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Abstract 

The chaperone protein GRP78 is primarily expressed in the endoplasmic reticulum, but 

it is also aberrantly expressed on the surface of cells under pathological conditions. One 

the cell membrane, GRP78 acts as a signaling molecule with unique properties. The 

amino-terminal domain acts as a growth factor receptor-like protein, while the carboxyl-

terminal domain functions as a death-signaling receptor-like protein to extrinsically 

induce apoptosis. Autoantibodies that react with cell-surface GRP78 on many tumor cell 

lines occur in the sera of patients with prostate cancer, melanoma, and ovarian cancer. 

These autoantibodies are a negative prognostic factor in prostate cancer and melanoma, 

and when purified, stimulate tumor cell proliferation in vitro. It is unclear, however, 

whether these IgGs are merely a biomarker, or if they actually promote tumor growth in 

vivo.  We immunized C57Bl/6 mice with recombinant GRP78 and then implanted the 

B16F1 murine melanoma cell line as flank tumors.  We employed the antisera from these 

mice for in vitro cell signaling and proliferation assays. The immunodominant epitope in 

human cancer patients was well represented in the antibody repertoire of these 

immunized mice.  We observed significantly accelerated tumor growth, as well as 

shortened survival in GRP78-immunized mice as compared to controls.  Furthermore, 

antisera from these mice, as well as purified anti-GRP78 IgG from similarly immunized 

mice, stimulate Akt phosphorylation and proliferation in B16F1 and human DM6 



 

 

v 

melanoma cells in culture.  These studies demonstrate a causal link between a humoral 

response to GRP78 and the progression of cancer in a murine melanoma model. They 

support the hypothesis that such autoantibodies are involved in the progression of 

human cancers and are not simply a biomarker. Because GRP78 is present on the surface 

of many types of cancer cells, this hypothesis has broad clinical and therapeutic 

implications. 

We generated and characterized a panel of monoclonal murine antibodies (mAbs) 

against GRP78 with the goal of identifying therapeutic candidate IgGs. We developed 

three stable hybridomas that produce interesting antibodies. The N88 IgG reacts with 

the NH2-terminal domain and is an agonist. The C38 IgG reacts with the COOH-

terminal domain and is an antagonist of NH2-terminal signaling. The C107 IgG binds the 

COOH-terminal domain and induces apoptosis.  

We examined the effect of these three mAbs on the growth of B16 flank tumors. N88 

accelerated and C107 slowed tumor growth, while C38 had no net effect. We are 

currently developing these antibodies and derivatives thereof as therapeutics for 

melanoma as well as for cancers of the brain, breast, ovary, and prostate. In fact, any 

tumor cell that over-expresses GRP78 on its surface is a potential therapeutic target for 

our future studies.    
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1. Introduction 

1.1 Cell-Surface GRP78 Presentation and Signaling  

GRP78 is a 78 kDa molecular chaperone that binds to hydrophobic patches on 

nascent polypeptides in the ER to prevent aggregation and aid in the development of 

proper secondary structure of mature proteins.  As this function is inescapably necessary 

in all cells, GRP78 is ubiquitously expressed in mammalian cells.  In addition to 

preventing the physical aggregation of unfolded proteins, GRP78 is one of the initial 

components in the signaling cascade that results in the unfolded protein response (UPR).  

As the pool of available GRP78 in the ER is exhausted by binding to unfolded proteins, 

GRP78 induces secondary signaling mediators that directly act to halt the accumulation 

of unfolded proteins in the cell or cross the nuclear membrane to initiate transcription of 

effector proteins for the UPR (Ting and Lee 1988). Studies have since shown that 

interactions with secondary signaling proteins, including inositol requiring kinase 1 

(IRE1), PKR-like ER-associated kinase (PERK), and activating transcription factor 6 

(ATF6) regulate the response of GRP78 to Ca2+ depletion, glucose and energy depletion, 

unfolded proteins, toxins, and other events that elicit a response from GRP78 (Shen, 

Zhang et al. 2004; Zhang and Kaufman 2006). GRP78 has been identified in many roles 

outside of the ER in dstant cellular sites including the plasma membrane (Xiao, Chung et 

al. 1999; Corrigall, Bodman-Smith et al. 2001; Triantafilou, Fradelizi et al. 2001; Misra, 

Gonzalez-Gronow et al. 2002; Triantafilou, Fradelizi et al. 2002; Bodman-Smith 2003; 
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Bodman-Smith, Corrigall et al. 2003; Arap, Lahdenranta et al. 2004; Jindadamrongwech, 

Thepparit et al. 2004; Davidson, Haskell et al. 2005; Brownlie, Myers et al. 2006; Panayi 

and Corrigall 2006; Sun, Wei et al. 2006; Cabrera-Hernandez, Thepparit et al. 2007). 

GRP78 is a promiscuous protein that is capable of binding to a wide variety of nascent 

polypeptides and transducing a signal with a number of secondary mediators.  Such 

properties may explain how GRP78 plays so many disparate roles in multiple cellular 

compartments, and seemingly in association with a variety of protein binding partners. 

A number of studies have demonstrated GRP78 expression on the surface of cells 

from a variety of lineages ranging from cancer cells and endothelial cells to activated 

macrophages(Xiao, Chung et al. 1999; Liu, Bhattacharjee et al. 2003; Davidson, Haskell et 

al. 2005; Misra, Deedwania et al. 2005; Misra and Pizzo 2005). Cell surface GRP78 plays a 

role in activities which include cell signaling, viral entry, and antigen 

presentation(Triantafilou, Fradelizi et al. 2001; Misra, Gonzalez-Gronow et al. 2002; 

Triantafilou, Fradelizi et al. 2002; Jindadamrongwech, Thepparit et al. 2004). Early 

observations in receptor-recognized 2-macroglobulin ( 2M*)-mediated cell signaling 

demonstrated the existence of a high affinity receptor for 2M* and its signal 

transduction through a pertussis toxin-insensitive G-protein (Misra, Chu et al. 1994). 

Later studies demonstrated that the receptor responsible for the increase in inositol 

triphosphate (IP3) levels, RAC-alpha serine/threonine-protein kinase (Akt) 

phosphorylation, NF-κB induction, and the subsequent rise in intracellular Ca2+ was cell-
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surface GRP78(Misra, Gonzalez-Gronow et al. 2002; Misra and Pizzo 2004). This 

identification posed something of a problem as GRP78 contains no known or 

hypothetical transmembrane domain.  In its role in ER signaling, GRP78 is in the luminal 

space and interacts with IRE1α, ATF6, or PERK to facilitate signal transduction across 

the ER membrane.  Additionally, while GRP78-mediated signaling partners are capable 

of spanning a lipid bilayer they are not known to affect phosphatidylinositol-3-kinase 

(PI3-K) or downstream Akt phosphorylation and NF-κB induction.  This problem was 

partially addressed by the observation that cell surface GRP78 is associated with the 

transmembrane co-chaperone MTJ-1(Misra, Gonzalez-Gronow et al. 2005). Finally, more 

recent studies demonstrating the association of GRP78, MTJ-1, and Gαq11 on the plasma 

membrane allows us to propose a model of how cell surface associated-GRP78 activates 

signal transduction since Gαq11 effects signaling through PI3-K, Akt, and NF-κB(Xie, 

Browning et al. 2000; Misra and Pizzo 2008). Ligands bind to GRP78 on the plasma 

membrane, and several models may explain subsequent signaling behavior.  It is now 

well established that GRP78 transduces its signal through MTJ-1/Gαq11 signaling 

complexes (Xie, Browning et al. 2000; Misra and Pizzo 2008).  This signal results in an 

increase in intracellular Ca2+ from the extracellular space or the ER.  The rise in 

intracellular Ca2+ then results in the UPR signaling observed in response to the addition 

of 2M* to 1-LN prostate cancer cells, activated macrophages, and other cell types.  

However, recent data from our lab suggests activation of typical ER-dependent 
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signaling pathways (Misra, Deedwania et al. 2006).  While such events may depend on 

intracellular signaling events, the alternative to this model is the possibility that the full 

complement of UPR signaling molecules are actually embedded in the plasma 

membrane as they are in the ER membrane, this is depicted in Figure 1 (Quinones, de 

Ridder et al. 2008) 

 

Figure 1: A model of cell surface-associated GRP78, and its role in signal 

transduction.  Cell Surface GRP78-mediated signaling transduced through MTJ-

1/Gαq11 is shown in Red; this pathway is now well established. 

 

Since GRP78 is not a trans-membrane protein the signal is then transduced either 

through IRE1α, ATF6, PERK, or MTJ-1/Gαq11.  The result of either of these models is 

that plasma membrane GRP78 signaling resembles the signals sent by GRP78 from the 
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ER with the addition of an increase in IP3, Akt phosphorylation, NF- B, and a rise in 

intracellular Ca2+.  

A number of approaches have been employed to demonstrate both that GRP78 is 

on the cell surface and that it is the direct target for ligand-induced signal 

transduction(Misra, Chu et al. 1994; Misra, Chu et al. 1994; Asplin, Misra et al. 2000; 

Misra, Gonzalez-Gronow et al. 2002).  Direct binding studies employing (Hussain, 

Kancha et al.)- 2M* demonstrate very high affinity binding to a small number of sites 

(Kd=50-100pM; ~ 1 to 5,000 sites/cell) (Asplin, Misra et al. 2000).  This binding is blocked 

by antibodies directed against GRP78.(Misra, Gonzalez-Gronow et al. 2002)  In GRP78 

knockdown studies, 2M*-mediated signaling is abrogated(Misra, Deedwania et al. 

2006).  Moreover, knockdown of MTJ-1, a known binding partner for GRP78 also blocks 

2M* binding and activation of signaling cascades(Misra, Gonzalez-Gronow et al. 2005).  

Treatment of 1-LN prostate cancer cells, or other cells as noted above, with 2M* results 

in binding of 2M* to cell surface GRP78, and a resultant signaling cascade that in many 

ways resembles the UPR.  Binding of cell surface GRP78 results in an increase in IRE1 , 

ATF6, and p-PERK expression as would be expected from activation of the UPR(Misra, 

Deedwania et al. 2006).  Downstream of PERK, eukaryotic translation initiation factor-2α 

(eIF2 ) phosphorylation is seen which would result in transient inhibition of protein 

synthesis as is seen in the UPR (Misra, Deedwania et al. 2006). Also in line with UPR 

signaling ATF4 is upregulated resulting in GADD34 upregulation which functions to 



 

6 

later restore protein synthesis through inhibition of eIF2 (Misra, Deedwania et al. 2006). 

Binding of 2M* to cell surface GRP78 also results in an increase in the UPR signaling 

molecule ATF6 (Misra, Deedwania et al. 2006). Through the induction of Akt, which 

phosphorylates and inactivates ASK1, and NF- B, which upregulates GADD45β 

inhibiting JNK, the pro-apoptotic signaling that would be expected from  prolonged 

activation of UPR proteins is avoided (Misra, Deedwania et al. 2006).  Rather, the 

upregulation of anti-apoptotic proteins including XIAP, Bcl-2, and 14-3-3 protects cancer 

cells from death through the signaling of cell surface-associated GRP78 (Misra, 

Deedwania et al. 2006). 

Very recently, investigation of plasma membrane-associated GRP78 as a binding 

partner of Cripto, a mitogen associated with various tumors, demonstrated GRP78 

antagonism of TGF-β signaling (Shani, Fischer et al. 2008). The intersection of GRP78 

membrane biology and TGF-β in tumor growth and metastasis presents a novel and 

exciting opportunity for future studies. 

1.2 GRP78 as Autoantigen and Therapeutic Target.  

A growing body of literature indicates the phenomenon and significance of 

GRP78 as a cell-surface receptor and an auto- or neo-antigen in neoplastic disease. 

