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ABSTRACT 

Immuno-gene therapy is a promising approach for the control of cancer. Because of the 

essential role in activating and expanding T cell responses to antigens, cytokines are 

comprehensively studied for cancer therapy. The efficacy of cancer immunotherapy is 

diminished by the fact that spontaneous tumors often downregulate antigen expression 

and/or presentation. The density of tumor antigen in conjunction with major 

histocompatibility complex (MHC) class I molecules on the cell surface affects cytotoxic 

T cell (CTL) function. In this study, we have developed a novel approach to augment the 

effect of cytokine-based cancer immuno-gene therapy through the coupling of antigen 

expression/presentation with cytokine production by expression of antigen epitopes 

within cytokine signal peptides. 

We first investigated the possibility of modifying cytokine signal peptides with antigen 

epitopes without aborting function. We inserted the genes encoding the MHC class I 

restricted antigenic epitopes of chicken ovalbumin (OVA), tyrosinase related protein 2 

(TRP-2), and oncoprotein HER2 into the signal sequence of the interleukin-2 (IL-2) gene, 

replacing part of the signal sequence at different positions. Our results showed that these 

modified signal peptides still functioned, as indicated by cytokine secretion. We then 

demonstrated that an antigen epitope contained within the modified signal peptide could 

be processed properly and presented on the tumor cell surface. Furthermore, using a 

murine melanoma model, we studied the effect of antigen epitope modified IL-2 and 
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IFN-y on the immuno-gene therapy of malignancy. Tumor cells showed enhanced 

immunogenicity as indicated by increased susceptibility to CTL lysis in vitro and 

decreased tumor growth in vivo after gene modification with the antigen epitope-

containing cytokine expression vectors. Vaccination with TRP-2 epitope-containing 

IFN-y gene-modified B16 cells resulted in protection against wild type tumor challenge. 

In addition, we investigated the possibility of using antigen epitope-containing cytokine 

expression plasmids as DNA vaccines. Our data showed that immunization with an OVA 

epitope-modified IL-2 expression plasmid resulted in protective immune responses to an 

OVA expressing tumor. 

In summary, the work presented here demonstrated that enhanced immunological effects 

could be achieved through coupling cytokine expression with antigen presentation. 

These findings provide potential perspectives in developing therapeutic or prophylactic 

vaccines for immuno-gene therapy of cancer. 
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CHAPERI 

INTRODUCTION 

1.1 Preamble 

Cancer is the second leading cause of death in the United States as well as other 

developed countries, exceeded only by heart disease, and is among the three leading 

causes of death for adults in developing countries. In 2003, 1,334,100 new cases of 

cancer are expected to be diagnosed in the USA. Although a combination of new 

chemotherapy drugs, improved regimens of radiotherapy, and more sophisticated surgery 

have achieved incremental improvements in cancer treatment and have increased the 

survival rate of cancer patients, approximately 556,500 Americans are still expected to 

die of cancer this year (1). It is estimated that cancer could kill 10 million people per year 

worldwide by 2020. Therefore, new treatment strategies are urgently needed. With the 

development of molecular techniques and the accumulative knowledge of cancer biology, 

biologically based therapies are attracting more attention in the scientific community. 

Immunotherapy is one of the major players in biologically based cancer therapies. 

Tumors express proteins either not commonly found in normal cells, or over-expressed in 

transformed cells (2). These proteins are potentially suitable target antigens for immune 

attack. With the molecular definition of these tumor antigens, interest in active 

immunotherapy has increased. Active immunotherapy is aimed at stimulating an 

endogenous immune response towards an antigen or antigens, resulting in clonal 



expansion and activation of antigen specific T and/or B cells. Strategies, including 

peptide, protein or DNA immunization as well as cellular vaccination have been 

developed to accomplish this aim. Cytokines, due to their roles in T cell activation and 

expansion, have been the focus of both therapeutic and adjuvant settings (3, 4, 5). 

However, while murine models display promise in cytokine-based vaccine studies, 

clinical trials in humans have been somewhat disappointing. In fact, all immunotherapy 

approaches face the hurdle that tumors developing in an immunocompetent host have 

acquired mechanisms of immune evasion due to genetic instability and clonal evolution. 

Abnormal MHC class I expression and decreased antigen expression are common in 

many cancers and significantly contribute to tumor immune escape. Reduced levels of 

MHC class I antigens result in decreased sensitivity to MHC class I-restricted CTL-

mediated lysis. Various cytokines, including IFN-y, IL-2, and GM-CSF have been 

documented to partially restore MHC class I expression (6). Therefore, efforts to increase 

tumor antigenicity through restoring antigenic peptide expression, in combination with 

cytokine gene modification, will likely be more effective in designing comprehensive 

tumor vaccines. 

1.2 Literature Review 

1.2.1 Tumor antigen and peptide-based immunotherapy 

The process of malignant transformation is ascribed to a series of defined and 

characteristic DNA mutations in cancer-related genes, including mutations of cellular 

genes, inactivation of tumor suppressor genes, activation of oncogenes, and ectopic 
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expression of normal genes (7). The immune system has the ability to discriminate 

between normal and aberrant self-proteins. Thus, the protein products of these 

abnormally expressed or mutated DNA segments are potentially immunogenic and can 

possibly serve as rejection antigens recognized by the host immune system. Through 

genetic and biochemical approaches, such as serological analysis of recombinant 

expression libraries (SEREX), three categories of potentially clinically exploitable tumor 

antigens have been identified. 1) Cancer-testis antigens: these antigens are expressed on a 

variety of tumor types including melanoma, and are not expressed on normal tissues, with 

the exception of spermatogonia. 2) Differentiation antigens: these antigens are shared 

between tumors and the normal tissue from which the tumor arose; most are found in 

melanomas and normal melanocytes, such as the melan-A protein, gplOO, tyrosinase-

related protein (TRP)-l and TRP-2. 3) Tumor-specific antigens: tumor antigens arising 

from point mutations in normal genes, such as mutated p53. The identification of these 

tumor antigens opens new perspectives for immunotherapy of cancer (8, 9). 

1.2.2 Gene therapy of cancer 

Gene therapy offers tremendous promise for the future of cancer treatment. Numerous 

genetic alterations contribute to tumorigenesis and tumor progression. These alterations 

result in oncogene activation and/or tumor suppressor gene inactivation. Directly 

targeting these alterations through gene transfer has the potential to treat cancer. These 

"direct" strategies include delivery of tumor suppressor genes, suicide genes, and 

antisense oligonucleotides or ribozymes which can block oncogene expression (10, 11, 



12, 13, 14). However, the effects of these direct strategies are expected to be cell 

autonomous, which means that every cell in a tumor would need to be gene-modified -

an enormous technical hurdle. It is thought that bystander effects might account for some 

of the efficacy in suicide gene therapy (15). An alternative strategy of cancer gene 

therapy is harnessing the immune response to tumor antigens. As mention above, genetic 

alterations in cancer cells also result in expression antigens that can be recognized by the 

host's immune system. However, the immune system of a tumor-bearing host often 

tolerates these antigens (16). The primary goal of immuno-gene therapy is to break this 

tolerance and induce an active immune response against tumor. The immunological 

approaches of cancer gene therapy include immunization with gene-modified tumor cells 

or antigen presenting cells, immunization with DNA or RNA encoding tumor 

antigen/peptide, cytokine-based immuno-gene therapy, and adoptive immunotherapy 

with tumor-specific T lymphocytes. (17, 18,19, 20). 

1.2.3 Cytokine-based immuno-gene therapy of cancer 

Cytokines are proteins or glycoproteins crucial in the communication between normal 

cells and can promote activation of several important specialized cellular fianctions. 

Cytokines are known to play an essential role in activating and expanding T cell 

responses to antigens. Exogenous administration of sjmthetic cytokines has been 

extensively used in therapeutic and adjuvant settings (3, 4, 21). It is generally 

aclmowledged that the systemic administration of cytokines can induce objective tumor 

regression in a number of animal models and hiraian (22, 23). However, systemic 



administration of cytokines is restricted in some situations because of systemic toxicity 

and the inability to reach clinical relevant concentrations in the tumor sites (24). 

An alternative approach for therapy is the use of cytokine-gene modified tumor cells. 

Cytokines secreted by genetically engineered tumor cells can alter the tumor 

microenvironment. Cancer cells often secrete several types of cytokines to create a 

microenvironment that is unfavorable to T cell responses. For example, many melanoma 

cells secrete a variety of cytokines including interleukin-1 (IL-1), IL-6, IL-8 and IL-10, 

which inhibit CTL response against tumor (25, 26, 27). In addition, many tumor cells 

secrete other cytokines such as transforming growth factor-p (TGF-P), vascular 

endothelial growth factor (VEGF), prostaglandin E2 (PGE2) (28, 29) These cytokines 

either inhibit the proliferation and functional differentiation of T cells, lymphokine 

activated killer cells, and NK cells, or induce angiogenesis and promote metastasis (30, 

31, 32). Cytokines secreted by genetically engineered tumor cells can reverse the 

immunosuppressive tumor environment and provide favorable conditions for T cell 

responses to occur. In addition, cytokines expressed locally within the tumor 

microenvironment can provide high cytokine concentrations at the tumor site and avoid 

the potential side effects that can result when cytokines are delivered systemically. At 

present, tumor cells have been genetically modified for use as vaccines with a variety of 

cytokine genes, including IL-2, IL-12, IFN-y and granulocyte-macrophage colony 

stimulating factor (GM-CSF) (33, 34, 35, 36, 37). However, while murine models display 

promise in cytokine-based vaccine studies, clinical trials in humans have been somewhat 
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disappointing. Clinical responses have been occasionally observed in melanoma, but 

rarely seen in other tumors (38, 39, 40). One of the possible reasons for these 

observations is that tumors have developed mechanisms to escape immune recognition 

and destruction. 

1.2.4 Tumor escape from T-cell responses 

Several scenarios have been proposed to explain tumor escape from host immune 

mechanisms. First, human tumor cells frequently exhibit abnormalities in antigen 

presentation. Protein antigens must be processed by a cellular multicatalytic proteasome 

complex to provide antigenic epitopes in the form of peptides. These peptides are 

translocated into the endoplasmic reticulum (ER) by the transporter associated with 

antigen presentation (TAP-1), TAP-2, and bind through allele specific anchor residues 

into the grove of class I MHC molecules. The MHC class I-peptide complex is then 

presented on the cell surface (41, 42). Peptide association is absolutely required for the 

stable assembly and surface expression of MHC molecules. Without peptide, MHC 

molecules are unstable and rapidly dissociate (43). This antigen presentation machinery 

can be impaired due to structural alterations and/or dysregulation of its various 

components. MHC class I heavy and light chains can be dysregulated at both the 

transcriptional and post-transcriptional levels (44). TAP-1, TAP-2 and proteasome 

subunits (LMP-2 and LMP-7) can be defective due to point mutations or transcriptional 

dysregulation (45, 46). Deficits in cofactors critical for proper MHC class I assembly, 

such as tapasin, have also been reported (47). Second, tumor cells may downregulate the 
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expression of antigenic proteins, resulting in an insufficient cell surface density of 

antigen, which is crucial for T cell activation (48, 49). Third, tumor cells may lack the 

costimulatory molecules necessary for T cell activation, such as CD80/CD86 and CD40 

ligand (50, 51). Lastly, tumor cells may secrete agents that suppress the immune 

response, including IL-10 and TGF-P (52). 

The impact of cancer immunotherapy depends upon both breaking tolerance induced by 

tumor cells and prevention of tumor immune evasion. Among these tumor resistance 

mechanisms, abnormal MHC class I expression and decreased antigen expression are 

common in many cancers and significantly contribute to tumor immune escape (53, 54). 

Reduced levels of MHC class I antigens result in decreased sensitivity to MHC class I-

restricted CTL-mediated lysis (55). Various cytokines, including IFN-y, IL-2, and GM-

CSF have been documented to partially restore MHC class I expression (56, 57). 

Therefore, efforts to increase tumor antigenicity through restoring antigenic peptide 

expression, in combination with cytokine gene modification, should be more effective in 

cancer immunotherapy. 

1.2.5 Signal peptides and antigen presentation 

Cytotoxic T lymphocytes recognize minimal peptides of eight to ten residues, which are 

presented at the cell surface by MHC class I molecules (58). Peptides presented by MHC 

class I are derived from endogenously synthesized proteins. The proteasome degrades 

these endogenous proteins to generate presentable peptides. The processed peptide is then 
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transported via the ATP-dependent TAP into the lumen of ER, where the peptide binds to 

newly synthesized MHC class I molecule. The MHC-peptide complex is then transported 

to the cell surface (29, 30). 

In addition to this pathway, a source of peptide for binding to MHC in the ER is derived 

from the signal peptides of secretory and membrane-bound proteins (59, 60). The signal 

peptide serves as a sorting signal that targets nascent secretory proteins to sites of 

translocation on the ER membrane, where it is subsequently proteolytically removed 

from the mature chain (61, 62). The signal peptide enters the ER in a TAP-independent 

manner. As soon as the signal sequence of a growing polypeptide chain has emerged 

from the ribosome, it is bound by the signal recognition particle (SRP) and the complex is 

specifically targeted to the ER membrane by an interaction with the membrane-bound 

SRP receptor (63). The signal peptide then is recognized by the signal peptidase located 

at the luminal site of the membrane and is cleaved from the nascent polypeptide (64, 65). 

There is evidence that signal peptide fragments can be presented by classical MHC class I 

molecules. Pircher et al. (66) first illustrated that a dominant target peptide is presented 

by H-2D^ and recognized by CTL specific for lymphocytic choriomeningitis virus 

(LCMV). The peptide they described was directly confirmed by NH2-terminal amino acid 

sequencing of the GP-1 glycoprotein of LCMV (67). Henderson et al. (60) also reported 

that peptides extracted from HLA-A2.1 molecules on a mutant antigen processing cell 

line were derived from the signal peptide domains of normal cellular proteins. Recently, 

Uger et al. (68) reported that when the influenza nucleoprotein epitope NP366-374 was 
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incorporated into the H-2D'' signal sequence, it was presented and induced CTL 

generation. 

Peptide association is critical for MHC assembly, stability and surface expression. 

Because its natural destination is the ER, signal peptides may enhance antigen 

presentation through providing peptide for MHC assembly, especially in cells defective 

in components of the classical antigen presentation pathway. JCharma et al. (69) reported 

that ER signal sequences facilitated the transport of peptide epitopes and restored the 

immunogenicity of a defective antigen processing tumor cell line. Sherritt et al. (70) 

demonstrated that immunization with tumor-associated epitopes fused to an ER 

translocation signal sequence was an extremely efficient method of inducing a strong 

immune response which afforded protection against tumors with down-regulated 

expression of MHC and peptide transporters. Minev and his group (71) also reported that 

the addition of synthetic signal sequences to the N-terminus of an epitope derived from 

the human melanoma antigen MART-1 greatly enhanced its presentation in both TAP-

deficient and TAP-expressing cells. 

Signal peptides do not contain specific amino acid residues and are variable in length 

(from 15 to as many as 50 amino acids). However, signal peptides consist of three 

regions with specific characteristics shared by both eukaryotes and prokaryotes: 1) an 

NH2-terminal region consisting of positively charged residues that participate in binding 

and orienting the signal sequence with respect to the membrane surface; 2) a central 
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hydrophobic region of 7-16 hydrophobic residues, and 3) a polar C-terminal region of 4-6 

residues with a higher average polarity than the hydrophobic region (72, 73). Comparison 

of all known signal sequences reveals no regions of strict homology (72). There is 

evidence that altered signal peptides still function to direct protein export. Kaiser et al 

reported that many random sequences can functionally replace the secretion signal 

sequence of yeast invertase (74). Recently, the growth of protein databases, combined 

with machine learning approaches, have made it possible to reliably predict signal 

peptides from a sequence of amino acids (75). Therefore, modifying native signal 

peptides without aborting function, and even constructing functional artificial signal 

peptides are theoretically feasible. 

In summary, many tumor antigens have been molecularly characterized during the last 

decade and are now available for use in the construction of protein/peptide specific 

vaccines. Cytokine-based cancer immuno-gene therapy appears promising in light of the 

current understanding of the complex interactions between tumor cells and the immune 

system. Most cytokines have a signal peptide in order to be secreted and it might be 

possible to modify the signal peptide with tumor antigen epitope. Expression of an 

antigen epitope within a cytokine signal peptide could effectively induce antigen specific 

immunity after vaccination. The research described herein aims to increase the effects of 

immuno-gene therapy through designing antigen epitope containing cytokines. 
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1.3 Hypothesis and Specific Aims 

Protein signal peptides target the nascent secretory protein to sites of translocation on the 

ER membrane and peptide epitopes derived from signal peptides can be presented by 

classical MHC class I molecules. There is evidence that signal peptides can enhance 

antigen presentation through transportation of the antigenic epitope into the ER and 

binding to MHC. Most cytokines contain a signal peptide in order to be secreted. 

