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ABSTRACT 

 

    Cancer immunotherapy seeks to boost the host’s immune system to respond to 

tumor antigens. The adaptive immune system comprises of two arms, one that elicits a 

cellular immune response and one that elicits a humoral immune response. Cytotoxic T 

lymphocytes (CTL) recognize short antigenic peptides presented to them in the context of 

class I major histocompatibility complex (MHC) molecules and are capable of killing 

tumor cells. CTL are educated to discriminate between foreign and self-antigen. Tumors 

frequently express self-antigen which usually makes them poorly immunogenic. Because 

tumors are genetically unstable, they may present excess self peptides and/or peptides in 

a reading frame different from wild type self proteins. These frameshift (FS) peptides, are 

caused by an insertion or deletion of nucleotides that disrupt translation of the normal 

reading frame and alters the protein produced such that it is non-self.   

Binding affinity, dissociation rate and the overall stability of the peptide/MHC/β2-

microglobulin complex are important considerations in determining the immunogenicity 

of a given peptide. Interaction between the anchor residues in a peptide and binding 

pockets in MHC are essential, but this interaction is not always strong enough to 

stimulate T cell responses. This indicates that not all amino acids of the peptide ligand 

bound to MHC are equally important for the functional outcome of the receptor 

engagement and that other amino acid residues in the sequence are important for binding.   
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Optimized peptide ligands (OPL) are analogues derived from natural wild type 

antigenic peptides that contain amino acid substitutions at anchor and auxiliary residues.  

OPL can be rationally designed to generate a more robust immune response compared to 

that of the wild-type peptide. Active immunotherapy using OPL of tumor antigen 

epitopes are designed to elicit tumor-specific CTL that can overcome tolerance and either 

re-awaken or elicit new T-cell responses to an antigen.  

The work and principles presented here using brain tumor-derived peptides 

demonstrates that HLA-A*0201-restricted CTL generated against wild type, frameshift 

and OPL peptides elicit CTL that were able to recognize and respond to wild type, tumor-

derived peptides.   The response was donor dependent in that not all individuals 

responded more strongly to OPL; a minority responded better to wild type peptide. This 

data further suggests that the rational design and testing of multiple peptides for the same 

epitope should elicit a broader response among different individuals than single peptide 

immunization.  
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CHAPTER I 

INTRODUCTION 

 

1.1 Preamble 

The incidence and mortality of brain tumor malignancies have remained 

unchanged over the past three decades [1-3]. Conventional treatments consisting of 

chemotherapy, radiotherapy, and surgical resection of the tumor site can help increase 

survival rates, but individuals with aggressive gliomas on average have a median survival 

rate of one year [4]. There is a fourth modality treatment option, immunotherapy, which 

is designed to boost the body’s immune system to destroy cancer cells. Active 

immunotherapy using vaccines composed of tumor antigens are currently being studied 

for use in a number of cancers[5]. However, identification and characterization of anti-

glioma CTL epitopes are limited to only a few tumor antigens [6]. 

The principal participants in immune rejection of tumors include antigen-specific 

CD8+ cytotoxic T lymphocytes (CTL) that are stimulated by the presentation of peptides 

on antigen presenting cells (APC) along with activated CD4+ T helper cells. This results 

in the expansion of antigen-specific CTL that lyse tumor cells that express the peptide/ 

major histocompatibility complex (MHC) complex. CTL react to antigens from normal 

cellular proteins whose epigenetic control results in the expression in cancer cells and to 

some extent on normal cells [7]. Creating a vaccine composed of these tumor associated 
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antigens (TAA) is problematic because of their distribution on normal, non-malignant 

cells. TAA are also more likely to induce immunological tolerance and are less likely to 

stimulate an effective T cell immune response [8]. A more viable antigenic determinant, 

tumor specific antigen (TSA), is one that is expressed only on tumor cells.  

One strategy to improve immunogenicity of tumor antigens is to optimize 

residues that play a critical role in the binding of the HLA molecule. The modification of 

non-optimal amino acids to preferred residues at primary and auxiliary positions can 

result in the generation of peptides with increased binding affinity for the HLA molecule 

and increased immunogenicity of the OPL compared to that of the wild-type tumor 

peptide. Optimizing tumor peptides with preferred amino acids may even elicit new CTL 

that cross-react with the wild-type tumor peptide. 

 
 
1.2  Literature Review 

Brain Tumors  

Malignant brain tumors, glioblastomas and anaplastic astrocytomas, have a 

propensity to grow rapidly. Astrocytomas, tumors that occur in part of the supportive 

neuroglial tissue of the brain account for half of the primary brain and spinal cord tumors. 

Glioblastomas, fast growing astrocytomas, are the most common and most malignant of 

the glial tumors. These tumors are found generally in the frontal and temporal lobes of 

the cerebrum. It is estimated that over twenty thousand individuals will be diagnosed with 

a primary brain tumor this year. Chemotherapy, radiotherapy, and surgery can prolong 



16 
 
 
survival however the median survival time with treatment in adults diagnosed with 

glioblastoma multiforme is approximately one year [1, 3, 4, 9, 10]. Experimental 

treatments in clinical trials have included improved radiotherapy techniques, 

modifications in chemotherapeutic agents, and immunization with various autologous 

tumor lysates but still there has been no significant change in survival rates over the past 

few decades [11]. Immunotherapy targeted at brain tumors may require adaptations to the 

constraints of the immune privileged central nervous system (CNS) however it appears 

that the passive transit blood-brain-barrier (BBB) may be compromised in such tumors 

allowing access to tumors by the immune system. Recent studies show that dendritic cells 

found in draining cervical lymph nodes present immunogenic glioma tumor antigens that 

were recognized by T cells [12, 13]. Under normal physiological conditions lymphocyte 

trafficking through the BBB is limited. Active lymphocyte movement across the BBB 

during disease, though still under investigation, is thought to follow the “capture, 

adhesion and migrating” paradigm of leukocyte trafficking, permitting T cells to infiltrate 

to the site of the tumor [14]. 

 
Cancer Immunotherapy 

 
The immune system can respond to cancer cells either by reacting against tumor 

associated antigens (TAA) or to tumor specific antigens (TSA) [15]. Normal cellular 

proteins, whose expression level is greater on cancer cells than on normal cells are known 

as TAA. Classification of TAA is based on their level of distribution of antigen within a 
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normal cell and their potential for tolerance. Most T cells reactive to self antigens are 

predisposed to be deleted during positive and negative selection in the thymus or by 

peripheral tolerance [16]. Recruitment of T cells to self antigen can overcome tolerance 

by over-expression of antigen on the tumor cell surface. Therapeutic cancer vaccine trials 

using Her-2 and MUC-1 TAA peptides for example have only shown limited patient 

responses, presumably due to low affinity T cells for the TAA peptide, but have provided 

valuable information for future trials [17-20].  In contrast to TAA, a natural advantage of 

TSA as immunogenic peptides and as targets for an effective immune response are that 

they are only present on the tumor cells, not normal cells [21, 22].  TSA can originate 

either from an exogenous source (such as those derived from viral proteins in virally-

associated tumors) or endogenously.  The latter subclass includes un-mutated proteins 

that might never have been presented to the immune system before, for example, some  

over-expressed embryonic or immune privileged antigens as well as mutated proteins that 

arise as a consequence of mutations in tumors [23].  Mutation-derived TSA can arise 

from point mutations, frame shift mutations, translocations, alternative splicing, and post 

transcriptional events.  TSA have a great advantage over self TAA as cancer vaccines as 

they likely preclude the risks of autoimmunity and systemic tolerance. 

 

Cytotoxic T Lymphocytes 

 
  Activation of T lymphocytes and their survival in the periphery are dependent on 

the T cell receptor (TCR) and signals from cytokine receptors. These two signaling 
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pathways play important roles in T cell development. Stimulation of the TCR delivers the 

primary recognition signal required for activation of T cells. The TCR has two functions; 

i) it must bind to the specific peptide/MHC molecule on the cell surface of the antigen 

presenting cell (APC) and ii) the binding should be converted into a transmembrane 

signal through the CD3 molecule which regulates successive cellular responses. The 

interaction of the TCR and peptide/MHC complex leads to the induced expression of 

CD40L on the T cell that interacts with the CD40 receptor on the APC. This in turn 

induces the expression of CD80 or CD86 on the APC that stimulates CD28, co-

stimulatory molecule on the T cell, which regulates the transcriptional activity of IL-2 

(secondary signal). Once T cells have differentiated into effector cells they can respond 

upon an encounter with its specific antigen without the need of co-stimulatory signals. 

CD8+ T cells that have differentiated into effector CTL can re-circulate into the periphery 

and kill cells that present the peptide/MHC complex. Thus, the interaction between the 

TCR and peptide/MHC complex plays a crucial role in the adaptive immune response. 

Therefore, determining the interaction between tumor peptides and tumor-specific CTL 

will play an important role in antitumor immunity.  

 

MHC class I molecules 

 

CTL recognize peptide/major histocompatibility complex (MHC) class I 

complexes on the cell surface of virally infected cells and tumor cells. The 

immunogenicity of the peptide /MHC/β2m complex is reliant on the ability of the peptide 
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to efficiently bind to the class I binding groove which includes; high binding affinity to 

activate a T cell, a low dissociation rate to retain the peptide in the binding cleft and an 

overall stability of the tri-mer complex. MHC class I molecule binding site is comprised 

of an eight strand anti-parallel sheet with two polymorphic alpha helices (α1 and α2 

domain) that binds to endogenously synthesized proteins and presents them on the cell 

surface. The α3 domain non-covalently binds to the β2m light chain to form a 

heterodimer. Class I peptides are on average 8-10 amino acids in length and are in 

general restricted by a conserved network of hydrogen bonds at the amino- and carboxy-

termini. The MHC surface that interacts with ligands contains pockets of different sizes, 

hydrophobicity, microenvironments, and charges.  

The MHC class I genes in humans are called human leukocyte antigen (HLA). 

There are three major class I α-chain genes, HLA-A, -B, and -C. Within these genes there 

is a high degree of polymorphism. There are approximately 580 HLA-A alleles, 920 

HLA-B alleles, and 310 HLA-C alleles [24]. The HLA-A2 allele is the most diverse 

allele family in the HLA-A gene locus and has been called a “supertype” [25, 26]. There 

are to date 35 known HLA-A2 alleles within the supertype, and many sub-alleles within 

HLA-A2 share the same binding motifs and will bind the same peptides. HLA-A2 is 

frequent in all ethnic groups as well [27]. Early studies show that an estimated fifty 

percent of the Caucasian population is HLA-A2 positive. Of this percentage, over ninety-

five percent are most likely to express on their cell surface the HLA-A*0201 allele [28].  

HLA-A2 is widely present in the human population regardless of ethnicity therefore it 

can be considered a valuable target for the design of peptide-based vaccines.    
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HLA-A*0201 Restricted Peptides 

 

HLA-A*0201 class I molecules present peptides that are commonly eight to ten 

amino acids in length and are non-covalently bound in the cleft of the binding groove in 

primary anchor residues [29]. The binding region of the HLA-A2 molecule contains at 

least six pockets (A-F) with the amino-terminus end of the peptide anchored in pocket A 

and the carboxy-terminus anchored in pocket F [30]. The TCR interacts the MHC 

molecule along with the middle of the class I peptide that protrudes out of the binding 

groove [31, 32].  

 The HLA-A2 peptide binding motif was elucidated by immunopreciptitation, 

where detergent lysates from the human B lymphoblastoid cell line C1R-A2.1 and JY cell 

line were run over monoclonal antibody BB7.2 affinity columns.  Primary anchor 

residues were then identified from peptides eluted from the HLA-A2 molecules[29, 

33].These early studies show that the peptides that bind to the HLA-A2 molecule are on 

average nine amino acids in length with P2 and P9 as primary anchor residues [29]. 

These two positions are important, but not sufficient to bind to class I alleles and studies 

have demonstrated the importance of auxiliary anchor residues for the formation of a 

stable peptide-HLA class I complex [33-37]. 

 Using a novel synthetic random peptide library screening technique, HLA-

A*0201 secondary anchor residues were elucidated [38, 39]. This one-bead one-peptide 

screening assay allowed testing of a large selection of peptides for the identification of 

other binding residues. The assay was performed by incubating baculovirus-produced 
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human recombinant HLA-A*0201 molecules in the presence of human β2m and random 

nonamer peptide beads. The HLA-A*0201/ β2m molecules that formed stable complexes 

with the peptide beads were identified by using an anti-MHC class I monoclonal antibody 

W6/32 that recognizes MHC/β2m complexes. Positive stained beads were sequenced to 

identify HLA-A*0201 binding motifs. Also identified using this technique were 

secondary anchor residues; aromatic amino acids, especially phenylalanine (F) were 

preferred in the P1 and P3, a preference for leucine (L) was found at P2 and valine (V) in 

P9. Additionally, it was observed that a charged amino acid, glutamic acid or aspartic 

acid, was often present in P4 in peptides that bound the HLA-A*0201 molecule [39]. 

 

Tyrosinase Related Peptide-2 

 
Tyrosinase related protein-2 (TRP-2) is a 519 amino acid membrane protein that 

displays DOPAchrome tautomerase activity involved in biosynthesis of melanin [40]. 

Because both melanocytes and glial cells are derived from common neural ectoderm, 

studies show that melanomas and gliomas share common biological properties as well as 

tumor antigens [41-44]. Parkhurst et al. identified a HLA-A2 restricted peptide TRP-2 

(SVYDFFVWL, residues 108-188) as an immunogenic peptide in melanoma [45].  

Approximately eighteen thousand people in the United States will be diagnosed 

with malignant primary brain tumors in 2008. Half of these individuals will be identified 

as having glioblastoma multiforme (GBM) that express the antigenic peptide TRP-2. 

Prognosis for patients diagnosed with GBM is grave with a median survival time of less 
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than one year [1, 4, 9, 10, 46, 47]. Over-expression of this tumor antigen shows resistance 

to chemotherapeutic agents which compounds the seriousness of this malignancy [48, 

49]. Over-expression of TRP-2 on cancer cells compared to that of normal cells, however 

also makes this an ideal target for cancer immunotherapy which seeks to elicit or boost 

the host’s immune response to the antigen.  

It was once thought that the immune system had limited access to the central 

nervous system (CNS). More recent studies show that the once immune privileged CNS 

is not isolated and that limited T cell trafficking does occur [50]. Though there is a 

concern with immunizing with tumor associated antigen, studies have shown the safety of 

immunization with the HLA-A2+ peptide, TRP-2. However, the immune response as a 

result of immunization has shown limited positive results [49, 51, 52]. T cell responses 

directed against tumor self antigen may have an affinity low enough to escape negative 

selection in the thymus and thus may not be functionally capable of eliciting an effective 

immune response [53-55].   

 
Frameshifts 

Another sub-class of TSA is that caused by frameshifts (FS) or other alterations 

that cause neopeptide expression. One of the consequences of transformation from a 

normal cell to a cancer cell is that DNA replication and RNA processing become more 

error prone, while DNA repair becomes less robust [56].  These and other aspects of 

basic cellular machinery may become more relaxed leading to an increase in the 
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When such mutations occur in the coding regions of proteins, the resulting shift in 

reading frame gives rise to the synthesis of truncated proteins that have lost their normal 

function.  These truncated pro

progression [57].  Given that 1) on average a fra

amino acids or less before encountering a stop codon, and 2) the MHC I binding pocket 

accommodates 8 to 10 amino acids, most FS peptides should fit into this pocket with 

appropriate intracellular trimming.  Furthermore

immunogenic and are expresse

antigens have strong potential as

Figure 1.1. One base pair deletion (+1 Frameshift)
following reading frame. 

frequency of frameshift mutations where non-triplets of new bases are inserted into or 

FS may be commonly produced as a result of improper exon joining 

(Figure 1.1)  

When such mutations occur in the coding regions of proteins, the resulting shift in 

reading frame gives rise to the synthesis of truncated proteins that have lost their normal 

function.  These truncated proteins may or may not contribute to tumor formation or 

.  Given that 1) on average a frameshifted gene would be translated 20 

amino acids or less before encountering a stop codon, and 2) the MHC I binding pocket 

amino acids, most FS peptides should fit into this pocket with 

appropriate intracellular trimming.  Furthermore, these nonsense proteins 

and are expressed predominantly in tumor cells suggesting

have strong potential as vaccine candidates.   

