP78 

autoantibody specific for the Leu98-Leu115 epitope of GRP78 induced TF PCA in a dose-

dependent manner. It was reported that circulating anti-GRP78 autoantibody levels were 

observed in healthy volunteers (~5-7 µg/mL) and significantly elevated in patients with 

prostate cancer (~60 µg/mL) (138). Hence, the 60 µg/mL concentration of the anti-GRP78 

autoantibody was considered the pathological concentration for our evaluation of TF PCA 

in our endothelial cell culture model. Other autoantibodies such as anti-phospholipid 

autoantibodies found in patients with rheumatoid arthritis or coronavirus disease 2019 

(COVID-19) have been reported to be associated with an increased risk of thrombosis 

(164, 165). Although our laboratory has previously demonstrated that patients with 

established cardiovascular disease have elevated levels of anti-GRP78 autoantibodies, 

further work is required to determine anti-GRP78 autoantibody titres in patients with 

enhance the risk of a thrombotic event (166). Although our findings suggest that the anti-

GRP78 autoantibody can promote TF PCA in endothelial cells in vitro, these findings are 

limited as there may be competing or inhibitory processes that prevent TF PCA. However, 

this project may warrant further studies investigating the effect of the anti-GRP78 

autoantibodies in animal models of atherothrombosis. 

Another important finding was that teloHAECs treated with the anti-GRP78 

autoantibodies pre-incubated with the conformational peptide prior to cell treatment 
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reduced TF PCA compared to the anti-GRP78 autoantibody alone. This finding is 

consistent with that of Crane et al. (2018) who showed that incubation of the anti-GRP78 

autoantibody with the conformational peptide attenuated anti-GRP78 autoantibody-

induced VCAM-1 and ICAM-1 mRNA expression (130). A possible explanation for these 

findings might be that the conformational peptide sequesters the anti-GRP78 

autoantibody and limits its interaction with cell surface GRP78. Additionally, the results of 

this study show that pre-treatment of the anti-TF antibody inhibited the effect of the anti-

GRP78 autoantibody to promote TF PCA. These results are in line with those observed 

in Al-Hashimi et al. (2010) demonstrating that functional TF is required for anti-GRP78 

autoantibody-induced TF PCA (139). Together, these findings support the hypothesis that 

the anti-GRP78 autoantibodies promote TF PCA in endothelial cells and that peptides 

known to bind the autoantibodies can mitigate this effect. 

5.5. Small Molecule Inhibitors of Cell Surface GRP78 

Unfractionated heparin and enoxaparin are glycosaminoglycans known to exert their 

anticoagulant effects through interaction with antithrombin III (167). Prior reports have 

shown that cultured endothelial cells incubated with enoxaparin at several time points 

have reduced coagulant activity without antithrombin III (168). However, the authors did 

not provide a mechanism by which enoxaparin exerts the anticoagulant effect in 

endothelial cells. In a separate study, a heparin-binding domain LIGRT (Leu98-Thr102) was 

identified near the anti-GRP78 autoantibody binding site on cell surface GRP78 (138). 

Here, I demonstrated that both enoxaparin and unfractionated heparin inhibited the 

binding of the anti-GRP78 autoantibodies to rhGRP78 using an ELISA. Additionally, 

unfractionated heparin and enoxaparin inhibited anti-GRP78 autoantibody-induced TF 
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PCA. These results corroborate previous findings that heparins can alter the binding of 

the anti-GRP78 autoantibody to cell surface GRP78 (130, 147). Surprisingly, enoxaparin 

nor heparin attenuated the binding of the anti-GRP78 autoantibody to KLH-CNVSKDSC. 

Given that the CNVSKDSC only resembles the tertiary conformation of the anti-GRP78 

autoantibody binding site on cell surface GRP78 (Leu98-Leu115), it is likely that the 

octapeptide may not fully mimic the heparin binding domain (Leu98-Thr102). or that there 

are additional residues that stabilize the interaction between heparin molecules and 

GRP78 (138). Another possible explanation is that the conjugation of KLH to CNVSKDSC 

sterically hinders the interaction between the heparins and GRP78. Future investigations 

into the binding of enoxaparin and heparin to KLH-CNVSKDSC will be conducted. 