Therefore, we hypothesized that incorporation of a tumor antigen epitope into cytokine 

signal peptides could enhance tumor antigenicity and synergize with an immuno-

stimulatory cytokine to result in increased immunotherapeutic effects. 

The specific aims of this study were: 

1. Test the possibility of modifying a signal peptide with an antigenic epitope without 

aborting its function. 

2. Determine if the antigen epitope within the modified signal peptide can be processed 

properly and efficiently presented to T cells. 

3. Determine the tumorigenicity and immunogenicity of antigen epitope-expressing IL-2 

gene-modified tumor cells. 

4. Investigate the apphcation of tumor antigen epitope-expressing IFN-y in immuno-gene 

therapy of melanoma in a murine model. 

5. Test the possibility of using plasmids encoding an antigen epitope-expressing cj'tokine 

as a DNA vaccine to induce antigen-specific immunity. 



CHAPTER II 

MODIFICATION OF CYTOKINE SIGNAL PEPTIDES WITH ANTIGEN EPITOPE 

WITHOUT ABORTING THEIR FUNCTION 

2.1 Overview 

In this study, the possibihty of modifying a cytokine signal peptide with antigen epitope 

without aborting its function was determined. Three peptide epitopes from antigenic 

proteins were tested for their ability to modify the human IL-2 signal peptide. The 

epitope SIINFEKL, derived from chicken ovalbumin (OVA), amino acids 257-264, is H-

2K'' restricted. The epitope SVYDFFVWL, derived from melanoma associated antigen 

tyrosinase-related protein 2 (TRP2), amino acids 180-188, which is conserved in both 

human and mouse melanoma, is H-2K^ and HLA-A2.1 restricted in mice and humans 

respectively. The epitope KIFGSLAFL, derived from the human HER2 oncoprotein, 

binds to HLA-A2.1. The sequences encoding these epitopes were inserted into and 

replaced part of the IL-2 signal sequence in different positions in the plasmid pCMV-IL-

2. The function of the modified signal peptides was determined by the expression level of 

IL-2 in the supernatant of transfected cells. Results showed that for all three epitopes, the 

modified signal peptide was still functional and could direct IL-2 secretion, but the 

efficacy was dependent upon the position occupied in the signal peptide. 
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2.2 Materials and Methods 

Cell lines 

Mouse cytotoxic T cell line CTLL-2, human lung carcinoma A549 cells, and murine 

melanoma B16 cells, were obtained from American Type Culture Collection (Manassas, 

VA). All cells were maintained in RPMI 1640 medium (See APPENDIX A for 

composition), at 37 °C in a 5% C02/95% air atmosphere. For CTLL-2 cells, the culture 

medium was also supplemented with lOU/ml recombinant human IL-2 (Roche 

Diagnostics Corporation, Indianapolis, IN)). 

Signal peptide prediction and oligonucleotide synthesis 

In order to determine whether a modified signal peptide might still be functional, we 

analyzed the modified sequence using a publicly available artificial neural network based 

signal peptide prediction server provided by Dr. Nielsen (76). The mail server was 

signalp@cbs.dtu.dk. The Internet server was accessible at http://www.cbs.dtu.dk/. 

Briefly, for predicting the sequence of a potential signal peptide and the first 30 amino 

acids of the mature protein were entered into the server. The values of the C-, S- and Y-

scores were returned for every position in the submitted sequence. The C-score is 

interpreted as an estimate of the probability of a position being the first in the mature 

protein. The S-score is interpreted as an estimate of the probability of a position 

belonging to the signal peptide. The Y-score is the geometric average of the C-score and 

a smoothed derivative of the S-score. Importantly, the maximal Y-score, maximal S-

score and mean S-score values are given for the entire sequence and compared with 

mailto:signalp@cbs.dtu.dk
http://www.cbs.dtu.dk/
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appropriate cutoff values. If the mean S-score is greater than 0.5, the sequence is 

predicted to function as a signal peptide. The maximal Y-score is predicted as the most 

likely cleavage site. After analysis, three modifications with the highest possibility to still 

function as signal peptides were selected for fiirther experimental study for each epitope. 

The oligonucleotides including the antigen epitope sequence and 20 nucleotides at each 

end that exactly matched the downstream and upstream target sequence were synthesized 

by a commercial provider (Sigma-Genosys, The Woodlands, TX) (See APPENDIX B for 

sequences of the oligonucleotides). 

Genetic constructs 

The lL-2 expression plasmid, pCMV-IL-2, was generously provided by Dr. Tom Tsang 

(University of Arizona) as the parental vector for genetic modifications. In this plasmid, 

the CMV early promoter drives IL-2 gene expression (Figure 2.1). To generate the 

antigen epitope expressing vectors, the gene encoding the OVA epitope, SIINFEKL, was 

inserted into the signal sequence of the IL-2 gene of the parent plasmid at three different 

positions and replaced part of the signal sequence (Figure 2.2). The resulting constructs 

were termed: 1) pCOA-IL-2, expressing the OVA epitope in the N-terminal region of the 

signal peptide; 2) pCOB-IL-2, expressing the OVA epitope in the middle of the signal 

peptide; and 3) pCOC-IL-2, expressing the OVA epitope in the C-terminal region of the 

signal peptide. Similarly, the gene for the TRP-2 epitope SVYDFFVWL and HER2/neu 

epitope KIFGSLAFL were also inserted and replaced part of the IL-2 signal sequence of 

the parental plasmid at these three different positions, respectively, resulting in pCTA-IL-

2, pCTB-IL-2, and pCTC-IL-2 or pCHA-IL-2, pCHB-IL-2, and pCHC-IL-2. 



pUC oh 
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FIGURE 2.1 Structure of the plasmid, pCMV-IL-2. pCMV-IL-2 contained a 
CMV promoter driving human IL-2 gene expression. The IL-2 signal 
sequence encoded a signal peptide that directed IL-2 secretion. The SV40 
promoter drove the neomycin resistance gene. 



To construct the above plasmids, the QuickChange™ Site-Directed Mutagenesis Kit 

(Stratagene, La Jolla, CA) was used (77). For each construct, two ohgonucleotides were 

synthesized. Both the 5' and the 3' ends of the oligonucleotides had at least 20 

nucleotides that corresponded exactly to the DNA sequence where the gene encoding the 

antigenic epitope was to be inserted, along with the sequence encoding the antigenic 

epitope in the middle of the oligonucleotides. Mutagenesis was carried out by polymerase 

chain reaction (PCR). Briefly, in a final volimie of 50|al, 50ng of recipient plasmid and 

125 ng of ohgonucleotides, 2.5U of iywTurbo™ DNA polymerase, and l)al of dNTP was 

added. The PCR reaction was: denaturation at 95°C for 30s, followed by 18 cycles of 30s 

at 95°C and 30s at 55°C, and 9 min at 68°C. At the end of the mutagenesis protocol, lOU 

Dpnl was added to the reaction tube and incubated at 37°C for 1 hour to remove wild-

type original methylated template DNA. The DNA was then used to directly transform 

competent E.coli cells. Clones were tested to verify the insertion of target sequence by 

DNA sequence analysis. 

Cell transfection 

Tumor cells were transfected with plasmid DNA using either the cationic lipid, DMRIE-C 

(Invitrogen, Carlsbad, CA) or GenePORTER 2 (Gene Therapy System, San Diego, CA) 

according to the manufacturer's protocol. Briefly, cells were plated at a concentration of 

2x10^ cells/well in 2ml medium in 6-well plates 24 hrs before transfection and grown to 

60-70% confluency. DNA/lipid complexes were prepared 15 to 30 min before 

transfection. For DMRIE-C, l|ig plasmid DNA and 4|il DMRIE-C were diluted into 
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Signal Sefuence 

FIGURE 2.2 Schematic diagram of the modifications of pCMV-IL-2 with 
the antigen epitope. A. The antigen epitope was placed in the N-terminal 
region of the modified signal peptide; B. The antigen epitope was placed in 
the hydrophobic region of the modified signal peptide; C. The antigen 
epitope was placed in the C-terminal region of the modified signal peptide. 
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500|j,l OptiMEM (GIBCO, Rockville, MD) medium then mixed together and incubated at 

room temperature for 30 min prior to addition to the well. For the GenePORTER 2 

transfections, 2]xg plasmid DNA was dissolved in 50)j,l DNA diluent, mixed with 50)al 

OptiMEM containing 10|al GenePORTER 2 reagents, and then added to the well in 1ml 

of medium. Cells were incubated with lipid/DNA complexes for 4 hours. The medium 

was then replaced with fresh culture medium. 

Cytokine expression assay 

At 24 and 48 hours after transfection, the culture supematants were collected and tested 

for IL-2 expression using an enzyme-linked immunosorbent assay (ELISA) according to 

the manufacturer's protocol (PharMingen, San Diego, CA) (See APPENDIX C for 

detail). Briefly, a 96-well plate was coated with anti-human IL-2 antibody and blocked 

with a bovine serum albumin-containing buffer. After washing 3 times with wash buffer, 

a standardized IL-2 solution and cell culture supematants were then added to the wells. 

Following two hours of incubation, the plate was washed 5 times. A biotin-labeled 

detection antibody and avidin-horseradish peroxidase (HRP) were then added. After 

another 1-hour incubation and 5 washings, the substrate solution was added and the plates 

read at 450nm. IL-2 concentration was calculated by linear regression analysis using the 

standards, control sand samples. The detection limit was 7.5pg/ml. 

Cytokine bioactivity assay 

The biological activity of the IL-2 in the culture supematants of the IL-2-expressing 
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plasmid transfected cells was determined by stimulation of cell proliferation using the 

mouse cytotoxic T cell line CTLL-2, which requires IL-2 for growth (78, 79) (See 

APPENDIX E for details). Briefly, CTLL-2 cells were plated in 96-well tissue culture 

plates at 4x10^ cells/well in 200|al medium and cultured for 48 hours with different 

amounts of IL-2 containing culture supematants from transfected cells or recombinant 

human IL-2 (PeproTech, Rocky Hill, NJ). After culture, 20)0,1 of CellTiter 96® Aqueous 

One Solution Reagent (Promega, Madison, WI) was added to the wells and the assay 

plates incubated for an additional 2-hour period. The 490nm absorbance was recorded 

directly from the plate with a microplate reader. 
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2.3 Results 

Prediction of modified signal peptide function through using a web-based signal 

peptide prediction server. 

To predict which modified signal peptide might still be functional, the modified sequence 

was analyzed using a publicly available artificial neural network based signal peptide 

predication server provided by Dr. Nielsen through the Internet at http://www.cbs.dtu.dk/ 

(53). The OVA epitope SIINFEKL, the TRP-2 epitope VYDFFVWL, and the HER2 

epitope KIFGSLAFL were randomly inserted in the IL-2 signal peptide and several 

amino acids around the insertion site were deleted to keep the new sequence at a length 

similar to the original IL-2 signal peptide. The newly generated sequences and the first 30 

amino acids of the mature IL-2 protein were entered into the server. The values of the C-, 

S- and Y-scores were returned for every position in the submitted sequence. The S-score 

was interpreted as an estimate of the probability of the position belonging to the signal 

peptide. If the mean S-score was greater than 0.5, the sequence was predicted to function 

as a signal peptide. Table 2.1 shows the predicted results of the modified signal peptides 

used in this study. 

Modification of the IL-2 signal peptide with a tumor antigen epitope. 

The genes encoding the OVA epitope SIINFEKL, the TRP-2 epitope VYDFFVWL, and 

the HER2 epitope KIFGSLAFL, were inserted into the pCMV-IL-2 plasmid by site-

directed mutagenesis and replaced part of the signal sequence of IL-2 at three different 

positions. Sequence analysis confirmed these modifications (Figure 2.3). For each 
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Table 2.1 IL-2 signal peptide modification and function prediction. 

Signal Peptide Sequence* Mean S-Score** 

IL-2 signal peptide MALWIDRMQLLSCIALSLALVTNS 0.883 

OVA (A) MSfflVFE/CLMLLSCIALSLALVTNS 0.854 

OVA (B) MALWID57/7VF£:^LSCIALSLALVTNS 0.585 

OVA (C) MALWIDRM0LLSCIALV5'fflVFE^TNS 0.627 

TRP-2 (A) M5m)FFWLLSCIALSLALVTNS 0.943 

TRP-2 (B) MALWIDRM^nDFFFfTLIALSLALVTNS 0.853 

TRP-2 (C) MALWIDRMLLIAL^FTOFFpmVTNS 0.844 

HER-2 (A) MAL^FG5Z.4FZLSCIALSLALVTNS 0.963 

HER-2 (B) MALWIDX/FG5Z.4FLALSLALVTNS 0.907 

HER-2 (C) MALWIDRMOLL^FGSZ^FZLVTNS 0.835 

* The OVA epitope SIINFEKL, the TRP-2 epitope VYDFFVWL, and the HER2/neu 
epitope KIFGSLAFL were inserted into the IL-2 signal peptide and several amino 
acids around the insertion site were deleted to keep the new sequence at a length 
similar to the original IL-2 signal peptide. 
** If the mean S-score was greater than 0.5, the sequence was predicted to function as 
a signal peptide. 



epitope, these modifications resulted in three signal peptides with the epitope located at 

the N-terminal, central, or C-terminal region of the IL-2 signal peptide. For the OVA 

epitope, the resulting constructs were designated: 1) pCOA-IL-2, expressing the OVA 

epitope in the N-terminal region of the signal peptide; 2) pCOB-IL-2, expressing the 

OVA epitope in the middle of the signal peptide; and 3) pCOC-IL-2, expressing the OVA 

epitope in the C-terminal region of the signal peptide. Similarly, for the TRP-2 epitope, 

the resulting constructs were termed pCTA-IL-2, pCTB-IL-2, and pCTC-IL-2; and for 

the HER2 epitope the resulting constructs were termed pCHA-IL-2, pCHB-IL-2, and 

pCHC-IL-2. 

Functional activity of the epitope-modified signal peptides. 

To determine if the antigen epitope-modified signal peptides could still direct cytokine 

secretion, IL-2 expression was tested by ELISA. A549 and B16 tumor cells were 

transfected with the plasmid pCMV-IL-2 and each of the modified constructs. For the 

OVA and HER2 epitopes, all modifications resulted in IL-2 expression comparable or 

better than the parental plasmid. For the TRP-2 epitope, insertion of the epitope close to 

the C-terminal of the signal peptide abrogated IL-2 expression. However, at the other two 

positions, the TRP2 epitope-modified signal peptide directed IL-2 expression, though the 

level of expression was lower than that of the parental signal peptide (Figure 2.4.) These 

results indicated that the modified signal peptides could still fiinction to direct the newly 

synthesized cytokine to the secretion pathway. 
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FIGURE 2.3 IL-2 signal peptide and sequences of the different signal peptide 
modifications. A. IL-2 signal sequence and corresponding signal peptide found in 
the plasmid pCMV-IL-2. B. The gene encoding the OVA epitope, SIINFEKL, 
was inserted into three different positions of the IL-2 signal sequence. The 
resulting constructs are termed: pCOA-IL-2, expressing the OVA epitope in the 
N-terminal region of the signal peptide; pCOB-IL-2, expressing the OVA epitope 
in the middle of the signal peptide; and pCOC-IL-2, expressing the OVA epitope 
in the C-terminal region of the signal peptide. Similarly, the IL-2 signal sequence 
was also partially replaced by the gene encoding the TRP-2 epitope 
SVYDFFVWL and HER2/neu epitope KIFGSLAFL respectively at three 
different positions, resulting in pCTA-IL-2, pCTB-IL-2, pCTC-IL-2 and pCHA-
IL-2, pCHB-IL-2, pCHC-IL-2. The sequences shown in the boxes encode the 
signal peptide and the highlighted sequences encode the antigenic epitope. 
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FIGURE 2.4 Antigenic epitope-modified IL-2 signal peptides are still 
functional. A549 (A) and B16 (B) cells were transfected with pCMV-IL-2, or 
the OVA epitope, TRP-2 epitope and HBR2/neu epitope-modified IL-2-
expressing plasmids, respectively by DMRIE-C. The culture supematants 
were collected 24 hours after transfection and IL-2 expression was determined 
by ELISA. The means ± SD of a representative of three triphcate experiments 
are shown. 
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Bioactivity of the transgenic IL-2. 