Initially, humoral immunity against GRP78 was reported in ovarian cancer patients by 

panning for tumor-associated antigens on the UL-1 ovarian cancer cell line using 

immunoglobulins derived from ovarian cancer patients (Chinni, Falchetto et al. 1997). In 
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2003, Arap and colleagues identified GRP78 as a major autoantigen in prostate cancer 

patients, and presented data that anti-GRP78 antibody occurrence is associated with 

advanced disease progression and shorter patient survival(Mintz, Kim et al. 2003). An in 

vivo study targeting cytotoxic payloads to cancer cells by tagging them with GRP78-

binding peptides further validated the significance of surface GRP78(Arap, Lahdenranta 

et al. 2004). This development interestingly mimics a natural phenomenon that results 

from the binding promiscuity of GRP78. A proteolytic fragment of plasminogen, Kringle 

5 (K5), binds to the surface of cancer and endothelial cells and signals apoptosis via a 

caspase-7 dependent intracellular cascade(Davidson, Haskell et al. 2005). K5 can interact 

with cell-surface GRP78, but as demonstrated in the 1-LN prostate cancer cell line, its 

binding to the voltage dependent anion channel (VDAC) in complex with GRP78 is 

necessary for signaling to occur(Gonzalez-Gronow, Kaczowka et al. 2008). In contrast 

with the results of  K5-VDAC signaling, the antibodies isolated from prostate cancer 

patients’ sera stimulate proliferation and inhibit apoptosis in vitro(Gonzalez-Gronow, 

Cuchacovich et al. 2006). This in vitro effect parallels the relationship of increased anti-

GRP78 titers with negative patient outcomes. How GRP78 is expressed on cancer cell 

surfaces is likely related to its mechanism of plasma membrane presentation in any cell 

type. We and others have now demonstrated surface presentation on melanoma, 

prostate, breast, brain, liver and lung cancer cells(Xiao, Chung et al. 1999; 

Jindadamrongwech, Thepparit et al. 2004; Misra, Deedwania et al. 2005; Gonzalez-
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Gronow, Cuchacovich et al. 2006; Kim, Lillo et al. 2006; Liu, Steiniger et al. 2007). 

Furthermore, GRP78 is hardly a unique in its deviance from typical subcellular 

compartmentalization , as it is among three different ER proteins, containing the 

putative ER-retention signal –KDEL, localized to the exterior of a brain tumor cell 

line(Xiao, Chung et al. 1999). It is possible that the formation of anti-GRP78 antibodies in 

the sera of cancer patients is stimulated by the aberrant cell-surface presentation on 

many cancer cells of this erstwhile ER-localized protein. The proposed roles of 

extracellular GRP78 in human disease are stylized in Figure 2.  

 

Figure 2: This figure is an abstraction of all known disease states that relate to 

cell surface GRP78, regardless of cell type. GRP78 is represented throughout by the 

oval shape containing only the letter G.  
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Plasma membrane GRP78 acts as more than a simple bystander in cancer. In a 

very elegant demonstration targeting to a cancer cell marker, Arap and colleagues 

employed a GRP78-binding peptide fused to an apoptosis-inducing sequence to effect 

significant killing of breast and prostate cancer cells that express cell surface GRP78. 

This effect was consistent in murine xenograft and syngeneic tumor models in 

vivo(Arap, Lahdenranta et al. 2004). Another series of experiments involving a different 

GRP78-binding peptide with a taxol conjugate yielded similar results in a highly 

metastatic human melanoma cell line expressing cell-surface GRP78, but not in a low-

metastatic reference melanoma line lacking this surface marker(Kim, Lillo et al. 2006; 

Liu, Steiniger et al. 2007). In both of these studies, GRP78 ligand internalization was 

shown, and this represents a different mode of biological activity than the small g-

protein coupled signaling.  

Cell-surface GRP78 is also implicated in non-neoplastic human diseases. 

Through phage-display panning against intact endothelium on ex vivo sections of human 

aortas, Edgington and colleagues demonstrated the presence of GRP78 on endothelial 

cells overlying atheromatous lesions, but not on neighboring normal vessel wall (Liu, 

Bhattacharjee et al. 2003). In our original characterization of GRP78 as the α2M* signaling 

receptor, we demonstrated a 12.5-fold increase in cell-surface GRP78 (then known as 

α2M* signaling receptor) on thioglycollate-elicited murine peritoneal macrophages, as 

compared to resident peritoneal macrophages (Bhattacharjee, Misra et al. 2001). Anti-
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citrullinated protein antibodies (ACPA), which are the most specific autoantibody 

marker in rheumatoid arthritis patients, and which correlate with disease severity, have 

been shown to stimulate NF-κB-dependent TNFα secretion in monocytic cells by 

binding to cell-surface citrullinated GRP78(Lu, Lai et al. 2010).   We have determined 

that primary human aortic smooth muscle cells express functional surface GRP78, as 

determined by Akt phosphorylation subsequent to α2M* ligation, and that surface 

GRP78 expression is increased by exposure to homocysteine (unpublished results). In 

light of the mitogenic role of GRP78 signaling and the proliferative nature of atheroma 

development, it is intriguing that endothelium, macrophages, and smooth muscle, all 

major components of atheromas, all express surface GRP78 when in a stressed state such 

as might exist within an atheroma. 

The possible role of GRP78 in viral infectious diseases deserves examination. An 

interaction between GRP78 and MHC class 1 molecules necessary for Coxsackie A9 viral 

entry was demonstrated in the β2-microglobulin-deficient B-cell lymphoma line, Daudi 

(Triantafilou, Fradelizi et al. 2001; Triantafilou, Fradelizi et al. 2002). These studies 

indicated physical interaction between CoxA9 particles and cell-surface GRP78, but not 

between virus and MHC1. On the other hand, by reconstituting Daudi cells with ectopic 

β2-microglobulin (therefore MHC positive), the dependence on MHC1 for viral entry 

was demonstrated. The liver is an established target organ in the Dengue fever 

infectious cycle, and GRP78 has also been characterized as a liver-expressed cell-surface 
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receptor for Dengue virus serotype 2  (Jindadamrongwech, Thepparit et al. 2004). In 

primary monocytes, monocytic cell lines, and neuroblastoma cells, a HSP70/HSP90 

complex has been described as an alternate Dengue receptor system (Reyes-Del Valle, 

Chavez-Salinas et al. 2005), however, the specificity of GRP78 for this function, 

independent of HSP70 and HSP90 has been confirmed (Cabrera-Hernandez, Thepparit 

et al. 2007). 

GRP78 plays a role in certain primary autoimmune disorders, including the most 

frequently debilitating one, rheumatoid arthritis. GRP78 was identified as an auto-

antigen in RA patients by Corrigall and colleagues in 2001, associated with both disease 

progression and incidence(Corrigall, Bodman-Smith et al. 2001).  From our own work, a 

prospective study of 15 patients with RA demonstrated that treatment with anti-TNF-

alpha antibody (adalimumab) decreased anti-GRP78 serum antibody titers by over 50% 

while significantly reducing RA disease activity in terms of DAS28 scores (Mavropoulos, 

Cuchacovich et al. 2005). Anti-GRP78 antibodies have also been shown to correlate with 

primary Sjögrens syndrome (Bodman-Smith 2003) as well as polyarticular, rheumatoid 

factor positive Juvenile Idiopathic Arthritis in children (Bodman-Smith, Fife et al. 2004). 

Several recent reports identify the potential of carboxy terminal-reactive 

antibodies to GRP78 in the direct induction of tumor cell apoptosis. Using commercially 

available polyclonal antibodies against the CTD of GRP78, Misra et al. Have 

demonstrated induction of apoptosis and inhibition of cell growth mediated by p53 
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activation, inhibition of NF-κB and inhibition of Akt activity ((Misra, Mowery et al. 2009; 

Misra and Pizzo 2009; Misra, Kaczowka et al. 2010; Misra and Pizzo 2010; Misra and 

Pizzo 2010). Differential effects of domain-specific ligation of cell-surface GRP78 are 

summarized schematically in Figure 3 below.  

 

Figure 3: Amino-terminal binding causes pro-proliferative, anti-apoptotic  

signaling in tumor cells. Carboxyl-terminal binding induces an opposing set of 

signaling events, inducing apoptosis and inhibiting proliferation. 

In order to address the possibility of a pathogenic role for a humoral response to 

GRP78 in promoting the growth of tumors in vivo, we sought to induce a humoral 

response to GRP78 and observe its effect on tumor growth in an animal model.  Several 

recent studies have demonstrated a positive relationship between GRP78 expression, 

aggressive tumor behavior an poor prognosis in melanoma(Papalas, Vollmer et al. 2010), 

gastric carcinoma(Zhang, Jiang et al. 2006; Zheng, Takahashi et al. 2008; Zheng, Zheng et 
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al. 2010), hepatocellular carcinoma(Su, Li et al. 2010), and head and neck cancer(Chiu, 

Lin et al. 2008). A common method in such studies is the use of siRNA-mediated 

knockdown of GRP78 to demonstrate the functional importance of this protein in tumor 

cell behaviors. This approach, however, is problematic since it causes a significant 

reduction in the major ER pool of GRP78 as well as its surface expression(Misra, 

Gonzalez-Gronow et al. 2002). This will invariably hamper any cellular behavior 

requiring protein synthesis. This plus the dysregulation of ER-based Unfolded Protein 

Response signaling that results from GRP78 knockdown(Pyrko, Schonthal et al. 2007) 

make it impossible to reasonably distinguish the effects of decreased cell-membrane 

GRP78 from decreased intracellular protein. We have demonstrated the pro-proliferative 

effect of prostate cancer patient-derived anti-GRP78 autoantibodies on the human 

melanoma cell line DM413(Gonzalez-Gronow, Cuchacovich et al. 2006). In the first part 

of this study, we investigate the cell-surface expression and function of GRP78 in murine 

melanoma. Using a the B16 syngeneic mouse model of melanoma, we then demonstrate 

that immunization against GRP78 leads to the generation of an amino-terminal GRP78-

reactive murine autoantibody as a cognate to the autoantibodies observed in human 

cancer patients. This is the first report demonstrating that circulating autoantibodies to 

GRP78 promote tumor growth in vivo. We then go on to generate, characterize, and 

produce three murine monoclonal antibodies (mAbs) against GRP78 that possess 
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intriguing properties with regards to cancer therapy. In the final part of this study, we 

apply our mAbs to the growth of the B16F1 melanoma cell line in a flank tumor model.   
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2. Autoantibodies Against Cell-Surface GRP78 Promote 

Tumor Growth in a Murine Model of Melanoma 

 

2.1 Materials and Methods 

2.1.1 Proteins and peptides.  

Alpha-2 macroglobulin isolated from human plasma was employed to prepare 

2M-MeNH2 2M*) as previously described (Imber and 

Pizzo 1981). Recombinant murine cDNA expression constructs encoding full-length 

(rGRP78) or carboxyl-terminal 17 kDa thereof (CTT) with a 6-His tag in pET15b was the 

kind gift of Dr. Sylvia Blond. These recombinant proteins were expressed and purified 

as previously described (King, Berg et al. 2001), with one major modification. We added 

a 20 column-volume wash with Buffer A containing 0.1% Triton-X114 after binding 

bacterial cell lysates to Ni2+ or Co2+ resins. The purpose of this wash is to dramatically 

reduce the amount of endotoxin in the eluted recombinant protein(Reichelt, Schwarz et 

al. 2006). The pHis6-44 construct was made by amplifying the N44 fragment from full-

length mouse GRP78 cDNA via PCR using the primers 5’-

CCGCTCGAGGAGGAGGACAAGAAGG-3’ (Xho1 site underlined) and 5’-

CGGATCCCGGGGTTTATGCCACGGG-3’ (BamH1 site underlined). Xho1 and BamH1 

sites were thus introduced by PCR and used to insert the N44 fragment into the pHis6 



 

16 

expression vector. We transformed this plasmid into the RosettaBlue expression strain of 

E.coli (Merck).  