Heparin and other heparin-derivatives are limited in a clinical setting, often due to an 

elevated risk of bleeding (155). Hence, we sought to identify other small molecules that 

could bind to GRP78 and potentially compete with the binding of the anti-GRP78 

autoantibody to cell surface GRP78. In collaboration with Atomwise Inc., we obtained 

several small chemical compounds predicted to bind to regions near or within the anti-

GRP78 autoantibody binding site on cell surface GRP78. To identify compounds that may 

disrupt the interaction between cell surface GRP78 and the autoantibody in endothelial 

cells, we utilized our continuous TF assay described in section 4.1 to screen the effect 

of the Atomwise compounds on TF PCA in the presence or absence of the anti-GRP78 

autoantibody. Interestingly, we identified compounds that reduced TF PCA independent 

of the anti-GRP78 autoantibody (Group 1) and compounds that only reduced anti-GRP78 

autoantibody-mediated TF PCA (Group 2). Given that Group 1 compounds function 

independently of the anti-GRP78 autoantibody treatment, these compounds are likely not 
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interacting with cell surface GRP78 to reduce TF PCA and were removed from further 

examination in this project. Group 2 compounds were observed to attenuate the anti-

GRP78 autoantibody-induced TF PCA and were selected for further investigated whether 

these compounds could interact with GRP78. Although Group 2 compounds were 

observed to inhibit approximately 30% of TF PCA relative to the DMSO control group, 

these compounds were selected for further evaluation as structural modifications may 

further improve the efficacy of these compounds. 

Prior reports have demonstrated that compounds that directly bind to GRP78 but not 

in the ATPase domain can also inhibit the ATPase function of GRP78 (156). As such, a 

functional assay was used to examine ATPase activity of rhGRP78 and identified that 

compounds B07* and B08* inhibited rhGRP78 ATPase activity in contrast to B03* and 

B04*. A possible explanation for these results may be that B07* and B08* may bind to 

rhGRP78 at a greater affinity than B03* or B04*. To supplement these findings, more 

sensitive techniques including SPR or differential scanning fluorimetry (DSF) will be 

utilized to further evaluate the binding affinities of the compounds B07* and B08* to 

GRP78. Given that those techniques were not readily available, we modified a previously 

established ELISA method used to quantify levels of anti-GRP78 autoantibodies found in 

plasma (138). Recently, small molecules that interfere with the binding of monoclonal 

anti-amyloid-β antibodies to immobilized amyloid-β peptide were identified using the 

ELISA method (169). Based on these observations, we utilized a similar approach to 

assess the whether the compounds B07* could attenuate the binding of the anti-GRP78 

autoantibody to either rhGRP78 or to the conformational peptide that mimics the binding 

site on cell surface GRP78 using the ELISA method. The results of this study showed 
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that B07* dose-dependently reduced the binding of the anti-GRP78 autoantibody to the 

immobilized conformational peptide or rhGRP78, which suggests that the B07* compound 

may potentially interfere with the ability of the anti-GRP78 autoantibody to interact with 

cell surface GRP78 and inhibit TF PCA. Further, work is currently being performed to 

characterize the interaction between cell surface GRP78 and B07* and its structural 

derivatives and how they may disrupt the interaction between anti-GRP78 autoantibody 

and cell surface GRP78. Given that we have previously shown that the anti-GRP78 

autoantibodies can promote and accelerate atherosclerotic lesions in apoE-/- mice, further 

work will be conducted to examine the effect of B07* on the anti-GRP78 autoantibody-

mediated atherosclerotic lesion development and progression, and in animal models of 

atherothrombosis. 
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6. Future Directions 

i. Investigating whether the interaction between cell surface GRP78 and the anti-
GRP78 autoantibody promotes TF PCA in cultured human aortic endothelial cells. 

In collaboration with Affinity Biologicals, we have recently generated an anti-GRP78 

antibody produced in sheep immunized with full-length human GRP78 or the KLH-

CNVSDKSC conjugate. Figures 10-11 show that the antibody against full length GRP78 

can detect rhGRP78 and GRP78 from cell lysates and tissue lysates in immunoblot 

applications. Ongoing work is currently being undertaken to examine the use of this 

antibody in other applications such as immunohistochemistry and immunoprecipitation. 