The bioactivity of IL-2 in the supematants of transfected cells was confinned by the 

ability to support proliferation of IL-2 dependent CTLL-2 cells. The amount of transgenic 

IL-2 that was required to support half-maximal stimulation of CTLL-2 cell proliferation 

was approximately 500pg/ml (Figure 2.5). As a control, 1 U/ml of recombinant IL-2 gave 

rise to half-maximal stimulation of CTLL-2 cell proliferation. Therefore, the bioactivity 

of 500pg/ml transgenic IL-2 in the culture supernatant was equivalent to 1 U/ml of 

recombinant IL-2. 
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Figure 2.5 Cell proliferation of mouse CTLL-2 cells in response to recombinant or 
transgenic IL-2. CTLL-2 cells were plated in 96-well tissue culture plates at 4 x 10^ 
cells/well and cultured 48 hours with different amounts of recombinant human IL-2 
(A) or transgenic human IL-2 contained in the culture supematants of transfected 
cells (B). After culture, 20 |al of CellTiter 96® Aqueous One Solution Reagent was 
added to the wells and the assay plates incubated for an additional 2-hour period. 
The 490nm absorbance was recorded directly from the plate with a microplate 
reader. 
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2.4 Conclusions 

Signal peptides target nascent secretory and membrane proteins to the protein 

translocation apparatus of the cell. Most cytokines have a signal peptide in order to be 

secreted out of the cell. The signal peptide is subsequently proteolytically removed from 

the mature chain by signal peptidase. Signal peptides have a common structure: a 

positively charged amino- terminal region (n-region); a central hydrophobic region (h-

region) and a more polar carboxy-terminal region (c-region). However, signal peptides do 

not contain specific amino acid residues and can be interchanged between different 

proteins or even between proteins of different organisms (80). Data presented herein 

demonstrated that it was feasible to modify cytokine signal peptides with tumor antigen 

epitopes and that the modified signal peptides could still function, as indicated by the 

ability to direct cytokine secretion. These modifications did not affect the bioactivity of 

the cytokine. Both the nature of the antigen epitope and the position of it within the 

modified signal peptide significantly affected the efficiency of signal peptide function. In 

a given position, the native amino acid sequences of the inserted antigen epitope could 

affect the hydrophobicity of the h-region of the signal peptide, which is critical for its 

function. Similarly, inserting a given antigen epitope into a different position could result 

in new signal peptides with different hydrophobic cores, some of which might not 

function at all. However, based on the data obtained with the three different epitopes, it 

appeared that most MHC class I restricted antigen epitopes (8-10 amino acids) could be 

used to modify the signal peptides without aborting function, though the efficiency of the 

altered signal peptides to direct protein secretion varied, depending on the amino acid 
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sequences and placement within the modified signal peptide. 
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CHAPTER III 

PROCESSING AND PRESENTATION BY TUMOR CELLS OF THE ANTIGEN 

EPITOPE EXPRESSED WITHIN THE MODIFIED SIGNAL PEPTIDE 

3.1 Overview 

In the process of antigen presentation protein antigens are degraded into peptides and the 

antigenic peptide epitopes then bind to MHC molecules in the ER or MHC class II 

compartments (MIIC) (58, 81). Most intracellular protein antigens are processed by the 

proteasome and then transported into the ER by TAPl and TAP2 for MHC class I 

binding (82). In this study, we determined that the modified signal peptides were properly 

proteolytically cleaved and the antigenic epitope contained within the signal peptide was 

presented on the cell surface by MHC class I molecules. The OVA epitope-modified IL-2 

expression plasmids were used to transfect tumor cells. The presentation of the OVA 

epitope was determined using a B3Z T cell-based OVA epitope presentation assay (83), 

antigen specific cell proliferation assay, cytotoxicity assay and cytokine production assay. 

Results showed that the antigen epitope expressed within the modified signal peptides 

could be processed properly and presented efficiently. 



3.2 Materials and Methods 

Mice 

C57BL/6J and OT-1 mice (84) (aged 6-12 weeks) were purchased from Jackson 

Laboratories (Bar Harbor, ME). Animals were maintained under specific pathogen-free 

conditions in the animal facility at the University of Arizona. 

Cell lines 

EL-4, a mouse thymoma cell line; E.G7, a clone of EL4 stably transfected with chicken 

ovalbumin cDNA; B3Z, a CD8+ T cell hybridoma that expresses lacZ in response to 

activation of T cell receptors specific for the OVA SIINFEKL peptide; and mouse 

melanoma B16 cells, were all obtained from the American Type Culture Collection 

(Manassas, VA). All cells were maintained in RPMI 1640 medium (See APPENDIX A 

for composition), at 37°C in a 5% C02/95% air atmosphere. 

Cell transfection and stable clone selection 

Tumor cells were transfected with plasmid DNA using either the cationic lipid, DMRIE-

C (Invitrogen, Carlsbad, CA) or GenePORTER 2 (Gene Therapy System, San Diego, 

CA) according to the manufacturer's protocol. Briefly, cells were plated at a 

concentration of 2x10^ cells/well in 2ml medium in 6-well plates 24 hrs before 

transfection and grown to 60-70% confluency. DNA/lipid complexes were prepared 15 to 

30 min before transfection. For DMRIE-C, l|J,g plasmid DNA and 4|al DMRIE-C were 

diluted into 500ij.1 OptiMEM (GIBCO, Rockville, MD) medium, then mixed together and 



incubated at room temperature for 30 min prior to addition to the well. For 

GenePORTER 2 transfection, 2|a.g plasmid DNA was dissolved in 50|j,1 DNA diluent, 

mixed with 50|j,l OptiMEM containing 10|j,l GenePORTER 2 reagents, and then added to 

the well in 1ml of medium. Cells were incubated with lipid/DNA complexes for 4 hours. 

The medium was then replaced with fresh culture medium. When selecting stable 

transgene expressing clones, the tumor cells were cultured in 600)ig/ml Geneticin 

(Invitrogen, Carlsbad, CA)-containing medium 48 hours after transfection, and cloned by 

limiting dilution in 96-well plates. IL-2 expression was tested by ELISA and positive 

clones were expanded. For the non-IL-2 expression plasmid transfected cells, such as 

backbone plasmid transfected cells, reverse transcription PCR was used to confirm the 

transgene expression. 

OVA epitope presentation assay 

Presentation of the OVA epitope was determined using a lacZIX-gaX (P-D-

galactopyranoside) assay and the OVA-specific T cell hybridoma, B3Z. B3Z T cells 

express lacZ in response to activation of T cell antigen receptors specific for the OVA-

derived SIINFEKL peptide in the context of H-2K^ MHC class I molecules (58). E.G7 

cells were used as a positive control. Typically, individual cultures containing 0.5x10^ 

transfected cells and 0.5x10^ B3Z cells, in a total volume of 0.5 ml, were co-cultured in a 

24-well plate. Cultures were then incubated for 6 hours, fixed, and stained for lacZ 

expression using X-Gal. The cells were examined microscopically for the presence of 

blue (lacZ expressing) cells and photographs were taken. 
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Proteasome inhibition assay 

OVA epitope-containing, cytokine gene-modified tumor cells and E.G7 cells were treated 

with the proteasome inhibitor c/a^to-lactacystin (3-lactone (Boston Biochem, Cambridge, 

MA) (85) at 10|aM for 2 hours. The treated cells were then used to stimulate B3Z T cells 

as described above. 

OVA-specific T cell proliferation assay 

Spleen cells were harvested from OVA-specific T cell receptor transgenic OT-1 mice. 

Single-cell suspensions were prepared and plated at 1x10^ cells/well in 200}il medium in 

a 96-well plate. Spleen cells were incubated with different numbers of mitomycin treated 

tumor cells in quadruplicate for 72 hours. The cultures were then pulsed with 1 |j,Ci/well 

[^H] thymidine for 24 hours and harvested using a PhD cell harvester (Cambridge 

Technology Inc. Watertown, MA). [^H] thymidine incorporation was measured using a 

scintillation counter (Parkard Instrument Company, Meriden, CT). Proliferation index 

was calculated by dividing the average counts of stimulated sample with the average 

counts of control sample. 

Cytotoxicity assays 

Stable transgene-expressing EL4 clones were selected and tested for susceptibility to 

cytotoxicity by OVA-specific CTL. Spleens cells fi-om OT-1 mice were harvested and 

5x10^ spleen cells were stimulated with 1x10^ mitomycin C treated EG.7 cells for 4 days 

in vitro and used as effector cells. Cytotoxicity was performed using a CytoTox96® non-
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radioactive Cytotoxicity Assay (Promega, Madison, WI). The CytoTox96® Assay 

quantitatively measures lactate dehydrogenase (LDH), a stable cytosolic enzyme that is 

released upon cell lysis. Briefly, a constant number of target cells and various numbers of 

effector cells were co-cultured in 100)j.l medium in a round-bottom 96-well plate for 6 

hours. 50|al of supernatant was harvested and LDH in the supernatant was measured with 

a 30-minute enzymatic assay, which resulted in conversion of a tetrazolium salt into a red 

formazan product. Absorbance data at 490nm were collected using a microplate reader. 

Production of IFN-y by immune spleen cells 

Spleen cells were isolated from OT-1 mice and cultured at a concentration of 4x10^ 

cells/ml in RPMI medium. For stimulation of the antigen-specific T cells, mitomycin C-

treated E.G7 cells were added to the spleen cell cultures at a ratio of 1:5 (E.G7 : spleen 

cells). Viable T cells were isolated after 4 days of stimulation by density gradient 

centrifugation using Lympholyte-M (Cedarlane Laboratory, Ontario, Canada). T cells 

•J , 
were then co-cultured with 5x10 tumor cells in 200|a,l medium in each well of U-bottom 

96-well plates at different ratios. Culture supematants were collected after 24 hours. For 

determination of IFN-y production, ELISA assays were carried out using an OptEIA 

Mouse IFN-y Set (PharMingen, San Diego, CA). The detection limit was 31pg/ml. 

Statistical analysis 

To analyze differences in levels of B3Z T cell activation, T cell cytotoxicity and IFN-y 

production between the respective experiment conditions the Student's t-test was used. 
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3.3 Results 

Presentation by MHC class I molecules of the antigen epitope expressed within the 

modifled signal peptide. 

The OVA epitope-modified plasmids, pCOA-IL-2, pCOB-IL-2, and pCOC-IL-2 were 

transfected into EL-4 and B16 cells as described. Processing and expression of the OVA 

epitope, SIINFEKL, was assessed by activation of an 0VA/H-2K''-specific T cell 

hybridoma, B3Z. B16 tumor cells used to stimulate B3Z T cells here were treated with 

IFN-y in order to increase MHC class I expression. Activated B3Z T cells express lacZ 

and turn blue when stained with X-gal. E.G7 tumor cells were used as a positive control 

to stimulate B3Z T cells. As shown in Figure 3.1, B3Z cells were activated when 

stimulated by tumor cells transfected with the OVA epitope-modified plasmids, 

indicating the presentation of the OVA epitope. B3Z T cells were not activated when 

stimulated with parental pCMV-IL-2 vector-transfected tumor cells. 

Presentation of the internal signal peptide-derived OVA epitope was also confirmed 

using a T cell proliferation assay. Spleen cells from OVA-specific, TCR transgenic OT-1 

mice were stimulated with the gene-modified tumor cells. Because the OVA epitope-

containing IL-2 expression plasmid pCOC-IL-2 resulted in the highest IL-2 expression in 

the transient transfection experiments, stable EL-4 and B16 pCOC-IL-2 transfectants 

were chosen to study. EL-4 clones transfected with pCOC-IL-2 stimulated strong 

proliferation of OVA-specific T cells, in contrast to either wild type EL-4 cells or 

parental pCMV-IL-2-modified EL-4 cells, even though the pCMV-IL-2-modified EL-4 
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pCMV-IL-2 

FIGURE 3.1 Presentation of the OVA epitope expressed within the signal peptide 
by tumor cells. B3Z T cells were stimulated by EL-4 (upper panels) and B16 
(lower panels) tumor cells, which had been transfected with plasmids pCOA-IL-2 
(A, E), pCOB-IL-2 (B, F), pCOC-IL-2 (C, G) or pCMV-IL-2 (D, H). B16 cells 
were treated with lOOU/ml IFN-y for 24 hours before co-culture with B3Z T cells. 
B3Z T cells were stained for lacZ expression with X-gal after stimulation. 
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clone (1426pg/ml/10^cells/24h) secreted more IL-2 than pCOC-IL-2-modified clone 

(696pg/ml/10^cells/24h) in culture. The proliferation index of EL-4-pCOC-IL-2 was 30 at 

a 5:1 responder to stimulator ratio, while the proliferation index of EL-4-pCMV-IL-2 was 

6. As a positive control, E.G7 stimulated maximum T cell proliferation (a proliferation 

index of 59 at a 5:1 responder to stimulator ratio, Figure 3.2A). Although B16 cells were 

somewhat defective in cell surface MHC class I expression, OVA epitope-modified 

plasmid transfected B16 cells also stimulated a strong spleen cell proliferative response 

(at lower responder to stimulator ratios). The proliferation index of B16-pCOC-IL-2 was 

14 at a 1:1 responder to stimulator ratio as compared to 2 for B16-pCMV-IL-2 (Figure 

3.2B). 

Presentation of the antigen epitope expressed within the IL-2 signal peptide is 

proteasome independent. 

To investigate whether the antigenic epitope contained within the IL-2 signal peptide 

required processing by the proteasome, (like most cytosolic proteins) or was processed in 

a proteasome-independent pathway by other proteases, (like the ER signal peptidase), the 

effects of a proteasome inhibitor was analyzed on the presentation of the OVA epitope. 

While the expression of SIINFEKL/H-2K'' complexes on E.G7 cells were inhibited by 

the proteasome inhibitor, clasto-lactsicystm P-lactone, indicated by the decreased number 

of activated B3Z T cells, the expression of complexes on the surface of the OVA epitope-

modified, stable EL-4 transfectants were not sensitive to the inhibitor, indicated by the 

unchanged number of activated B3Z T cells. That is, for P-lactone pretreated EG. 7 cells. 
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as determined by counting the percentage of blue cells under the microscope, the ability 

to activate B3Z cells decreased approximately 80% as compared to untreated cells. 

However, p-lactone treatment had little or no effect on the OVA epitope-modified, stable 

EL-4 transfectants. These results suggested that the OVA epitope contained within the 

signal peptide was processed and presented by the tumor cells in a proteasome-

independent fashion (Figure 3.3). 

Increased immunogenicity and susceptibility to CTL lysis of epitope-expressing, 

cytokine gene-modified tumor cells. 

CTL function is triggered upon TCR engagement by MHC/peptide complexes. Thus, the 

expression of H-2KV0VA SIINFEKL complexes on the cell surface of the OVA epitope-

expressing, stable EL-4 and B16 transfectants should render these cells susceptible to 

lysis by OVA-specific CTL. As shown in Figure 3.4A, CTL generated from transgenic 

OT-1 mice efficiently lysed the OVA epitope-expresssing, stable EL-4 transfectants 

(33% lysis at a 10:1 E:T ratio), but showed little effect on the wild type EL-4 (0% at 

30:1), or mock plasmid (3% at 30:1) and parental pCMV-IL-2 (10% at 10:1) transfected 

EL-4 cells. As a positive control, the lysis of EG.7 cells by OVA-specific CTL was 53% 

at a 10:1 E:T ratio. This result was not surprising considering that EG.7 is a stable OVA 

cDNA transfectant and expresses significant levels of H-2K . Due to the MHC class I 

expression defect in B16 cells (86), OVA epitope modification only partially sensitized 

the cells to antigen-specific CTL lysis (16% vs. 2% for controls at a 30:1 E:T ratio). 

However, if pre-treated with IFN-y to increase MHC expression, OVA epitope 
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containing, IL-2 plasmid-modified B16 cells were efficiently lysed by OVA-specific 

CTL (55% lysis at 30:1 a E:T ratio) (Figure 3.4B). 