The N44 GRP78 fragment was nearly completely insoluble in this expression 

system, so it was found in inclusion bodies. We extracted the protein from purified 

inclusion bodies first by dissolving in 8M urea, and alternatively, using 6M guanidine-

HCl. Attempts at gentle dialysis were made by one-molar stepwise decreases in 

guanidine dissolved in PBS. 

Endotoxin levels in proteins for animal use were monitored using the LAL assay 

(Lonza).    

The GRP78 mimetic peptide CNVSDKSC identified by Mintz et al. was 

conjugated to KLH via its terminal cysteine residues with the heterobifunctional cross-

linker sulfosuccinimidyl 4-(N-maleidomethyl)-cyclohexane-1-carboxylate (sulfo-SMMC; 

Pierce, Rockford, I) as previously described (Gonzalez-Gronow, Cuchacovich et al. 

2006). 

2.1.2 Cell culture.  

The B16F0, B16F1, B16F10, PC3, and HepG2 cell lines were obtained from the 

American Type Culture Collection. The DM6 human melanoma line was the kind gift of 

H.F. Siegler (Department of Immunology, Duke University Medical Center). The 1-LN 

cell line was a kind gift from Dr. Phillip Walther (Department of Urology, Duke 

University Medical Center). All cell lines except HepG2 were grown in Dulbecco’s 
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Modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM 

glutamine, 100/ml penicillin and 100 μg/ml streptomycin. HepG2 were propagated in 

Modified Eagle’s Medium with Earl’s Balanced Salt Solution (MEM-EBSS) containing 

10% FBS, 2 mM glutamine, 100U/ml penicillin and 100 μg/ml streptomycin. Cells were 

maintained in a humidified 37 C incubator at 5% CO2 in logarithmic growth in 75 cm2 

flasks. 

2.1.3 Antibodies and reagents.  

A polyclonal antibody was raised against the full-length recombinant GRP78 in 

sheep at Covance (Denver, PA). This antibody was purified by chromatography on 

Protein A-Sepharose, followed by immunoaffinity chromatography on recombinant 

GRP78 immobilized on Sepharose 4B. Non-immune sheep IgG was purchased from 

Sigma (Sigma-Aldrich, St. Louis, MO). We prepared normal mouse serum from 

exsanguinated age-matched naïve C57BL/6 mice. 

2.1.4 On-Cell Western.  

Cells were grown to near-confluence in 24-well tissue culture plates at in DMEM 

with 10%FBS with penicillin and streptomycin. Media was then removed and cells were 

fixed with ice cold 4% using neutral-buffered formaldehyde solution for 20 min 4°C.  

Fixative was removed and the cells were washed five times with PBS. Fixed cells were 

blocked with 250 μl of Rockland IR blocking buffer for 1 h at room temperature. Primary 

antibody was added at 0.5 g/mL in blocking buffer and incubated overnight at 4 C.  
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Plates were washed 5 times with PBS 0.05% Tween 20 and then secondary antibody 

conjugated to an IR-800nm label was added at a dilution of 1:200 in blocking buffer and 

incubated for 1 h.  Plates were washed 5 times with PBS 0.05% Tween 20 and then dried 

at 37 C.  IR label was protected from light at all times.  Plates were read on a Li-cor 

Odyssey  reader, and these experiments were performed in triplicate and repeated 

twice. 

2.1.5 Flow Cytometric Analysis of B16F1 Cell-Surface GRP78 

B16F1 cells were seeded at 1.5 x 103 cells per cm2 and allowed to grow until they 

reached roughly 80% confluence. After a wash with cold PBS, we harvested cells using 

dissociation buffer (Gibco) and a cell scraper. Resuspended cells were filtered through a 

70μm cell strainer to remove any remaining clumps, and then counted manually with a 

hemocytometer. Cells were washed twice with 1ml 0.5% BSA in HBSS, and then primary 

antibody, either N20 (Santa Cruz sc-1050), C20 (Santa Cruz sc-1051) or normal goat IgG 

was added at a rate of 2μg/106 in 0.5%BSA/HBSS per 106 cells and incubated for 1h at 

4°C. After two washes with 1ml 0.5% BSA/HBSS, secondary anti-mouse IgG Fab-FITC 

was added to the cells at 1μg/106 cells in 0.5%BSA/HBSS and incubated for 1h at 4°C in 

the dark. Cells were then washed twice with 1ml HBSS, and then resuspended in 1 ml 

hbss. 200μl of each sample was transferred to a 96 well plate, and then 5ul 7-AAD was 

added to each well. After a 20 minute incubation at room temperature in the dark, we 

assessed antibody binding on a Guava Easycyte Plus instrument (Millipore). Data 
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analyses were performed using FlowJo version 7.5 software. Dead cells were excluded 

from analysis by labeling with 7-AAD.  

 

2.1.5 Murine immunization and tumor studies.   

Female 4-6 week-old C57BL/6 mice were used for all experiments described in 

this study. For the optimization of tumor cell inoculum and volume, we performed a 

series of three pilot studies. In the first study, we injected 106 B16F1 cells subcutaneously 

in the right flank of five mice in 200μl of DMEM. In the second pilot study, we injected 

0.5 x 106 or 0.25 x 106 cells in 100μl DMEM, with five mice per group. Finally, in the third 

study, we injected 5, 10, or 100 x 103 cells in a 200 μl mixture 1:1 of DMEM and Matrigel 

(BD) with five mice per group. Prior to immunizations, we identified each mouse with a 

unique numbered ear tag, obtained submandibular blood samples for pre-bleeds,  then 

randomized them into two groups of ten mice each. The each group received three 

identical subcutaneous inoculations comprised of either zero (adjuvant control) or 25 μg 

rGRP78 emulsified in 100μl of a 1:1 mixture of PBS and TiterMax Gold® adjuvant 

(CytRx Corporation). All mice were immunized at two-week intervals, with a final titer 

bleed taken two weeks following the final booster. After final titers, all mice received 

subcutaneous tumors in the right flank region. Briefly, we trypsinized B16F1 cells in log-

phase growth and washed them thrice in DMEM (Sigma-Aldrich, St. Louis, MO)). Cells 

were resuspended at concentration of 5x104/ml in a 1:1 mixture of DMEM and Matrigel 
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(BD Biosciences, San Jose, CA). Each mouse received a subcutaneous injection in the 

right flank of 100μl for a total of 5x103 cells. We assessed tumor growth by manual 

caliper measurement, and exsanguinated each animal when it reached a terminal 

criterion of 2 cm3 tumor volume. 

 

2.1.6 Analysis of serum anti-GRP78 response.  

Antibodies against GRP78 in the sera of immunized mice were assayed by ELISA 

in 96-well culture plates coated with recombinant GRP78 (5 μg/mL) in 0.1 mol/L 

Na2CO3, 0.01% NaN3 (pH 9.3). Incubation of these plates with serum samples and 

analyses of the data were performed as previously described (Cuchacovich, Gatica et al. 

2001). The epitope specificity of the anti-GRP78 IgG in the serum of prostate cancer 

patients was also assayed by an ELISA technique. Briefly, 96-well EIA/RIA plates were 

coated with the peptide CNVSDKSC conjugated to KLH (5 μg/mL) in 0.1 mol/L Na2CO3, 

0.01% NaN3 (pH 9.3). All assays were done in triplicate as previously described 

(Cuchacovich, Gatica et al. 2001). CNVSDKSC-reactive antibody fractions were purified 

by affinity chromatography over columns packed with CH-Sepharose (Sigma-Aldrich) 

charged with CNVSDKSC peptide. We eluted bound fractions with glycine, pH 2.5. 

2.1.7 Akt signaling assays.  

B16F1 or DM6 cells were grown to 90 percent confluence in 96-well plates, then 

washed once with serum-free DMEM, and rested for five h in fresh DMEM. We 
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stimulated the cells for 15 min with the appropriate serum (1:200) or antibody 

preparation (100 pM) diluted in 200 μl DMEM before washing once with ice cold PBS 

and subsequent lysis. For PI3K inhibition, we pretreated cells for 30 minutes with 5μM 

LY29004 (Sigma-Aldrich, St. Louis, MO) before stimulation. We performed total and 

phospho-specific Akt ELISA assays (R&D Systems, Minneapolis, MN) according to the 

manufacturer’s instructions. Phospho-Akt results were normalized to total Akt levels to 

account for any variability in cell harvesting. All conditions were in triplicate, and each 

experiment was repeated at least twice. 

2.1.7 Proliferation assays.  

B16F1 or DM6 cells in log-phase growth were seeded at 1x104 cells per well and 

allowed to grow for 24 h in 96-well plates. They were washed once with serum-free 

DMEM, and rested for five h in fresh DMEM.  The media was replaced with the 

appropriate serum or antibody preparation diluted in 200 μl DMEM with 0.5 μCi 

tritiated thymidine per well. 5 μM LY29004 was included for PI3K inhibition where 

appropriate. Proliferation continued for 16 h until the media was removed and the cells 

dissociated in 10X trypsin-EDTA and harvested them using a 12-channel microharvester 

(Skatron Instruments, Norway).  The samples were counted in a scintillation counter. All 

conditions were in triplicate, and we repeated each experiment at least twice. 
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2.1.7 Statistical analysis.  

All analyses were performed employing GraphPad Prism® version 5.02. 

Student’s t-test, ANOVA with Tukey’s multiple comparison tests, or the Mann-Whitney 

U-test were used as appropriate. 

2.2 Results  

2.2.1 Production of Recombinant GRP78 and Fragments 

As seen below in Figure 3, the constructs encoding full-length and the carboxy-

terminal 17kDa of GRP78 induced very well, and their final, soluble products are shown 

in Fig. 4a and b.  

 

Figure 4: Panel A demonstrates a sample of full-length rGRP78, Panel B the 

carboxy-terminal 17kDa fragment, and Panel C demonstrates a series of  efforts at 
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producing an amino-terminal 44 kDa fragment representing the ATPase domain of 

GRP78. 
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Figure 5: Panel A is a western blot of induced and uninduced bacterial cell lysates, as well as an 8M urea extraction of the 

resulting inclusion bodies. The primary antibody is the amino-terminal N20 GRP78. Panel B is a coomassie-stained gel showing 

a N44-kDa fragment preparation with the minimal exposure possible to urea.  
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Figure 6: Two coomassie-stained gels demonstrating the stepwise purification of N44-containing bacterial inclusion 

bodies. Lanes 2-8 contain samples of soluble bacterial lysate, a series of washes, and a 6M guanidine extraction of the resulting 

inclusion body mass. Lanes 10 and 11 contain samples of soluble bacterial lysate and purified inclusion body material 

subsequent to dialysis into PBS, lyophilization, and redissolution in guanidine. 
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Figures 5 and 6 demonstrate the purification of the N44 kDa of GRP78 via inclusion 

body centrifugation and washing, leading to a final product of greater than 90% purity 

as shown in Figure 6, lane 11.  

 

2.2.2 B16 melanoma cells express cell-surface GRP78.  

Nonpermeabilized monolayers of each cell line were grown in 24-well plates for 

these experiments (Fig. 7). These cells were incubated with 0.5μg/ml purified sheep anti-

GRP78 or non-immune sheep IgG followed by an IR dye 800 DX-conjugated donkey 

anti-sheep secondary antibody. This cell-based ELISA analysis of the B16F0, B16F1, and 

B16F10 murine melanoma cell lines demonstrates substantial surface presentation of 

GRP78 on all three cell lines, in that relative order of increasing expression.  We included 

known high- and low-expressing cell lines (1-LN and PC3) as positive controls (Asplin, 

Misra et al. 2000). Consistent with previous results, 1-LN display more GRP78 than do 

PC3. The signal from non-immune IgG for each cell line has been subtracted to yield the 

final integrated signals (Fig. 7). This assay was repeated three times, with one 

representative image displayed under the histogram in Fig.7. The histogram represents 

the average values from three experiments.   
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Figure 7: On-cell western analysis of GRP78 presentation on different B16 

murine melanoma cell lines and the human prostate cancer cell lines PC3 and 1-LN. 