One base pair deletion (+1 Frameshift) in gene changes the 
 

23 

triplets of new bases are inserted into or 

FS may be commonly produced as a result of improper exon joining 
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Optimized Peptide Ligands 

 
Binding affinity, dissociation rate and the overall stability of the peptide/MHC/β2 

complex are important considerations in determining the immunogenicity of the class I 

molecule [53-55, 58]. MHC class I molecule contains an eight strand anti-parallel sheet 

with two polymorphic α helices (α1 and α2) to form the peptide binding groove that binds 

to endogenously synthesized proteins and presents them on the cell surface. Class I 

peptides are on average 8-10 amino acids in length and are restricted by a conserved 

network of hydrogen bonds at the amino- and carboxy-termini of the MHC molecule. The 

MHC surface that interacts with the ligand contains pockets of different sizes, 

microenvironments, hydrophobicity and charges. Interaction between the anchor residues 

and binding pockets are essential, but they are not sufficient to generate high affinity 

peptides that bind to their class I alleles. This indicates that not all amino acids of the 

bound ligand are equally important for the functional outcome of the T cell receptor 

engagement and that other amino acid residues in the peptide sequence are important for 

binding [34, 35, 37]. Optimized peptide ligands (OPL), analogues derived from antigenic 

peptides with amino acid substitutions at anchor and auxiliary residues, can be designed 

to generate a more robust immune response compared to that of the wild-type peptide. 

The rational design of an OPL from combinatorial peptide libraries suggest that altering 

the peptide sequence at positions (P)1-4 to preferred amino acids in a class I molecule 

can increase binding energy [38, 59].  An increase in the binding affinity between the 

MHC molecule and the class I peptide retains the peptide in the binding groove longer 
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(slow off rate) allowing for multiple interactions with T cell receptors on the cell surface.  

In theory, this should result in expansion of the number and diversity of T cells that 

respond to the peptide. 
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1.3  Hypothesis and Specific Aims 

In this study, preferred anchor and auxiliary HLA-A*0201 binding amino acids 

were substituted into TRP-2 and KLWG-12 peptide epitopes. It was hypothesized that the 

optimization of these tumor-derived peptides would increase the binding affinity of the 

peptides to the HLA-A*0201 molecules compared to that of the wild type or native 

peptide. This would then result in an activation of CTL specific for the wild type tumor 

peptides. 

  

The specific aims for this study were: 

1. To generate a rationally designed optimized peptide ligands (OPL) for the 
immunodominant peptide derived from TRP-2. 
 

2. To generate a rationally designed OPL for frameshift (FS-OPL) KLWG-12 
epitope. 
  

3. To evaluate the binding affinity of the tumor OPL and FS-OPL for the HLA-
A*0201 molecule. 
 

4. To determine the ability of TRP-2 OPL to stimulate CTL specific responses from 
healthy HLA-A*0201 donors. 
 

5. To determine the ability of KLWG-12 epitope (KLWG-9) FS-OPL to stimulate 
CTL specific responses from healthy HLA-A*0201 donors. 
 

6. To determine if OPL or FS-OPL specific CTL cross-react with wild-type tumor 
peptide. 
 

7. To determine if OPL or FS-OPL specific CTL lyse tumor cells expressing wild-
type peptide. 
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CHAPTER II 

VARIATION IN CTL RESPONSES TO PEPTIDES DERIVED FROM 

TYROSINASE RELATED PROTEIN-2 [60] 

 

2.1  Overview 

In this study, we designed three optimized peptide ligands (OPL) by combining 

amino acids from the tumor associated peptide tyrosinase related peptide-2 (TRP-2) (180-

188) with preferred primary and auxiliary anchor residues identified from a peptide library 

screening [39]. It was hypothesized that OPL would show increased affinities for HLA-

A*0201 compared to wild type TRP-2 peptide and that CTL raised on OPL would cross-

react with wild type peptide presented on tumor cells. 

To evaluate the effect of the amino acid substitutions in the TRP-2 peptide we 

generated CTL lines against wild type TRP-2 peptide and OPL from HLA-A2*0201+ 

healthy individuals.  CTL reactivity profiles amongst 6 normal donors were evaluated for 

cross-reactivity with the wild type TRP-2 peptide.     

The results of this study further substantiate the concept that rational design and 

testing of multiple peptides for the same T cell epitope should elicit a broader response 

among different individuals than single peptide immunization.  Our results may partially 

explain why some patients have better clinical responses to peptide-based 

immunotherapy while others respond poorly. 
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2.2 Materials and Methods 

HLA-A*0201-Binding Synthetic Peptides 

 

The following HLA-A*0201-binding peptides were used in this study: TRP-2 

(SVYDFFVWL), OPL2.1 (FVYDFFVWL), OPL2.2 (FLYDFFVWL) and OPL2.3 

(FLFDFFVWL); Hepatitis B core antigen (FLPSDYFPSV, residues 18-27); and 

influenza virus matrix peptide (M1: 58-66, GILGFVFTL).  Peptides were synthesized 

using standard FMOC chemistry and purified by HPLC to >90%. 

 
Cell Lines, Media and Antibodies 

 
 
T2 cells (HLA-A*0201+) were used as antigen presenting cells (APC) for  

 
ELISPOT and chromium-51 release assays. T2 cells were cultured in RPMI 1640  
 
supplemented with 10% heat-inactivated FBS, 25,000 U/ml Penicillin-Streptomycin and  
 
29.2 mg/ml L-glutamine (Lonza, Walkersville, MD) and 250 µg/ml Amphotericin B (MP  
 
Biomedicals, Aurora, CA). Glioblastoma cell lines, CRL2610 and U87, were typed for  
 
HLA-A2 positivity by antibody staining with an anti-HLA-A2 antibody, BB7.2  
 
conjugated with FITC (BD Biosciences, San Jose, CA).  In addition, all cell lines and  
 
PBMC were confirmed HLA-A*0201 by high resolution DNA typing. TRP-2 expression  
 
was confirmed by RT-PCR and western blotting.  Primer sequences used were Fwd 5’  
 
GAG GTG CGA GCC GAC ACA AG-3’ and Rev 5’ CGG TGC CAG GTA ACA AAT  
 
GC-3’[41]. Tumor cell lines were cultured in DMEM supplemented with 10% fetal  
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bovine serum 25,000 U/ml Penicillin-Streptomycin and 29.2 mg/ml L-glutamine (Lonza,  
 
Walkersville, MD) 250 µg/ml Amphotericin B (MP Biomedicals, Aurora, CA). 
 
 
 
Collection of TGF-β1 Supernatants from Tumor Cells 

 

Tumor derived supernatants were collected from 1x106 cells cultured in medium 

containing 5% fetal bovine serum with 1000 U/ml penicillin-streptomycin, and 2mM L-

glutamine. Latent TGF-β was activated by adding 20 µL of 1.2M HCl to 100 µL of cell 

culture supernatant and neutralized with 20 µL 1M NaOH to bring the solution to pH 7.2-

7.4. Activated TGF-β1 was determined by enzyme linked immunosorbent assay (ELISA) 

Quantikine kit (R&D Systems, Minneapolis, MN) according to the manufactures 

instructions. 

 

HLA-A*0201 Binding Affinity of Modified TRP-2 peptides 

     

Relative affinity assays were performed to determine affinities of OPL for HLA-

A*0201 molecules as previously reported [61]. The HBV core antigen (FLPSDYFPSV), 

a known HLA-A2 binding peptide, was synthesized with a cysteine residue substituted 

for the tyrosine residue at position 6 [62]. The cysteine residue was conjugated to 

fluorescein (Fl-peptide) for flow cytometric detection (FLPSDCFPSV: Fl-peptide). T2 

cells (2.5x105 cells/tube) were incubated in serum free RPMI with recombinant β2-m 
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(2µg/ml) and Fl-peptide (1.0µg/ml), and incubated for 18-22 h with varying 

concentrations of OPL TRP-2 peptides at 26°C in a 5% CO2 incubator. Mean 

Fluorescence Intensity (MFI) values were used to determine inhibition of the Fl-peptide 

from binding to HLA-A*0201 molecules on T cells by optimized peptide ligands. Percent 

inhibition was calculated as: [1-(MFI T2+Fl-peptide+modified peptide - MFI T2 only) / 

((MFI T2+Fl-peptide) – (MFI T2 only))] x 100. The IC50 of the OPL was determined by 

calculating the concentration of peptide required to inhibit binding of 50% of the Fl-

peptide binding to T2 cells.  

 
Generation of CTL Specific for TRP-2 and TRP-2 Optimized Peptide Ligands 

 

PBMC were obtained from normal donors by leukopheresis and/or peripheral 

blood draws according to the guidelines set forth by the Human Subjects Committee at 

the University of Arizona and Arizona State University.  PBMC were purified using 

standard white blood cell separation by density centrifugation with Ficoll Hypaque. 

Peptide-specific CTL were generated as follows. Dendritic cells (DC) were generated by 

plating  HLA-A2+ PBMC (1x107 – 1x108 cells) in a T-75 flask in 10 ml of AIM-V 

medium and incubated at 37°C in a 5% incubator for 2 hours. Non-adherent cells were 

removed and replaced with 10 ml X-Vivo medium. IL-4 (PeproTech Inc, Rocky Hill, NJ) 

was added at a concentration of 15 ng/ml along with 1000 IU/ ml Leukine (Berlex, 

Seattle, WA) to culture medium. On day 5, IL-4, GM-CSF, TNF-α (500 IU/ml, R&D 

Systems, Minneapolis, MN) and Prostaglandin E2 (2 µg/ml, Sigma) was added to culture 



31 
 
 
medium. On day 7, DC were removed from the flask and resuspended in 10 ml in 

Iscove's Modified Dulbecco's Medium (cIMDM) supplemented with 10% heat 

inactivated human AB serum (Gemini Bioproducts, Calabasas, CA), 1000 U/ml 

penicillin-streptomycin, 2mM L-glutamine and 0.5 mg/ml amphotericin B in a 24-well 

plate.  Non-adherent autologous lymphocytes were added to DC cultures (10:1 ratio of 

effector cells to stimulator cells). 10 ng/ml of IL-7, (R&D Systems, Minneapolis, MN) 

and 300 IU/ml of IL-2 (PeproTech Inc, Rocky Hill, NJ) were added to the DC-PBMC 

cultures. TRP-2 or TRP-2 OPL was added at 1µg/ml. 300 IU/ml of IL-2 was added every 

2-3 days. Cells were split as needed and proliferative blasts were frequently dissociated. 

Weekly peptide stimulations began seven days after the first stimulation. Autologous 

PBMC were irradiated (5000 rads) and pulsed with 1µg/ml peptide. At the end of each 

stimulation cells were analyzed by ELISPOT for peptide recognition. 

 
Detection of IFN-γ-Producing Cells by ELISPOT 

 

Seven days after the third peptide stimulation, PBMC recognition of TRP-2 

peptides was measured by IFN-γ ELISPOT. T2 cells (2.5x104 cells/well) were loaded 

with an HLA-A*0201-binding peptide (10.0 µg/ml) prior to incubation with effector 

cells. Effector cells (5x104 cells/well) and peptide-pulsed T2 cells (2.5x104 cells/well) 

were added to anti-IFN-γ antibody-coated plates in 200µl cIMDM. Control wells 

contained unstimulated PBMC, PBMC + PHA (10.0 µg/ml) or PBMC + T2 cells. After 

incubation for 36 h at 37°C in 5% CO2, cells were removed by washing five times with 
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PBS/0.05% Tween 20. Captured cytokine was detected by incubation for 5 hr at room 

temperature with biotinylated mouse anti-human IFN-γ monoclonal antibody 

(2.5µg/ml/well, Pharmingen, San Diego, CA) diluted in PBS/0.05% Tween 20/0.1% 

FCS. Plates were washed with PBS Tween 20/0.05% and streptavidin-HRP (Pharmingen, 

San Diego, CA), diluted 1:1000 in PBS- Tween 20/0.05% -FCS, was added for 1 hr at 

room temperature. Staining was performed with 3-amino-9-ethylcarbazole for 15-20 min 

at room temperature. Color development was stopped by thoroughly rinsing the plates 

with distilled water. Spots were counted by Immunospot software (Cellular Technology 

Ltd, Cleveland, OH). 

 
Cytolytic Activity of PBMC Cultured with TRP-2 OPL 

 

Standard 51Cr release cytotoxicity assays were performed to evaluate the ability of 

PBMC to lyse target cells pulsed with wild type TRP-2 peptide. T2 cells (5x103 

cells/well) were labeled with 100 µCi of 51Cr (Amersham Pharmacia Biotech Inc., 

Piscataway, NJ) for 45 minutes followed by incubation with 10.0 µg/ml of wild type 

TRP-2 in IMDM for 1 hour prior to assay. HLA-A2+, TRP-2 + Gliomas U87 (kind gift 

from Dr. Walter Storkus) and CRL2610 (American Type Culture Collection, Rockville, 

MD) and K562 (HLA-A2+ NK-sensitive cell line) cell lines also served as target cells. 

Release of radioactivity was measured by gamma counting (Top Count, Packard, 

Meriden, CT). Maximum release was defined by 51Cr released from targets lysed with 
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10% Triton X-100. Percent specific lysis was calculated as: ((experimental 51Cr release - 

spontaneous release) / (maximum release – spontaneous release)) x 100. 

 
Homology Modeling and Interactive Docking of TRP-2 and OPL with HLA-A*0201  

 
 

The crystal structure coordinates (PDB: 1I1F) of MHC class I (HLA-A*0201) 

bound to HIV-RT Variant Peptide I1Y (YLKEPVHGV) was downloaded [63]. The 

peptide sequence of the crystal structure was aligned with TRP-2, OPL2.1, OPL2.2 and 

OPL2.3 peptides. The peptide sequence in the crystal structure was mutated using the 

Protein Composition Tool in Sybyl 7.0.  The modeled peptides were minimized using the 

Tripos Force-Field Minimization (Powell Method) with 500 cycles. The energy 

minimized values for the 4 modeled peptides were ~-500kcal/mol. The four peptides 

were then superimposed individually onto the HIV-RT variant peptide on the crystal 

structure and the RT-variant was deleted leaving the modeled peptide in the binding 

pocket. Fit Atoms Tool in Sybyl7.0 was utilized to keep the modeled peptides in the 

correct position and orientation for FlexX docking. This led to four bound MHC class I 

peptide models. The docked peptides were then energy minimized using Sybyl 7.0 with 

calculated energy values of ~-250kcals/mol after 200 cycles of minimization. A detailed 

study was then performed to analyze the hydrophobic/aromatic and hydrogen bond 

interactions made by the four bound peptides to HLA-A*0201. The binding energies and 

total score were obtained from docking of the four mutated peptides in FlexX (Sybyl 7.0). 

In order to calculate protein-protein interactions X-Score was used to compute the 
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binding energy of a given peptide to HLA-A*0201. All of the parameters needed to run 

X-Score were assembled in an input parameter file. The parameters needed are the 

receptor pdb file, the ligand mol2 file (which has already been pre-docked into the 

binding pocket of the target protein) and an optional reference mol2 file which specifies 

the ligand molecule already bound to the protein. The predicted Kd is calculated by pKd 

= 10 exp(-Xscore) [64].  The computer modeling was performed by Kishore Shakalya 

and Daruka Mahadevan at the Arizona Cancer Center. 