CD8+ T cells contribute to anti-tumor immunity by producing cytokines, e.g. IFN-y and 

tumor necrosis factor (87). Spleen cells from TCR transgenic OT-1 mice were isolated 

and stimulated in vitro with E.G7 cells for 5 days, then restimulated with mitomycin C-

treated wild type B16, parental pCMV-IL-2 or pCOC-IL-2 B16 stable transfectants as 

described in Material and Methods. The supematants from the mixed tumor cell/spleen 

cell cultures were collected and analyzed for IFN-y production by ELISA. As shown in 

Figure 3.5, OVA epitope-modified, stable B16 transfectants stimulated significantly 

higher amounts of IFN-y (1140pg/ml at a 3:1 R:S ratio) than did wild type B16 cells 

(95pg/ml) or pCMV-IL-2 transfectants (65pg/ml). 
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FIGURE 3.2 OVA epitope-expressing plasmid-transfected tumor cell lines 
stimulate strong antigen-specific T cell proliferation. Spleen cells were harvested 
from OVA-specific, TCR transgenic OT-1 mice. EL4 transfectants (panel A), and 
B16 transfectants (panel B) were treated with mitomycin C and cultured at the 
indicated ratios with 1x10^ spleen cells. EG.7 cells were used as a positive 
control. Spleen cell proliferation was determined by measurement of [^H] 
thymidine incorporation. Means ± SD of a representative experiment is shown. A 
total of three experiments were performed. 
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Figure 3.3 Proteasome-independent presentation of the antigen epitope within 
the signal peptide. A. B3Z T cells were stimulated with proteasome inhibitor 
(c/aj'to-lactacystin P-lactone)-treated (lower panels) or untreated (upper panels) 
EL-4 pCOB-IL-2 transfectants (left panels) and EG.7 cells (right panels). 
Stimulated B3Z T cells were stained with X-gal after stimulation. 
Representative results from two experiments are shown. B. B3Z T cells were 
stimulated with proteasome inhibitor (c/a^fo-lactacystin p-lactone)-treated or 
untreated pCOB-IL-2, pCOC-IL-2 EL4 transfectants and EG.7 cells. Stimulated 
B3Z T cells were stained with X-gal and positive cells were counted using a 
microscope. Pooled data from two experiments is shown (*p=0.0783). 
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FIGURE 3.4 Increased susceptibility of antigenic epitope-expresing, cytokine gene-
modified tumor cells to antigen-specific CTL lysis. EL4, EG.7, gene-modified EL4 
cells (panel A), and gene modified B16 cells (panel B) were used as target cells in 
cytotoxicity assays using in vitro mitomycin-treated EG.7 stimulated spleen cells 
from OT-1 mice. IFN-y (lOOU/ml for 24 hours)-treated wild type and transfected 
B16 were also used as targets. Specific lysis at four E:T ratios is shown. Data are 
representative of three experiments. 
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FIGURE 3.5. IFN-/production by spleen cells stimulated with antigen epitope 
expressing, IL-2 gene-modified tumor cells. Spleen cells were isolated from OT-1 
mice and stimulated in vitro for 4 days with E.G7 cells. T cells were then co-
cultured with 5x10^ wild type B16, B16-pCMV-IL-2, or B16-pCOC-IL-2 tumor 
cells in U-bottom 96-well plates at the indicated ratios for 24 hours. IFN-y in the 
culture supematants was measured by ELISA assay. Data are representative of 
three experiments. 
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3.4 Conclusions 

Signal peptides target proteins for secretion or membrane insertion. During protein 

synthesis, signal peptides direct nascent proteins from the cytosol to translocation sites, 

the membrane of the ER in eukaryotic cells (88). After fulfilling this mission, signal 

peptides are cleaved from the precursor proteins by signal peptidase and can be ftirther 

degraded into free amino acids by various oligopeptidases. However, additional fiinctions 

might be carried out by signal peptides. Signal peptide fragments have been reported to 

bind to calmodulin in a Ca^^-dependent manner (89). The non-classical MHC class lb 

molecule, HLA-E preferably binds to a peptide derived from amino-acid residues 3-11 of 

the signal sequences of most HLA-A, -B, -C, and -G molecules involved in NK cell 

recognition of target cells (90). Classical MHC class I molecules have also been reported 

to present peptide epitopes derived from protein signal peptides. Henderson et al (60) 

reported that peptides extracted from HLA-A2.1 molecules on a mutant antigen 

processing cell line were derived from the signal peptide domains of normal cellular 

proteins. Uger et al (68) reported that when the influenza nucleoprotein epitope NP366-

374 was incorporated into the H-2D'' signal peptide, it was presented and induced CTL 

generation. In this study, we inserted the OVA epitope into the IL-2 signal peptide at 

different positions through genetic modification and confirmed the presentation of the 

OVA epitope by MHC class I molecules through biological assays. Our data showed that 

the OVA epitope in all three modifications was processed and presented, though these 

positions resulted in slightly different effects on signal peptide fianction. 
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Signal sequence-derived peptides are processed in different ways. Peptides can be 

generated either by the cytosoUc proteasome after retrotranslocation, or by signal 

peptidase in a proteasome-independent fashion (91, 92). Our data showed that the 

processing of the antigenic epitope contained within the modified IL-2 signal peptide was 

proteasome-independent, at least for the OVA epitope, SIINFEKL. In addition, signal 

peptide fragments can associated with MHC class I molecules in either a peptide 

transporter associated with antigen processing (TAP)-dependent or TAP-independent 

manner (93, 93). These characteristics might be useful in cancer immunotherapy because 

tumor cells often down-regulate these components involved in antigen presentation. 

In summary, our results demonstrated that the antigen epitope expressed within the 

modified cytokine signal peptide was processed properly and presented by MHC class I 

molecules on the cell surface. Proteasome-independent processing of the antigen epitope 

expressed within the signal peptide is of interest and might help to increase antigenicity 

of tumors defective in proteasome components. 
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CHAPTER IV 

TIJMOR ANTIGEN EPITOPE-EXPRESSING, IL-2 GENE MODIFICATION RESULTS 

IN DECREASED TUMORIGENICITY OF MURINE MELANOMA TUMOR CELLS 

4.1 Overview 

The density of tumor antigen in conjunction with MHC class I molecules on the cell 

surface affects CTL function in an active anti-tumor immune response. Effector T cells 

lyse tumor cells upon engagement of TCR by MHC/peptide complexes. Any alteration in 

the expression of class I MHC molecules on tumor cells may exert a profound effect on 

CTL-mediated tumor lysis. In fact, tumor cells under immune attack tend to be selected 

for antigen loss variants (94, 95). Therefore, methods to enhance antigen presentation 

could help to increase tumor immunogenicity. We have demonstrated that an antigen 

epitope expressed within a signal peptide could be presented on the cell surface. 

Therefore, we wanted determine if the antigen epitope-expressing cytokine gene transfer 

would affect the tumorigenicity and immimogenicity of mouse melanoma. B16 cells 

were transfected with the TRP-2 epitope-containing IL-2 expression plasmids and stable 

clones were selected. The in vivo tumor growth and the effectiveness as tumor vaccine of 

these clones were investigated. The results demonstrated that TRP-2 epitope-expressing 

IL-2 gene modified B16 tumors were more antigenic and grew slower than both wild type 

and IL-2 alone gene-modified tumors. However, no protection against wild type tumor 

challenge was observed when the modified cells were administrated as a cellular vaccine. 
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4.2 Materials and Methods 

Mice and cell lines 

C57BL/6J mice (aged 6-12 weeks) were purchased from Jackson Laboratories (Bar 

Harbor, ME). Animals were maintained under specific pathogen-free conditions in the 

animal facility at the University of Arizona. Mouse melanoma B16 cells were obtained 

from the American Type Culture Collection (Manassas, VA). Cells were maintained in 

RPMI 1640 medium supplemented with 10% fetal bovine serum (Irvine Scientific), 2mM 

glutamine, ImM pyruvate, 50)aM 2-mercaptoethanol, peniciUin (200 units/ml), and 

streptomycin (200|ag/ml) at 37°C in a 5% C02/95% air atmosphere. For gene-modified 

cells, Geneticin (600|j,g/ml, Invifrogen, Carlsbad, CA) was added to the medium. 

Genetic constructs 

The genetic constructs used in this study included the IL-2 expression plasmid pCMV-IL-2, 

and the TRP-2 epitope-incorporated IL-2 expression plasmids pCTA-IL-2 and pCTB-IL-2. 

The backbone plasmid pCMV was used as a control. 

Cell transfection and clone selection 

B16 cells were transfected with different plasmids using lipid-mediated transfection as 

describe in the previous chapter. Stable B16 clones were selected by limiting dilution and 

maintained in G418-containing medium. 



Determination of cell surface MHC class I expression 

MHC class I antigen expression on wild type and transfected B16 cells was determined 

by flow cytometric analysis. Briefly, transiently transfected cells or stable transfectants 

were harvested and washed with PBS. Cells were incubated with biotin-labeled anti-H-

2K^/D'' monoclonal antibody and strepavidin-PE for 30 min on ice. Cells were washed 

twice with 2ml FACS buffer (Appendix A for composition) after staining and fixed in 1% 

paraformaldehyde (Appendix A for composition). Samples were analyzed using a flow 

cytometer (Coulter® EPICS, Coulter Corporation, Miami, FL). EL-4 cells were stained 

and analyzed as a positive control. 

IFN-y assay 

Spleen cells were isolated from C57BL/6 mice and cultured at a concentration of 

4xl0^cells/ml in RPMI medium. For stimulation of antigen-specific T cells, mitomycin 

C-treated, TRP-2 peptide-loaded, syngenic LPS blasts were added to the spleen cell 

cultures at a ratio of 1:5 (blast cells : spleen cells). Viable T cells were isolated after 5 

days of stimulation by density gradient centrifugation using Lympholyte-M (Cedarlane 

Laboratory, Ontario, Canada). T cells were then co-cultured in 200|j,l medium with 5x10^ 

tumor cells in each well of U-bottom 96-well plates at different ratios. Culture 

supematants were collected after 24 hours of stimulation. For determination of IFN-y 

production, ELISA assays were performed with an OptEIA Mouse IFN-y Set 

(PharMingen, San Diego, CA). The detection limit was 31pg/ml. 
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In vivo tumorigenicity 

C57BL/6J mice (6 per group) were subcutaneously injected with either 1x10^ wild type 

B16 cells, or pCMV, pCMV-IL-2, pCTA-IL-2, and pCTB-IL-2 stable B16 transfectants. 

Tumors were measured every other day with calipers once the tumors became palpable. 

The tumor volume was calculated with the formula: length X width^ X 7r/6 (96). 

Statistical analyses were performed using an unpaired Student's t test. 

Enumeration of antigen-specific CTL precursors by MHC tetramer staining 

C57BL/6 female mice were immunized with 1x10^ irradiated wild type B16 cells or the 

different transfectants. Mice were immunized twice at 2-week intervals. 7 days after the 

second immunization, splenocytes were harvested, and TRP2 specific CD8+ T cells were 

enumerated using H-2K'' tetramers loaded with the specific peptide, SVYDFFVWL. The 

MHC tetramer was generously provided by the NIH tetramer facility (Atlanta, GA). For 

tetramer staining, cells were incubated with FITC-labeled anti-CD8 antibody and PE-

labeled tetramers for 30 min at 4°C. Cells were washed twice with cold FACS buffer (see 

Appendix A for composition) after incubation and fixed with 1% paraformaldehyde prior 

to analysis using a flow cytometer (Coulter® EPICS, Coulter Corporation, Miami, FL). 

Tumor vaccine 

In the tumor vaccine study, wild type as well as pCMV-IL-2, pCTA-IL-2, pCTB-IL-2 

gene modified B16 cells were irradiated at 10,000 rads. C57BL/6 mice were immunized 

with 1x10® irradiated cells at day -21, day -7, and challenged with 1x10^ wild type B16 
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cells at day 0. Tumor growth was monitored as above. 
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4.3 Results 

IL-2 expression by stable B16 clones. 

Mouse B16 melanoma cells were transfected with either the backbone plasmid pCMV, 

parental IL-2 expression plasmid pCMV-IL-2, TRP-2 epitope-incorporated, IL-2 

expression plasmid pCTA-IL-2 or pCTB-IL-2 using DMRIE-C. Stable transgene 

expression clones were selected as described. For each construct, one stable clone was 

chosen for further study. IL-2 expression by these transfectants was determined by 

ELISA and the results are shown in Table 4.1. Clone B16-pCMV-IL-2 

(259pg/ml/10^cells/24hours) and clone B16-pCTA-IL-2 (248pg/ml/10^cells/24hours) 

expressed similar amounts of IL-2, while clone B16-pCTB-IL-2 expressed much more 

IL-2 (1684pg/ml/10^cells/24hours). As a control, transfectant B16-pCMV did not express 

IL-2. 

MHC class I expression on wild type and gene-modified B16 cells. 

MHC class I antigen expression on wild type B16 cells and transfected B16 cells was 

analyzed by flow cytometry. The results showed that wild type B16 cells and all of the 

B16 transfectants expressed very low levels of MHC class I on cell surface (Figure. 4.1). 

When wild type B16 cells and the TRP-2 epitope-expressing IL-2 gene modified B16 

transfectants were stained with the anti-H-2K^/D"' antibody, the percentage of 

fluorescence positive cells was close to the background staining. As a positive control, 

EG.7 cells expressed high levels of H-2K''/D"'. 
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Table 4.1. IL-2 expression by stable B16 transfectants". 

B16 Transfectants IL-2 (pg/ml/10®cells/24h) 

B16-pCMV 0 

B16-pCMV-IL-2 259 (±33)'' 

B16-pCTA-IL-2 248 (±68) 

B16-pCTB-IL-2 1684 (±212) 

^ B16 cells were transfected with backbone plasmid pCMV, pCMV-IL-2, pCTA-IL-2 
and pCTB-IL-2 using DMRIE-C. Stable transgene expressing clones were selected as 
described. B16 transfectants were plated in 6-well plate at 1x10^ cells per well and 
cultured in RPMI 1640 medium. Culture supematants were harvested 24 hours later 
and IL-2 concentrations were determined by ELIS A. 

mean( ± SD) of two triplicate experiments are shown. 
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Figure 4.1 Surface MHC class I expression on wild type and gene modified B16 
cells. Wild type B16 and B16 transfectants were stained with anti-H-2K''/D'' 
antibody and analyzed by flow cytometry. EG.7 cells were used as a positive 
control. 
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In vitro IFN-y production by spleen cells stimulated with wild type and gene-

modified B16 cells. 

Spleen cells from C57BL/6 mice were isolated and stimulated in vitro with TRP2 

peptide-loaded LPS blast cells, and then restimulated with either mitomycin C-treated 

wild type B16, parental pCMV-IL-2, or pCTB-IL-2 modified B16 cells. IFN-y in the 

supematants was then analyzed. As shown in Figure 4.2, TRP-2 epitope-expressing, IL-2 

gene-modified B16 cells stimulated the highest amounts of IFN-y (998pg/ml at 50:1 

ratio) as compared with that of wild type BI6 cells (5IIpg/ml), or pCMV-IL-2 

(731pg/ml) B16 transfectants. 

Tumorigenicity of gene-modified tumor cells. 

Based on the observation that tumor antigenicity was partially restored by genetic 

modification with the antigen epitope-incorporated cytokine-expressing plasmids, the in 

vivo growth of the gene-modified tumor cells was investigated. Stable transgene-

expressing B16 clones were selected and transplanted into syngenic C57BL/6 mice. 

These gene-modified clones had the same doubling time (10 hours) in vitro as the wild 

type cells. As shown in Figure 4.3, as compared with wild type B16 cells, mock 

transfectants, or parental pCMV-IL-2 transfectants, the TRP-2 epitope-incorporated IL-2-

expressing transfectants grew at a significantly slower rate in vivo. Importantly, among 

these clones, the B16-pCMV-IL-2 transfectant (259pg/ml/I0^cells/24h) and the BI6-

pCTA-IL-2 transfectant (248pg/ml/10®cells/24h) secreted similar levels of IL-2 in 

culture. However, decreased tumor growth was not observed for parental pCMV-IL-2 
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modified cells but only with pCTA-IL-2 modified cells. Also of note was that B16-

pCTB-IL-2, which secreted higher levels of IL-2 (1684pg/ml/10®cells/24h) and expressed 

the TRP-2 epitope central region-modified signal peptide, grew more slowly than any of 

the other B16 cells used in this study. 

Enumeration of antigen-specific CTL precursors by MHC tetramer staining. 

Splenocytes from naive mice and wild type B16, B16-pCMV-IL-2, or B16-pCTB-IL-2 

immunized mice were harvested, and stained with H-2K'' tetramers loaded with the 

TRP-2-derived peptide, SVYDFFVWL. The results showed that B16-pCTB-IL-2 

immunization slightly increased the frequency of antigen-specific CTL precursors 

(Figure 4.4 and Table 4.2). As shown in Figure 4, non-immunized mice, wild type B16 

immunized mice and B16-pCMV-IL-2 immunized mice gave rise to 0.6% tetramer-

positive cells, whereas the B16-pCTB-IL-2 immunized mice gave rise to 0.8% tetramer-

positive cells. 

Gene-modified tumor cells as a vaccine. 