The upper histogram is an averaged signal integration of three separate experiments, 

with SE shown.  

We confirmed the presence of GRP78 on the B16F1 cell line by flow cytometric 

analysis using two commercial goat anti-GRP78 antibodies. One, designated N20, was 

raised against a 20 amino acid peptide sequence from the amino terminus, while the 

other, designated C20, was raised against a 20 amino acid sequence from the carboxyl 

terminus. Results representative of three separate experiments are shown in Figure 8. 
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Figure 8: Flow cytometric analysis of cell surface GRP78 on B16F1 melanoma 

cells. Panel A shows binding of an amino-terminal antibody (SCBT N20), while Panel 

B shows binding of a carboxyl-terminal antibody (SCBT C20).  

2.2.2 GRP78 immunization induces autoantibodies.  

GRP78 administered with adjuvant stimulated a very robust humoral response. 

Figure 9 displays the ELISA end-titer curves of four representative mice from the 

rGRP78 and adjuvant-only groups of mice. The upper curves belong to the GRP78 

group, while the lower ones are from the adjuvant group. The average endpoint titers of 

sera raised against recombinant murine GRP78 (1.8x106, N=10) and against TiterMax 

Gold® adjuvant alone (1x103, N=9) determined by ELISA against rGRP78 are shown in 

Figure 10a. Because the peptide CNVSDKSC contains a motif recognized by anti-GRP78 

autoantibodies produced by prostate cancer patients (23), we developed an ELISA assay 

with this peptide conjugated to KLH and immobilized on 96-well culture plates. We 

show significant (Mann-Whitney U test, P<0.0001) reactivity of these sera against this 
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dominant epitope observed in human cancer in Figure 10b. 

 

Figure 9: Representative endpoint titer ELISA curves from four mice each from 

rGRP78-immunized and adjuvant/PBS groups. Mice received three equal 

subcutaneous flank injections with Titermax Gold adjuvant with either 25μg rGRP78 

or PBS. Two weeks elapsed between injections, and these titers were taken 2 weeks 

after the last booster. Threshold here is threefold over the plate background.  

 

Figure 10: Panel A contains the average endpoint titer against full-length 

GRP78 for rGRP78-immunized (N=10) and adjuvant-alone (N=9) groups of mice. 
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Panel B describes the specific reactivity of these same antisera against the octapeptide 

CNVSDKSC, a mimetic of the dominant GRP78 epitope in human cancers.  

2.2.3 B16F1 Flank Tumor Optimization 

The growth rates of B16F1 flank tumors from each of three pilot studies are 

plotted in Figures 10, 11, and 12, respectively. The 106 cells injected in Pilot Study 1 (Fig. 

11) led to excessively fast tumor growth and irregular tumor morphology. In Pilot Study 

2, innocula of 0.5 or 0.25 x 106 were used (Fig. 12). The volume of injection was reduced 

to 0.1ml in an effort to reduce initial cell spread and lead to the formation of more 

regular and therefore more easily measured tumors. The tumors in this study still grew 

too quickly, and their morphology remained fairly irregular. Based on these results, we 

next injected far fewer cells in a 0.2ml 1:1 mixture of DMEM and Matrigel. Figure 13 

demonstrates the growth of 5, 10, and 100 x 103 cells.    
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Figure 11: First B16F1 flank tumor pilot study. 106 cells were injected subcutaneously in 200μl DMEM. Mouse weights are 

plotted on the left Y-axis, while tumor volume is on the right Y-axis.   
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Figure 12: Second B16F1 flank tumor pilot study. The A group of mice were injected with 0.5 x 106 cells, while the B group 

received 0.25 x 106 cells. Both groups were injected with cells in 0.1ml DMEM. Mouse weights are plotted on the left Y-axis, while 

tumor volume is on the right Y-axis.  
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Figure 13: Third B16F1 flank tumor pilot study. Three groups of 5 mice each were injected with 5, 10, or 100 x 103 cells, 

respectively. All three groups were injected with cells in 0.2ml 1:1 Matrigel and DMEM. Mouse weights are plotted on the left Y-

axis, while tumor volume is on the right Y-axis.   



 

34 

 

2.2.4 GRP78 immunization affects B16F1 flank tumor growth rate.  

The growth kinetics of B16F1 flank tumors in control (N=9) and rGRP78-

immunized (N=10) mice are shown in Figure 14a. Tumors in immunized mice were 

significantly (Student’s t-test, P<0.05) larger by day 14 post-implantation and remained 

so throughout the study.  Kaplan-Meier analysis of mouse survival in this study is 

shown in Figure 14b. GRP78 immunization significantly shortened median mouse 

survival to 26 days from the adjuvant control group’s median survival of 29 days (log-

rank test, P<0.05). One mouse in the control group died unexpectedly within one week 

of tumor implantation. That mouse was censored from analysis here. 
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Figure 14: rGRP78 immunization accelerates the growth of B16F1 cells. Mice received three equal subcutaneous flank 

injections with Titermax Gold adjuvant with either 25μg rGRP78 or PBS. Two weeks elapsed between injections. 5000 cells were 

injected subcutaneously in the flank in a 200μl volume of 1:1 DMEM:Matrigel. Panel A compares the growth curves of tumors in 

rGRP78-immunized mice to that of those in adjuvant-alone mice. 
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2.2.5 Mouse antisera against GRP78 stimulate Akt phosphorylation.  

Serum-starved B16F1 or human DM6 melanoma cells were stimulated with a 

variety of preparations of mouse sera and we show the resulting phosphorylation of Akt 

in Figure 15a-b.  Application of normal mouse serum (N=5) or adjuvant-group, tumor-

bearing mouse serum at a dilution of 1:200 (N=9) caused only negligible Akt activation. 

Sera from the rGRP78-immunized, tumor-bearing mice (N=10) stimulated a significant 

(P<0.05), roughly three-fold increase in phospho-Akt as compared to naïve mouse serum 

and adjuvant-group serum. Pooled sera from rGRP78-immunized mice that were not 

exposed to B16 tumors (N=20) evoked a similar response to that of the tumor-bearing 

mice. We purified the anti-CNVSDKSC fraction of this last pool of sera by affinity 

chromatography and subsequently stimulated B16F1 cells. Anti-CNVSDKSC-specific 

IgG at 100pM elicited a response similar (no significant difference) to whole antiserum, 

while CNVSDKSC depletion of the antiserum almost completely abrogated its signaling 

potential (P<0.05). We repeated these experiments with the human DM6 cell line (Fig. 

15b). Whole murine sera raised against rGRP78 stimulated Akt phosphorylation in DM6, 

as did CNVSDKSC-specific IgG. Moreover, CNVSDKSC depletion of antisera also 

abrogated signaling in DM6 as it did in B16F1. In all of the above experiments, 5μM 

LY29004 completely abolished Akt activation by GRP78 antibodies or antisera. 
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Figure 15: Akt Signaling in B16F1 and DM6 melanoma cells in response to 

preparations of mouse sera raised against rGRP78. Panel A describes this experiment 

in B16F1, while Panel B is in DM6 cells. Cells were stimulated for 15min after 5h 
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serum starvation. All sera preparations were used at a dilution of 1:200, while α2M* 

and purified anti-GRP78 IgG were used at 100pM. LY294002 was used at 5μM.     

2.2.6 Murine GRP78 antisera stimulate melanoma proliferation.  

B16F1 or DM6 cells (1x104 per well) were incubated with either 1:200 dilutions of 

mouse antisera, 100 pM purified anti-CNVSDKSC IgG, or 100 pM 2M* (positive 

control) in serum-free medium for 24 h, followed by a further 16 h in the presence of 0.5 

µCi tritiated thymidine per well.  Differential proliferation was assayed by scintillation 

counting of incorporated labeled thymidine.  In keeping with previous experiments, 

2M* stimulated a dramatic ~threefold increase in proliferation (P<0.05)(Fig.16a). Both 

whole pooled (N=20) antiserum and purified anti-CNVSDKSC stimulated a similar 

proliferative response as compared 2M*. CNVSDKSC-depleted antiserum treatment 

was indistinguishable from normal sera. These responses were closely recapitulated in 

DM6 cells (Fig.16b). LY29004, 5μM, completely abrogated GRP78 antisera- or antibody-

induced cellular proliferation in all of these experiments. 
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Figure 16: Proliferative response of B16F1 and DM6 melanoma cells to 

preparations of mouse sera raised against rGRP78. Panel A describes this experiment 

in B16F1, while Panel B is in DM6 cells. 

 



 

40 

3. Anti-GRP78 Monoclonal Antibodies  

Herein is described the methodology and results of the generation, screening, 

and production of murine monoclonal antibodies against GRP78.   

3.1 Materials and Methods 

We contracted the production of anti-GRP78 monoclonal antibody-producing 

murine hybridomas with Covance, Inc (Denver, PA). The characterization of the 

resulting antibodies and hybridomas was accomplished at Duke University, while the 

production of the final antibodies was performed at Covance and at Duke University.   

3.1.1 Immunization and Fusion 

Full-length recombinant GRP78 protein was expressed and purified as described 

in section 2.1.1 of this document, to be used to immunize a total of five female Balb/c 

mice. The rGRP78 was emulsified with the Titermax Gold adjuvant described in section 

2. Subsequent injections follow a three-week cycle in which samples are drawn ten days 

after each injection. The animals’ responses to rGRP78 were assessed by ELISA. The 

mouse with the highest endpoint titer by ELISA using rGRP78 as a capture antigen 

(designated DU387) was used for splenocyte harvest and subsequent fusion with 

P3X63Ag8.653 myeloma cells using polyethylene glycol. Viable hybridomas were 

selected and screened for antigen specific antibodies by ELISA. The antibody secreting 

hybridomas with the highest absorbance were grown and temporarily frozen in 

duplicate vials.  Covance shipped media from positive hybridomas to us for evaluation.  
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3.1.2 Primary Hybridoma Screening 

3.1.2.1 ELISA Analysis of GRP78 Binding  

Primary hybridoma clones were cultured in 24-well cell culture dishes until 

confluent, the conditioned medium was harvested, and the cells were frozen in short-

term vials. ELISA capture antigens for analyses of the conditioned media included full-

length murine rGRP78, as well as fragments comprising the carboxy-terminal 30 or 17 

kDa of this protein. We had also cloned and expressed the amino-terminal ATPase 

domain (~44kDa), however, the extreme insolubility of this fragment rendered it 

unsuitable for coating of EIA/RIA plates. By subtraction, however, we assume that 

antibodies that bind to full-length GRP78 but not the COOH-terminal fragments of it are 

N44- specific.  ELISA plates were coated with antigen as described above in Section 

2.1.6. Cell culture supernatants were centrifuged briefly to remove any cellular debris, 

and samples were added to ELISA wells at a 1:50 dilution in PBS with 0.4% BSA. The 

remainder of the ELISA assays were performed as described in 2.1.6. Primary clones 

were considered positive when the absorbance in this assay reached threefold greater 

than background. An additional ELISA screen for clones reactive to the 

immunodominant human epitope mimic CNVSDKSC was performed exactly as 

described above, but with the addition of a pre-adsorption of the cell culture 

supernatant dilutions with 10μg/ml of the peptide for 30 minutes at room temperature 

before addition to coated ELISA plates.  
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3.1.2.2 Western Blot Analysis 

 Nitrocellulose membranes were soaked for 15 minutes at room in 4mg/ml 

solutions of rGRP78 or fragments thereof. For full-length GRP78, C17, and C30, the 

solution consisted of protein dissolved in PBS with 0.02% sodium azide. For the N44 

fragment of GRP78, the 4M guanidine necessary for solubility was included. Membranes 

were washed thrice in PBST and then dried at 37°C.  Membranes were then blocked for 

1h at room temperature in Rockland Near-IR blocking buffer, after which they were 

used for slot-blotting with each of the anti-GRP78 hybridoma cell culture supernatants 

diluted at 1:50 in PBS. IRDye800-labeled anti-mouse IgG secondary antibodies were 

used to detect mAb binding, and the blots were imaged on a Li-Cor Odyssey IR detector.  