 

2.3 Results 

 
Rational Design of TRP-2(180-188) and OPL Peptides to HLA-A*0201 Molecule 

 

 The objective in this study was to design three optimized peptide ligands (OPL) 

that showed increased affinities to the HLA-A*0201 molecule compared to wild-type 

TRP-2(180-188) peptide. The OPL would contain amino acids from TRP-2(180-188) and 

preferred primary and auxiliary HLA-A*0201 anchor residues. Reported HLA-A2 

binding motifs suggest that the HLA-A*0201-binding peptide, TRP-2, does not contain 

optimal HLA-A2 binding residues and is unlikely to be presented as efficiently to CTL as 

peptides with preferred amino acids that fit HLA-A*0201 motifs. Based on the natural 

TRP-2(180-188) sequence, three peptide ligands containing optimal HLA-A2-binding amino 

acids were designed for these studies (Table 2.1). Amino acid substitutions were 
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introduced at P1, P2 and P3 in wild type TRP-2. Studies previously reported by Smith et 

al. [39] shows that the HLA-A2 binding motif prefers phenylalanine (F) at the auxiliary 

positions P1 and P3, and that leucine (L) is favored at the anchor residue P2 for nonamer 

peptides that bind to the HLA-A*0201 molecule. Therefore, these alterations were 

incorporated into the peptide design for three TRP-2 OPLs.  Although we previously 

found that glutamic acid (E) was preferred at P4 for HLA-A2-binding peptides [65], 

TRP-2 wild type peptide contains an aspartic acid (D) at P4, which is similar in structure 

and identical in charge, so it was not modified. 
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Peptide 
 

SEQUENCEa 
 

Total 
scoreb 

(kJ/mol) 

pKd  

(nM) 

 

SYFPEITHIc 
 

BIMASd 
 

IC50 µMe 
 

Wild type 
TRP-2 (180-188) 

S V Y D F F V W L 
 

-19.9 0.5 21 
 

974 
 

270 
 

OPL2.1 
F V Y D F F V W L

 
-31.8 0.18 20 

 
4480 

 
46 
 

OPL2.2 
F L Y D F F V W L 

 
-20.1 0.15 26 

 
51197 

 
18 
 

OPL2.3 F L F D F F V W L -11.1 0.13 26 59196 8 

 
 
Table 2.1. Binding energies, Relative affinities and predicted affinities of OPL for 
HLA-A2. 
aStandard single letter amino acid code and residues shown in bold represent deviations 
from TRP-2.  
bFlexX based total score and binding affinity for the Variant-RT peptide (I1Y) and the 4 
peptides bound to the HLA-A*0201 crystal structure. Negative total score implies a more 
favorable binding as does a lower dissociation rate. 
cPeptide epitope prediction values calculated using SYFPEITHI.  
dHLA half-time dissociation values calculated using BIMAS.  
eIC50 values determined by the amount of peptide needed to inhibit an HLA-A2 allele 
binding HBV reference peptide by 50%. 

 
 
 
 
 
Computer Modeling of Binding of TRP-2 and OPL Peptides to HLA-A*0201 
 
 

The next objective in this study was to determine by computer modeling the 

effectiveness of the amino acid substitutions in the wild-type TRP-2 peptide. The results 

of the total score and calculated binding affinities utilizing the XScore modeling 

algorithm are tabulated in Table 2.1. Each of the four peptides was modeled using the 

crystal structure coordinates (PDB: 1I1F) of MHC class I (HLA-A*0201). Molecular 
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models of docked TRP-2, OPL2.1, OPL2.2 and OPL2.3 peptides in complex with HLA-

A*0201 showed that substitution of F for S (P1) orients and positions the OPL to favor a 

pi-pi aromatic interaction with W 167 of HLA-A*0201. This optimization did not affect 

the F (P5) and W (P8) aromatic rings facing solvent that may promote binding to the T 

cell receptor (TCR). In contrast, wild type TRP-2 peptide does not have a favorable 

interaction with HLA-A*0201, suggesting that it may be displaced by other peptides that 

bind more strongly, or rapidly internalized and degraded, decreasing the probability of 

potential anti-TRP-2 CTL interactions. Accordingly, we found that wild type TRP-2 has 

the lowest binding affinity to HLA-A*0201 (Table 2.1). OPL2.3 is the strongest binder as 

predicted by modeling and relative affinity followed by OPL2.2 and then OPL2.1. The 

differential binding affinities of the OPL compared to the wild type is explained by the 

aromatic/hydrophobic and hydrogen bonding interactions of OPL2.1, 2.2, and 2.3 in 

comparison to TRP-2 which has a serine at P1 instead of an aromatic residue.  

The predicted dissociation rates and total free energy rates are shown for the 4 

respective peptides with HLA-A*0201 are shown in Table 2.1. Figure 2.1 models wild 

type TRP-2 (A) compared to OPL2.3 (B). 

 

 

 

 

 

 



 
 

Figure 2.1: Modeled wild type TRP
[60] (A) Shows no interaction between Serine (P1) and Tryptophan 167 and (B) shows 
the aromatic-aromatic interaction between Phenylalanine (P1) and Tryptophan 167 of the 
protein.  OPL2.1 and 2.2 showed similar structures, as Phenylalanine (P1) is the critical 
amino acid favoring a pi-
A*0201. 
 

wild type TRP-2 and OPL2.3 peptide bound to HLA
(A) Shows no interaction between Serine (P1) and Tryptophan 167 and (B) shows 

aromatic interaction between Phenylalanine (P1) and Tryptophan 167 of the 
protein.  OPL2.1 and 2.2 showed similar structures, as Phenylalanine (P1) is the critical 

-pi aromatic interaction with Tryptophan 167 of the HLA

38 

 

 

2 and OPL2.3 peptide bound to HLA-A*0201 
(A) Shows no interaction between Serine (P1) and Tryptophan 167 and (B) shows 

aromatic interaction between Phenylalanine (P1) and Tryptophan 167 of the 
protein.  OPL2.1 and 2.2 showed similar structures, as Phenylalanine (P1) is the critical 

pi aromatic interaction with Tryptophan 167 of the HLA-
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Relative Affinity of OPL to HLA-A*0201 

 
 To determine if the amino acid substitutions we introduced into the TRP-2 

peptide and predicted by computer modeling biologically affected peptide binding to 

HLA-A2 molecules we evaluated the OPL using in vitro binding assays (Table 2.1).  A 

T2 cell relative affinity assay was performed in which unlabeled inhibitor peptide 

competes with a standard fluoresceinated peptide (HBV core Ag18-27, Fl-peptide). The 

amount of wild type TRP-2 and OPL peptides required to competitively inhibit the 

binding of Fl-peptide to cell surface HLA-A*0201 was determined and the concentration 

at which the Fl-peptide binding is inhibited by 50% (IC50) was calculated. The half-time 

dissociation and epitope prediction of the OPL for the HLA-A2 molecule was also 

calculated by BIMAS and the SYFPEITHI peptide-binding algorithms respectively [66, 

67].  Based on coefficient tables, TRP-2 OPL were assigned higher values compared to 

wild type TRP-2 (Table 2.1). 

Amino acid substitutions at the sites of preferred anchor and auxiliary HLA-

A*0201-binding residues each resulted in peptides with increased binding affinity for 

HLA-A2 molecules.  Each OPL demonstrated a higher relative affinity than wild type 

TRP-2 (Table 2.1). Wild type TRP-2 peptide (SVYDFFVWL) showed an IC50 of 270 uM 

for the T2 cell surface HLA-A2, while OPL2.3 demonstrated the best relative affinity 

with an IC50 of ~8 uM.  Comparing BIMAS to our observed relative affinity values, 

OPL2.3 bound over 35-fold more strongly to HLA-A2 than wild type peptide.  Based 

upon the relative affinity results alone, it would be predicted that OPL2.3 would elicit the 
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most CTL compared to CTL raised on the other peptides. However, we have observed in 

other studies that optimized peptides with the best affinity do not always induce the most 

active CTL or elicit CTL from the most individuals [61, 65].  Therefore, we raised CTL 

on each peptide and tested their reactivities against wild type peptide. 

 

Detection of IFN-γ by ELISPOT Assay 

 
CTL were grown with repeated weekly stimulations of either TRP-2 or OPL 

peptides to determine if the in vitro cultures showed a specific response to the cognate 

peptide (Table 2.2). Because tumors express wild type TRP-2 and not OPL, CTL raised 

on OPL were evaluated for recognition and cross-reactivity to wild type TRP-2 peptide.  

Each of six donors responded with different profiles to the peptides (Table 2.3). For 

donor D1, TRP-2 and OPL2.3 peptides elicited nearly equivalent numbers of anti-wild 

type TRP-2 CTL: 182 and 121 spots per 5 x 104 PBMC, respectively.  In contrast, CTL 

from donor D2 raised on OPL2.3 peptide responded best to the wild type TRP-2 peptide:  

452 spots per 5x104 PBMC.  CTL from donor D3 raised on all three OPL cross-reacted 

with wild type, but we were unable to raise significant levels of CTL against wild type 

peptide (Table 2.3).  Donor D4 CTL raised on OPL2.2 responded best to wild type 

peptide, but weakly compared to other donors: 75 spots per 5x104 PBMC. Donor D5 

CTL raised on OPL2.1 responded best to wild type: 381 spots per 5x104 PBMC. 

However, CTL raised on wild type TRP-2 peptide and OPL2.2 also responded well to 

wild type peptide with 282 and 258 spots, respectively. Donor D6 responded strongly to 
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all the OPL and TRP-2 wild type peptide with OPL2.3 showing the most favorable 

response: 326 spots per 5x104 PBMC. These results demonstrate the variability among 

donors, but also suggest that donors can be grouped into categories based on their 

responses to TRP-2 OPL. 

 

 

 

Donors 

CTL 
raised on 

wild type TRP-2 

CTL 
raised on 
OPL2.1 

CTL 
raised on 
OPL2.2 

CTL 
raised on 
OPL2.3 

CTL  
raised on 
Influenza 

D1 182(0.7) 18(554) 190(0.4) 126(8.9) 58(15.8) 

D2 152(16.3) 172(2.9) 140(36.4) 490(3.0) 81(18.2) 

D3 12(8.9) 154(3.6) 121(14.7) 49(15.9) 126(11.2) 

D4 28(1.9) 159(7.0) 62(3.5) 33(9.9) 71(4.9) 

D5 282(52.8) 80(24.6) 84(45.6) 415(7.4) 217(17.7) 

D6 273(28.9) 146(6.7) 46(61.3) 277(11.3) 138(46.3) 

 
Table 2.2. Peptide-reactive CTL responding to cognate peptide as measured by  
IFN-γ ELISPOT.  Data shows number of spots from a 4th round of stimulation from 
CTL raised on TRP-2 or OPL and tested on cognate peptide. CTL were tested against an 
irrelevant HBV peptide and background spots were subtracted from totals. Values listed 
are IFN- γ -secreting CTL from 5 x 104 PBMC per well using cognate peptide-pulsed T2 
cells as targets.  Experiment was repeated twice with the same donors and the same trend 
was observed. Coefficient of Variance percentage in parenthesis. 
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Donor 

CTL 
raised on 

wild type TRP-2 

CTL 
raised on 
OPL2.1 

CTL 
raised on 
OPL2.2 

CTL 
raised on 
OPL2.3 

D1 182 (0.8) 13 (32.6) 71 (17.1) 121 (4.7) 

D2 152 (18.5) 95 (8.9) 112 (6.3) 452 (0.5) 

D3 12 (44.1) 259 (3.3) 138 (12.3) 297 (1.4) 

D4 28 (13.7) 38 (36.8) 75 (5.7) 23 (34.6) 

D5 282 (52.8) 381 (34.4) 258 (24.6) 141 (37.8) 

D6 273 (28.9) 171 (41.4) 163 (30.4) 326 (14.8) 

 
Table 2.3. Peptide-reactive CTL elicited from normal donors responding to wild 
type TRP-2 peptide as measured by IFN-γ ELISPOT.  Data shows number of spots 
from a 4th round of stimulation from CTL raised on OPL and tested on wild type TRP-2 
peptide. CTL were tested against an irrelevant HBV peptide and background spots were 
subtracted from totals. Values listed are IFN- γ -secreting CTL from 5 x 104 PBMC per 
well using TRP-2 wild type peptide-pulsed T2 cells as targets.  Experiment was repeated 
twice with the same donors and the same trend was observed.  Numbers listed are from 
the same ELISPOT experiment. Coefficient of Variance percentage in parenthesis. 
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CTL Cytotoxicity Assay 

 
We tested anti-wild type peptide CTL generated from donor D2 for the ability to 

lyse GBM tumor cells in 51Cr release assays.  At an effector to target ratio of 100:1, 

approximately 51% of CRL2610 GBM tumor cells were lysed by anti-TRP-2 CTL. U87 

GBM tumor cells were not lysed (Figure 2.2B).  In both cytotoxicity assays, NK activity 

was between 8 and 18%.  Anti-OPL2.3 CTL from donor D2, were also evaluated for the 

ability to lyse GBM tumor cells expressing TRP-2 in an HLA-A2-restricted manner. At a 

100:1 effector to target ratio, anti-OPL2.3 CTL lysed 53% of CRL2610 tumor cells, but 

did not lyse another TRP-2-positive, HLA-A2-positive GBM tumor cell line, U87 (Figure 

2.2 A). Although all anti-peptide CTL from all donors were tested for cytolytic activity, 

only anti-TRP-2 and anti-OPL2.3 CTL from donor D2 demonstrated the ability to lyse 

tumor targets at the end of the fourth round of stimulation.  Levels of TRP-2 protein were 

roughly equivalent in CRL2610 and U87 cell lines in western blotting analysis.  

Subsequent experiments for negative regulation of tumor immunosurveillance tested the 

secretion of TGF-β in CRL2610 and U87 cell lines which revealed that CRCL2610 

secretes only 40pg/ml/1 x 106 cells TGF-β, while U87 secretes 154.4 pg/ml/1x106 cells 

TGF-β. 
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Figure 2.2. Lysis of TRP-2+ tumor cells.  CTL at indicated E:T ratios were incubated 
with 51Cr-labeled target cells (5x103 cells/well), and 51Cr release was measured after 8 
hrs. A. CTL raised on OPL2.3 peptide B. CTL raised on wild type TRP-2 peptide. 
GBM CRL2610 (solid circle) and U87 (solid triangle). K562 (open square) served as NK 
sensitive control. 
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2.4  Conclusion 

 
This report demonstrates rational design and optimization of HLA-A*0201-

binding antigenic peptides derived from the TRP-2 tumor associated antigen based on 

molecular modeling, relative affinity measurements for HLA-A*0201, ability of the 

peptides to stimulate CTL that recognize wild type TRP-2 peptide by ELISPOT, and 

cytotoxicity assays against glioma tumor cell lines.  To optimize TRP-2 we combined the 

elements of preferred and anchor residues for HLA-A*0201 at positions 1-4 and 9 based 

on the findings of Smith et al. and others [29, 33, 36-39, 66] with the natural sequence of 

the TRP-2 peptide-binding epitope.   

Computer modeling of wild type TRP-2 and the three OPL were based on the x-

ray crystal structure of 1I1F of HLA-A*0201 bound to I1Y HIV-RT variant peptide. The 

peptide I1Y is 9 residues in length with a F at P1, E at P4, P at P5 and V at P9. The P 

residue in the middle of the peptide creates a kink in the extended peptide conformation. 