To determine the immunogenicity of IL-2 gene-modified tumor cells, different groups of 

C57BL/6 mice were immunized with irradiated wild type B16, B16-pCMV-IL-2, B16-

pCTA-IL-2, or B16-pCTB-IL-2 sublines. The immunized mice were then challenged 

with wild type B16 tumor. As shown in Table 4.3, no protection to wild type B16 tumor 

challenge was induced by any of the B16 sublines. These results suggested that the 

immunogenicity of TRP-2 epitope-incorporated IL-2-expression plasmid transfected B16 
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cells was not sufficient to induce strong antitumor responses to protect mice from wild 

type tumor challenge. 
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FIGURE 4.2 IFN-y production by spleen cells stimulated with antigen epitope-
expressing, IL-2 gene-modified tumor cells. Spleen cells were isolated from 
C57BL/6 mice and stimulated in vitro for 5 days with peptide-loaded syngenic 
LPS blasts. T cells were then co-cultured with 5x10 wild type B16, B16-
pCMV-IL-2, or B16-pCTB-IL-2 tumor cells in U-bottom 96-well plates at the 
indicated ratios for 24 hours. IFN-y in the culture supematants was measured by 
ELISA assay. Data are representative of three experiments. 
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FIGURE 4.3 Decreased tumorigenicity of antigenic epitope-expressing, 
cytokine gene-modified tumor cells. C57BL/6J mice, 6 mice per group, were 
subcutaneously injected with 1x10^ wild type B16 cells, or with backbone 
vector, pCMV-IL-2, pCTA-IL-2, or pCTB-IL-2 stable B16 transfectants. 
Tumors were measured every other day once the tumors became palpable. 
Pooled data from two experiments is shown. Significant growth difference is 
present as compared the pCTB-IL-2 group with wild type group, backbone 
plasmid B16 transfectant group and pCMV-IL-2 transfectant groups (*p<0.05). 
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Figure 4.4 Ex vivo enumeration of SVYDFFVWL-specific CTL using MHC-
peptide tetramers. Splenocytes from naive mice, wild type B16, B16-pCMV-IL-2, 
and B16-pCTB-IL-2 immunized mice were co-stained with FITC-labeled anti-
mouse CDS antibody and PE-labeled H-2KVSVYDFFVWL tetramers. Cells were 
analyzed with using a Coulter® EPICS flow cytometer. 
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Table 4.2 Ex vivo enumeration of SVYDFFVWL-specific CTL using MHC-peptide 
tetramers 

Immunization Tetramer-positive cells (%) 

None 0.6(0.2-1.8)'' 

B16WT 0.6(0.2-2.1) 

B16-pCMV-IL-2 0.6(0.3-1.8) 

B16-pCTB-IL-2 0.8 (0.2-2.6) 

Splenocytes from naive mice, wild type B16, B16-pCMV-IL-2, and B16-pCTB-IL-2 
immunized mice were co-stained with FITC-labeled anti-mouse CD8 antibody and PE-
labeled H-2K''/SVYDFFVWL tetramers. Cells were analyzed with using a Coulter® 
EPICS flow cytometer. 
^ median (range) is shown. 
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Table 4.3 Tumor incidence in mice immunized with gene-modified tumor cells 

Immunization Tumor Incidence 

B16 WT 5/6 

B16-pCMV-IL-2 6/6 

B16-pCTA-IL-2 6/6 

B16-pCTB-IL-2 6/6 

^ C57BL/6 mice were immunized with irradiated wild type, pCMV-IL-2, pCTA-IL-2, 
or pCTB-IL-2 gene-modified B16 cells, and challenged with 1x10^ wild type B16 
cells. Tumor development was monitored. Data is presented as number of animals 
that developed tumor at day 9 after challenge versus the total number of animal in the 
indicated immunization group in one experiment. 
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4.4 Conclusions 

A successful anti-tumor immune response depends upon tumor-specific CTL induction in 

the priming phase of the response and CTL lytic function in the effector phase. CTL 

induction requires proper antigen presentation, while insufficient antigen density may 

result in immune anergy or tolerance. Although cross-presentation of antigen is effective 

for induction of T-cell responses in some cases, direct antigen presentation by tumor cells 

is required for CTL to exert their function (97, 98). The type and potency of CTL 

responses is determined by different levels of T cell receptor occupancy (99). A threshold 

amount of TCR engagement is necessary for CTL to lyse tumor cells, and 

downregulation of cell surface MHC/peptide expression helps tumor cells to evade T cell 

responses. 

Because its natural destination is the ER, the signal peptide may enhance antigen 

presentation through providing peptide for MHC assembly. The proteasome- and TAP-

independent presentation of signal peptide-derived epitopes might help overcome antigen 

processing defects expressed by certain tumor cells. Herein, we observed TRP-2 epitope 

expressing, IL-2 gene-modified B16 cells expressed decreased tumorigenicity as 

compared to backbone vector or IL-2 alone, gene-modified tumor cells. These 

observations indicated that the signal peptide containing antigenic epitope could partially 

restore the antigen presentation defects in these low immunogenicity tumor cells by 

providing peptide to newly synthesized MHC molecules. The increased antigenic peptide 

expression might directly render tumor cells susceptible to antigen-specific CTL lysis, or 
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enhance the induction of CTL IFN-y secretion during the effector phase. 

Cytokines such as IL-2 and IFN-y can stimulate active immune responses. Cytokine 

gene-modified tumor cells are capable of enhancing host anti-tumor responses through 

local cytokine secretion within the tumor milieu without systemic toxicity. However, 

tumor immunogenicity is still the determining factor of an active anti-tumor immune 

response. Some highly immunogenic tumors, like EG.7, can stimulate strong T cell 

proliferation and are susceptible to CTL lysis even without cytokine adjuvant. On the 

contrary, for other types of non-immunogenic tumors, cytokines alone might not work 

efficiently. As shown in this study, B16-pCMV-IL-2 cells neither stimulated more IFN-y 

production nor grew slower than wild type B16 cells, whereas the TRP-2 epitope-

containing IL-2 expression plasmid pCTA-IL-2 modified B16 cells, which express 

similar amounts of IL-2 as B16-pCMV-IL-2, grew significantly slower in vivo than both 

wild type and B16-pCMV-IL-2 tumors. Importantly, B16-pCTB-IL-2, which secreted 

more IL-2, grew more slowly than any of the other B16 cells used in this study, as these 

cells also would express higher levels of the TRP-2 peptide. 

Although decreased in vivo tumor growth was observed, vaccination with the TRP-2 

epitope-expressing IL-2 gene modified B16 transfectants could not significantly increase 

the firequency of antigen-specific CTL as compared with the unimmunized and wild type 

B16 cells, and could not induce protection against wild type tumor challenge. There 

might be several possible reasons for these results. First, the expression of MHC/peptide 
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complexes of epitope-expressing IL-2 gene-modified B16 cells might still be low and not 

sufficient to induce significant immune responses against wild type tumors in the priming 

phase. Second, because of defects in MHC class I expression, wild type tumors are 

resistant to CTL-mediated immune attack in the effector phase. And lastly, vaccination 

with epitope-expressing, IL-2 gene-modified B16 cells did not enhance the activity of 

other cells that might contribute more in the control of wild type B16 tumor growth, such 

as NK cells and macrophages. 

In summary, TPR-2 epitope-expressing, IL-2 gene modification resulted in enhanced 

antigenicity and decreased tumorigenicity of B16 melanoma cells. However, the 

immunogenicity of the antigen epitope-expressing, IL-2 gene-modified cells was still not 

sufficient to induce protective immunity against the wild type tumor challenge. 



83 

CHAPTER V 

APPLICATION OF ANTIGEN EPITOPE-EXPRESSING IFN-y IN IMMUNO-GENE 

THERAPY OF MURINE MELANOMA 

5.1 Overview 

B16 is a spontaneous and poorly immunogenic mouse melanoma (87), though it contains 

antigens able to activate a specific CTL response. The low immunogenicity of B16 

melanoma cells might be partially due to inefficient MHC-restricted epitope presentation. 

IFN-y has been shown to be capable of enhancing MHC class I expression in many tumor 

cells, including B16 tumors. In a previous study, we have shown that a TRP-2 epitope-

expressing human IL-2 signal peptide was functional, as indicated by cytokine secretion. 

This antigen epitope contained within the modified signal peptide could be processed 

properly and presented on the tumor cell surface. Here, the IFN-y signal peptide was 

replaced with the TRP-2 epitope-expressing signal peptide to determine if the synergistic 

effect of IFN-y and the epitope could increase tumor immunogenicity. The results showed 

that it was possible to replace the original IFN-y signal peptide with an antigen epitope-

expressing signal peptide. IFN-y gene-modification increased the susceptibility of B16 

cells to CTL lysis. The TRP-2 epitope-incorporated, IFN-y expression plasmid decreased 

the tumorigenicity of B16 cells in vivo after transient gene transfer. Importantly, the 

increased immunogenicity of IFN-y gene modified B16 cells resulted in protective 

immune responses against wild type tumor when used as cellular vaccine. 
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5.2 Materials and Methods 

Mice and cell lines 

C57BL/6J mice (aged 6-12 weeks) and Beige mice were purchased from Jackson 

Laboratories (Bar Harbor, ME). Animals were maintained under specific pathogen-free 

conditions in the animal facility at the University of Arizona. Human A549 lung 

carcinoma cells, and mouse B16 melanoma cells were obtained from American Type 

Culture Collection (Manassas, VA). All cells were maintained in RPMI 1640 medium 

supplemented with 10% fetal bovine serum (Irvine Scientific, CA), 2mM glutamine, 

ImM pyruvate, 50)a,M 2-mercaptoethanol, penicillin (200 units/ml), and streptomycin 

(200|ig/ml) at 37°C in a 5% C02/95% air atmosphere. For gene-modified cells, Geneticin 

(600)j,g/ml) (Invitrogen, Carlsbad, CA) was added to the medium. 

Genetic constructs 

The following plasmid vectors were constructed (Figure 5.1): 1) pCMI-IFN: CMV 

promoter driving the expression of mouse IFN-y. The original IFN-y signal peptide was 

replaced by the human IL-2 signal peptide. 2) pCMV-MT: CMV promoter driving the 

expression of the TRP-2 epitope as a minigene. 3) pCMV-ST: CMV promoter driving the 

expression of the secretory type TRP-2 peptide. The gene encoding the TRP-2 epitope 

was preceded by the gene encoding the human IL-2 signal peptide. 4) pCTA-IFN: CMV 

promoter driving the expression of mouse IFN-y. The TRP-2 epitope-N-terminal region 

modified human IL-2 signal peptide directed IFN-y expression. 5) pCTB-IFN: CMV 

promoter driving the expression of mouse IFN-y. A TRP-2 epitope central region 
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-modified human IL-2 signal peptide directed IFN-y expression. 

To replace the IFN-y leader sequence with the IL-2 leader sequence, overlap extension 

PCR was used. First, the IL-2 leader sequence was amplified fi^om the plasmid pCMV-

IL-2 with a 5' primer (primer #1, 21-mer, see APPENDIX B) and a 3' primer (primer #4, 

30-mer, see APPENDIX B). Primer #1 corresponded to the EcoRI site and adjacent 

sequence of pCMV-IL-2. Primer #4 contained 30 bases complementary to the 3' end of 

IL-2 leader sequence. Secondly, the gene encoding the mature IFN-y was amplified from 

the plasmid pORFS-mlFNg with primer #3 and primer #2. Primer #3 was a 40-mer 

containing 21 bases of the 3'end of the IL-2 leader sequence and 19 bases of the 5' end of 

the gene encoding mature IFN-y. Primer #2 was a 37-mer containing 24 bases 

complementary to the 3' end of IFN-y gene and 13 bases complementary to an Xho site 

and adjacent sequences in pCMV-IL-2 (see APPENDIX B). Then, the IL-2 leader 

sequence modified IFN-y gene was amplified with primer #1 and primer #2 using the 

mixed PCR products fi^om the previous steps as a template. Lastly, the PCR product of 

the third step was digested with EcoRI and Xho and cloned into the same backbone vector 

as pCMV-IL-2. The resulting construct was named pCMI-IFN. 

A similar protocol was used to replace the IFN-y leader sequence with the antigenic 

epitope modified IL-2 leader sequences. The antigenic epitope modified IL-2 leader 

sequence was amplified from pCTA-IL-2 and pCTB-IL-2, respectively, ligated with the 

mature IFN gene through overlap PCR, and then cloned into same backbone vector. The 
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Figure 5.1 Schematic diagram describing the different IFN-/ and/or TRP-2 
epitope expression vectors. pCMI-IFN: CMV promoter driving the expression of 
mouse IFN-y. The original IFN-y signal peptide was replaced by the human IL-2 
signal peptide; pCMV-MT: CMV promoter driving the expression of the TRP-2 
epitope as a minigene; pCMV-ST: CMV promoter driving the expression of the 
secretory type TRP-2 peptide. The gene encoding the TRP-2 epitope was 
preceded by the gene encoding human IL-2 signal peptide; pCTA-IFN: CMV 
promoter driving the expression of mouse IFN-y and the TRP-2 epitope-N-
terminal region modified the human IL-2 signal peptide directed IFN-y 
expression; pCTB-IFN: CMV promoter driving the expression of mouse IFN-y 
and the TRP-2 epitope central region-modified human IL-2 signal peptide 
directed IFN-y expression. 



resulting constructs were named pCTA-IFN and pCTB-IFN. In addition, the original 

IFN-y gene was also cloned into the same backbone vector as pCMV-IL-2, and the 

resulting plasmid was named pCMV-IFN. 

Two other plasmids, pCMV-MT, which expressed the TRP-2 epitope encoded by a 

minigene, and pCMV-ST, which expressed the TRP-2 epitope encoded by a minigene but 

preceded by the IL-2 signal peptide, were also constructed and used as controls. To 

construct pCMV-MT, two primers were synthesized for PCR cloning. The up stream 

primer 5'-ggtggaattcctgcagtcacc-3' incorporated an EcoRI site at the 5' end. The 

downstream primer 5'-tctcgagctatcagagccacacaaaaaagtcatacacgctcatgttggaacaatgacctgg-

3' incorporated the TRP-2 epitope minigene sequence and mXho site. The pCMV-IL-2 

plasmid was used as a template and the PCR product was then cloned into the Eco RI and 

Xho digested pCMV-IL-2 vector. The resultant construct had the TRP-2 minigene replace 

the IL-2 gene. Similarly, to construct pCMV-ST, the up stream primer was the same as 

that of pCMV-MT, the downstream primer 5'-tctcgagctatcagagccacacaaaaaagtcatacacgct 

actgtttgtgacaagtgcaagac-3' incorporated the TRP-2 epitope sequence and an site. The 

pCMV-IL-2 plasmid was used as a template and the PCR product which contained the 

IL-2 leader sequence preceding the TRP-2 epitope sequence was then cloned into the 

EcoRI and Xho digested pCMV-IL-2 vector. All of these constructs were confirmed by 

sequence analysis (see APPENDIX C). 

In addition, the pCMV-EGFP plasmid, which expressed the enhanced green fluorescence 
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protein (EGFP), and the plasmid pCMV-Luc, which expressed firefly luciferase, were 

generously provide by Dr. Tom Tsang and used in this study. 

Cell transfections 

Tumor cells were transfected with plasmid DNA using cationic lipids, DMRIE-C, 

FuGene6 or GenePORTER 2 according to the manufacturer's protocol. When selecting 

stable transgene expressing clones, the tumor cells were grown in 600|ag/ml Geneticin-

containing medium beginning 48 hours after transfection, and cloned by limiting dilution 

in 96-well plates. IFN-y expression was tested by ELISA and positive clones were 

expanded. For the non-IL-2 expression plasmid transfected cells, reverse transcription 

PGR was used to confirm the transgene expression. 

Assessment of transfection efficiency by flow cytometry 

Transfection efficacy was evaluated by simultaneous transfection of tumor cells with an 

EGFP-expression plasmid, pCMV-EGFP. After 48 hours of transfection, cells were 

trypsinized and washed with FACS buffer (PBS containing 10% horse serum), then fixed 

with 1% paraformaldehyde. EGFP fluorescence was measured with a flow cytometer 

(Coulter® EPICS, Coulter Corporation, Miami, FL). Forward and side scatter was used to 

gate the desired events from dead cells and debris. 

Cytokine expression assays 

At 24 and 48 hours after transfection, the culture supematants were collected and tested 



for IFN-y expression by ELISA according to the manufacturer's protocol (PharMingen, 

San Diego, CA), similar to the IL-2 ELISA protocol (see APPENDIX D for detail). 

RNA isolation and reverse transcriptase-polymerase chain reaction (RT-PCR) 

Transgene expression by non-cytokine expression plasmid transfected tumor cells was 

determined by reverse transcriptase PGR. Briefly, total RNA was isolated from the wild 

type B16 cells, or pCMV-MT and pCMV-ST B16 transfectants using the absolutely 

RNA™ RT-PCR miniprep kit (Stratagene, La Jolla, CA). cDNA was synthesized by 

reverse transcription using oligo(dT)i8 as a primer. The primers, 5'-

ggtggaattcctgcagtcacc-3'(up), 5'-tctcgagctatcagagccacacaaaaaagtcatacacgctcatgttggaacaa 

tgacctgg-3' (down, for pCMV-MT transfectants) and 5'-tctcgagctatcagagccacacaaaaaagt 

catacacgctactgtttgtgacaagtgcaagac-3'(down, for pCMV-ST transfectants), were used to 

amplify the minigene encoding the TRP-2 epitope. The control (3-actin primers were 5'-

atgatgattgatgatgatatcgccgcgct-3'(up) and 5'-cggactcgtcatactcctgcttg-3'(down). The 

reaction products were separated on 2% agarose gels and visualized by ethidium bromide 

staining. The expected sizes of the PCR products were 125bp for the minigene TRP-2, 

173bp for the secretory type TRP-2, and 1224 bp for P-actin. 