3.1.2.3 On-Cell Western Screening of Primary Hybridomas .    

Cells were grown to near-confluence in 96-well tissue culture plates at 37°C in 

DMEM with 10%FBS with penicillin and streptomycin. Media was then removed and 

cells were fixed with ice cold 4% using neutral-buffered formaldehyde solution for 20 

min 4°C.  Fixative was removed and the cells were washed five times with PBS. Fixed 

cells were blocked with 250 μl of Rockland IR blocking buffer for 1 h at room 

temperature. Primary hybridoma cell culture supernatants were added to the cells 

diluted 1:50 in blocking buffer incubated overnight at 4 C.  Plates were washed 5 times 

with PBS with 0.05% Tween 20 and then secondary antibody conjugated to an IR-800nm 

label was added at a dilution of 1:200 in blocking buffer and incubated for 1 h.  Plates 
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were washed 5 times with PBS 0.05% Tween 20 and then dried at 37 C.  IR label was 

protected from light at all times.  Plates were read on a Li-cor Odyssey  reader, and 

these experiments were performed in triplicate and repeated twice. Clones were 

considered positive if the integrated signal from the samples reached two-fold greater 

than a normal mouse IgG control.   

3.1.2.4 Monoclonal Isotype Determination 

The antibodies secreted by hybridomas of interest were analyzed with the 

IsoStrip Mouse Monoclonal Antibody Isotyping Kit (Roche), according to the 

manufacturer’s protocol. Briefly, this is a solid-state latex bead-based strip assay that 

types all of the classes of murine antibody heavy and light chains.  

3.1.3 Production and Analysis of Three Monoclonal Antibodies 

The primary clones DU387.88, DU387.38, and DU387.107 were selected for 

subcloning based on their ELISA, western blot, on-cell western, and flow cytometric 

analyses. We explored two different methods of production and purification of these 

MABs, and our next set of assays probed their functional abilities to either induce or 

block amino- or carboxyl-terminal GRP78 signaling events.  

3.1.3.1 Subcloning Methods 

Subcloning of hybridomas took place at Covance. Briefly, this was done by 

expanding each primary clone in cell culture, then plating out limiting dilutions of cells. 

Clonal isolates were then expanded in 24-well plates and the resulting cell culture 
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supernatants once again assayed by ELISA against rGRP78. After we chose one subclone 

from each primary for further expansion, Covance performed one final subcloning step 

to check for continued antibody production.  

3.1.3.2 Monoclonal Antibody Production and Purification 

We had three monoclonal anti-GRP78 antibodies produced both through ascites 

production in mice, as well as in a hollow-fiber bioreactor after adaptation to serum-free 

medium. The ascites production was contracted to Covance, while the bioreactors are 

maintained by the Duke Cell Culture Facility (CCF).  

For IgG purification from ascites fluid, 5ml of fluid was first diluted five-fold in 

PBS and then centrifuged at 14000g for 20 minutes at 4°C to precipitate any debris 

present. The supernatant fluid was transferred to fresh 50ml conical tubes for batch 

binding to protein G-sepharose affinity media pre-equilibrated in PBS. The binding was 

allowed to proceed overnight, after which time the protein G-sepharose and bound IgG 

were collected by centrifugation and washed thrice with 45ml PBS for 10 minutes at RT. 

The beads were then packed into Bio-Rad 2 or 10 ml columns, depending on necessary 

bed volume, and allowed to settle during a final three-bed volume PBS wash. IgGs were 

eluted using 0.1M glycine pH 2.5, with fractions of 1ml each containing 0.1 ml of 1.5M 

Tris pH 8.0 to neutralize the pH of the eluates. Peak fractions as determined by A280 were 

pooled and passed over Zeba® buffer-exchange columns (Pierce) to exchange their 

neutralized elution buffer for PBS.  
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Each pooled IgG fraction was then passed by gravity over a dedicated rGRP78-

Sepharose 2ml column. We prepared these columns by binding low-endotoxin rGRP78 

(expressed as described above and then bound three times to Endotrap Blue® resin 

(Profos), until a final endotoxin level less than 0.05EU/mg was achieved) to CNBr-

activated sepharose 4B (Amersham). Each ml of activated sepharose bound apprimately 

13mg of rGRP78. After a 10 bed-volume PBS wash, anti-GRP78 IgG was eluted, 

collected, and buffer-exchanged exactly as described above. Purified monoclonal 

antibodies were quantified again by A280, sterile filtered, adjusted to 1 or 2mg/ml, and 

stored at -20°C short term. Antibodies were placed at -80°C for more long-term storage. 

In all above purification steps, new, endotoxin-free or very-low-endotoxin vessels and 

materials were used in order to obviate any need for endotoxin clean-up after 

purification. 

Purification of conditioned media from hollow-fiber bioreactors was simpler, 

requiring only a protein G–sepharose purification as described above.  

Purity and integrity were assessed by Coomassie stain of PAGE-separated heavy 

and light chains on NuPAGE® 4-15% gradient polyacrylamide gels (Invitrogen)  

3.1.3.2 Akt Phosphorylation Studies 

B16F1 or DM6 cells were grown to 90 percent confluence in 96-well plates, then 

washed once with serum-free DMEM, and rested for five h in fresh DMEM. We 

stimulated the cells for 15 min with dilutions of hybridoma cell culture supernatant in 
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DMEM before washing once with ice cold PBS and subsequent lysis. For PI3K inhibition, 

we pretreated cells for 30 minutes with 5μM LY29004 (Sigma-Aldrich, St. Louis, MO) 

before stimulation. We performed total and phospho-specific Akt ELISA assays (R&D 

Systems, Minneapolis, MN) according to the manufacturer’s instructions. Phospho-Akt 

results were normalized to total Akt levels to account for any variability in cell 

harvesting. All conditions were in triplicate, and each experiment was repeated at least 

twice. In some experiments, CM or purified antibody (1μg/ml) from the N88 hybridoma 

was used for PI3K stimulation, while at times, the stimulant was 100pM α2M*. A wide 

range of hybridoma supernatants were screened for their ability to block N88 or α2M*-

induced signaling events. Cells were pre-incubated for 30 minutes with the candidate 

competitors before the appropriate stimulation.   

3.1.3.3 Apoptosis Studies 

B16F1 or DM6 melanoma cells were plated at a density of 5000 per well in 96-

well cell culture plates and grown under standard conditions until roughly 70% 

confluence. Growth media was changed for fresh media containing 1% FBS, cells were 

acclimated for five hours, and then carboxyl-terminal-reactive hybridoma supernatants 

were added in 1% FBS-containing media at a dilution of 1:50. Cells were incubated for 24 

hours with antibodies and then apoptosis was assayed via assessment of chromatin 

fragmentation (Cell Death ELISA, Roche) according to the manufacturer’s instructions. 
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3.1.3.4 Flow Cytometric  Analysis of Monoclonal Antibodies Binding to Cells 

B16F1, DM6, and HepG2 cells were seeded at 1.5 x 103 cells per cm2 and allowed 

to grow until they reached roughly 80% confluence. After a wash with cold PBS, we 

harvested cells using dissociation buffer (Gibco) and a cell scraper. Resuspended cells 

were filtered through a 70μm cell strainer to remove any remaining clumps, and then 

counted manually with a hemocytometer. Cells were washed twice with 1ml 0.5% BSA 

in HBSS, and then isotype control IgG or monoclonal anti-GRP78 antibodies N88, C38, 

or C107 were added at a range from 2μg to 32μg in 0.5%BSA/HBSS per 106 cells and 

incubated for 1h at 4°C. After two washes with 1ml 0.5% BSA/HBSS, secondary anti-

mouse IgG Fab-FITC was added to the cells at 1μg/106 cells in 0.5%BSA/HBSS and 

incubated for 1h at 4°C in the dark. Cells were then washed twice with 1ml HBSS, and 

then resuspended in 1 ml hbss. 200μl of each sample was transferred to a 96 well plate, 

and then 5ul 7-AAD was added to each well. After a 20 minute incubation at room 

temperature in the dark, we assessed antibody binding on a Guava Easycyte Plus 

instrument (Millipore). Data analyses were performed using FlowJo version 7.5 

software. Dead cells were excluded from analysis by labeling with 7-AAD. 
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3.2 Results: Anti-GRP78 Hybridoma Characterization 

3.2.1. Initial Screening of Primary Clones.  

3.2.1.1 ELISA Screening Results 

Covance performed ELISA screening of 60 primary hybridomas then shipped 

cell culture supernatants (CM) for the 48 highest binders. The screening antigen used 

was the same rGRP78 as that used to immunize the mice for splenocyte production. 

Upon receipt of CM samples, we performed a series of ELISA screens to confirm the 

initial Covance screen and extend that information. First, CM were assayed against 

whole rGRP78, and clones that yielded a signal at least threefold greater than the plate 

background at a dilution of 1:50 were considered positive.  These positives are scored in 

Table 1, column B. The clones that positively reacted by ELISA with the C30 GRP78 

fragment are encoded in Table 1, column F.  

3.2.1.2 Western Blot Screening Results  

Next, we tested the primary hybridoma CM for the ability to immunodetect full-

length GRP78 by Western Blot, and clone positivity is indicated in Table 1, column A. 

Clones that were able to immunodetect the C30 fragment are indicated in Table 1, 

column C. Representative N44 and C30 slot blots are shown in Figure 16 A and B, 

respectively, below. There were several N44-reactive hybridomas, but only one 

(DU387.107) that reacted by WB with the C30 or C17 kDa fragments. This clone was 
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renamed simply C107 and chosen for subcloning. C107  All of the clones that reacted 

with either N44 or C30 also reacted with full-length protein (data not shown).  

 

 

Figure 17: Representative slot blots used for screening hybridoma reactivity 

against whole rGRP78 (Panel A), N44 (Panel B), and C30 (Panel C) portions of GRP78.  
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3.2.1.3 On-Cell Western Screening Results 

On-cell western analysis led to the discovery of several clones capable of 

recognizing cell-surface GRP78 on B16F1 (Fig. 18a) as well as 1-LN cells (Fig. 18b). The 

clones that were at least faintly positive when incubated at a dilution of 1:50 in three 

separate assays were considered positive, and this data is noted in Table 1, column E.   
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Figure 18: On-Cell Western screen of primary hybridomas. Panel A is screened 

against B16F1 melanoma cells, while Panel B is against 1-LN prostate cancer cells.  

3.2.1.4 Pep1 Epitope Screening 

Because the PI3K-agonist antibodies found in human cancer patients recognize 

an amino-terminal epitope that is precisely mimicked by the synthetic peptide 

CNVSDKSC (Pep1), we employed this peptide as a competitive reagent to identify 

possible Pep1-reactive hybridomas. This method uncovered only one clone whose 
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binding to rGRP78-coated plates was inhibited by pre-adsorption of the cell culture 

supernatant with Pep1 peptide. This clone is indicated in Table 1, column G. 

3.2.1.5 Primary Clone Isotyping 

The isotypes of all of the clones that bound positively to B16F1 and 1-LN cells by 

on-cell western, as well as two other clones with interesting ELISA and/or WB properties 

were determined using the Roche Isostrip kit according to the manufacturer’s protocol. 