It has been shown that higher affinity peptides I1F or I1Y with an aromatic residue at P1 

have increased cell surface half-life due to pi-pi stacking interactions between W 167 of 

HLA-A*0201 and therefore increased stability in HLA-A*0201 binding cleft resulting in 

increased T cell activation[36, 63].  Aromatic-aromatic interactions are common 

mechanisms in protein stabilization and are clearly demonstrated with 3 (OPL2.1, 2.2, 

2.3) of the 4 modeled peptides described. Wild type peptide TRP-2 has a serine at P1 

which does not allow the pi-pi interactions observed with W 167 of HLA-A*0201.  

Peptide OPL2.1 is identical to TRP-2 except for F at P1 which makes pi-pi interactions 
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with W 167 in HLA-A*0201. A major change between peptide I1Y (HIV RT) and the 

four modeled melanoma peptides is the substitution of F at position 5 for P and W at P8 

for G  (Figure 2.1) whose aromatic rings face solvent that may promote strong interaction 

with the T cell receptor which manifests as robust T cell activation.  The only other 

difference between the peptides is V at P2 (TRP-2 and OPL2.1) or L (OPL2.2 and 

OPL2.3) which further enhances binding affinity to HLA-A2*0201 through hydrophobic 

and van der Waals interactions. This was supported by relative affinity measurements on 

T2 cells.   

 Though self-restricted T cells are peptide-specific and can distinguish among 

closely related ligands, this study shows that some donors had better cross-reactive CTL 

responses to the wild type than to their cognate peptide. For example donor D5 responded 

best with CTL raised on OPL2.1 and OPL2.2 tested against wild-type TRP-2 (381 and 

258 spots respectively) than against their cognate peptide (80 and 84 spots respectively). 

This “bystander activation” (which refers to T cells whose TCR are not triggered by their 

cognate ligands) was surprising but not unlikely. This event is likely a result of 

alternative recognition of TCR to different peptide/MHC molecules.  

Measurement of relative affinities for each of the OPL demonstrated a continuum 

of increasing affinity from wild type TRP-2 to OPL2.3 with an increase in affinity for 

each amino acid substitution starting with P1 (Table 2.1).  Phenylalanine substitution for 

serine at P1 showed the largest increase in relative affinity from wild type TRP-2.  This is 

in agreement with previous findings that an aromatic residue at P1 enhances peptide 

binding to HLA-A*0201, perhaps due to pi-pi aromatic stacking as described above.  In 
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general, the relative IC50 values obtained experimentally correlated with SYFPEITHI and 

BIMAS algorithms such that the predicted half-life of binding to HLA-A*0201 was best 

for OPL2.3 for which the first three amino acids were optimized, and worst for TRP-2 

peptide that was not optimized.  We did not observe “over-optimization,” a phenomenon 

we previously observed in which improved binding affinity for HLA-A*0201 results in a 

peptide that no longer stimulates peptide-specific T cells [61, 65].  Instead, individual 

donors appeared to be stimulated differentially by each TRP-2 peptide. 

Although stimulation of donor PBMC with OPL2.3 elicited the strongest 

responses overall, a striking finding was the variable response among donors. CTL were 

raised on wild type peptide and each OPL. Starting at week three of stimulation, CTL 

were assayed by ELISPOT for reactivity only to wild type peptide (Table 2.3). CTL from 

each donor raised on each peptide were tested against wild type peptide. To discuss the 

data in a vaccine setting, if donor D3 had melanoma or glioblastoma expressing TRP-2 

and was immunized with wild type TRP-2, he/she would not respond as well as if he/she 

would have been immunized with OPL2.1 or 2.3. Similarly, one might argue that donor 

D2 should only be immunized with OPL2.3 because other peptides only sub-optimally 

stimulated anti-TRP-2 CTL.  Through all rounds of stimulation, CTL from donor D1 

responded nearly equally to wild type TRP-2 and OPL2.3; OPL2.1 and 2.2 did not elicit 

anti-wild type TRP-2 CTL from donor D1.  Interestingly, PBMC from donor D4 were not 

stimulated by any of the peptides to the same levels as the three other donors, but donor 

D4 PBMC were stimulated best by OPL2.2, the least stimulatory of all peptides for most 

of the other donors.  Perhaps there is an OPL not examined in this study that would 
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stimulate CTL from donor D4 to respond to wild type TRP-2.  Alternatively, donor D4   

may be highly tolerant to TRP-2-related peptides. In contrast to other donors, PBMC   

from donor D5 elicited the best anti-wild type TRP-2 response after stimulation with   

OPL2.1, the peptide with the fewest optimized residues. Interestingly, D5 was stimulated 

best with lower affinity peptides compared to other donors that were best stimulated with 

high affinity peptides. Donor D6, along with D2 and D3 were stimulated best by OPL2.3 

when tested against wild type TRP-2. 

Cytotoxicity assays were performed using CTL from the four of the six donors 

raised on each peptide (wild type, OPL2.1, 2.2, & 2.3) to determine if their CTL would 

kill HLA-A2 + glioblastoma cells expressing TRP-2.  Only CTL from donor D2 

demonstrated the ability to kill HLA-A2-positive, TRP-2-positive glioblastoma 

multiforme tumor cells (Figure 2.2).  More specifically, and in concordance with 

ELISPOT data, donor D2 CTL raised on wild type TRP-2 and OPL2.3 killed CRL2610 

GBM cells.  Interestingly, they did not kill another GBM cell line, U87 (TRP-2 and 

HLA-A2-positive). Although lysis of GBM from donor D2 CTL raised on either wild 

type peptide or OPL2.3 was similar, CTL raised on OPL2.3 were most responsive in 

ELISPOT (452 spots), but CTL from the same donor raised on wild type peptide showed 

only 152 spots.  This result is in line with other findings showing a lack of correlation 

between cytolytic activity and IFN-γ ELISPOT numbers [68].  Studies show that there 

are distinct cytokine secreting subsets of CD8+ T cells; IFN-γ+, IL-2+ and IFN-γ/IL-2 +/+ 

cells [69].  This suggests that the differences in cytolytic activity may be related more too 
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inherent differences among the donor’s T cell populations than to the peptide used for 

stimulation. 

A likely explanation for the lack of killing of U87 is that this GBM cell line 

secretes approximately a 4-fold higher level of TGF-β1 than does CRL2610. This may 

allow the tumor to evade the immune system. Studies have shown that the production of 

TGF-β by tumor cells prevents their lysis by CTL [70]. Both U87 and CRL2610 GBM 

tumor cells were determined to be TRP-2-positive by PCR and western blot and appear to 

have similar levels of TRP-2. Determination of the surface expression of HLA-A2 on 

glioblastoma CRL2610 and U87 was determined by flow cytometry and appear to be 

equivalent. U87 can also mediate immunosuppression by T-cell death through cellular 

surface proteins such as CD70 and gangliosides [71]. Either mechanism confirms reports 

that many tumor cells resist killing by CTL. 

TRP-2 may be a suboptimal antigenic peptide vaccine as a single wild type 

peptide sequence due to central or peripheral T cell tolerance mediated by tumor-derived 

TGF-β.  However, the results obtained support rational design and optimization of 

peptides derived from tumor associated antigens for development of a panel of peptides 

with increased binding affinity for HLA molecules such that they stimulate the most 

broad T cell response possible to an individual antigenic epitope so that as many anti-

epitope CTL will be recruited as possible.   Computer modeling and relative affinity 

measurements of peptides with HLA-A*0201 can be coupled with functional assays to 

assess peptide stimulation of CTL.  This is especially important given that different 
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donors respond differentially to wild type or optimized peptides from the same epitope, 

suggesting that immunization with multiple peptides for the same epitope will elicit CTL 

from more individuals than immunization with one epitope.  Therefore, it would seem 

important to immunize individuals not only with multiple tumor associated antigens, but 

also multiple peptides from the same epitope to elicit the broadest response within the 

same patient and among different patients.  The results presented here may explain, in 

part, the variability in individual patient responses to immunotherapy.  
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CHAPTER III 

DISCOVERY OF A NOVEL FRAMESHIFT IN GLIOBLASTOMA 

  
3.1 Overview 

A hallmark of cancer is genetic instability where accumulation of mutations in 

cellular DNA results in the conversion of normal cells into tumor cells. These genomic 

mutations in coding regions often result in translation of proteins that are out of frame 

(frameshifts). Since frameshift (FS) peptides are composed of amino acids different from 

wild type they should be seen as foreign to the immune system and elicit an immune  

response.  A FS in the HSD3B7 gene represents a potential tumor-specific antigen that 

could be recognized by cytotoxic T cells (CTL). HSD3B7 encodes 3 beta-hydroxysteroid 

dehydrogenase type 7 which has a role in the initial stages of the biosynthesis of bile 

acids from cholesterol. The FS peptide, KLWGLTPKVTPS (KLWG-12) from HSD3B7, 

was found in a glioblastoma multiforme cell line but not in normal lymphocytes. In this 

study, peptides were acid-eluted from tumor and normal peripheral blood mononuclear 

cells (PBMC) as a control (unfortunately normal brain was not available) and subjected 

to liquid chromatography-tandem mass spec (LC-MS/MS). Mass spectra generated were 

searched against a frameshift database containing all possible FS from NCBI coding 

sequences, longer than 8 residues.  Peptide sequences identified in the search were then 

analyzed in MHC-binding computer algorithms. To confirm binding predictions by the 

computer algorithm, recombinant HLA-A*0201 was refolded onto bead-bound peptides 
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identified by LC-MS-MS and predicted to bind to HLA-A2 by computer algorithms.  

These findings revealed a new non-canonical FS peptide, KLWG-12, that is capable of 

binding to the HLA-A*0201 molecule. 

 
3.2  Materials and Methods 

 
Acid Elution of Peptides 
 
 

12x107 Glioblastoma cells were harvested with cell stripper (Mediatech Inc.).  

Cells were centrifuged at 233 xg (1000 rpm) for 5 minutes and washed in 45 ml 

phosphate-buffered saline followed by resuspension in 12 ml PBS. Twelve 1 ml (1x107 

cells) aliquot cell suspensions were transferred to 1 ml eppendorf tubes for the time 

course experiment: 5-60 minutes. Cells in each tube were pelleted by centrifugation 

followed by resuspension in 1 ml cold citric acid buffer [58]. At each time point, cells 

were centrifuged at 233 xg for 1 minute followed by collection of supernatant.  The acid 

supernatant was immediately filtered through a 0.45 µm low protein-binding filter (Pall 

Corporation, Ann Arbor, MI).  500 µl of each 0.45 µm filtered sample was again filtered 

through a 3 kDa ultrafilter (Millipore, Billerica, MA) at 13000 RPM at 4°C.  The filtered 

samples were then stored at -20°C until they were analyzed by reverse-phase high-

performance liquid chromatography (RP-HPLC) coupled to tandem mass spectrometry 

(MS/MS).   
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Cell Lines and Media 
 
  

Glioblastoma cell lines, T98g, CRL2610, U87 and U251 cell lines cultured in  
 
DMEM supplemented with 10% fetal bovine serum with 25,000 U/ml Penicillin- 
 
Streptomycin and 29.2 mg/ml L-glutamine (Lonza, Walkersville, MD) and 250 µg/ml  
 
Amphotericin B (MP Biomedicals, Aurora, CA). Pancreatic cell line, BxPC3 was  
 
maintained in RPMI 1640 (Mediatech, Inc.), supplemented with 10% heat-inactivated  
 
fetal bovine serum (Gibco) with 25,000 U/ml Penicillin-Streptomycin and 29.2 mg/ml L- 
 
glutamine (Lonza, Walkersville, MD). Cells were incubated at 37°C and 5% atmospheric  
 
CO2. 
 

Peptides Synthesized on TentaGel Beads 

 
The following peptides were synthesized on TentaGel S NH2 resin beads 

(Advanced ChemTech) with a substitution rate of 0.2 - 0.5 mmol/g and were used in this 

study: KLWG-12 (KLWGLTPKVTPS) and KLWG-9 (KLWGLTPKV); Hepatitis B core 

antigen (FLPSDCFPSV, residues 18-27); predicted HLA-B*3901 (NHCQLLKVMV).  

 
Reconstitution of HLA-A*0201 for Peptide Screening 
 
 

Refolding of MHC onto peptide-beads was performed as published previously 

[38, 39]. Briefly, KLWG-12 and KLWG-9 peptides were synthesized on resin support 

beads. Baculovirus-produced recombinant HLA A*0201 (kind gift from Dr. Margaret 

Smith) was denatured in 6 M urea and added to approximately 200 peptide-beads 
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synthesized on resin beads. Then 100 µg of purified recombinant β2-microglobulin (kind 

gift from Dr. Margaret Smith) was added to allow the peptide/MHC/β2m complex to 

assemble on the peptide beads. The sample was then placed into a Tube-O-Dialyzer (G-

Biosciences, St Louis, MO) with a 1 kDa MWCO pore size. This was dialyzed against 5 

M urea in PBS with a 2 M step-down of the urea concentration every hour until the 

peptide-bead/HLA-A*0201/β2m refolding buffer was exchanged to PBS containing 0.1% 

Tween 20 (PBST). After several washes of PBST the resin was then incubated with 1 

µg/ml anti-class I mAb W6/32 for one hour at room temperature, followed by more 

washes with PBST. The peptide-beads were then incubated in 1:5000 goat anti-mouse 

IgG conjugated to alkaline phosphatase (Jackson Immuno Research) for 1 hour at room 

temperature. The resin was washed several times with PBST. After a final wash of tris-

buffered saline (TBS), the beads then reacted with 5-bromo-4chloro-3-indolyl phosphate 

(Sigma) colorometric enzyme substrate [72, 73]. Peptide-beads that turned blue had 

HLA-A*0201 refolded onto them.  HLA-A*0201 positive control peptide consisted of 

Hepatitis B Virus core antigen, residues 18-27 [61, 74]. 

 
RNA Extraction and Amplification  

 
Total cellular RNA was isolated from glioblastoma tumor cells and PBMC using 

RNeasy Mini Kit (Qiagen, Valencia, CA).  First strand cDNA was synthesized using 

oligo (dT) primer and SuperScript III First-Strand Synthesis Super Mix (Invitrogen, 

Carlsbad, CA). cDNA was then amplified in a MJ Research PTC-200 thermocycler using 
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GoTaq polymerase (Promega, Madison, WI). Exon 2-5 fragment from the gene HSD3B7 

was isolated using reverse transcriptase polymerase chain reaction (RT-PCR). The 

experiment was performed using a touch-down protocol [75]: 95°C x 3 minutes, 25 

cycles of 95°C x 30 sec, 65°C x 45 sec (decrease by 0.5°C per cycle), 72°C x 1 min, 20 

cycles of 95°C x 30 sec, 55°C x 45 sec, 72°C x 1 min and then 4°C.  The forward primer 

HSD3B7-F and reverse primer HSD3B7-R were used for the amplification of HSD3B7 

exons. The primer sequences are as follows:  

HSD3B7-F: 5’-AGAAGCTGGTGTACCTGGTC-3’,  

HSD3B7-R: 5’- CTGCTTCGTATGGGGTGTCT-3’ 

 

3.3 Results 

 
Glioblastoma Acid Eluate Contains T cell Epitopes  

 
 Peptides derived from MHC class I complexes expressed on the cell surface of 

glioblastomas were isolated after cells were treated with citric phosphate buffer, pH 3. 

Peptides are released from the binding cleft after the acid denaturation of the MHC 

molecule and the dissociation of the β2m from the class I heavy chain [76]. Tumor eluates 

were filtered through 3kD MW cutoff spin filters and then subjected to LC-MS/MS.  

Peptide sequences were identified by searching MS/MS spectra against a frameshift 

protein database.  This database was constructed by translating the coding sequences 

from the NCBI CDS database in +1 and +2 frames such that it contained all possible FS 
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longer than 8 residues. The non-canonical KLWG-12 sequence identified by mass spec 

was validated by synthesizing the peptide sequence identified by LC-MS/MS and 

analyzing the ion fragmentation in the mass chromatagram of the synthetic peptide 

compared to that of the original peptide. (Figure 3.1) The predicted HLA-A*0201 allele 

for the KLWG-9 epitope embedded within KLWG-12 was determined by computer 

algorithms, SYFPEITHI and BIMAS [66, 67].  