Using the ELISA method, we have also observed that sheep antibodies against the KLH-

CNVSDKSC conjugate can inhibit the binding of the anti-GRP78 autoantibody using 

ELISA (data not shown). Additionally, we have also observed that this antibody alone 

does not promote TF PCA in DU145 prostate cancer cells (data not shown). Further, prior 

reports have shown that anti-GRP78 antibodies can disrupt the binding of the anti-GRP78 

autoantibody from engaging to cell surface GRP78 in tumor cells (127). To extend our 

current findings, TNFα-treated teloHAECs treated with the sheep anti-GRP78 antibody 

with or without the human anti-GRP78 autoantibody will be assessed for TF PCA. These 

studies will further elaborate whether the binding of anti-GRP78 antibodies to cell surface 

GRP78 can modulate the effects of the anti-GRP78 autoantibodies on TF PCA. 

ii. Determining the effect of cell surface GRP78 activation by the anti-GRP78 
autoantibody on intracellular Ca2+ levels 

Our current findings indicate that the anti-GRP78 autoantibodies can mediate TF PCA 

through enhancing cytosolic Ca2+ levels. To supplement these findings, intracellular Ca2+ 

levels will be evaluated in teloHAECs pre-treated with either heparin or enoxaparin prior 

to the addition of the anti-GRP78 autoantibody to examine whether blocking the binding 
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of the anti-GRP78 autoantibody attenuates autoantibody-mediated increases in cytosolic 

Ca2+ levels using the Fura-2 AM kinetic assay. Further, Al-Hashimi et al. previously 

demonstrated that the activation cell surface GRP78 by the anti-GRP78 autoantibody 

induced ER IP3-receptor-mediated Ca2+ release (139). Moreover, Mag-Fluo-4 AM has 

recently been described as a novel method to quantify ER Ca2+ levels in live cells (151). 

Based on these observations, ER Ca2+ levels will be quantified using Mag-Fluo-4 AM 

following the treatment with the anti-GRP78 autoantibodies on teloHAECs cells 

pretreated with or without TNFα. To compliment these findings, kinetics of ER Ca2+ 

release can visualized through transfection of a genetically encoded calcium sensor, 

CatchER+, and fluorescence microscopy (170).  

iii. Identifying small molecule inhibitors of the cell surface GRP78/anti-GRP78 
autoantibody complex. 

This study identified several compounds predicted to bind to GRP78 that can alter anti-

GRP78 autoantibody-induced TF PCA (Group 2). Given that the anti-GRP78 

autoantibody has been shown to bind to immobilized rhGRP78 using Biacore surface 

plasmon resonance (139), binding affinity of Group 2 compounds for GRP78 will be 

determined using surface plasmon resonance in both the presence or absence of the 

anti-GRP78 autoantibody. These studies can be supplemented with DSF to confirm 

whether these small molecules can disrupt the binding ability of the anti-GRP78 

autoantibody to cell surface GRP78. Following these experiments, modifications to the 

chemical structures of these GRP78 binders will be conducted to further enhance the 

affinity for cell surface GRP78.  

Although the binding of the anti-GRP78 autoantibodies to cell surface GRP78 can 

promote TF PCA in our cell culture model, it remains to be determined whether these 
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effects of anti-GRP78 autoantibodies occurs in animal models of atherothrombosis. 

Plaque rupture is a rare event in murine models of atherosclerosis (171). However, plaque 

injury models have been described in apoE-/- mice, particularly the Rose Bengal 

photochemical injury model (172). Based on our current findings, we anticipate that anti-

GRP78 autoantibody-treated apoE-/- mice will undergo thrombosis rapidly compared to 

IgG-treated mice following photochemical injury. Based on the potential findings of this 

study, a similar experiment could be replicated to investigate whether infusion of B07* or 

its derivatives may inhibit the anti-GRP78 autoantibody-associated thrombus formation. 

Together, the findings of the proposed studies may serve as foundation to identify a 

potentially therapeutic treatment strategy for atherothrombotic disease. 

7. Summary 

We provide evidence for the first time that the binding of anti-GRP78 autoantibodies to 

cell surface GRP78 contributes to TF PCA in activated endothelial cells, which may play 

a role in atherothrombotic disease. Additionally, we screened and identified several 

GRP78 binders that attenuate anti-GRP78 autoantibody-induced TF PCA. To 

complement the findings of this project, further work will be conducted to establish 

whether the anti-GRP78 autoantibody and cell surface GRP78 contributes to the 

progression of atherothrombosis in vivo. Additionally, structural modifications to 

compounds identified in this study are currently being undertaken to enhance the efficacy 

of the compounds to disrupt the binding of the anti-GRP78 autoantibody to cell surface 

GRP78 and to inhibit TF PCA. Future studies will allow us to continue our drug 

development program to create novel therapeutic compounds for the treatment and 

management of atherothrombotic disease by targeting cell surface GRP78. 
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