These strip assays yielded very clear and complete results, which are found in Table 1, 

column F.   

3.2.1.6 Selection of Hybridomas for Subcloning 

We opted to pay for the subcloning and stabilization phases of development at 

Covance for three hybridomas. The first clone chosen was the amino-terminus-reactive 

(ELISA), on-cell western positive, Pep1-specific IgG1 DU387.88 (N88). The second was 

the carboxyl-terminus-reactive (ELISA, WB) IgG2b DU387.107 (C107). The third was the 

carboxyl-terminus-reactive (ELISA), on-cell western positive IgG2b DU387.38 (C38). 

These choices are recorded in Table 1, column H. 
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Table 1. Summary of Primary Hybridoma Characterization.  

Clone # 

Clone 

ID A B C D E F G H 

1 13         1 IgM-kappa     

2 69                 

3 72                 

4 89         1 IgM-kappa     

5 90                 

6 91                 

7 92   1             

8 95   1             

9 98 1 1             

10 99                 

11 107 1 1 1 1   IgG2b-kappa   Yes 

12 110                 

13 112                 

14 122                 

15 132         1 IgM-kappa     

16 88   1     1 IgG1-kappa Pep1 Yes 

17 9                 

18 25 1 1             

19 38   1   1 1 IgG2b-kappa   Yes 

20 39                 

21 65                 

22 93 1 1             

23 94 1 1             

  

 Table 1 continues on the next page.  

 

 

 

 

Clone # Clone A B C D E F G H 
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ID 

24 96                 

25 109   1   1   IgG1-kappa     

26 124                 

27 138 1       1 IgM-kappa     

28 139 1               

29 41   1             

30 86   1             

31 16                 

32 28                 

33 4                 

34 146         1 IgM-kappa     

35 63                 

36 104                 

37 71                 

38 76   1             

39 22 1 1             

40 81                 

41 10                 

42 128   1             

43 45                 

44 73   1             

45 87 1       1 IgM/IgG2b kappa     

46 115                 

47 78                 

 

 

 

3.2.2 Results: Characterization and Production of N88, C38, and C107 

mAbs  

3.2.2.1 N88, C38, and C107  Subcloning  

The ELISA binding results for the subclones our chosen hybridomas are listed in 

Tables 2, 3, and 4, respectively. We repeated our earlier characterization with these 

subclones, and saw essentially no difference, so we simply chose the highest ELISA-
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binding antibody producer from each subcloning for further expansion and 

characterization. These are highlighted in yellow.  

                                         Table 2: DU 387.88 Subcloning 

  

EIA Test 1 
4/1/2009 

Ag : GRP 78 

 

Bkg : 0.053 

  Resp 

Fld Abv 

Bkg 

  Results for Pos Control: 

number  2.06983333 38.1 

426 0.490 8.3 

112 0.476 8.0 

262 0.441 7.3 

430 0.423 7.0 

401 0.392 6.4 

291 0.387 6.3 

460 0.339 5.4 

129 0.339 5.4 

91 0.281 4.3 

474 0.231 3.4 

283 0.229 3.3 

92 0.209 2.9 
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Table 3: DU 387.38 Subcloning 

 

 

  

EIA Test 1 
3/31/2009 

Ag : GRP 78 

 

Bkg : 0.044 

  Resp Fld Abv Bkg 

  Results for Pos Control: 

number  2.32655 52.3 

64 0.870 18.9 

233 0.781 16.9 

467 0.736 15.9 

286 0.716 15.4 

410 0.696 14.9 

243 0.691 14.8 

14 0.675 14.5 

262 0.664 14.2 

29 0.650 13.9 

445 0.649 13.9 

478 0.640 13.7 
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                           Table 4: DU 387.107 Subcloning 

 

 

  

EIA Test 1 
2/5/2009 

Ag : GRP 78 

 

Bkg : 0.020 

  Resp Fld Abv Bkg 

  Results for Pos Control: 

number  2.1 102.6 

94 1.947 95.2 

78 1.853 90.6 

70 1.822 89.1 

371 1.785 87.2 

191 1.782 87.1 

467 1.763 86.2 

363 1.725 84.3 

87 1.720 84.0 

347 1.716 83.8 

195 1.711 83.5 

  

3.2.2.2 Ascites Fluid Production of Anti-GRP78 Monoclonal Antibodies 

The technicians at Covance reported no difficulties in expanding these three 

hybridoma cell lines nor in the ascites production post-implantation. A representative 

purification is shown below in Figure 19. Also included is sheep anti-GRP78 prepared in 

precisely the same fashion as the mAbs.   
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Figure 19: Coomassie-stained  SDS-PAGE gel of purified anti-GRP78 antibody 

preparations. Lane 1 contains a MW marker. Each sample lane contains 10μg of 

reduced IgG. Lanes are: 2, sheep polyclonal anti-GRP78; 3, mAb N88; 4, mAb C38; 5, 

mAb C107.   

The N88 ascites fluid yielded 2.3mg/ml fluid, while C38 and C107 yielded 4.2 and 

3.8mg/ml, respectively. These numbers are the means of three separate purification runs 

of 5ml batches of pooled ascites fluid.  
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3.2.2.3 Hollow-Fiber Bioreactor Production of mAbs 

 We adapted all three anti-GRP78 hybridomas to grow in serum-free hybridoma 

media before seeding into hollow-fiber cartridges at the Duke University cell culture 

facility. The cells were adapted step-wise every two days adding 20% more Gibco 

chemically defined hybridoma growth media, such that the cells were in serum-free 

culture within 8 days of adaptation. All three cell lines adapted without difficulty and 

greatly increased their IgG expression (Fig. 20)   As is clear in the coomassie-stained gel 

in figure 19, all three cell lines adapted well and continue to produce IgG at a high level.  
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Figure 20: Coomassie-stained SDS-PAGE separation under reducing 

conditions of hybridoma cell culture supernatants before and after adaptation to 

serum-free growth. Lanes are as follows: 1= MW marker, 2= N88 post-adaptation, 3= 

N88 pre-adaptation, 4= C38 post-adaptation, 5= C38 pre-adaptation, 6= C107post-

adaptation, 7= C107 pre-adaptation. 25μl of each supernatant was loaded for each 

condition.  

 

After seeding hollow fiber cartridges with hybridoma cells and allowing them to 

densely populate the cartridges, roughly 10ml of spent cell culture medium can be 

removed three times per week. As the cells become more acclimated to the bioreactor, 

their production of IgG approaches a high steady-state. Figure 21 demonstrates this 
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increasing productivity over one week, with samples taken on Monday, Wednesday, 

and Friday. 

 

Figure 21: Coomassie-stained SDS-PAGE separation under reducing 

conditions of hybridoma cell culture supernatants after one week of hollow fiber 

bioreactor acclimation.  

 

 After a rest of two days at 4°C, the spent fractions of cell culture supernatant 

developed a cloudy precipitate. We worried that that the precipitating substance was the 

IgG crashing out of solution, so we collected it by centrifugation at 14000 RPM and 

analyzed a small sample of each by SDS-PAGE. A representative analysis of this type is 

shown in Figure 22. 
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Figure 22: Coomassie-stained SDS-PAGE analysis of soluble and precipitated 

material from hybridoma cell culture supernatants. S= supernatant, and  P= pellet. 

 

While the insoluble precipitate contains a small amount of IgG detectable by 

SDS-PAGE and Coomassie staining (Fig. 22), the vast majority of the IgG remains in 

solution. After forcing the centrifuged supernatants through 0.2μm syringe-filters, they 

appeared completely clear. The apparent steady-state production of IgG by each of these 

bioreactors is approximately 3.8 mg/ml for N88, 1.8 mg/ml for C38, and 2.1mg/ml for 

C107. These figures are based on the yields of purified IgG recovered after binding to 

protein G affinity media. 
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3.2.2.4 Affinity Comparison of anti-GRP78 mAbs 

An apparent Kd for the mAbs was determined by an ELISA technique similar to 

the full-length rGRP78 capture antigen ELISA described above, but with a wider range 

of concentrations of antibodies. A non-linear regression fitting function in GraphPad 

Prism was used to determine a Kd(a), and the MW of IgG used in calculations was the 

standard 150 kDa.   

 

Figure 23: Binding curves of anti-GRP78 mAbs using rGRP78 as a capture 

antigen in an ELISA assay. 



 

64 

The C107 antibody proved to have the highest affinity, with a Kd(a) of 0.0004 

μg/ml or 2.67pM, followed by the C38 antibody, at 0.3278 μg/ml, or 2.19nM, and finally 

the N88 antibody, at 18.1μg/ml, or 0.12μM (Fig. 23).    

3.2.2.5 Akt Phosphorylation Studies with anti-GRP78 mAbs 

One major screening goal in the production of anti-GRP78 mAbs was to develop 

agents that could interfere with NH2-terminal domain signaling. Of all of the screened 

hybridomas, only C38 showed promise in this regard. Figure 24 describes the ability of 

C38 in cell culture supernatant to block the Akt activation characteristic of α2M* binding 

to GRP78 on B16F1 cells.  
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Figure 24: The C38 mAb inhibits α2M*-induced Akt phosphorylation in B16F1 

cells. Along the X-axis are labeled the media treatments. C38 dilutions are from 1:100 

to 1:62500. P-Akt is assayed by ELISA.  

In this assay using the physiologic GRP78 agonist α2M* , C38 is able to nearly 

completely abrogate Akt activation. The IgG2b isotype control does not inhibit α2M* 

sigtnaling, and C38 does not cause Akt activation on its own.  
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We investigated the capacity of the N88 antibody to induce signaling as an α2M* 

mimetic due to its specific epitope, which is shared by the agonist autoantibodies found 

circulating in human cancer patient sera.  

 

 

Figure 25: Monoclonal N88 stimulates Akt activation in B16F1 cells in a PI3K-

dependent manner. mAb C38 blocks this effect.  
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 The N88 IgG-containing cell culture supernatant stimulated Akt phosphorylation 

much the same as α2M*, in a dose-dependent manner. Importantly, this effect was also 

completely inhibited by the mAb C38. The PI3K dependence of this Akt activation was 

demonstrated through use of the specific PI3K inhibitor, LY294002. We repeated this 

experiment with the human melanoma cell line, DM6. The results are very similar, and 

they are found in Figure 26.  
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Figure 26. Monoclonal N88 stimulates Akt activation in DM6 cells in a PI3K-

dependent manner. mAb C38 blocks this effect. 

3.2.2.6 Pro-apoptotic Effects of Carboxyl-terminal Antibodies 

We investigated the capacity of different anti-GRP78 mAbs to induce apoptosis 

in cell culture models in vitro. Specifically, we used B16F1 cells to screen primary 

hybridoma cell culture supernatants for apoptotic activity. Using the Roche Cell Death 
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ELISA kit according to manufacturer’s instructions, we found only one mAb capable of 

causing B16F1 chromatin fragmentation: C107.  

 

Figure 27: mAb C107 induces B16F1 apoptosis.  

A representative apoptosis assay using mAbs purified from ascites fluid is 

shown in Figure 27. C107 is able to cause a nearly three-fold increase in chromatin 

fragmentation, while C38, N88, and the isotype control antibodies have no effect.  

We sought to extend this finding to another surface-GRP78-positive cell line, the 

human hepatoma-derived HepG2. Using antibodies purified from ascites fluid, we 

performed a caspase 3/7 activation assay (Promega) on HepG2 in a 96-well plate. Our 

findings were not exactly as expected (Fig.28).  
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Figure 28: Effects of mAbs on HepG2 apoptosis. The units for the Y-axis are 

relative luminescence units (RLU).  