 

 

 

 

 

Figure 3.1. MS/MS spectrum of KLWG-12.  y and b ions from 
peptide fragmentation are  labeled along with the mass of each 
fragment.  
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HLA-A*0201 Allele Specific Peptide Binding 

 
To validate the computer algorithm-based identification of best fit HLA binding 

motifs to the frameshift peptides, baculovirus-produced recombinant HLA-A*0201 and 

β2-microglobulin (β2m ) was refolded onto KLWG-12, KLWG-9, HBV core Ag positive 

control or HLA-A2 negative control peptide bound to a resin support bead. Peptides 

synthesized onto polyethylene glycol beads (Tentagel) were incubated with denatured 

recombinant HLA-A*0201 and β2m while 6 M urea was dialyzed out of the peptide-

bead-MHC mixture to re-nature the tri-mer complex. A monoclonal antibody (mAb), 

W6/32, was then incubated with peptide-beads followed by the addition of alkaline 

phosphatase conjugated to goat anti-mouse IgG antibody and BCIP substrate.  Only 

properly folded MHC tri-mer complexes recognized by mAb W6/32 turn blue. (Figure 

3.2)  A control peptide bead synthesized with a peptide that binds HLA-B*3901 shows 

no staining.  Since peptides synthesized on beads are attached via a PEG linker, it is 

apparent that peptides are capable of binding to HLA-A*0201 molecules with a PEG 

linker extending through the carboxy-terminus of the MHC binding cleft.  The 12-mer 

peptide, KLWGLTPKVTPS, which does not contain preferred residues in positions P10-

12, appears to extend beyond the canonical binding cleft by three amino acids at the C-

terminus. This experiment agrees with other reports suggesting that MHC class I 

molecule is capable of binding peptides containing C-terminal extensions [77, 78].   

 

 



 
 

  Figure 3.2. Reconstitution of HLA
A. HLA-A*0201 
B. HLA-A*0201 negative control peptide.
C. KLWG-12 peptide.
D. KLWG-9 peptide.

 

 

 

 

. Reconstitution of HLA-A*0201 onto peptides bound to TentaGel beads.
A*0201 positive control peptide. 
A*0201 negative control peptide. 

12 peptide. 
9 peptide. 
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A*0201 onto peptides bound to TentaGel beads. 



 
 
Analysis of HSD3B7 Splice 

 In order to identify the mutational site that produces the FS peptide a DNA 

sequence analysis was per

pancreatic cell line and normal PBMC

electrophoresis on a 1.2% agrose gel

was 438 bp, however, another band at 282

 

 

 

 

 

 

Figure 3.3. RT-PCR of HSD3B7.
lanes  4,11, U87; lanes 5,12, U251; lanes 6,13, ND90; lanes 7,14 BxPC3.
 Gel on left shows amplification of 438 bp and 282 bp bands found in 
glioblastoma cell lines but not in normal PBMC (ND90) or pancreatic cell line 
BxPC3 using HSD3B7 primers.
keeping gene beta-actin from each sample

Splice Variant 

In order to identify the mutational site that produces the FS peptide a DNA 

erformed. cDNA products from glioblastoma cell lines, 

pancreatic cell line and normal PBMC were PCR-amplified and subjected to 

on a 1.2% agrose gel. The expected size for the HSD3B7 

, another band at 282bp was observed on the gel (Figure 

of HSD3B7.  Lanes 2,9, T98g; lanes 3,10, CRL2610; 
lanes  4,11, U87; lanes 5,12, U251; lanes 6,13, ND90; lanes 7,14 BxPC3.
Gel on left shows amplification of 438 bp and 282 bp bands found in 

s but not in normal PBMC (ND90) or pancreatic cell line 
BxPC3 using HSD3B7 primers. Gel on right shows amplification of the house 

actin from each sample (192 bp).  
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In order to identify the mutational site that produces the FS peptide a DNA 

s from glioblastoma cell lines, 

and subjected to 

. The expected size for the HSD3B7 gene fragment 

(Figure 3.3.).   

 

Lanes 2,9, T98g; lanes 3,10, CRL2610; 
lanes  4,11, U87; lanes 5,12, U251; lanes 6,13, ND90; lanes 7,14 BxPC3. 

s but not in normal PBMC (ND90) or pancreatic cell line 
Gel on right shows amplification of the house 
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Both of these bands were cut out and then gel purified for sequencing. Amplification of 

the 438 bp segment that encompasses exon 2 to exon 5 and subjecting this DNA to 

sequence analysis identified a new HSD3B7 variant that is missing 156bp corresponding 

to exon 3. (Figure 3.4) This exon deletion was shown in each of the glioblastoma cell 

lines. However, this deletion was not observed in the pancreatic cell line or in normal 

PBMC.    

 

 

Figure 3.4. Sequence alignment of HSD3B7 RefSeq (top) and 282 bp sequence from 
T98g glioblastoma (bottom). RefSeq HSD3B7 Exon 2 is highlighted in blue, Exon 3 is 
highlighted in gray and Exon 4 is highlighted in green. Exon 3 deletion was found in 
T98g sequence.  +1 Frameshift peptide is found at end of Exon 4. 
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3.4 Discussion of Novel FS Peptide Discovery 

 Tumors expose their protein contents to scrutiny by presenting them as peptides 

on cell surface MHC class I molecules.  These peptides possess sequence motifs 

corresponding to specific MHC alleles. By use of reverse immunology, a candidate tumor 

antigen eluted from tumor cells can be predicted by computer algorithm that models the 

binding of the peptide to specific MHC alleles. Prediction of peptide binding to HLA 

molecules is highly useful and enables systematic scanning of candidate peptides in a 

swift manner.  However, it does not always confirm biological activity [65].  Using an 

innovative peptide screening assay as shown in Figure 3.2 we can validate the computer 

predictions to the specific HLA assignment and show, biologically, that a predicted 

peptide sequence binds (or not) to a given MHC molecule [38, 39].  

 A frameshift peptide longer than the canonical size of 8-10 amino acids was 

eluted from a tumor cell surface. The 12-mer sequence of KLWG-12 was elucidated by 

LC-MS/MS.  Computer algorithms, SYFPETHI and BIMASS, that predict binding of 

peptide epitopes within protein sequences identified a 9-mer sequence within KLWG-12 

that the algorithms predicted to bind to HLA-A*0201. Since KLWG-12 was eluted from 

the cell surface, it was hypothesized that the 12-mer peptide might have bound to HLA-

A2 molecule on T98g glioblastoma cells.  

To confirm that a 12-mer could bind to HLA-A*0201, a peptide screening assay 

that refolds baculovirus-produced HLA-A*0201 and β2m onto peptide-bead was 

performed. The blue staining of the beads for the longer 12-mer peptide indicates that it 
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also expresses specificity for the HLA-A*0201 molecule.  The findings reported in this 

dissertation are further evidence that peptides longer than the canonical 8-10 residues can 

be presented by MHC molecules.  

 Since this peptide has not been previously reported, the genetic origin of the FS 

peptide is of interest.  By flanking the FS peptide site with PCR primers, one would 

expect to amplify the genetic lesion in cDNA responsible for translation of the FS 

peptide.  Because sequence analysis of the 282bp band (Figure 3.3) showed a deletion of 

exon 3 and the FS peptide was located in exon 4 (Figure 3.4), we hypothesized that the 

FS was the product of an alternative splicing error.  However, sequence analysis of 

cDNA did not reveal any splicing errors.  Although exon 3 was deleted in all the 

glioblastoma cell lines tested, splicing between exons 2 and 4 appears to maintain 

translation in frame such that KLWG peptide would not be expressed.  This poses a 

puzzle because we conclusively demonstrated the existence of the KLWG peptide. As 

such, we are forced to suggest some less well understood mechanisms for the production 

of this peptide by tumor cells. 

Translational frameshifting is most common in the recoding of the overlapping of 

two open reading frames [79]. Other possible explanations for the expression of the 

frameshift peptide that was isolated from the glioblastomas include non-conventional 

ribosomal initiation codons, RNA editing, ribosomal slippage and post-transcriptional 

modifications [25, 80-83]. The complex nature of finding the point of mutation that result 

in a frameshift has resulted in the detection of only one +1 FS peptide in literature, 
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ornithine decarboxylase antizyme [84]. One method for elucidating the exact site of the 

FS that gives rise to KLWG peptide would be to develop an antibody to the KLWG-12 

peptide and immunoprecipitate the protein followed by MALDI TOF TOF of the 

immunoprecipitated protein. Sequence data from the protein could identify the point at 

which the mutation occurred.  

Future studies to validate the source of the peptide frameshift would be to 

determine whether the frameshift peptide indeed originated from the HSD3B7 gene. 

Although we found the splice variant RNA in each of the four tumor cell lines, sequence 

analysis showed that exon 2 and 4 splice in frame and does not appear to be responsible 

for the FS peptide, leaving us to question from where the FS peptide is derived. None the 

less the frameshift peptide is produced from the tumor cell because the FS peptide ion 

fragmentation was validated by mass spec (Figure 3.1) However, by gene knockdown 

one could reduce the expression of the gene so that it was not transcribed and again 

subject the acid eluates from glioblastomas to LC-MS/MS to find out if the FS is 

presented by a MHC molecule. A limitation to this approach is that we initially found the 

FS peptide from only one of the glioblastoma cell lines and though mass spec is quite 

sensitive our method for identifying peptides of interest only detects more abundant ions 

which could exclude the FS peptide. 
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CHAPTER IV 

CYTOTOXIC T LYMPHOCYTE RECOGNITION OF A NOVEL   

FRAMESHIFT PEPTIDE DERIVED FROM A GLIOBLASTOMA CELL LINE 

 
4.1 Overview 

Genomic mutations in coding regions often result in translation of proteins that 

are out of frame (frameshifts).  The shifted sequences in the reading frame usually 

truncate with a stop codon resulting in expression of frameshifted neopeptides. Since 

these frameshift peptides are expressed in an alternate frame, having nothing to do with 

the self protein, they should be foreign to the immune system and elicit an immune 

response if one were to immunize with them. Like other tumor antigens, frameshift 

peptides may bind poorly to MHC class I molecules because they do not contain optimal 

amino acids resulting in a poor immune response against the tumor. Optimizing 

frameshift peptides with preferred amino acids for binding a given MHC molecule may 

elicit highly active CTL that cross-react with wild-type frameshift peptide and generate a 

robust immune response.  

In this study, we developed four optimized peptide ligands (OPL) that 

demonstrated increased affinities for the HLA-A*0201 molecule compared to the 9-mer 

epitope in a novel frameshift (FS) peptide found on T98g GBM cell line. The OPL 

contain amino acids from the FS peptide, KLWGLTPKVTPS, and were optimized for 

binding to HLA-A*0201 with preferred primary and auxiliary HLA-A*0201 anchor 
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residues. CTL were generated against the native 9-mer epitope, KLWGLTPKV, and the 

four OPL using peripheral blood mononuclear cells (PBMC) from normal healthy HLA-

A*0201 donors. CTL were tested for the ability to kill target cells expressing KLWG-12 

as well as KLWG-9.  CTL reactivity profiles to the different OPL were donor dependent 

with 4 of 5 donors responding to the FS peptide and one donor not responsive to the 

native peptide or OPL.  

The results of this study show the immunogenicity of FS peptides and further 

substantiate the concept that rational design and testing of multiple peptides for the same 

T cell epitope should elicit a broader response among different individuals than single 

peptide immunization.   

 

4.2 Materials and Methods 

 
HLA-A*0201-Binding of Synthetic FS Peptides  

 
The following HLA-A*0201-binding peptides were used in this study: KLWG-12 

(KLWGLTPKVTPS), KLWG-9 (KLWGLTPKV), FS-OPL1 (FLWGLTPKV), FS-OPL2 

(FLFGLTPKV), FS-OPL3 (FLFELTPKV) and FS-OPL4 (FLWELTPKV); HIV-1 p17 

Gag77–85 epitope  (SLYNTVATL); and influenza virus matrix peptide (M1: 58-66, 

GILGFVFTL).  Peptides were synthesized using standard FMOC chemistry and purified 

by HPLC to >90%. 
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Cell Lines and Media 

  
T2 cells (HLA-A*0201+) were used as antigen presenting cells (APC) for  

 
ELISPOT and chromium-51 release assays. T2 cells were cultured in RPMI 1640  
 
supplemented with 10% heat-inactivated FBS, 1000 U/ml penicillin-streptomycin, and  
 
2mM L-glutamine. Glioblastoma cell lines, T98g, CRL2610, U87 and U251 cell lines  
 
were typed for HLA-A*0201 by high resolution DNA typing. Tumor cell lines were  
 
cultured in DMEM supplemented with 10% fetal bovine serum with  25,000 U/ml  
 
Penicillin-Streptomycin and 29.2 mg/ml L-glutamine (Lonza, Walkersville, MD) and 250  
 
µg/ml Amphotericin B (MP Biomedicals, Aurora, CA). 

 

 
HLA-A*0201 Binding Affinity of Modified FS Peptides 

 

Relative affinity assays were performed to determine affinities of FS-OPL for 

HLA-A*0201 molecules as previously reported [61]. The HBV core antigen 

(FLPSDYFPSV) was synthesized with a cysteine residue substituted for the tyrosine 

residue at position 6. The cysteine residue was conjugated to fluorescein (Fl-peptide) for 

flow cytometric detection (FLPSDCFPSV: Fl-peptide). T2 cells (5x105 cells/tube) were 

incubated in serum free RPMI with recombinant β2-m (2µg/ml) and Fl-peptide 

(0.1µg/ml), and incubated for 18-20 h with varying concentrations of FS-OPL peptides at 

26°C in a 5% CO2 incubator. Mean Fluorescence Intensity (MFI) values were used to 

determine inhibition of the Fl-peptide from binding to HLA-A*0201 molecules on T cells 
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by optimized peptide ligands. Percent inhibition was calculated as: [1-(MFI T2+Fl-

peptide+modified peptide - MFI T2 only) / ((MFI T2+Fl-peptide) – (MFI T2 only))] x 

100. The IC50 of the OPL was determined by calculating the concentration of peptide 

required to inhibit binding of 50% of the Fl-peptide binding to T2 cells.  

 

Generation of CTL Specific for KLWG-9 and FS Optimized Peptide Ligands 

 

PBMC were obtained from normal donors by peripheral blood draws according to 

the guidelines set forth by the Human Subjects Committee at the University of Arizona 

and Arizona State University.  PBMC were purified using standard white blood cell 

separation by density centrifugation with Ficoll Hypaque. Peptide-specific CTL were 

generated as follows. Dendritic cells (DC) were generated by plating  HLA-A2+ PBMC 

(1x107 – 1x108 cells) in a T-75 flask in 10 ml of AIM-V medium and incubated at 37°C 

in a 5% incubator for 2 hours. Non-adherent cells were removed and replaced with 10 ml 

X-Vivo medium. IL-4 (PeproTech Inc, Rocky Hill, NJ) was added at a concentration of 

15 ng/ml along with 1000 IU/ ml Leukine (Berlex, Seattle, WA) to culture medium. On 

day 5, IL-4, GM-CSF, TNF-α (500 IU/ml, R&D Systems, Minneapolis, MN) and 

Prostaglandin E2 (2 µg/ml, Sigma) was added to culture medium. On day 7, DC were 

removed from the flask and resuspended in 10 ml in Iscove's Modified Dulbecco's 

Medium (cIMDM) supplemented with 10% heat inactivated human AB serum (Gemini 

Bioproducts, Calabasas, CA) with 25,000 U/ml Penicillin-Streptomycin and 29.2 mg/ml 

L-glutamine (Lonza, Walkersville, MD) and 250 µg/ml amphotericin G (MP 



68 
 
 
Biomedicals, Aurora, CA) in a 24-well plate.  Non-adherent autologous lymphocytes 

were added to DC cultures (10:1 ratio of effector cells to stimulator cells). 10 ng/ml of 

IL-7, (R&D Systems, Minneapolis, MN) and 300 IU/ml of IL-2 (PeproTech Inc, Rocky 

Hill, NJ) were added to the DC-PBMC cultures. KLWG and FS-OPL was added 

at1µg/ml. 300 IU/ml of IL-2 was added every 3-4 days. Cells were split as needed and 

proliferative blasts were frequently dissociated. Weekly peptide stimulations began seven 

days after the first stimulation. Autologous PBMC were irradiated (4000 rads) and pulsed 

with 1µg/ml peptide. At the end of each stimulation cells were analyzed by ELISPOT for 

peptide recognition. 