Measurement of MHC class I expression on IFN-y gene-modified tumor cells 

Cell surface expression of MHC class I molecules on wild type and gene-modified B16 

melanoma cells was determined by flow cytometry. All labeling steps were carried out at 

4°C. Briefly, tumor cells were collected and approximately 10^ parental or gene-modified 
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cells were stained for 30 min on ice with FITC-labeled anti-H-2K'' or PE-labeled anti-H-

2D^ antibody (CALTAG, Burlingame, CA), and washed twice with FACS buffer after 

staining. As a control, cells were stained with a FITC-IgG2a and PE-IgG2a isotype 

antibodys (CALTAG, Burlingame, CA) under the same conditions. 

Cytotoxicity assays 

Gene-modified B16 cells were tested for susceptibility to lysis by TRP-2-specific CTL. 

Spleens cells from pCTB-IFN transiently gene-modified B16 immunized mice were 

harvested, stimulated in vitro with 10"^M TRP-2 peptides for 5 days and then used as 

effector cells. Cytotoxicity assays were performed using a CytoTox96® non-radioactive 

Cytotoxicity Assay (Promega, Madison, WI) as described in the previous chapter. 

In vitro tumor cell proliferation assay 

Cells were placed in 96 well plates at 2x10^ cells per well in RPMI medium, and cultured 

for the indicated period of time. After culture, 20|j,l of CellTiter 96® Aqueous One 

Solution Reagent was added to the wells and the plates were incubated for an additional 

2-hour period. The 490nm absorbance was recorded directly from the plate with a 

microplate reader. 

Tumorigenicity of the gene-modified tumor cells 

The parental B16 cells as well as the gene-modified cells were tested for tumorigenicity 

by subcutaneous transplantation into the flank of syngene C57BL/6 mice. C57BL/6 mice 
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(6 animals per group) were subcutaneously injected with 1x10^ wild type B16 cells, or 

B16 cells transiently transfected with the backbone vector, minigene vector pCMV-MT, 

pCMV-ST, pCMI-IFN, or pCTB-IFN. Tumors were measured every three days with 

calipers once the tumors became palpable. In addition, the different stable transgene 

expressing B16 clones also were subcutaneously injected at IxlO^cells/mouse and tumor 

growth was monitored. The tumor volume was calculated using the formula: length x 

width^X 7r/6. 

Tumor vaccine study 

In the tumor vaccine study, wild type or pCMV-MT, pCMI-IFN, and pCTB-IFN 

transiently transfected B16 cells were irradiated at 15,000rads. C57BL/6 mice were 

immunized with 1x10^ irradiated cells at day-14, and challenged with SxlO'^ wild type or 

B16-pCTB-IFN tumor cells at day 0. Tumor growth was monitored as above. Statistical 

analyses were performed using an unpaired Student's t test and Wilcoxon Rank-Sum test. 

In vivo direct gene transfer 

For intratumoral gene transfer, C57BL/6 mice were subcutaneously injected 1x10^ B16 

tumor cells. When the tumors reach 6-8 mm in diameter, the control group received 

100|a,l of PBS injected directly into the tumor while the experimental group received 

50|j,g of naked plasmid in 100|j,l PBS or plasmid/GenePORTER 2 complex (2|a,g plasmid 

in 100(j,l GenePORTER 2 transfection mixture; composed of 50|al DNA dilutant, lOjil 

GenePORTER 2, 40|il OPTI medium) intratumorally. 
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Reporter gene assay 

Mice were sacrificed 24 hours following gene transfer. The excised tumor material was 

placed in 0.5 ml of lysis buffer (Roche Diagnostics, Germany) and homogenized using a 

glass homogenizer. The homogenate was centrifuged at 4°C, 16000g for 15 minutes. 50^1 

of the supernatant was mixed with 50|il of room temperature luciferin substrate (Roche 

Diagnostics, Germany). Photoemission was measured during a 10-second period using a 

luminometer (Tuner BioSystems, Inc. Suimyvale, CA). Results are shown as relative 

luminescence units (RLU) per milligram of total protein, as determined in 10|al aliquots 

of tissue homogenates using a Dye Reagent Concentrate (Bio-Rad, Hercules, CA). 

Antitumor effect of direct IFN-y gene transfer 

B16 cells were subcutaneously transplanted into C57BL/6 mice as described above. 

When the tumor grew to 3-5 mm in diameter (6 days later), it was used for the therapy 

experiments. "Naked" plasmids encoding IFN-y or the TRP-2 epitope-expressing IFN-y 

were directly injected into the tumor twice at five-day intervals. PBS and backbone 

plasmid injections were used as controls. Txmiors were measured every other day with 

calipers once the tumors became palpable. The tumor volume was calculated using the 

formula: length X width^ X n/6. Statistical analyses were performed using an unpaired 

Student's t test. 



Tumor formation of antigen epitope-expressing IFN-y gene modified B16 tumor 

cells in Beige mice 

The wild type B16 tumor cells as well as the antigen epitope-expressing IFN-y gene-

modified tumor cells were tested for tumorigenicity in syngenic Beige (NK cell-deficient) 

mice. Beige mice (6 animals per group) were subcutaneously injected with 1x10^ wild 

type B16 cells, or with a stable transgene expressing B16 subline transfected with pCTB-

IFN (B16-pCTB-IFN12). Tumors were measured every two days with calipers once the 

tumors became palpable. Other groups of Beige mice were immunized with irradiated 

wild type B16 cells or pCTB-IFN transiently transfected B16 cells. The mice then were 

challenged with 5x10"^ wild type B16 cells or B16-pCTB-IFN12 subline cells. The tumor 

volume was calculated with the formula: length X width^ x ti/6. Statistical analyses 

were performed using an unpaired Student's t test. 



5.3 Results 

Antigen epitope-modified signal peptides efficiently direct IFN-y secretion. 

The original IFN-y signal peptide found in plasmid pCMV-IFN was replaced by the 

human IL-2 signal peptide from plasmid pCMI-IFN, or by the TRP-2 epitope-expressing 

signal peptide found in plasmids pCTA-IFN and pCTB-IFN. The effect of these 

modifications on IFN-y secretion was determined through quantitating the IFN-y 

production of transfected tumor cells. As shown in Figure 5.2, the human IL-2 signal 

peptide and the TRP-2 epitope-expressing signal peptides efficiently directed IFN-y 

secretion as compared to the original IFN-y signal peptide. When transfected into B16 

tumor cells, the pCMV-IFN plasmid, which expressed the original IFN-y signal peptide, 

gave rise to 631pg/ml IFN-y 24 hours after transfection; the pCMI-IFN plasmid, which 

expressed the human IL-2 signal peptide, gave rise to 1840pg/ml IFN-y; the two TRP-2 

epitope-incorporated, IFN-y-expressing plasmids pCTA-IFN and pCTB-IFN gave rise to 

882pg/ml and 1265pg/ml IFN-y, respectively. In A549 tumor cells, the corresponding 

numbers were 1021pg/ml, 970pg/ml, 573pg/ml and 1190pg/ml, respectively. 

Transfection of B16 melanoma cells with cationic lipids. 

We tested the sensitivity of B16 tumor cells to different lipid-mediated transfection 

methods. B16 tumor cells were transfected with an EGFP-expression plasmid using three 

different lipids; DMRIE-C, FuGENE6 and GenePORTER 2. Cells were harvested and 

analyzed by flow cytometry 48 hours after transfection. Data showed that GenePORTER 

2 resulted in high transfection efficiency of B16 cells (Figure 5.3). In addition, the 



duration of transgene expression in GenePORTER 2 transfected cells was assessed. 

Results showed that detectable EGFP-positive cells were present 8 days after transfection 

and cytokine expression was detectable 9 days after transfection (Figure 5.4) 

Bioactivity of transgenic IFN-y in restoring MHC class I expression on B16 cells. 

B16 melanoma cells have deficient MHC class I surface expression, which might 

contribute to their low immunogenicity. The deficient H-2 expression could be corrected 

by IFN-y administration (61, 100). The MHC expression of B16 cells in response to IFN-

y and the bioactivity of transgenic IFN-y were assessed by measuring surface MHC class 

I expression by flow cytometry. The data showed that surface MHC class I expression of 

B16 cells was restored by IFN-y treatment. The bioactivity of lOOOpg/ml transgenic 

IFN-y was equivalent to lOU/ml recombinant IFN-y with regard to the effect on MHC 

class I expression, and resulted in maximum MHC expression of B16 cells (Figure 5.5). 

Inhibitory effect of high concentrations of IFN-y on B16 cell proliferation in vitro. 

An inhibitory effect of IFN-y on cell proliferation was observed when transiently 

transfected B16 cells secreted high amounts of IFN-y. To assess this inhibitory effect, 

B16 cells were treated with different concentrations of recombinant or transgenic IFN-y 

and the cell proliferation was measured. Data showed that high concentrations of IFN-y 

directly inhibited B16 cell proliferation. A significant inhibitory effect was observed 

when the IFN-y concentration reached 5U/ml or 500pg/ml (Figure 5.6). 
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Figure 5.2 The TRP-2 epitope-expressing IL-2 signal peptide efficiently directs 
IFN-y production. B16 and A549 cells were transfected with different IFN-y 
expression plasmids using DMRIE-C at 4|al/|j,gDNA. Culture supematants were 
collected at 24 hours after transfection and IFN-y expression was detected by 
ELISA. Means ± SD of three triplicate experiments is shown. 

• pCMV-IFN 

^ pCMI-IFN 

• pCTA-IFN 



97 

(p<0.01} 

DMRIE-C FuGENEB Genepoi1er2 

Figure 5.3 B16 cells are susceptible to GenePORTER 2-mediated transfection. 
B16 cells were transfected with the EGFP-expressing plasmid, pCMV-EGFP, 
using the indicated lipids. Cells were harvested and analyzed by flow cytometry 
48 hours after transfection. Means ± SD of three triplicate experiments is 
shown. Statistical analysis was performed using Student's t test. 
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Figure 5.4 Persistence of transgene expression in B16 cells transfected with 
GenePORTER 2. (A) B16 cells were transfected with the EGFP-expressing 
plasmid, pCMV-EGFP, using GenePORTER 2. EGFP expression was 
monitored by flow cytometry at different time points. (B) B16 ceils were 
transfected with an IFN-y expression plasmid using GenePORTER 2. 1x10^ 
cells were plated in 2ml medium 48 hours after transfection and culture 
supematants were harvested every 24 hours. IFN-y expression was detected by 
ELISA. Representative data of two experiments is shown. 
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Figure 5.5 IFN-/upregulates MHC class I expression on B16 tumor cells. B16 
cells were cultured in the presence of different amounts of recombinant (A) or 
transgenic (B) IFN-y for 48 hours. Cells were harvested and stained with FITC 
labeled anti-H-2K'' monoclonal antibody, and then analyzed by flow cytometry. 
Representative data of two experiments is shown. 
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Figure 5.6 Inhibitory effect of IFN-yon B16 cell proliferation in vitro. B16 cells 
were dispensed into 96 well plates (1x10"^ cells/well) and cultured for 48 hours in 
the presence of different amounts of recombinant (A) or transgenic (B) IFN-y. 
20(j,l of CellTiter96 Aqueous One Solution Reagent (Promega, CA) was added to 
each well and incubated for an additional 2-hour period. The 490nm absorbance 
was recorded directly from the assay plate. 
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Increased susceptibility to CTL lysis of transiently IFN-y gene-modified B16 cells. 

CTL function depends upon TCR engagement with MHC/peptide complexes. The effect 

of IFN-y on MHC class I expression by B16 cells rendered the cells susceptible to lysis 

by CTL. As shown in Figure 5.7, IFN-y expression plasmid transiently transfected B16 

cells were more susceptible to CTL lysis than wild type B16 cells or minigene epitope 

expression plasmid transfected cells. At an E:T ratio of 12.5:1, the specific lysis was 42% 

for pCMV-IFN transfected B16, compare to 30% for pCMV-MT transfected B16 and 

11% for wild type B16. Importantly, the specific lysis of TRP-2 epitope-incorporated, 

IFN-y expression plasmid transfected B16 cells was the highest at each of the three 

effector to target ratios. As control, the TRP-2 peptide-pulsed, IFN-y-treated B16 cells 

were very efficiently lysed (81% at 6.25:1 E:T). These results demonstrated that TRP-2 

epitope-expressing, IFN-y gene-modification increases B16 tumor immunogenicity. 

In vivo tumor growth of transiently transfected B16 cells. 

As the data showed that B16 melanoma cells could be transfected efficiently by 

GenePORTER 2, the in vivo growth of transiently transfected B16 tumor cells was 

evaluated. C57BL/6 mice were injected with 1x10^ gene-transfected B16 cells and tumor 

development was monitored. As shown in Figure 5.8, in vivo growth of B16 cells 

expressing the TRP-2 epitope-incorporated IFN-y (B16-pCTB-IFN) was significantly 

slower than other gene-transfected B16 cells, including IFN-y alone gene-modified B16 

cells (B16-pCMI-IFN). These results demonstrated that the antigen epitope synergized 

with IFN-y resulting in decreased tumorigenicity. 
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Figure 5.7 Increased susceptibility to CTL lysis by transiently IFN-/gene-modified 
B16 cells. Wild type B16, TRP-2 peptide-pulsed (10"^M) IFN-y-treated (lOOU/ml) 
B16, and indicated plasmids transfected B16 cells were tested as target cells. Effector 
cells were in vitro TRP-2 peptide (l|j,g/ml) stimulated spleen cells from irradiated 
B16-pCTB-IFN immunized mice. Data is representative of three experiments. 
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Figure 5.8 Decreased tumor growth of antigenic epitope-expressing, IFN-y 
gene-modified B16 cells. C57BL/6 mice (6 mice each group) were injected 
subcutaneously with 1x10^ wild type B16 cells or cells transiently transfected 
with the indicated plasmids. Tumors were measured every three days once the 
tumor became palpable and stop point was the day of first mice died of tumor in 
that group. Significantly decreased tumor growth was seen in B16-pCTB-IFN 
group as compared with other groups (*p<0.05). 
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IFN-y expressed by stable B16 clones restores MHC class I expression without 

significant inhibition of proliferation in vitro. 

Stable transgene-expressing B16 clones were selected by limiting dilution and culture in 

Geneticin-containing medium. Because of the inhibitory effect of high concentrations of 

IFN-y on B16 cells, all of the IFN-y-expressing clones expressed low levels of IFN-y 

(about 230pg/ml/10^cell/24hour), as compared to the transiently transfected cells (about 

15000pg/ml/10^cell/24hour). However, the level of IFN-y was sufficient to restore the 

surface MHC class I expression but not significantly inhibit B16 cell proliferation (Table 

5.1 and Figure 5.9). 

Decreased in vivo tumor growth of stable, IFN-y-expressing B16 sublines 

To determine the in vivo tumor development of the stable B16 sublines, C57BL/6 mice 

(6 mice each group) were injected subcutaneously with 1x10^ wild type B16 cells or the 

different, stable B16 sublines. Tumors were monitored every three days once the tumor 

became palpable. Results showed that tumors of IFN-y-expressing B16 sublines grew 

significantly slower than non-IFN-y-expressing B16 sublines or wild type cells. However, 

there was no significant difference between the epitope-incorporated, IFN-y-expressing 

B16 subline and the non-epitope, IFN-y-expressing B16 subline (Figure 5.10). 
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Table 5.1 IFN-/and MHC class I expression of wild type and gene-modified B16 
transfectants. * 

IFN-y 
(pg/ml/10V24hour) 

H-2K'' 
(Mean Fluorescence) 

H-2K'' 
(%) 

B16WT 0 0.4 1.0 

B16-PCMV 0 0.5 1.0 

B16-pCMV-MT1 0 0.6 1.6 

B16-pCMV-ST1 0 0.6 1.2 

B16-pCMI-IFN34 176(±12)** 22.9 100.0 

B16-pCTA-IFN20 246(±6) 21.1 100.0 

B16-pCTA-IFN22 252(+16) 37.8 99.9 

B16-pCTB-IFN3 222(±9) 30.7 99.4 

B16-PCTB-1FN12 262(±20) 22.3 99.6 

* IFN-y concentration in the cell culture supernatant was determined by ELISA 
and H-2K'' expression were determined by antibody staining and flow cytometric 
analysis. 