The C107 antibody caused a small amount of caspase activation at 0.1μg/ml, but 

this effect decreased as the antibody concentration increased. C38, on the other hand, 

induced caspase activation increasingly up to the highest antibody concentration 

assayed, 10μg/ml, and its effect here was comparable to the positive control 

staurosporine.  
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3.2.2.7 Testing Monoclonal Antibody Binding by Flow Cytometry  

We performed flow cytometry on several cell lines using the three anti-GRP78 

MABs. Figure 29 demonstrates representative flow results using B16F1, DM6, and 

HepG2 cell lines. The light blue lines represent the mAb binding, while the black lines 

are for the isotype controls.  

 

Figure 29: Flow cytometric analysis of N88, C38, and C107 monoclonal 

antibody binding to B16F1, DM6, and HepG2 cells. 
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In this analysis, only the C38 mAb was competent for flow cytometry surface 

GRP78 binding. While the signal shift profiles were different for each of these three cell 

lines, the only positive mAb was C38. 

3.2.2.8 Fab Generation and Functional Analysis 

We incubated our three mAbs with sepharose-immobilized papain (Pierce) 

exactly according to the manufacturer’s instructions in order to digest the antibodies 

into Fab and Fc fragments. The optimal digestion time was determined to be 5h. The Fc 

fragments were removed from the digestion reactions via Protein A binding, and the Fab 

flow-through was buffer-exchanged for PBS. A typical result of this process is shown in 

Figure 30. 

The N88-Fab retained none of the PI3K-agonist activity of the whole N88 

antibody as assayed by Akt activation in B16F1 cells. This relationship also held true for 

the C107 antibody, whose capacity to induce B16F1 apoptosis was abrogated by papain 

digestion.   
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Figure 30: Papain-digested Fab fragments. Lane 1 contains MW marker, while 

lanes 2,3,4 contain reduced samples of N88, C38, and C107 purified Fab fragments, 

respectively. 
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4. In Vivo Application of Anti-GRP78 mAbs to B16F1 

Herein are described the methods and results for three B16 flank tumor studies 

designed to assess the effects of anti-GRP78 monoclonal antibodies on tumor growth 

characteristics 

4.1Materials and Methods 

4.1.1 Monoclonal Antibodies 

We produced and characterized N88, C38, and C107 anti-GRP78 mAbs as 

described in Chapter 3. For the mouse studies described here, we used exclusively 

ascites fluid-derived mAbs. All affinity media and disposable vessels employed in mAb 

purification were sterile and pyrogen-free, and to further ensure the safety of the 

animals in these studies, we routinely assessed endotoxin levels by LAL assay. 

4.1.2 Cell Culture 

B16F1 cells for implantation in mice were maintained and passaged as described 

in Chapter 2 of this document. 

4.1.3 Tumor Studies 

We performed a total of three tumor studies, all with the B16F1 flank tumor 

model. In the first study, we delivered antibody to the mice before the tumors were 

implanted, then followed the mice to the same endpoints as in the tumor study in 

Chapter 2. In the second, the antibody delivery schedule was the same, but we sacrificed 
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all of the mice at tumor day 14 in order to harvest smaller tumors for histological 

analysis. Finally, in the third study, we injected the tumors before antibody 

administration, in an effort to more closely model a treatment scenario. 

4.1.3.1 Study 1 

One hundred and twenty 4-6 week-old female C57BL/6 mice were randomized 

into 6 groups of twenty each for assignment to the following groups: N88, C38, C107, 

IgG1, IgG2b, and PBS alone. The mice received ear punches to identify them 1-5 per cage. 

We injected 200μg of IgGs in PBS or 200μl of PBS alone into each mouse IP. 5 days later 

we implanted 5000 B16F1 melanoma cells subcutaneously in the right flank exactly as 

described in Chapter 2. The mice received another half-dose of IgGs at 14 days after the 

first IgG injections, and then again every 14 days thereafter. Flank tumor growth was 

measured manually by digital caliper and the mice were sacrificed when their tumors 

reached 2cm3. We dissected out their tumors and divided the tumors in two parts; one to 

be fixed in neutral-buffered formalin and one to be frozen in vapor-phase nitrogen.  

4.1.3.2 Study 2 

Sixty 4-6 week-old female C57BL/6 mice were randomized into 6 groups of ten 

each for assignment to the following groups: N88, C38, C107, IgG1, IgG2b, and PBS alone. 

The mice received ear punches to identify them 1-5 per cage. We injected 200μg of IgGs 

in PBS or 200μl of PBS alone into each mouse IP. 5 days later we implanted 5000 B16F1 

melanoma cells subcutaneously in the right flank exactly as described in Chapter 2. The 
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mice received another half-dose of IgGs at 14 days after the first IgG injections (tumor 

day 9), and then on tumor day 14, we euthanized all of the mice. We dissected out their 

tumors and divided the tumors in two parts; one to be fixed in neutral-buffered formalin 

and one to be frozen in vapor-phase nitrogen.  

4.1.3.3 Study 3 

Seventy 4-6 week-old female C57BL/6 mice were randomized into two groups of 

20 and three groups of 10 for assignment to the following groups: N88, C107 (20  mice 

each), IgG1, IgG2b, and PBS alone (10 mice each). The mice received ear punches to 

identify them 1-5 per cage. We implanted 5000 B16F1 melanoma cells subcutaneously in 

the right flank exactly as described in Chapter 2, and then 5 days later, we injected 

200μg of IgGs in PBS or 200μl of PBS alone into each mouse IP. The mice received 

another half-dose of IgGs at 14 days after the first IgG injections, and then again every 14 

days until the conclusion of the study. We dissected out their tumors and preserved 

them as described above.  

4.1.3.4 Histological Analysis 

We shipped samples of two tumors from each group of mice in Study 3 to a 

laboratory of a collaborator that is very well-equipped to perform all of the 

histochemical and immunohistochemical analyses that we could desire. These include 

staining for GRP78, GRP94, Akt, p-Akt, Ki67, CHOP/GADD153, and several other UPR 

markers of interest. We await results for this section.  
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4.2 Results 

4.2.1 Tumor Study 1 

 The growth curves for the tumors in Study 1 are plotted by day post-

implantation in Figure 31.  

 

Figure 31: B16F1 flank tumors growing in mice pretreated with mAbs against 

GRP78. 

The tumors in the N88-pretreated group grew at a significantly more rapid pace 

as compared to the controls or the C38 group. C107 pre-treatment significantly slowed 

the growth of these tumors with the same comparisons made (P<0.05, 2-way ANOVA 

followed by Bonferroni post-test).   
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A Kaplan-Meier analysis of the survival data from Study 1 is located in Figure 32. 

 

 

Figure 32: Survival proportions in a GRP78 mAb prophylactic study of B16F1 

flank tumor growth. 

 

 Prior administration of the C107 mAb conferred a statistically significant survival 

advantage to those mice (P<0.05, log-rank test). The C107 group’s median survival time 

was 25 days, as compared to the 21 day median for the control animals.  

The N88-treated group had a median survival of 19 days, trending toward accelerated 

death but not reaching statistical significance.  
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4.2.2 Tumor Study 2 

While the tumors in this study grew essentially in the same pattern as in Study 1, 

up to sacrifice at tumor day 14, we are waiting for the immunohistochemical analysis to 

be completed. This subsection is therefore a placeholder for now.  

4.2.3 Tumor Study 3 

In this study, we implanted the tumors 5 days before antibody administration 

and then monitored tumor growth and mouse survival. The effects of the mAbs on 

tumor growth were comparable to the effects observed in the prophylactic Study 1. The 

N88-treated group trended toward accelerated growth, but did not achieve statistical 

significance in this study. The C107 group, however, again had a significant growth-

inhibitory effect on the tumors (P<0.005, 2-way ANOVA followed by Bonferroni post-

test)(Fig. 33).    
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Figure 32: Treatment of B16F1 flank tumors with anti-GRP78 mAbs 5 days 

after flank tumor injection.   

Again, in this study the administration of the C107 mAb alone conferred a 

significant survival advantage on the animals in that group as compared to controls or 

the N88 mAb (P<0.005, log-rank test)(Fig. 34). All of the other groups were statistically 

similar with respect to survival.  
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Figure 33: Survival proportions in a GRP78 mAb prophylactic study of B16F1 

flank tumor growth. 
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5. Discussion  

5.1 Autoantibodies Against GRP78 Promote Tumor Growth 

A humoral response against GRP78 is correlated with a poor prognosis in 

prostate cancer(Mintz, Kim et al. 2003), and we have previously demonstrated the in 

vitro mitogenic potential of prostate cancer patient-derived anti-GRP78 IgG on the 1-LN 

and DU145 prostate cancer cell lines, as well as the DM413 melanoma cell line(Gonzalez-

Gronow, Cuchacovich et al. 2006). Circulating antibodies to GRP78  are also associated 

with ovarian carcinoma (Chinni, Falchetto et al. 1997) and have been employed 

experimentally to distinguish women with benign masses from those with frank ovarian 

carcinomas(Taylor, Gercel-Taylor et al. 2009). We have detected anti-GRP78 antibodies 

in melanoma patients, and their titers increase with time after diagnosis with metastatic 

melanoma (unpublished observations, Dr. Mario Gonzalez-Gronow). Our current 

results taken together with previous studies suggest that a humoral response against 

GRP78 is not only a marker of cancer progression, but also a contributor to tumor cell 

proliferation and malignant behavior in vivo.  

 Here we present the first experimental evidence that humoral immunity 

against GRP78 can hasten the growth of tumor in vivo. In order to actively immunize 

animals against GRP78 and then observe an effect on a tumor challenge, a syngeneic 

tumor model is necessary, and the tumor cells employed must express cell-surface 
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GRP78. Our observations that a human melanoma line responds pro-proliferatively to 

anti-GRP78 IgG (Gonzalez-Gronow, Cuchacovich et al. 2006) and that similar antibodies 

arise in melanoma patients led us to the B16 melanoma model.  

The B16F1 line is frequently used in flank tumor models, however, there is no 

published characterization of B16 cell surface presentation of GRP78.  Our cell-based 

ELISA analysis of surface expression on B16F0, B16F1 and B16F10 revealed significant 

amounts of GRP78 on all three cell lines. Interestingly, their expression (Fig.7) increases 

in order of increasing metastatic potential(Fidler 1973; Nakamura, Yoshikawa et al. 

2002). We have observed the same relationship with PC3 and 1-LN prostate cancer cells; 

namely, the more aggressive 1-LN subclone of PC3 also expresses more surface GRP78 

(13,16).  

The robust anti-GRP78 responses reported here (Fig. 10a) are consistent with 

previous observations of the immunogenicity of this protein in studies of rheumatoid 

arthritis(Blass, Union et al. 2001; Cuchacovich, Gatica et al. 2001; Purcell, Todd et al. 

2003). In the mouse melanoma model employed here GRP78 also is an autoantigen, 

since we employed recombinant murine protein for immunization. We were able to 

mimic the humoral anti-GRP78 response seen in human cancers, since the dominant 

human epitope was very well represented in our experimental antisera (Fig.10b). In our 

study, GRP78 immunity caused B16F1 flank tumors to grow substantially faster than in 

PBS-adjuvant control mice (Fig. 14a) or naïve mice (data not shown). Moreover, the 
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GRP78-immunized mice experienced significantly shorter survival than the controls. 

Given the very fast growth of the B16F1 tumor, achieving significance with relatively 

small groups of animals indicates a very robust effect of GRP78 immunity on tumor 

growth.  