 

Detection of IFN-γ-Producing Cells by ELISPOT 

 
Seven days after the third peptide stimulation, PBMC recognition of KLWG 

peptides was measured by IFN-γ ELISPOT. T2 cells (2.5x104 cells/well) were loaded 

with an HLA-A*0201-binding peptide (10.0 µg/ml) prior to incubation with effector 

cells. Effector cells (5x104 cells/well) and peptide-pulsed T2 cells (2.5x104 cells/well) 

were added to anti-IFN-γ antibody-coated plates in 200µl cIMDM. Control wells 

contained un-stimulated PBMC, PBMC + PHA (10.0 µg/ml) or PBMC + T2 cells. After 

incubation for 40 h at 37°C in 5% CO2, cells were removed by washing five times with 

PBS/0.05% Tween 20. Captured cytokine was detected by incubation for 5 hr at room 

temperature with biotinylated mouse anti-human IFN-γ monoclonal antibody 

(2.5µg/ml/well, Pharmingen, San Diego, CA) diluted in PBS/0.05% Tween 20/0.1% 
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FCS. Plates were washed with PBST and streptavidin-HRP (Pharmingen, San Diego, 

CA), diluted 1:1000 in PBST-FCS, was added for 1 hr at room temperature. Staining was 

performed with 3-amino-9-ethylcarbazole for 15-20 min at room temperature. Color 

development was stopped by thoroughly rinsing the plates with distilled water. Spots 

were counted by Immunospot software (Cellular Technology Ltd, Cleveland, OH). 

 

Cytolytic Activity of PBMC Cultured with FS-OPL 

 

Standard 51Cr release cytotoxicity assays were performed to evaluate the ability of 

PBMC to lyse target cells pulsed with native KLWG-12 and KLWG-9 peptide. T2 cells 

(5x103 cells/well) were labeled with 100 µCi of 51Cr (Amersham Pharmacia Biotech Inc., 

Piscataway, NJ) for 45 minutes followed by incubation with 10.0 µg/ml of wild type 

TRP-2 in IMDM for 1 hour prior to assay. HLA-A2+ Gliomas U87, U251, T98g (kind 

gift from Dr. Walter Storkus), CRL2610 (American Type Culture Collection, Rockville, 

MD) and K562 (HLA-A2+ NK-sensitive cell line) cell lines also served as target cells. 

Release of radioactivity was measured by gamma counting (Top Count, Packard, 

Meriden, CT). Maximum release was defined by 51Cr released from targets lysed with 

10% Triton X-100. Percent specific lysis was calculated as: ((experimental 51Cr release - 

spontaneous release) / (maximum release – spontaneous release)) x 100. 
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Homology Modeling and Interactive Docking of KLWG-12 and FS-OPL with HLA-
A*0201 
 
 

The crystal structure of MHC Class I (PDB 1I1F, HLA-A2.1) bound to 

FLKEPVHGV was retrieved; bound peptide-ligand was extracted [63]. The candidate 

peptides (KLWG-12, KLWG-9, FS-OPL1, FS-OPL2, FS-OPL3 and FS-OPL4) were 

mutated in Sybyl version 8.0 (V.8) using the Protein Composition Tool.  For the 12 

residue peptide (KLWG-12), an additional step was required called Build Protein (Sybyl 

V.8) which allows the addition of the remaining 3 residues to the C-terminal valine.  

Once the peptides were modeled they were minimized using Tripos force-field 

minimization (Powell Method) with 1000 iterations and the energy of each peptide was 

~15 kcal/mol.  The minimized peptides were interactively docked into the MHC class 1 

binding pocket using Surflex-Dock (SFXC) (Sybyl V.8).  In order to increase the 

precision of the mode of binding 10 starting conformations for each peptide were used 

and the original peptide (PDB: 1I1F) was utilized as a reference for candidate peptide 

docking.  Each docking interaction was analyzed thoroughly for hydrogen bonding, 

aromatic and hydrophobic interactions. Also SFXC was used to calculate a total energy 

score (-log10[Kd]).  In addition to X-Score was used to obtain protein, protein 

interactions. All of the parameters needed to run X-Score were assembled in an input 

parameter file. The parameters needed are the receptor pdb file, the ligand mol2 file 

(which has already been pre-docked into the binding pocket of the target protein), and an 

optional reference mol2 file, which specifies the ligand molecule already bound to the 

protein. The predicted Kd is calculated by pKd = 10 exp(−Xscore) [64]. The computer 



71 
 
 
modeling was performed by Jamal Nadeem and Daruka Mahadevan at the Arizona 

Cancer Center. 

 

4.3 Results 
 
 

Reported HLA-A2 binding motifs suggest that the HLA-A*0201-binding peptide, 

KLWG-9, does not contain optimal HLA-A2 binding residues and is unlikely to be 

presented as efficiently to CTL as peptides with preferred amino acids that fit HLA-

A*0201 motifs. Based on the natural KLWG-9 sequence, four peptide ligands containing 

optimal HLA-A2-binding amino acids were designed (Table 4.1). Amino acid 

substitutions were introduced at P1, P3 and P4 in native KLWG-9. Studies previously 

reported by Smith et al. and Dionne et al. [39, 61] show that the HLA-A2 binding motif 

prefers phenylalanine (F) at the auxiliary positions P1 and P3, and that glutamic acid (E) 

is favored at residue P4 for nonamer peptides that bind to the HLA-A*0201 moleucle 

[65]. KLWG-9 native peptide contains the preferred amino acid of leucine (L) at anchor 

residue P2 so it was not modified. Therefore, these alterations were incorporated into the 

peptide design for four KLWG-9 FS-OPLs.  
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Peptide Sequencea 
Total 
Scoreb 

pKd Syfpeithic Bimasd IC50 µMe 

KLWG-12 KLWGLTPKVTPS 7.0 7.2 n/a n/a 32  

KLWG-9 KLWGLTPKV 3.0 7.1 30 2020 110  

FS-OPL1 FLWGLTPKV 4.8 8.5 30 2655 76 

FS-OPL2 FLFGLTPKV 13.4 8.1 30 1183 17 

FS-OPL3 FLFELTPKV 13.6 8.7 30 4853 19 

FS-OPL4 FLWELTPKV 5.0 7.9 30 10887 56 
 
Table 4.1. Relative affinities and predicted affinities of FS-OPL for HLA-A2. 
aStandard single letter amino acid code and residues shown in bold represent deviations 
from KLWG-9.  
bSFXC based total score and binding affinity for the Variant-RT peptide (I1Y) and the six 
peptideds bound to the HLA-A*0201 crystal structure. 
cPeptide epitope prediction values calculated using SYFPEITHI.  
dHLA half-time dissociation values calculated using BIMAS.  
eIC50 values determined by the amount of peptide needed to inhibit an HLA-A2 allele 
binding HBV reference peptide by 50%. 

 

 

 
 
Computer Modeling of Binding of KLWG-12 and FS-OPL Peptides to HLA-A*0201 
 

The next objective in this study was to determine by computer modeling the mode 

of binding of the native KLWG-12 peptide and the effectiveness of the amino acid 

substitutions in the KLWG-9 epitope. The results of the total score and calculated binding 

affinities utilizing the XScore are shown in Table 4.1. Each of the six peptides was 

modeled using the crystal structure coordinates (PDB: 1I1F) of MHC class I molecule 

(HLA-A*0201). The mode of binding within the MHC class I peptide binding pocket 

among the five candidate 9-mer peptides indicates that FS-OPL2 and FS-OPL3 are the 
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best binders, with a conserved mode of binding to the original peptide (PDB: I1F 

sequence FLKEPVHGV) as the backbone is super-imposable and correlates well with the 

empiric binding affinity.  Molecular models of docked FS-OPL2 and FS-OPL3 peptides 

in complex with the HLA-A*0201 molecule showed that the substitution of F in position 

3 (P3) orients and positions them in the binding pocket to favor a pi–pi aromatic 

interaction with W 167 of HLA-A*0201 as well as a polar interaction with K 66. The 

only difference between FS-OPL2 and FS-OPL3 is G or E at (P4) respectively with the 

latter pointing into the pocket. The carbonyl of the peptide bond of L (P5) forms a 

hydrogen bond (H-bond) (1.8 Å) with the amide of Q 155 and A 96 forms a hydrophobic 

interaction with L (P5). The hydroxy-group of T (P6) forms an H-bond with the amino-

group of W 147 (2.1-2.2 Å).  P (P7) causes a kink in the peptide but appears not to 

interfere with binding or change the direction of the backbone of the peptide. F (P1), L 

(P2) and V (P9) all point away from the binding pocket and are solvent exposed (Figure 

4.1).  

Molecular modeling of the 12-mer peptide (KLWG-12) shows that it does not 

bind in the conventional way in which the peptide binds in the MHC groove in parallel 

with the alpha-1 domain going in the N-terminal to C-terminal direction [85]. The reverse 

orientation is due to several critical differences including the sequence differences at the 

N-terminal region compared to the FS-OPL and the presence of extra 3 residues C-

terminally.  Interestingly, the binding orientation of the 12-mer peptide though reversed 

still appears to maintain the backbone conformation within the pocket. Modeling of the 

12-mer peptide shows no bulging out of the pocket and the peptide resides within the 
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pockets dimensions restricted by 2 aromatic residues at either end of the pocket 

(gatekeepers).  K (P1) on the 12-mer peptide is unable to make the initial interaction in 

the aromatic pocket. Despite these effects the 12-mer is a better binder and competes out 

three 9-mers (FS-OPL4, FS-OPL1 and KLWG-9) for binding affinity. The main 

interactions the 12-mer makes with MHC class I molecule are; K (P1) forms a H-bond 

with T 80 (2.4 Å), backbone carbonyl of G (P4) forms a H-bond with W 147 (2.4 Å), L 

(P5) forms a hydrophobic interaction with A 150, T (P6) forms a H-bond with Q 155 (1.9 

Å) and K (P8) forms a H-bond with H 70 (2.1 Å) and interacts with Y 99 (polar). The P 

(P7) causes a kink in the backbone but does not interfere with the backbone position 

while P (P11) has no effect on peptide direction. W (P3), V (P9), and P (11) are solvent 

exposed and side-chains are positioned out of the binding groove (Figure 4.2). These 

results are consistent with the very low binding affinity observed with the 9-mer peptide, 

KLWG-9.  
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PHE 1

LEU 2

PHE 3

GLY 4

LEU 5

THR 6

PRO7
LYS 8

VAL 9

TYR 171

GLN 155

 

Figure 4.1. Modeled FS-OPL2 peptide bound to HLA-A*0201. FS-OPL2 
peptide interactions with HLA-1*0201 moleucle.  FS-OPL2 F (P3) has a pi-pi 
interaction with W 167, the C=O peptide bond of L (P5) forms an H-bond (1.8 Å) 
with amide of Q 155 and the OH-group of T (P6) forms an H-bond with the N-
group of W 147 (2.1-2.2 Å).  
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Lys 1
Trp 3

LEU 2
GLY 4

LEU5

THR 6
PRO 7

LYS 8

VAL 9

THR 10

PRO 11

SER 12

TYR 84

ALA 150

TYR 59

TRP 167
TYR159

 

 Figure 4.2. Modeled native KLWG-12 peptide bound to HLA-A*0201. 
KLWG-12 peptide interactions with HLA-A*0201moleucle. L (P1) forms a H-
bond with T 80 (2.4 Å), backbone C=O of G (P4) forms a H-bond with W 147 
(2.4 Å), L (P5) forms a hydrophobic interaction with A 150, T (P6) forms a H-
bond with Q 155 (1.9A) and K (P8) forms a H-bond with H 70 (2.1 Å) and 
interacts with Y 99 (polar). 
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Relative Affinity of FS-OPL to HLA-A*0201 

 
To determine if the amino acid substitutions we introduced into the KLWG-9 

peptide affected peptide binding to HLA-A2 molecules we evaluated the FS-OPL using 

in vitro binding assays (Table 4.1).  Relative affinity assays were performed in which 

unlabeled inhibitor peptides compete with a standard fluoresceinated peptide (HBV core 

Ag18-27, Fl-peptide) for binding to HLA-A*0201 on the surfaces of T2 cells. The amount 

of native KLWG-12, KLWG-9 and FS-OPL peptides required to competitively inhibit the 

binding of Fl-peptide to cell surface HLA-A*0201 was determined and the concentration 

at which the Fl-peptide binding was inhibited by 50% (IC50) was calculated. The half-

time dissociation and epitope prediction of the OPL for the HLA-A2 molecule was also 

calculated by BIMAS and the SYFPEITHI peptide-binding algorithms respectively [66, 

67].  Based on coefficient tables, KLWG-9 FS-OPL were assigned equal or higher values 

compared to native KLWG-9 epitope (Table 4.1). 

Amino acid substitutions at the sites of preferred anchor and auxiliary HLA-

A*0201-binding residues each resulted in peptides with increased binding affinity for 

HLA-A2 molecules.  Each OPL demonstrated a higher relative affinity than native 

KLWG-9 but only two of the FS-OPL had a better affinity value than KLWG-12 (Table 

4.1). Native KLWG-12 peptide (KLWGLTPKVTPS) showed an IC50 of 32 uM for HLA-

A2 on the T2 cell surface, while FS-OPL2 demonstrated the best relative affinity with an 

IC50 of 17 uM, closely followed by FS-OPL3 at 19 uM.  Based upon the relative affinity 

results alone, it would be predicted that FS-OPL2 and FS-OPL3 would elicit the most 
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active CTL compared to CTL raised on the other peptides. However, we have observed in 

other studies that optimized peptides with the best affinity do not always induce the most 

active CTL or elicit CTL from the most individuals [61, 65].  Therefore, we raised CTL 

on each peptide and tested their reactivities against wild type peptide. 

 
Detection of IFN-γ by ELISPOT Assay 
 
 

CTL were grown with repeated weekly stimulations of either KLWG-9 or FS-

OPL peptides to determine if the in vitro cultures showed a specific response to the 

cognate peptide (Table 4.2). Because tumors will express native KLWG and not FS-OPL, 

CTL raised on FS-OPL were evaluated for recognition of native KLWG-12 peptide and 

the nonamer epitope KLWG-9.  Each of five donors responded with different profiles to 

the peptides (Table 4.3). For donor ND51, KWLG-12 and KLWG-9 peptides elicited 

nearly equivalent numbers of anti-KLWG-9 CTL: 439 and 443 spots per 5 x 104 PBMC, 

respectively.  In contrast, CTL from donor ND78 raised on FS-OPL1 peptide responded 

best to the KLWG-12 and KLWG-9 peptide:  97 and 105 spots per 5x104 PBMC, 

respectively.  CTL from donor ND90 raised on all four OPL did not cross-reacted with 

native KLWG and we were also unable to raise significant levels of CTL against the 

native peptide (Table 4.3).  Donor ND93 CTL raised on FS-OPL2 responded best to 

native KLWG-9 peptide with 555 spots per 5 x 104 PBMC. Donor ND94 CTL raised on 

native KLWG-9 peptide responded best to KLWG-12 and KLWG-9 peptide but weakly 

(~10-fold less) compared to other donors: 30 spots and 57 spots per 5 x 104 PBMC, 

respectively. 
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Table 4.2. Peptide-reactive CTL responding to FS cognate peptide as measured by  
IFN-γ ELISPOT. Data shows number of spots from a 4th round of stimulation from CTL 
raised on FS-OPL and tested on cognate peptides. CTL were tested against an irrelevant 
HIV peptide and background spots were subtracted from totals. Values listed are IFN-γ-
secreting CTL from 5 x 104 PBMC per well using cognate peptides pulsed T2 cells as 
targets. 
 