** mean +SD 
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Figure 5.9 In vitro proliferation ofB16 clones. Cells were plated in 96 well plates 
at 2x10^ cells per well in RPMI medium and cultured for the indicated time 
period. After culture, 20 |il of CellTiter 96® Aqueous One Solution Reagent was 
added to the wells and the assay plates were incubated for an additional 2 hours. 
The 490nm absorbance was recorded directly from the plate by microplate reader. 
Representative data of two quadruplicate experiments is shown. 
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Figure 5.10 Decreased tumor growth of IFN-ygene-modified B16 clones. C57BL/6 
mice (6 mice each group) were injected subcutaneously with 1x10^ wild type B16 
cells or different, stable B16 subline. Tumors were monitored every three days once 
the tumor became palpable (*p<0.05). 
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Transient, gene-modified tumor cells as a vaccine. 

To determine whether immunization of C57BL/6 mice with irradiated transiently gene-

modified tumor cells could result in protective immunity, different groups of mice were 

immunized with wild type B16, or pCMV-MT, pCMV-ST, pCMI-IFN and pCTB-IFN 

transiently transfected B16 cells. The immunized mice were then challenged with wild 

type B16 tumor cells or B16-pCTB-IFN12 tumor cells. As shown in Table 5.2, 

vaccination with the TRP-2 epitope-incorporated, IFN-y-expression plasmid (pCTB-IFN) 

transfected B16 cells were more effective in terms of inducing protection against the wild 

type tumor than that of the irradiated wild type or other plasmid (pCMV-MT, pCMV-ST, 

pCMI-IFN) transfected B16 cells. Surprisingly, when immunized mice were challenged 

with pCTB-IFN modified B16 clone B16-pCTB-IFN12, protection was not observed in 

the pCTB-IFN transfected group. The overall survival rate of mice challenged with wild 

type B16 tumor in all immunization groups was also higher than mice challenged with 

the pCTB-IFN modified B16 subline cells (Figure 5.11). These results demonstrated that 

the epitope-incorporated IFN-y-expression plasmid (pCTB-IFN) transiently transfected 

B16 cells induced antitumor responses to protect mice from wild type tumor challenge. 

The reason for the lack of protection against the pCTB-IFN modified B16 clone was 

unclear. In addition, when the surviving mice were rechallenged with SxlO'^ wild type 

B16 tumor cells 120 days after the immunization, no mice developed tumors. The long-

term immunity suggested that the antitumor activity was mediated by cells of the 

adaptive immune system. 
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Table 5.2 Tumor incidence in mice immunized with transient gene-modified tumor cells 

Tumor Incidence 

Immunization B16 B16-PCTB-IFN12 

B16WT 4/5 4/6 

B16-pCMV-MT 4/6 6/6 

B16-pCMV-ST 3/6 4/6 

B16-pCMI-IFN 3/6 5/6 

B16-pCTB-IFN 2/6 6/6 

^ C57BL/6 mice were immunized with irradiated wild type or pCMV-MT, pCMV-ST, 
pCMI-IFN, or pCTB-IFN transiently transfected B16 cells, and then challenged with 
5x10'^ wild type B16 cells, or a pCTB-IFN gene-modified B16 clone B16-pCTB-
IFN12 cells. Tumor development was monitored. Data is presented as number of 
animal developed tumor at day 42 after challenge versus the total number of animal in 
the indicated immunization group in one experiment. 
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Figure 5.11 Effect of immunization on survival of mice inoculated with wild type B16 
cells or pCTB-IFN gene-modified B16 cells. C57BL/6 mice, 8-12 weeks old, were 
immunized with irradiated wild type or pCMV-MT, pCMV-ST, pCMI-IFN, pCTB-IFN 
transiently transfected B16 cells, and then challenged with SxlC^ wild type B16 (A) or 
subline B16-pCTB-IFN12 cells (B). Animal was monitored for tumor development until 
day of death or 42 days. Results are plotted as the percentage survival vs. time (days) 
after tumor inoculation. 
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Gene expression in murine tumors after in vivo gene transfer. 

B16 tumors were directly injected with either 100|J,g pCMV-Luc plasmid DNA or 2|j,g 

plasmid/GenePORTER 2 complex (2)ag plasmid in 100|al GenePORTER 2 transfection 

medium, composed of 50jj,l DNA diluant, IOJMI GenePORTER 2, 40|LI1 OPTI medium). 

As shown in Figure 5.12, significant luciferase gene expression in tumor tissue was seen 

in the naked plasmid DNA group (1280RLU/mg protein). 

In vivo tumor growth after direct gene transfer. 

To determine the effect of IFN-y gene transfer on estabhshed tumors, subcutaneous B16 

tumors (3-5 mm in diameter) were injected with the naked plasmids pCMV, pCMI-IFN, 

or pCTB-IFN or with PBS at a five-day interval. As shown in Figure 5.12, intratumor 

injection of pCMI-IFN and pCTB-IFN inhibited growth of B16 tumors as compared with 

the PBS and backbone plasmid pCMV injected ntrol groups. However, a significant 

statistical difference was only seen in the pCMI-IFN group (p<0.05). 



112 

10000 

1000 

Naked DNA DNA/Genepoi1er2 

Figure 5.12 Luciferase expression in B16 tumors 24 hours after intratumoral injection of 
naked pCMV-Luc and DNA/lipid complex. B16 tumors were injected with either 50|j,g 
pCMV-Luc DNA or DNA/GenePORTER 2 complex (containing 2ug plasmid). The level 
of luciferase expression was determined 24 hours after gene transfer. Results are shown 
as relative luminescence units (RLU) per milligram of total protein. Means + SD of one 
triplicate experiment is shown. Statistical analysis was performed using a Student's t test 
(p<0.01). 
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Figure 5.13 In vivo gene therapy of established subcutaneous B16 tumors with 
naked IFN-y expression plasmid injection. Tumors were injected with naked pCMI-
IFN, pCTB-IFN or control plasmid pCMV and PBS at day 6 and day 11 after 
subcutaneous inoculation of 0.25 x 10^ B16 cells. Mean tumor volume ± S.E are 
shown for 6 mice/group. Significant deference is shown between pCTB-IFN group 
and PBS as well as pCMV groups (*/><0.05). 
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Tumor development in NK cell deficient mice. 

Although it has been confirmed that primed T cells play a primary role in rejecting B16 

tumors in immunized animals (101, 102), other cell types, especially NK cells, are also 

involved in control of tumor growth, particularly in primary tumors. It was important to 

determine whether the IFN-y-gene modifications were of relevance when the contrary 

effects of decreased susceptibility to NK cells and increased susceptibility to CTL was 

considered. To investigate the role of NK cells in the control of B16 melanoma, NK cell 

deficient Beige mice were challenged with wild type B16 cells and a subline B16-pCTB-

IFN12 cells, which is a stable clone selected fi-om TRP-2 epitope-incorporated, IFN-y 

expressing plasmid pCTB-IFN transfected B16 cells. In the unimmunized group, there 

was no growth difference between wild type B16 and the B16-pCTB-IFN12 tumors 

(Figure 5.14A). In the immunized group, compared with wild type B16 immunization, 

vaccination with the TRP-2 epitope-expressing, IFN-y transiently gene modified B16 

cells resulted in delayed wild type tumor growth, though no complete tumor rejection was 

observed (Figure 5.14B). Interestingly, the subline B16-pCTB-IFN12 showed no growth 

difference regardless of the different immunization (data not shown). 
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Figure 5.14 Tumor growth in NK cell deficient Beige mice. (A) Wild type and 
TRP-2 epitope-expressing, IFN-y gene-modified B16 tumor formation in 
unimmunized Beige mice. Beige mice (6 mice each group) were injected 
subcutaneously with 1x10^ wild type B16 cells or a subline B16-pCTB-IFN12 
cells and tumor growth was monitored. (B) Wild type B16 tumor growth in 
immunized Beige mice. Beige mice (7 mice each group) were immunized with 
irradiated wild type B16 cells or transiently pCTB-IFN transfected B16 cells, 
then challenged with SxlO"* wild type B16 cells and tumor growth was 
monitored (*p<0.05). 
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5.4 Conclusions 

Many human and murine tumors have reduction or loss of MHC class I surface 

expression, which keep tumor cells from immunologic detection and elimination (103, 

104). For instance, downregulation of MHC class I expression was reported on the 

micrometastatic carcinoma cells of colon cancer (105). IFN-y is an important cytokine in 

the control of cancer. Modification of tumor cells with the IFN-y gene increased the 

expression of MHC and enhanced the presentation of tumor-specific antigens to the 

immune system (106, 107). 

B16 melanoma cell have deficient MHC class I surface expression and demonstrate weak 

immunogenicity. H-2 gene transfer has been reported to enhance the immunogenic 

phenotype of B16 cells (108). The deficient H-2 expression of B16 cells could also be 

corrected by IFN-y administration (61, 100). Herein we described a strategy to restore 

MHC class I as well as antigen expression by antigen epitope-expressing IFN-y gene 

transfer. Our data showed that it was possible to replace the IFN-y signal peptide with an 

antigen epitope-expressing signal peptide. The TRP-2 epitope-expressing IL-2 signal 

peptide could efficiently direct IFN-y production, and the transgenic IFN-y was bioactive. 

IFN-y restored MHC class I expression on B16 melanoma cells in a dose-dependent 

manner, and had an inhibitory effect in vitro on B16 cell proliferation at high 

concentrations. IFN-y gene-modified tumor cells also acquired increased sensitivity to 

CTL lysis. 
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Antigen epitope-expressing IFN-y gene-modification resulted in decreased tumorigenicity 

in vivo. TRP-2 epitope-expressing IFN-y transiently gene-modified B16 tumors grew 

significantly slower than that of the non-IFN-y-expressing vector transfected cells after 

transplantation. Such tumors also grew slower than that of IFN-y alone gene-modified 

tumors. However, when established B16 tumors were injected with different plasmids in 

vivo, significant growth inhibition was only seen in the pCMI-IFN group, although the 

TRP-2 epitope-incorporated IFN-y expressing plasmid pCTB-IFN also decreased tumor 

growth. 

The immunogenicity of IFN-y producing tumor cells was further tested in a tumor 

vaccine study. Results showed that irradiated, transiently TRP-2 epitope-expressing IFN-

y gene-modified B16 cells worked efficiently as a cellular vaccine to protect animals 

from parental wild type tumor challenge. Interestingly, no protective effects were 

observed when immunized animals were challenged with the TRP-2 epitope-expressing 

IFN-y gene-modified B16 transfectants. The reason for these observations was unclear. It 

may due to the intrinsic property of this clone. Clones were homogenous cells selected 

from a heterogeneous population under stringent grow inhibition pressures generated by a 

drug, such as G418, and an anti-proliferative cytokine, in this case. It was possible that 

the clone used here was intrinsically insensitive to immune attack. The enhanced 

immunogenicity of IFN-y producing tumor cells might result from the potential of IFN-y 

to activate the cells of the innate immunity, such as macrophages and NK cells, which 

promoted the development of adaptive immunity (109, 110). In addition, the TRP-2 
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epitope expressed within the IFN-y also provided more tumor antigen in association with 

MHC class I molecules to antigen presenting cells or effector T cells, which should also 

contribute to the increased immxmogenicity of gene-modified B16 cells. 

Beige mice have a severe deficiency in natural killer (NK) cells (111). We did not 

observe a growth difference between wild type B16 and the TRP-2 epitope-expressing, 

IFN-y gene-modified B16 tumors in unimmunized Beige mice. This result indicated that 

NK cell activity might contribute to the decreased tumorigenicity of IFN-y expressing 

B16 tumors in unimmunized mice although the surface MHC class I expression was 

restored on the IFN-y expressing tumors. When Beige mice were immunized, as 

compared with wild type B16, immunization with irradiated TRP-2 epitope-expressing 

IFN-y gene-modified B16 cells significantly slowed wild type tumor development. 

However, in contrast to normal C57BL/6 mice, no tumor rejection was observed, and all 

mice developed tumors within 14 days after challenge. It might suggest that both NK 

cells and T cells were required to control the B16 melanoma. 

In summary, it was possible to replace the original IFN-y signal peptide with an antigen 

epitope-expressing signal peptide. The TRP-2 epitope-expressing, IFN-y gene 

modification of B16 tumors decreased tumorigenicity and enhanced immunogenicity. 

Therefore, expression of a tumor antigen epitope within the IFN-y signal peptide could 

potentiate the effects of IFN-y in immuno-gene therapy. 
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CHAPTER VI 

TUMOR PREVENTION THROUGH DNA IMMUNIZATION 

6.1 Overview 

Nonviral genetic immunization is a promising and potentially powerful approach to 

prevent and treat disease. Plasmid DNA encoding different antigens of viral, bacterial and 

tumor origin has been demonstrated to provoke immune responses in various species 

(112, 113). Both humoral and cellular responses can be generated through DNA 

immunization. Cytokines, such as GM-CSF and IL-2, have been used as adjuvants to 

enhance the efficacy of DNA immunization (19, 114). In the previous study, we 

demonstrated that it was feasible to express an antigen epitope within a cytokine signal 

peptide, and that the epitope could be processed properly and be presented on the cell 

surface. In the present study we assessed the possibility that these antigen epitope-

expressing vectors could be used as DNA vaccines. Our data demonstrated that 

vaccination with antigen epitope-incorporated cytokine expression plasmid DNA could 

induce antigen specific immunity and prevent antigen-harboring tumor development. 

Importantly, the antigen epitope-incorporated cytokine expression plasmid vaccine was 

more effective than a minigene vector. 
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6.2 Materials and Methods 

Mice and cell lines 

C57BL/6J mice (age 6-12 weeks) were purchased from Jackson Laboratories (Bar 

Harbor, ME). Animals were maintained under specific pathogen-free conditions in the 

animal facility at the University of Arizona. B16, a mouse melanoma; EL-4, a mouse 

thymoma cell line; and E.G7, a clone of EL4 stably transfected with chicken ovalbumin 

cDNA, were obtained from the American Type Culture Collection (Manassas, VA). All 

cells were maintained in RPMI 1640 medium (See APPENDIX A for composition) at 

37°C in a 5% C02/95% air atmosphere. 

Peptides 

The H-2K''-restricted peptide SIINFEKL, derived from chicken OVA (amino acid 257-

264), and SVYDFFVWL, derived from the melanoma associated antigen TRP2 (amino 

acid 180-188) were synthesized and purified commercially by Sigma-Genosys 

(Woodlands, TX). 

Genetic constructs 

The plasmid pCMV-IL-2, which expressed human IL-2 directed by the CMV promoter, 

and the plasmid pCOC-IL-2, which expressed human IL-2 and had the OVA epitope 

contained within IL-2 signal peptide, were both described in Chapter II. The plasmid 

pCMV-MO, which expressed the OVA epitope encoded by a minigene, was also 

constructed. To construct pCMV-MO, two primers were synthesized for PCR cloning. 
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The upstream primer 5'-ggtggaattcctgcagtcacc-3' incorporated an Ecol RI site at the 5' 

end. The downstream primer 5'-tctcgagctatcacagtttttcaaagttgattatactcatgttggaacaatgacctg 

g-3' incorporated the OVA epitope minigene sequence and an Xho site. The plasmid 

pCMV-IL-2 was used as a template for PGR and the PGR product was then cloned into 

the Eco RI and Xho digested pGMV-IL-2 vector. The resulting construct has the OVA 

minigene replacing the IL-2 gene. 

OVA epitope presentation assay 

Presentation of the OVA epitope was determined using a /acZ/X-gal assay and the OVA-

specific T cell hybridoma, B3Z. B16 cells were transfected with plasmids pGMV-IL-2, 

pCMV-MO, and pCOG-IL-2 by GenePORTER 2. At 24 hours after transfection, cells 

were treated with lOOU/ml IFN-y in order to upregulate MHG class I expression. At 48 

hours after transfection, cells were harvested and co-cultured with B3Z T cells. OVA 

pep tide-pulsed, IFN-y-treated B16 cells were used as a positive control. Typically, 

individual cultures containing 0.5x10® transfected cells and 0.5x10® B3Z cells, in a total 

volume of 0.5ml, were set up in a 24-well plate. Cultures were then incubated for 8 hours, 

fixed, and stained for lacZ expression using X-Gal. The cells were examined for the 

presence of blue (lacZ expressing) cells microscopically and photographs were taken. 

DNA vaccination 

Plasmid preparations were obtained using the Qiagen Endo-free mega kit (Qiagen, 

Hilden, Germany). Purified DNA was resuspended in PBS at a final concentration of 
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0.5)ag/^l. Mice tibialis anterior muscle was pretreated by injection of lOOjil of lOjiM 

cardiotoxin. Five days later, mice received two intramuscular injections of 50ug DNA at 

two-week intervals. 

In vitro CTL induction 

Spleens were harvested from DNA immunized mice 7 days after the last immunization. 

Splenocytes were cultured at 3xl0^cells/ml in RPMI 1640 medium (APPENDIX A) with 

mitomycin-treated EG.7 cells at 5:1 ratio in 24-well plates. Four days later, live cells 

were isolated on a lympholyte-M gradient (Cedarlane, Ontario, Canada) and put back into 

culture in RMPI medium supplied with 20U/ml IL-2 for an additional 2 days, and then 

used in the cytotoxicity assays. Cytotoxicity assays were performed using a CytoTox96® 

non-radioactive Cytotoxicity Assay kit (Promega, Madison, WI) as previously described. 