The PI3K/Akt axis signaling downstream of GRP78 ligation by its ligand 2M* 

has been extensively characterized (8,15,16). Because the dominant GRP78 epitope in 

human cancer corresponds to the 2M*-binding region, we hypothesized that cell-

surface GRP78 ligation by agonist autoantibodies would drive tumor growth. We 

applied antisera derived from terminal bleeds of the tumor-challenged mice in this 

study to melanoma cells in vitro to test this mechanistic hypothesis. Antisera raised 

against GRP78 strongly induced Akt phosphorylation in both the B16F1 cell line and the 

human DM6 cell line (Fig. 15a-b), as did purified anti-CNVSDKSC IgG from such 

antisera. This finding indicates the cross-species biological significance of an 

immunologic response to GRP78 and validates the relevance of our murine model to 

human cancer. Moreover, we have demonstrated the significance of the dominant 

human epitope by depleting the mitogenic potential of GRP78 antiserum by affinity 

chromatography against CNVSDKSC peptide.  Similarly, we confirmed the downstream 

effect of anti-GRP78 antiserum Akt activation on proliferation in both murine and 

human cell lines (Fig. 16a-b). Both Akt activation and proliferative responses were 

completely compromised by the inhibitor LY29004, which indicates the PI3K 
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dependence now canonical for GRP78-mediated signaling. This potentiation of cellular 

proliferation alone provides intriguing evidence for the pathogenic role of anti-GRP78 

autoantibodies in tumor growth, but other downstream effects of Akt activation beg 

examination for their contributions as well.    

In summary, we have demonstrated the utility of syngeneic melanoma modeling 

of the humoral response to GRP78 observed in human cancer. Considering that 

autoantibodies that react with cell-surface GRP78 are also observed in prostate(20) and 

ovarian carcinomas(Chinni, Falchetto et al. 1997; Taylor, Gercel-Taylor et al. 2009), 

future studies employing the syngeneic TRAMP murine prostate tumor line and ID8 

murine ovarian tumor line may broaden the significance of our findings. The ultimate 

goal of such studies should be therapeutic interference with cell-surface GRP78 ligation 

and/or signaling, whether driven by autoantibodies or the physiological ligand α2M*. 

While anti-GRP78 autoantibodies arise in patients with several types of cancer, all cancer 

patients will have high local concentrations around tumors of activated α2M. This is 

because α2M is a broad-range protease inhibitor, and tumor cells as well as tumor-

associated leukocytes tend to release significant amounts of proteases. Therefore, any 

tumor with functional cell-surface GRP78 may be inhibited by agents interfering with 

α2M* or anti-GRP78 IgG signaling. Our approach to this therapeutic opportunity was to 

develop anti-GRP78 monoclonal antibodies (mAbs). 
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5.2 Generation, Characterization, and Production of mAbs 

There are several mAb-based therapies targeted at various cell surface proteins 

in several diseases, including RA and several malignancies. When developed and 

applied conscientiously, this is a reasonable approach to therapeutic development. The 

high cost of biological agents in general, however, remains a major barrier to 

development, and particularly to patient access.    

The immunization of Balb/c mice at Covance with our rGRP78 emulsified in the 

TiterMax Gold® adjuvant elicited a robust humoral polyclonal response, with the 

highest endpoint titer of mouse DU387 at nearly 1:150000. The results of the splenocyte 

fusion were altogether positive, as we were able to isolate several interesting primary 

clones. We chose to have three of them subcloned and stabilized for further analysis.  

 Our choices of which clones to pursue were based on our initial characterizations 

and which ones we thought most likely to have an effect on GRP78+ tumors in vivo. The 

results of our GRP78-immunization and tumor challenge study in Chapter 2 of this 

document indicate that the net effect of an anti-GRP78 humoral response is to accelerate 

tumor growth. A limitation of that study, however, arises from the polyclonal nature of 

the mouse anti-GRP78 antibody repertoire. While cancer patients produce almost 

exclusively an NTD-binding, cell-activating autoantibody(Gonzalez-Gronow, 

Cuchacovich et al. 2006)(also unpublished results, communicated by Dr. Mario 

Gonzalez-Gronow), our mice produced a mixture of NTD and CTD- binding antibodies. 
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These different antibodies may have significant competitive effects and thus hinder the 

modeling of human cancer in animals. One of our goals was to find a CNVSDKSC 

(Pep1)- specific IgG-producing clone to mimic the anti-Pep1 human cancer patient 

autoantibodies. Such an antibody would need to not only recognize the same epitope, 

but also trigger the GRP78-PI3K-Akt signaling axis that our lab has characterized. This is 

precisely what we found in the DU387.88 (N88) hybridoma. Of all of the hybridomas 

screened in this study, only this clone produced an antibody whose GRP78-binding 

capacity was inhibited by the CNVSDKSC peptide. This characteristic alone made the 

N88 hybridoma highly desirable as a research reagent. In addition, N88 was on-cell 

western (OCW) competent, and unlike the other amino-terminal domain-reactive OCW 

positive clones (see Table 1 for a full summary), it is a gamma-type immunoglobulin, 

isotype IgG1. For unknown reasons, most of the NTD-binding clones produced IgM 

antibodies. We considered these less desirable for production purposes, and 

furthermore, 4/5 of such clones were only weakly reactive against rGRP78 in our ELISA 

re-screening. 

 Based on several studies recently published from our lab, we were keen to isolate 

CTD-binding antibodies with biologically relevant functions. Commercial polyclonal 

antibody preparations against peptides derived from the CTD of GRP78 induce a p53-

mediated apoptotic response in 1-LN prostate cancer cells, while inhibiting concomitant 

activation of PI3K as well as NF-κB pathways(Misra, Mowery et al. 2009; Misra, 
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Kaczowka et al. 2010; Misra and Pizzo 2010). Pro-apoptotic CTD-binding mAbs would 

provide potential therapeutic leads and a huge boon for investigations of cell-surface 

GRP78 function in vivo. We only identified three CTD-reactive hybridomas in our initial 

screens, and we chose two of them for further study. The C38 hybridoma was intriguing 

because, like the N88, it was not good for western blot application, but capable of 

binding in ELISA and on-cell western analysis. This pattern of reactivity implies a 

conformational epitope present on the cell and the ELISA plate, but which is no longer 

recognizable after reducing SDS-PAGE separation. Our initial investigations using 

B16F1 cells indicated that C38 did not cause apoptosis, however, it was capable of 

inhibiting α2M* and N88 signaling. We assume this effect is due to steric interference 

interference with ligand binding, as the α2M* binding site is in the amino-terminal 

44Kda, while C38 binds in the carboxyl-terminal 17kDa.  The C107 antibody was 

selected due to its capacity to induce apoptosis in B16F1 cells. It also possesses a very 

high affinity for GRP78 and is very useful in ELISA and WB applications.   

On-cell western analysis is complicated by the necessity for formalin fixation of 

the cells before staining, so we also performed several flow cytometric assays using 

these three antibodies. We have not found any cells that will be labeled by the N88 by 

flow cytometry, and only the PC3 prostate cancer cell line is labeled using the C107 

antibody. C38, on the other hand, has now proven useful for flow on B16F1, DM6, and 
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HepG2 (Fig. 29), as well as all eleven glioblastoma multiforme xenograft isolates that we 

have tested.  

While all evidence indicates that the entire GRP78 protein is present on the cell 

surface(Zhang, Liu et al. 2010), not all potential epitopes appear to be available on 

different cells at all times. In our apoptosis studies, the C107 mAb caused apoptosis in 

B16F1 cells, while the C38 did not. HepG2, in contrast, responded much more strongly 

to the C38 mAb. Another example is the discrepancy between the responsiveness of the 

PC3 prostate cancer cell line and that of its daughter cell line, 1-LN to the pro-

proliferative NTD-binding of α2M*. We have unpublished flow data to indicate that 

GRP78 is present on PC3 (using C107 mAb), however it does not signal in response to 

α2M*. We propose that interactions with other proteins, either constitutive or inducible, 

modulate the availability of GRP78 domains, and that this effect accounts for the 

variable behavior of cell-surface GRP78.   

5.3 Anti-GRP78 MABs Modulate Tumor Growth  

Based on our in vitro findings, we hoped to affect tumor growth in three possible 

ways. First, the administration of the PI3K agonist antibody N88 was essentially an 

extension of the rGRP78-immunization study described earlier in this document, as a 

major component of the humoral response mounted against GRP78 was specific for the 

same epitope as is N88. Second, we hoped to directly inhibit tumor growth through the 

use of CTD-binding mAbs, presumably through their induction of apoptosis. A third 
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possible mechanism in this study is the blocking of α2M* signaling in vivo, as we had 

observed with the C38 mAb in vitro. In our first mAb tumor study, we administered the 

antibodies before implanting the tumor cells in order to maximize the chance of an 

observable effect. B16 cell lines grow extremely rapidly, so the window of interventional 

opportunity in this model is very narrow.  

Our results are very encouraging. N88 accelerated tumor growth significantly in 

the first study, and the shortening of the N88 group’s survival trended towards 

significance. While the C38-treated group appeared to show tumor growth delay early 

in the study, this group’s tumors caught up with the control groups by tumor day 19 for 

no net effect on tumor growth. The C107 antibody, however did significantly slow 

tumor growth, and this result was repeated in the last mouse study, when the tumors 

were implanted 5 days before the administration of antibodies. In both of these studies, 

the C107-treated animals enjoyed a significantly longer median survival than their 

control-group counterparts.  

There are several possible mechanisms whereby CTD-binding anti-GRP78 

reagents could disrupt NTD-binding agonists. Three of them are stylized in Figure 35a-

d. First, a schematic of canonical GRP78 signaling subsequent to α2M* or autoantibody 

binding is depicted in Fig.34a.
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Figure 34: Schematic representations of GRP78 signaling. Panel A depicts normal GRP78 signaling. Panel B indicates a 

conformational shift upon CTD binding that dissociates members of the signaling complex. Panel C depicts steric hindrance 

between CTD-bound IgG and the NTD ligand α2M*. Panel C indicates complex internalization upon CTD binding. 
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One possibility is that the binding of a non-agonist such as C38 or C107 can 

induce a conformational change in GRP78 that is sufficient to dissociate one or several 

members from the signaling complex, thus rendering the surface GRP78 insensitive to 

future agonism (Fig.34b). A second hypothesis is that the bulky IgG competes with the 

even-larger α2M* for space, leading to steric hindrance and thereby inhibiting NTD 

agonism. Yet another idea is that perhaps a MAb binding the CTD leads to complex 

internalization, vacating GRP78 from the surface of the cell while rendering it 

unavailable for α2M* or agonist autoantibody binding. Whatever the case may be, there 

remains much experimentation to be done in order to answer this question.  

Cell-surface GRP78 is upregulated on a variety of cancers, and so we are actively 

pursuing investigations in non-melanomatous diseases. Our discovery of the presence of 

GRP78 on the surface of all of the GBM lines that we have tested (via the C38 mAb) has 

led us to begins trials of our anti-GRP78 mAbs in GBM xenograft models. We have 

identified GRP78 on the surface of the TRAMP murine prostate cancer model cell lines, 

and as prostate cancer patients are the best-characterized source of agonist 

autoantibodies against GRP78, we are also moving forward with the TRAMP model in 

vivo. 

The potential utility of cell-surface GRP78-modulating agents is not at all limited 

to direct effects on neoplastic cells. One of our collaborators has applied the N88 mAb to 
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their studies of endothelial cells and bladder cancer cell lines and found that it enhances 

tissue factor pro-coagulant activity, just as do the agonist autoantibodies purified from 

cancer patients (in press) . Furthermore, a collaborator here at Duke has accelerated 

murine skin wound healing using the N88 mAb, presumably through its pro-

proliferative effects on activated cells in the wound environment. Finally, there are at 

least two infectious diseases targets for GRP78 modulation. Dengue Fever Virus appears 

to use GRP78 as a co-receptor for cellular entry, and commercial antibodies have shown 

some effectiveness in manipulating viral infectivity(Jindadamrongwech, Thepparit et al. 

2004; Cabrera-Hernandez, Thepparit et al. 2007). Intriguingly, a recent study identified 

GRP78 as an obligate receptor for Rhizopus oryzae infection (mucormycosis) in diabetic 

mice (Liu, Spellberg et al. 2010).  
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