 
 
 
 

 

Donor 
CTL Raised 

on: FS peptide 
KLWG-9 

CTL 
Raised on: 
FS-OPL1 

 

CTL 
Raised on: 
FS-OPL2 

 

CTL 
Raised on: 
FS-OPL3 

 

CTL 
Raised on: 
FS-OPL4 

 

ND51   443 286 56 26 39 

ND78  77 91 124 147 18 

ND90  7 14 31 10 11 

ND93 68 58 844 75 25 

ND94  57 29 29 32 16 
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Tested Against 
Target: pulsed 

with KLWG-12 
or KLWG-9 

CTL Raised 
on: FS peptide 

KLWG-9 

CTL 
Raised on: 
FS-OPL1 

 

CTL 
Raised on: 
FS-OPL2 

 

CTL 
Raised on: 
FS-OPL3 

 

CTL 
Raised on: 
FS-OPL4 

 

ND51  (12-mer) 439 52 19 16 0 

ND51  (9-mer) 443 42 7 4 0 

ND78  (12-mer) 88 97 2 1 1 

ND78 (9-mer) 77 105 15 0 0 

ND90  (12-mer) 9 11 8 8 2 

ND90 (9-mer) 7 1 5 2 2 

ND93  (12-mer) 68 49 27 2 0 

ND93 (9-mer) 68 51 555 0 7 

D94  (12-mer) 30 5 0 2 0 

ND94  (9-mer) 57 3 0 2 0 

  

Table 4.3. Peptide-reactive CTL elicited from normal donors responding to native 
KLWG-12 peptide and KLWG-9 epitope as measured by IFN-γ ELISPOT. Data 
shows number of spots from a 4th round of stimulation from CTL raised on OPL and 
tested on wild type KLWG peptides. CTL were tested against an irrelevant HIV peptide 
and background spots were subtracted from totals. Values listed are IFN-γ-secreting CTL 
from 5 x 104 PBMC per well using KLWG peptides pulsed T2 cells as targets. 
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FS-OPL CTL Cytotoxicity Assay 

 
 We tested anti-native peptide CTL generated from donor ND51 for the ability to 

lyse GBM tumor cells in 51Cr release assays.  At an effector to target ratio of 100:1, 

approximately 34% of CRL2610 GBM tumor cells were lysed by anti-KLWG-9 CTL 

(Figure 4.3A). T98g, U87 and U251 GBM tumor cells were not lysed. In all cytotoxicity 

assays, NK activity was between 3 and 5%.  Anti-FS-OPL1 CTL from donor ND51 was 

also evaluated for the ability to lyse GBM tumor cells expressing KLWG in an HLA-A2-

restricted manner. At a 100:1 effector to target ratio, anti-FS-OPL1 CTL lysed 33% of 

CRL2610 tumor cells, but did not lyse the HLA-A2-positive GBM tumor cell lines. 

(Figure 4.3B) Anti-FS-OPL1 CTL from ND51 was also tested for its ability to lyse T2 

cells pulsed with the 12-mer peptide KLWG-12. At the 100:1 E:T ratio the anti-FS-OPL 

CTL showed 48% lysis whereas the anti-KLWG-9 CTL only showed 37% lysis. 

Although all donors were tested for cytolytic activity, only CTL from donor ND51 

demonstrated the ability to lyse tumor targets and exogenously pulsed T2 cells with 

KLWG-12 peptide at the end of the fifth round of stimulation.   

 

 
 
 
 
 
 
 
 
 
 



82 
 
 

  

 
 
Figure 4.3. Lysis of Target and GBM tumor cells.  CTL at indicated E:T ratios were 
incubated with 51Cr-labeled target cells (5x103 cells/well), and 51Cr release was measured 
after 8 hrs. A. CTL raised on native KLWG-9 peptide B. CTL raised on FS-OPL1 
peptide.  GBM CRL2610 (solid circle). T2 cells pulsed 10 µg/ml with KLWG-12 (solid 
diamond) and KLWG-9 (solid square). K562 (open square) served as NK sensitive 
control. 
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4.4 Discussion of CTL Activity against KLWG Peptides 
 
 

This study demonstrates rational design and optimization of HLA-A*0201-

binding antigenic peptides derived from the KLWG tumor specific antigen based on 

computer modeling, relative affinity measurements for HLA-A*0201, ability of the 

peptides to stimulate CTL that recognize native KLWG-12 and the epitope KLWG-9 

peptides by ELISPOT, and cytotoxicity assays against glioma tumor cell lines.  To 

optimize KLWG-9 we combined the elements of preferred anchor residues for HLA-

A*0201 at positions 1-4 and 9 based on the findings of Smith et al. and others [29, 33, 

36-39, 66] with the natural sequence of the KLWG-9 peptide-binding epitope. 

Computer modeling and interactive docking of FS-OPL (1, 2, 3 and 4) and 

KLWG-9-mer, 12-mer peptides to the MHC class I peptide binding pocket shows that F 

(P3) determines affinity and mode of binding while W (P3) is too bulky to point into the 

pocket, is solvent exposed and unable to make similar interactions to F (P3). In the 12-

mer, KLWG-12 peptide, K (P1) and W (P3) together precludes conventional binding and 

the peptide now binds in the reverse orientation with four H-bond and several 

hydrophobic interactions which are superior to binding of FS-OPL1 and FS-OPL4.  

However, KLWG-9 is the worst binder as it does not have sufficient interactions with the 

peptide binding pocket. This implies that the additional 3 residues within the KLWG-12 

peptide are important for binding. Furthermore, FS-OPL2, FL-OPL3 and KLWG-12 

peptides present a predominantly hydrophobic aromatic surface for TCR interactions. 
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A frameshift peptide longer than the canonical size of 8-10 amino acids was 

eluted from the cell surface of T98g, and subsequently shown to bind to recombinant 

HLA-A*0201 by our peptide-bead assay and a T2 relative affinity assay. Measurement of 

relative affinities for each of the OPL demonstrated a range of affinities from native 

KLWG-9 epitope to FS-OPL4 with an increase in affinity for amino acid substitution 

starting with P1. Phenylalanine substitutions for lysine at P1 and tryptophan at P3 showed 

the largest increase in relative affinity from native KLWG-9. With further substitution at 

P4 the affinity began to decrease but still retaining a stronger binding affinity than the 

KLWG-9 epitope. Surprisingly, the non-canonical class I 12-mer peptide, KLWG-12, had 

a greater than 3-fold higher binding affinity than that of the 9-mer KLWG-9 epitope 

(Table 4.1). The relative IC50 values obtained experimentally did not correlate with 

SYFPEITHI and BIMAS algorithms such that the predicted half-life of binding to HLA-

A*0201 was not the best for FS-OPL4 for which the first and fourth amino acids were 

optimized. The best IC50 values correlated with the phenylalanine substitutions at P1 and 

P3. This suggests that “over-optimization” may have occurred,  a phenomenon we 

previously observed in which improved binding affinity for HLA-A*0201 results in a 

peptide that no longer stimulates peptide-specific T cells [61, 65].  Instead, individual 

donors appeared to be stimulated differentially by each KLWG-12 and KLWG-9 peptide. 

Although stimulation of normal donor PBMC with KLWG-9 elicited the strongest 

responses among 5 normal donors, a noticeable finding was the variable response among 

donors.  CTL were raised on KLWG-9 peptide and each of four OPLs.  Starting at week 

four of stimulation, CTL were assayed by ELISPOT for reactivity only to native KLWG-
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12 and KLWG-9 peptides (Table 4.3). To discuss these findings in a vaccine setting, such 

that if donor ND78 had a glioblastoma expressing KLWG-12 and was immunized with 

native KLWG-12 or KLWG-9, he/she would not respond as well as if he/she would have 

been immunized with FS-OPL1. Similarly, one might argue that donor ND93 should only 

be immunized with FS-OPL2 because other peptides only sub-optimally stimulated anti-

KLWG-9 CTL.  Through all rounds of stimulation, CTL from donor ND51 responded 

nearly equally to native KLWG-12 and KLWG-9; FS-OPL1 expressed a low level 

response to the native KLWG peptides but did not elicit anti-native KLWG-9 CTL from 

other FS-OPL. Interestingly, PBMC from donor ND90 were not stimulated by any of the 

peptides to the same levels as the other donors, but donor ND90 PBMC were stimulated 

by the positive control influenza peptide, this suggests that this donor may have a hole in 

his/her T cell receptor repertoire or perhaps there is an OPL not examined in this study 

that would stimulate CTL from donor ND90 to respond to native KLWG peptides.  

Alternatively, donor ND90 may be highly tolerant to KLWG-related peptides. In contrast 

to other donors, PBMC from donor ND94 elicited a 2-fold higher anti-native KLWG-9 

response than an anti-KLWG-12 response. 

 Cytotoxicity assays were performed using CTL from four of the five donors 

raised on each peptide (native KLWG-9, FS-OPL1, 2, 3 and 4) to determine if their CTL 

would kill HLA-A2+ glioblastoma cells. Only CTL from donor ND51 demonstrated the 

ability to kill HLA-A2-positive glioblastoma multiforme tumor cells (Figure 4.3).  More 

specifically, and in agreement with the ELISPOT data, donor ND51 CTL raised on native 

KLWG-9 and FS-OPL1 killed CRL2610 GBM cells.   
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We observed the CTL raised on native KLWG-9 peptide “titered out” (0% lysis) 

at E:T ratio of 3.125:1. However, CTL raised on FS-OPL did not “titer out” at the same 

low ET ratio. This may suggest that CTL raised on FS-OPL may be more active than 

CTL raised on native peptide. (Figure 4.3) Interestingly, KLWG-9 and FS-OPL CTL did 

not kill the tumor cell line in which the peptide was found or any of the other HLA-A2-

positive GBM cell lines.  This data indicates that CRL2610 expresses KLWG-9 or -12-

mer, but the peptide was not identified in acid elutions by LC-MS/MS methods. This 

suggests that CTL are more sensitive to the presence of peptide than our mass 

spectrometric detection methods; biology is more sensitive than technology. Although 

lysis of GBM from donor ND51CTL raised on either native peptide or FS-OPL1 was 

similar to each other, CTL raised on KLWG-9 were most responsive in ELISPOT (439 

spots), but CTL from the same donor raised on FS-OPL1 peptide showed only 52 spots.  

This result is in line with other findings showing a lack of correlation between cytolytic 

activity and IFN-γ ELISPOT numbers [68].  This result suggests that the differences in 

cytolytic activity may be related more to inherent differences among donors than to the 

peptide used for stimulation. 

 KLWG-12 or KLWG-9 may be a suboptimal antigenic peptide vaccine as a single 

native peptide sequence mediated by tumor-derived inhibitory factors such as TGF-β, 

PGE-2 and IL-10 [86, 87]. In our hands, CTL raised on OPL could not overcome tumor-

derived inhibitory factors.  However, the results presented in this report support rational 

design and optimization of peptides derived from tumor specific antigens for 

development of peptides with increased binding affinity for HLA molecules such that 
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they stimulate the most broad T cell response possible to an individual antigenic epitope 

so that as many anti-epitope CTL will be recruited as possible. Relative affinity 

measurements of peptides with HLA-A*0201 can be coupled with functional assays to 

measure peptide stimulation of CTL. This is especially important given that different 

donors respond differentially to native or optimized peptides from the same epitope, 

suggesting that immunization with multiple peptides for the same epitope will elicit CTL 

from more individuals than immunization with one epitope.  However, it is well 

established that tumors can down-modulate individual peptides to escape detection by the 

immune system.  Our findings do not address this problem, but instead further 

substantiate the importance of immunizing individuals not only with multiple tumor 

antigens, but also multiple peptides from the same epitope to elicit the broadest response 

within the same patient and among different patients. The results presented here may 

explain, in part, the variability in individual patient responses to immunotherapy.  

 Future experiments to develop our understanding of the non-canonical MHC class 

I peptide KLWG-12, would involve validating the peptide binding in the reverse 

orientation. Computer modeling shows that the peptide binds in the C-terminus to N-

terminus direction and by mutating amino acids at the carboxy end of the peptide one 

could design a ligand that would not bind to the MHC class I molecule in the C-N 

direction and would have no effect if the peptide bound in the N-C orientation.    

Interestingly, the non-canonical KLWG-12 peptide had one of the better binding 

affinities and confirming the orientation of the class I ligand would be novel. Because 

KLWG-12 peptide was eluted from the tumor cell further studies would also include 
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generating anti-KLWG-12 specific CTL and testing the reactivities against cognate 

peptide and FS-OPL.    
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CHAPTER V 

 
DISCUSSION 

 
 The studies performed and findings presented in this work contribute to the 

development and understanding of cancer immunotherapy. Improving MHC binding to 

over-expressed or tumor specific antigens may elicit tumor-specific immune responses 

that are able to stimulate CTL among different individuals more broadly than single wild 

type peptide immunization. Based on a random peptide library screening for the HLA-

A*0201 molecule, optimized peptide ligands (OPL) were rationally designed to 

incorporate preferred amino acids at primary and auxiliary residues [38, 61]. OPL were 

shown to exhibit increased binding affinities compared to wild-type peptides and the 

ability to activate CTL that recognize and lyse target cells that express the wild-type 

peptide. These findings provide further evidence that an increase in the binding affinity 

between the MHC molecule and the class I peptide retains the antigenic peptide in the 

binding cleft longer allowing for multiple interactions with T cell receptors to generate a 

more robust immune response. 

One caveat to our approach is that improving the affinity of peptides for HLA 

molecules does not always confer an increase in immunogenicity. The docking of a 

peptide in the binding groove of a MHC molecule is influenced by many factors such as 

pockets of different sizes, hydrophobicity, microenvironments, and charges. The design 

of the optimized peptide ligands for TRP-2 demonstrated that each of the sequential 
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preferred residue substitutions resulted in an increase in the binding affinity to the HLA-

A*0201 molecule.  However, the rational design of an OPL is not always as 

straightforward as substituting a preferred amino acid in an anchor residue.  Each amino 

acid substitution influences adjacent amino acids, likely changing the conformation of the 

peptide when bound to MHC.  In contrast to the TRP-2 OPL, the FS-OPL from the 

KLWG-9 epitope demonstrated that the best predicted binding affinity OPL did not 

exhibit the highest affinity using the T2 cell competition assay. For example, FS-OPL4 

was designed to have an increased affinity to the HLA-A*0201 molecule compared to the 

KLWG-9 epitope. Furthermore, biological studies showed that the FS-OPL4 peptide was 

unable to activate the CTL in each of the normal donors, as measured by IFN-γ secretion. 

Amino acid modifications were introduced at positions P1 and P4. A preferred residue of 

phenylalanine (F) was substituted for a lysine (K) in P1 and the charged amino acid of 

glutamic acid (E) was substituted for a glycine (G) in P4. These preferred residue 

modifications suggests that the peptide was over-optimized and that the peptide was 

bound so strongly in the binding groove that the TCR was unable to recognize the 

conformation and activate the T cell. The disparity between the TRP-2 OPL and the FS-

OPL is the result of the conformational changes in the peptide downstream of the 

mutation affecting the contacts in the pockets of the binding cleft. The nearest amino acid 

neighbors in the peptide sequence influences the positional orientation of the residue it 

resides next to. A limiting factor in the optimization of tumor antigens is the preservation 

of CTL recognition toward the wild-type peptide. These studies show that it is not always 
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possible to predict that optimization increases antigenicity because we have observed 

over-optimization resulting in loss of T cell activation.   

Immunological evaluation of the ability of tumor OPL and FS-OPL to activate 

CTL was measured in vitro by IFN-γ stimulation by ELISPOT and by lysis of tumor cells 

that express the wild-type peptide. In both the TRP-2 and KLWG-9 peptide models, CTL 

specific for optimized peptide ligands showed cross-reactivity when challenged with 

wild-type peptide.  IFN-γ secretion upon cytotoxic T cell activation produces a variety of 

cellular responses such as; increased antigen presentation on APC, up-regulation of MHC 

class I and suppression of Th2 immune response [88].  

Chromium (51Cr) assays were performed to analyze the ability of the antigen-

specific CTL to recognize the wild-type peptides. Glioblastoma cell lines expressing 

wild-type TRP-2 were lysed by CTL that were capable of TRP-2 recognition. Although 

lysis of tumor cell lines with comparable TRP-2 expression was not observed by either 

wild-type or OPL-specific CTL, this can be explained by the increased level of the 

cytokine TGF-β1 secretion which conceals the tumor cell from immunosurveillance by 

suppressing T cell specific proliferation or inhibiting CTL lysis of the tumor cell. In 

contrast, anti-FS CTL were not as strong as anti-TRP-2 CTL in cytotoxicity assays using 

the glioma cell lines as targets. This might be explained by lower expression of 

frameshift peptide to that of the over-expressed tumor associated antigen TRP-2.  

Nevertheless, CTL activated by OPL and FS-OPL were able to recognize and kill tumor 



92 
 
 
targets expressing the appropriate tumor peptide.  The results of these findings provide 

evidence that OPL specific CTL can mount a response against tumor derived peptides.  

 

The goal of cancer immunotherapy is to target antigens expressed by tumor cells 

with an end result of destroying malignant cells. CTL to self tumor antigens must break 

tolerance in order to activate a cellular response and induce protective immunity. It has 

been shown that binding affinity of the peptide with the MHC molecule is correlated to 

immunogenicity [55, 89]. To improve peptide binding, amino acids in the native 

sequence are substituted with preferred residues to overcome the threshold for activation 

of specific CTL. Tumor associated antigen, TRP-2 stimulation of CTL specific for the 

wild-type tumor antigen was demonstrated by IFN-γ production and the lysis of 

glioblastoma tumor cells. The sequence modification approach to low-affinity tumor 

antigens is an alternative method to activate anti-OPL CTL that cross-react with wild-

type peptide. TRP-2 OPL demonstrated that PBMC stimulated with OPL could elicit 

interferon-gamma and lyse brain tumor cells. The immunological response seen with the 

optimized peptides suggests that the increased binding affinity would elicit a beneficial 

immunological response by inducing a large number of CTL directed against OPL, but 

cross-reactive with tumor-derived peptide. 

 
 The optimization of the tumor antigen TRP-2 and KLWG-9 showed that 

modifying anchor and auxiliary residues to preferred amino acids can result in increased 

binding affinity. However, while investigating the ability of OPL to stimulate specific 
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CTL it was observed that each of the HLA-A*0201 donors appeared to be stimulated 

differentially by each OPL and FS-OPL. These data suggest that rational design and 

optimization of peptides derived from tumor antigens with increased binding affinity for 

the HLA molecules stimulate an expansive T cell response to an individual antigenic 

epitope so that as many anti-epitope CTL will be recruited as possible with a single 

peptide.   Therefore, it would seem important to immunize individuals not only with 

multiple tumor antigens, but also multiple peptides from the same epitope to elicit the 

broadest response within the same patient and among different patients.   

 
 Many of the tumor associated antigens identified and tested in clinical trials are 

self antigens that are over-expressed in tumor cells compared to normal cells [90]. A 

problem associated with self TAA is the possibility of autoimmunity. There is a level of 

concern regarding the balance between an effective anti-tumor immunity and the risk of 

autoimmunity. A consequence of a brain inflammatory response to experimental 

encephalitis suggests that an autoimmune response in the brain will be poorly tolerated 

[91]. Tumor specific antigens derived from point mutations, frame shift mutations, 

translocations, improper splicing, and post transcriptional events have a selective 

advantage over the use of TAA as they are considered foreign to the immune system and 

should preclude the risk of autoimmunity. However, since we did not survey all tissues 

for expression of the frameshift peptide, it is possible that this FS splice variant occurs 

normally in non-tumor tissue.  This would also result in tolerance to the FS peptide, 

making it no different than a TAA self antigen.        
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 An alternative approach to prolong the interaction time between the TCR and 

peptide/MHC for T cell activation is to optimize the peptide contact residues predicted to 

bind to the TCR [92]. Due to immunological tolerance toward over-expressed TAA, T 

cells that express high-affinity TCR are often deleted and the remaining low-affinity T 

cell repertoire is more or less unresponsive to the peptide. The optimized TCR contacts 

with higher affinity have exhibited an enhanced tumor specific T cell population and an 

increase in cytolytic activity [93]. These studies suggest that incorporation of optimized 

amino acids at MHC anchor and auxiliary residues together with modifications at TCR 

contact residues increases the affinity of the peptide to the MHC in addition to sensitizing 

T cells more efficiently.  

 
 Immunotherapy of cancer began over one hundred years ago when Dr. William 

Coley discovered that tumor regression coincided with erysipelas infections. The concept 

of immunotherapy based on the body’s own natural defense system to protect us from 

foreign pathogens now represents a powerful tool used in anti-cancer treatments. The 

research of cancer immunotherapy continues to advance by exploring different treatment 

options including monoclonal antibodies, cytokines, adoptive T cell transfer and peptide 

vaccination. Understanding the effectiveness of each immunotherapy strategy enhances 

future clinical outcomes. 
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In conclusion, the results presented in these studies support the rational design 

and optimization of peptides derived from both tumor associated antigens and tumor 

specific antigens for the development of a panel of peptides with increased binding 

affinity for HLA molecules such that they stimulate a broad T cell responses to an 

individual antigenic epitope so that as many anti-epitope CTL will be recruited as 

possible. This is especially important given that different donors respond differentially to 

wild type or optimized peptides from the same epitope, suggesting that immunization 

with multiple peptides for the same epitope will elicit CTL from more individuals than 

immunization with one epitope.  Therefore, it would seem important to immunize 

individuals not only with multiple tumor associated antigens, but also multiple peptides 

from the same epitope to elicit the broadest response within the same patient and among 

different patients. 
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APPENDIX A 

HLA-A*0201 BINDING PEPTIDES 

 

Peptide Name    Residue Position  Sequence 

Tyrosinase Related Protein-2:          
TRP-2           180-188   SVYDFFVWL 
OPL2.1        FVYDFFVWL 
OPL2.2        FLYDFFVWL 
OPL2.3        FLFDFFVWL 
 
 
Frameshift Peptides: 
KLWG-12        KLWGLTPKVTPS 
KLWG-9        KLWGLTPKV 
FS-OPL1        FLWGLTPKV 
FS-OPL2        FLFGLTPKV 
FS-OPL3        FLFELTPKV 
FS-OPL4        FLWELTPKV 
 
 
Control Peptides: 
Influenza virus matrix  58-66   GILGFVFTL 
Hepatitis B virus core antigen   18-27   FLPSDFPSV 
HIV-1 p17 Gag   77-85   SLYNTVATL 
HLA-B*3901 (predicted)      NHCQLLKVMV 
 
HLA-A*0201 binding assay: 
Hepatitis B virus core antigen   18-27   FLPSDCFPSV 
 
           fluorescein 
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APPENDIX B 

MEDIA AND BUFFERS 

Complete Iscove’s Dulbecco’s Medium (cIMDM) 
 
500 ml IMDM (Gibco, Grand Island, NY) 
50 ml heat inactivated FBS (Gibco, Grand Island, NY) 
25,000 U/ml Penicillin-Streptomycin and 29.2 mg/ml L-glutamine (Lonza, Walkersville, 
MD) 
250 µg/ml Amphotericin B (MP Biomedicals, Aurora, CA) 
Filter sterilize with 0.2 µm filter 
 
Complete RPMI (cRPMI) 
 
500 ml RPMI 1640 (Mediatech, Manassa, VA) 
50 ml heat inactivated FBS (Gibco, Grand Island, NY) 
25,000 U/ml Penicillin-Streptomycin and 29.2 mg/ml L-glutamine (Lonza, Walkersville, 
MD) 
250 µg/ml Amphotericin B (MP Biomedicals, Aurora, CA) 
 
Incomplete RPMI 
 
500 ml RPMI 1640 (Mediatech, Manassa, VA) 
25,000 U/ml Penicillin-Streptomycin and 29.2 mg/ml L-glutamine (Lonza, Walkersville, 
MD) 
250 µg/ml Amphotericin B (MP Biomedicals, Aurora, CA) 
 
Complete Dulbecco’s Modified Eagle Medium (cDMEM) 
 
500 ml DMEM (Mediatech, Manassa, VA) 
50 ml FBS (Gibco, Grand Island, NY) 
25,000 U/ml Penicillin-Streptomycin and 29.2 mg/ml L-glutamine (Lonza, Walkersville, 
MD) 
250 µg/ml Amphotericin B (MP Biomedicals, Aurora, CA) 
 
Citric Acid Buffer pH 3 
 
0.263 M citric acid (Fisher Scientific, Fair Lawns, NJ) 
0.123 M Na2HPO4 (Sigma, St. Louis, MO) 
Adjust buffer to pH 3 
Filter sterilize with 0.2 µm filter 
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Tris-Buffered Saline (TBS 1x) 
 
80 gm NaCl (Fisher Scientific, Fair Lawns, NJ) 
2 gm KCl (Amresco, Solon, OH) 
30 gm Tris Base (Promega, Madison, WI) 
Add ddH20 to 1 liter 
Adjust to pH 8 
 
10x BCIP Buffer 
 
5.85 gm NaCl (Fisher Scientific, Fair Lawns, NJ) 
12.1 gm Trsma (Sigma, St. Louis, MO) 
0.476 gm MgCl2 (Fisher Scientific, Fair Lawns, NJ) 
Add ddH20 to 100 ml 
Adjust to pH 8.5 
Filter sterilize with 0.2 µm filter 
 
Buffer A 
 
0.5 gm 300 Bloom Gelatin (Sigma, St. Louis, MO) 
Dissolve in 400 ml ddH20 
Add 100 ml 10x PBS Tween 0.025% 
Add 1 gm NaN3 
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APPENDIX C 

IC50 VALUE OF OPTIMIZED PEPTIDE LIGANDS 

1. T2 cells (HLA-A2+) (1x107 total cells) were washed twice with iRPMI 1640 (no 
serum). 

2. Recombinant β2m (2.0 µg/ml) was added to T2 cells, re-suspended in iRPMI (in 
appropriate amount of RPMI to yield 500 µl/tube/peptide concentration to be tested). 

3. One aliquot of 500 µl of T2/β2m cells was dispensed into a tube. This served as a 
background control. 

4. The reference peptide (Fl-peptide, FLPSDCFPSV, 2.0 µg/ml) was added to remaining 
T2/β2m mixture.                             Fl 

5. One aliquot of 500 µl of T2/β2m/Fl-peptide was dispensed into a tube. This served as 
a fluorescence control. 

6. The remaining T2/β2m/Fl-peptide was dispensed into tubes (500 µl/tube). 
7. The appropriate amounts of optimized peptide ligand (OPL) were added to T2 cells 

so that the range of peptide concentration (i.e. 1,5, 10, 25, 50, etc. µg/ml) was 
represented to determine the amount of peptide needed to inhibit the binding of the 
Fl-peptide by 50%. 

8. Cells are then incubated for 16 hours at 26°C in 5% CO2 incubator. 
9. Cells were then washed with PBS (4ml/tube) prior to flow cytometric analysis. 
10. Mean Fluorescence Intensity (MFI) values were used to determine inhibition of the 

Fl-peptide from binding to HLA-A2 molecules by the optimized peptide ligands. 
Percent inhibition was calculated as: 

[1-((MF T2 + Fl-peptide + OPL) – (MFI T2 + β2m)) /  

((MFI T2+ Fl-peptide) – (MFI T2 + β2m))] x 100. 

11. The percent inhibition values were graphed (OPL peptide concentration represented 
on the X-axis and percent inhibition represented on the Y-axis). 

12. Using the Excel graphing program (Microsoft XP), trend lines were generated for 
each OPL tested. 

13. The equation derived from the best-fit line was used to determine the IC50 of the 
peptides. The Y value was 50 (in order to determine the peptide concentration needed 
to inhibit 50% of the Fl-peptide) and the equation was solved for X (yielding the IC50 
value of the peptide). 
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APPENDIX D 

RECONSTITUTION OF HLA-A*0201 FOR PEPTIDE SCREENING 

Urea Solutions: 
 6M 360.36 g Urea (Fischer Scientific cat# U15-3) 
 5M 300.30 g Urea 
 3M 180.18 g Urea 
 1M 60.06   g Urea 
 
 

1. Pre-soak lid of Tube-O-Dialyzer (MWCO 1000) dialysis tube in water for 10 
minutes. 

2. Remove 100 ul peptide bound TentaGel resin slurry and place in 1.5ml eppendorf 
tube. 

3. Centrifuge 1 minute 800 rpm and remove solution. 
4. Wash 3x in 1ml 6M urea in 1x PBS. 
5. Add 200 ul HLA containing insect lysates in 6M urea. 
6. Add 100 ug β2-microglobulin. 
7. Bring volume up to 500 ul of 6M urea. 
8. Allow to mix at room temperature for 30-60 minutes. 
9. Load mixture into Tube-O-Dialyzer, being careful not to touch membrane. 
10. Dialyze in 5M urea-PBS for 60 minutes at R.T. on the shaker. 
11. Dialyze in 3M urea-PBS for 60 minutes at R.T. on the shaker.  
12. Dialyze in 1M urea-PBS for 60 minutes at R.T. on the shaker. 
13. Dialyze against 1L  0.1% Tween 20-PBS overnight at 4°C. 
14. Following day; change to a fresh 1L  0.1% Tween 20-PBS and continue dialyzing 

for an additional 2 hours at RT. 
15. Remove mixture from dialysis tubes and place in eppendorf, spin and wash 3x 

with 0.1% Tween 20-PBS. 
16. Incubate with 1/1000 fold dilution of W6/32 mAb (kind gift from Cheryl) in a 

final volume of 1ml Buffer A, for 2 hours at RT.  
17. Wash 4x with 0.1% Tween 20-PBS. 
18. Incubate with 1/2500 GAM-alkaline phosphatase (Jackson ImmunoResearch cat# 

115-055-003) in a final volume of 1ml Buffer A, for 1 hour at RT. 
19. Wash 4x with 0.1% Tween 20-PBS, and then a final wash with 1x TBS. 
20. Incubate with BCIP. Use 20 ul of the stock solution in 6ml of 1x BCIP buffer, add 

1 ml per tube and let incubate at room temp. Takes around 2 hours for the color to 
appear and sometimes o/n. Therefore, I usually let these set out o/n and then read 
color results the next day. 

21. Beads can then be spun and stored in Buffer A. 
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APPENDIX E 

HUMAN SUBJECTS APPROVAL 

Human subjects approval form: Project 08-0921-04 Blood Collection From Normal 

Subjects For Immunological Studies In Cancer is on file at the office of The University of 

Arizona Human Subjects Protection Program. 
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