EL-4, EG.7, OVA peptide-pulsed EL-4 and TRP-2 peptide-pulsed EL-4 cells were used 

as target cells. Briefly, a constant number of target cells and varing numbers of effector 

cells were co-cultured in 100)j,l medium in round-bottom 96-well plates for 6 hours. 50f4.1 

of supernatant were harvested and LDH in the supernatant were measured with a 30-

rninute coupled enzymatic assay, which resulted in conversion of a tetrazolium salt into a 

red formazan product. Absorbance data at 490rmi were collected using a microplate 

reader. 

Tumior challenge 

One week after the last plasmid injection, mice were challenged in the left flank with 
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1x10^ EL-4 or EG.7 cells. Tumors were measured every other day with calipers once the 

tumors became palpable. The tumor volume was calculated using the formula: length x 

width^ X 7i/6. Statistical analyses were performed using an unpaired Student's t test. 
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6.3 Results 

Presentation of the OVA epitope expressed as a minigene or within the modified 

signal peptide. 

Expression and presentation of the OVA epitope encoded by the minigene plasmid 

pCMV-MO and by the OVA epitope-containing IL-2 expression plasmid pCOC-IL-2 was 

confirmed by activation of an 0VA/H-2K''-specific T cell hybridoma, B3Z. B16 tumor 

cells used to stimulate B3Z T cells were first treated with IFN-y in order to increase MHC 

class I expression. Activated B3Z T cells express lacZ and turn blue when stained with 

X-gal. OVA peptide pulsed B16 cells were used as a positive control to stimulate B3Z T 

cells. As shown in Figure 6.1, B3Z T cells became activated when stimulated by tumor 

cells transfected with the OVA epitope-modified plasmids, indicating the presentation of 

this OVA epitope. B3Z T cells were not activated when stimulated by parental pCMV-

IL-2 transfected tumor cells. 

Epitope-specific CTL induction by intramuscular immunization with an antigen 

epitope-expressing cytokine plasmid DNA. 

DNA immunization with minigenes has been shown to induce CTL responses (115). 

Herein we investigated whether CTL responses could be induced by immunization with 

plasmid DNA encoding a cytokine gene where the signal peptide was modified with an 

antigen epitope. Mice immunized with the pCOC-IL-2 DNA by intramuscularly injection 

were assayed for CTL induction against the OVA epitope. As shown in Figure 6.2B, 

antigen specific CTL responses were observed as indicated by increased lysis to OVA 
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peptide-pulsed EL4 tumor cells and OVA-expressing EG.7 cells, as compared to 

untreated EL-4 and TRP-2 peptide-pulsed EL-4 controls. As control, splenocytes 

generated from the IL-2 alone expressing plasmid (pCMV-IL-2) immunized mice lysed 

the different targets at the same level, indicating no antigen-specific CTLs had been 

induced (Figure 6.2A). 

Decreased tumor development in antigen epitope-incorporated cytokine expression 

plasmid DNA immunized mice. 

Vaccinated mice were challenged with 1x10^ EL-4, or EG.7 cells to determine the ability 

to induce an antigen-specific protective immune response against the OVA expressing 

EG.7 tumor. Approximately 50% of the animals vaccinated with the OVA epitope-

incorporated, IL-2 expressing plasmid pCOC-IL-2 rejected the EG.7 tumor as compared 

to only 17% of the OVA minigene plasmid, pCMV-MO vaccinated animals. No 

protection to EG.7 challenge was observed in animals vaccinated with IL-2 alone 

expression plasmid, pCMV-IL-2, with all animals developing tumors by day 7 after 

challenge (Figure 6.3). As a control, when vaccinated animals were challenged with the 

EL-4 tumor, which is the parental tumor of EG.7 but does not express OVA, no 

protection was seen for any of the plasmid vaccines (Figure 6.4A). In addition, the 

latency and the rate of tumor growth in pCOC-IL-2 vaccinated animals was significantly 

prolonged when compared with that of the pCMV-MO and pCMV-IL-2 vaccinated 

animals (Figure 6.4B). These results demonstrated that vaccination with plasmid DNA 

encoding a cytokine gene in which the signal peptide was modified with an antigen 
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epitope could induce immune responses to the antigen epitope. Moreover, the immune 

stimulatory cytokine (IL-2) expressed by pCOC-IL-2 could enhance the efficacy of DNA 

immunization. 
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Figure 6.1 Expression and presentation of the OVA epitope encoded by the 
minigene plasmid and by the OVA-incorporated IL-2 expression plasmid. B3Z 
T cells were stimulated by B16 transfected with plasmids pCMV-IL-2 (D), 
pCMV-MO (E), or pCOC-IL-2 (F) for 8 hours and stained for lacZ expression 
with X-gal. Negative control group were non-stimulated B3Z (A) and B3Z 
stimulated with wild type B16 (B). B3Z stimulated with OVA peptide-pulsed 
B16 (C) were used as positive control. B16 cells were treated with lOOU/ml 
IFN-y for 24 hours before co-culture with B3Z T cells to restore MHC class I 
expression. Blue cells indicate activated B3Z cells. Representative data of two 
experiments is shown. 
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Figure 6.2 CTL induction by antigen epitope-incorporated IL-2 expression plasmid 
DNA immunization. Mice were immunized twice with either pCMV-IL-2 (A) or 
pCOC-IL-2 (B) plasmid DNA. Splenocytes were harvested 1 week after the last 
immunization and stimulated with mitomycin-treated EG. 7. Cytotoxicity was tested 
using EL-4, EG.7, OVA peptide-pulsed EL-4, and TRP-2 peptide-pulsed EL-4 as 
target cells at the indicated effector to target cell ratios. 
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Figure 6.3 Protection by DNA immunization against EG. 7 tumors. C57BL/6 mice 
were unimmunized or immunized twice with plasmids pCMV-IL-2, pCOC-IL-2, 
or pCMV-MO in two-week intervals. One week after the second vaccination, 
mice (6 mice each group) were challenged with 1x10® EG.7 cells. Tumor 
development was monitored for 45 days. Data were analyses using Wilcoxon 
Rank-Sum test (p<0.01: pCOC-IL-2 vs. pCMV-IL-2, pCMV-MO vs. pCMV-IL-
2; p=0.065: pCOC-IL-2 vs. pCMV-MO). 
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Figure 6.4 Tumor development in C57BL/6 mice after DNA vaccination. 
C57BL/6 mice were unimmunized or immunized twice with plasmids pCMV-
IL-2, pCOC-IL-2, or pCMV-MO in two-week intervals. One week after the 
second vaccination, mice (6 mice each group) were challenged with 1x10^ 
EL-4 (A) or EG.7 (B) cells. Tumors were measured every other day once the 
tumors became palpable and measurement was stopped when the first animal 
died in that group. Mean ± SEM is shown. 
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6.4 Conclusions 

DNA-based cancer vaccines are an attractive approach for cancer immunotherapy. 

Several groups have described various DNA-based immunization protocols to prevent 

cancer (116, 117). After vaccination, plasmid DNA is taken up by host tissue and 

expressed intracellularly. CTL responses can then be generated against the processed 

peptides presented by host MHC molecules. Plasmid DNA is safer and easier to 

administer than viral vaccines, and its large-scale production and storage is cheaper and 

easier than protein-based vaccines. However, optimal strategies to enhance the efficacy 

of DNA immunization remain to be established. 

Minigene DNA immunizations have been reported to exclusively elicit epitope-specific 

CTL responses (118). Targeting CTL epitopes to the ER through the addition of an ER 

leader sequence to the minigenes was found to enhance the CTL responses generated by 

the minigenes (115). Cytokines have been used as adjuvants to enhance the efficacy of 

DNA immunization. Irvine and his group tested a panel of cytokines given by systemic 

administration and found that rhIL-2, rmIL-6, rhIL-7 and rmIL-12 were able to enhance 

the therapeutic responses of DNA vaccination, whereas cytokines such as GM-CSF, IL-4 

and IFN-y failed to mediate tumor regression when administrated in adjuvant settings 

(19). Since the minigenes do not contain T helper cell epitopes, an appropriate cj^tokine 

environment might be helpful and even necessary to foster activation of antigen 

presenting cell (APC) and/or CTL for minigene-based DNA immunization. 



132 

In the present study, we developed a new strategy to improve the efficacy of DNA 

vaccination. Through modifying the cytokine signal peptide with an antigen epitope, the 

antigen epitope and cytokine expression were coupled together in the same plasmid. 

Results showed that the antigen epitope expressed within the modified cytokine signal 

peptide was presented by transfected cells. Antigen-specific immune responses were 

induced after animals were immunized with the antigen epitope-incorporated cytokine 

expression plasmid. Moreover, an enhanced vaccination effect was achieved with the 

antigen epitope-incorporated cytokine expression plasmid as compared to the minigene 

epitope expression plasmid. The improved antigen presentation resulted from the ER-

targeting function of the signal peptide, synergizing with the immunostimulatory 

cytokine IL-2, and contributed to the enhanced vaccination effect. 

In summary, our results demonstrated that the antigen epitope-incorporated, cytokine 

expressing plasmid worked as a DNA vaccine to induce antigen-specific immune 

responses. Importantly, the immunostimulatory activity of the cytokine simultaneously 

expressed with the antigen epitope could potentiate the immunization effect. 
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CHAPTER VII 

DISCUSSION 

More than a century ago, the concept of immunotherapy to treat cancer was introduced 

by William Coley, when he first attempted to treat a patient affected with recurrent 

sarcoma with intratumoral injections of bouillon cultures of erysipelas (119). Since then, 

enthusiasm for harnessing the immune system to control malignancy has never waned 

although there have been many hurdles, including the paucity of suitable antigens to the 

astounding capacity of tumors to escape immune detection (120, 121). During the past 

two decades progress in molecular and cellular immunology has advanced our 

understanding of tumor-host interactions and opened a new era for the development of 

antitumor immunotherapy. Many tumor antigens have been identified and have allowed 

us to tailor therapies to specific molecular targets expressed on tumor cells (122). 

Progress in biotechnology has enabled us to design and develop more effective cancer 

vaccines. However, until now immunotherapy has not consistently achieved therapeutic 

effects on most human malignancies. Therefore, strategies to improve its efficacy are of 

paramount importance for the immunotherapy of cancer. 

There is evidence that the normal immune response to tumor antigens is tolerance 

induction rather than activation (123, 124). The progressive growth of tumors in 

immunocompetent hosts indicates either tolerance induction or insufficient immune 

activation. Successful immunotherapy of cancer depends upon the induction of antitumor 



134 

immune responses as well as interruption of tumor-induced tolerance. A variety of 

vaccination strategies have been explored to reverse tolerance and boost immunity to 

tumors, including dendritic cell-based vaccination, tumor epitope modification, 

regulatory T cell elimination, and blockade of immunologic checkpoints by molecules 

such as CTLA-4 (125, 126, 127). Immunostimulatory cytokines, such as IL-2, GM-CSF, 

and IFN-y, have also been comprehensively studied for use in the immunotherapy of 

cancer. 

Another hurdle to the success of immunotherapy is that tumors arising in immuno

competent hosts may acquire mechanisms of immune evasion due to evolutionary 

selection resulting from genetic instability and immunoediting (128, 129). Tumor cells 

can escape CTL recognition through downregulation of MHC class I surface expression 

(103, 130). Mechanisms that underlie loss of MHC class I include mutations in 

the p2-microglobulin gene (131), defects in MHC genes (132), down-regulation of the 

proteasome multicatalytic complex subunits LMP-2 and LMP-7(133), and reduced 

expression of peptide transporter TAP-1 or TAP-2 (134). In addition, tumor cells can 

escape from immune detection by loss of surface antigen expression independently of 

dysregulation of MHC class I expression. For instance, decreased expression of 

melanoma-melanocyte differentiation antigens, such as gplOO, MART-1, have been 

reported (130). Low immunogenicity of tumors can diminish the effects of tumor 

vaccines. Numerous studies of T cell activation have revealed that T cells exhibit 

different amounts and types of functional responses in response to different doses of 



antigen (135). In the priming phase, functional differentiation of naiVe T cells can be 

affected by the dose of antigen (136). In the effector phase, CTL function depends upon 

proper TCR occupancy (137). The extent of target cell destruction depends not only upon 

their displaying a peptide-MHC complex that is recognized by the TCR, but upon the 

number of copies of epitope per target cell (epitope density) (138). Tumors also produce 

immune-suppressive factors, such as IL-10, and TGF-P, which result in a cytokine 

environment unfavorable to T cell activation and expansion (31, 139). Therefore, 

approaches to counter tumor immune evasion will improve the efficiency of cancer 

immunotherapy. 

Cytokine-based tumor immuno-gene therapy has been intensively investigated in order to 

develop effective cancer vaccines (140, 141). Cytokines play an essential role in 

activating and expanding T cell responses to antigens. Cytokines expressed by gene-

modified tumor cells can counteract the immunosuppressive cytokines and generate a 

milieu that favors T cell activation and expansion. Numerous cytokines have 

demonstrated the abihty to increase tumor immunogenicity when expressed by tumor 

cells, including IL-1, -2, -3, -4, -6, -12, IFN-y, TNF-a and GM-CSF (142). Strategies 

applied for cytokine-based cancer immunotherapy include ex vivo modification of tumor 

cells with cytokine genes, ex vivo modification of other cell types with cytokine genes, 

such as DCs and autologous fibroblasts, and in vivo cytokine gene transfer to tumor 

microenvironment (143). However, as discussed previously, the downregulated antigen 

expression of tumor cells might diminish the effect of cytokine-based immunotherapy. In 
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this study, a new approach was designed to increase the efficacy of cytokine immuno-

gene therapy. We incorporated a tumor antigen epitope into cytokine signal peptides by 

genetic modification and coupled the cytokine expression with antigen presentation. 

Through this approach, the enhanced tumor antigenicity synergized with the effect of the 

immunostimulatory cytokine to result in increased immunotherapeutic effects. 

Signal peptides serve as a sorting signal that targets nascent secretory proteins to sites of 

translocation on the ER membrane, where it is subsequently proteolytically removed 

from the mature chain by signal peptidase (61, 62). Signal peptides do not contain 

specific amino acid residues and are variable in length (15 to as many as 50 amino acids). 

Kaiser et al. reported that many random sequences can functionally replace the secretion 

signal sequence of yeast invertase (74). In this study, three different antigen epitopes 

were used to modify the human IL-2 signal peptide. Each epitope was put into three 

different positions in the modified signal peptides; therefore, nine new signal peptides 

were generated and tested for their function to direct cytokine expression. Eight out of the 

nine modified signal peptide still function, indicated by directing IL-2 expression, 

although the efficiency of the altered signal peptide to direct protein secretion was varied, 

and dependent on the amino acid sequences of the modified signal peptide. In addition, 

when used to replace the original IFN-y signal peptide, the human IL-2 signal peptide and 

TRP-2 epitope modified IL-2 signal peptide could efficiently direct IFN-y secretion. This 

observation showed that altered signal peptides still function to direct protein export in 

mammalian cells. Importantly, these data demonstrated that tumor antigen epitope-
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modified signal peptides could function, as indicated by the ability to direct cytokine 

secretion. Therefore, it is possible to express an antigen epitope and a cytokine in the 

same gene. 

Previous studies have shown that signal peptide fi"agments can be presented by classical 

MHC class I molecules. Wei et al (144) reported that HLA-A2 molecules in an antigen-

processing mutant cell contain signal sequence-derived peptides. Uger et al (68) reported 

that when the influenza nucleoprotein epitope NP366-374 was incorporated into the H-

2D signal peptide, it was presented and induced CTL generation. In this study, OVA 

and TRP-2 epitope were used to modify IL-2 signal peptide and the presentation of the 

epitope expressed within the signal peptide was confirmed by biological assays. Our data 

demonstrated that it was possible to synthesize fimctional antigen epitope-expressing 

signal peptides in situ and that the antigen epitope within the signal peptide could be 

presented by MHC class I molecules. In addition, our data suggested that although the 

position of an antigen epitope in the signal sequences was important for signal peptide 

fiinction, it might not critical for processing and presentation. The OVA epitope was 

presented when incorporated into three different positions. 

Proteasome is recognized to be necessary for the generation of the vast majority of MHC 

ligands (145). However, there is evidence that other protease may be able to carry out 

some function normally ascribed to the proteasome (146). Signal peptidase and signal 

peptide peptidase(s) is presumably involved in generation of class I ligands from signal 
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peptides, although there was report that signal sequence-derived peptides could be 

generated either by the cytosolic proteasome after retrotranslocation (92, 148). In this 

study, proteasome inhibitor, c/a^to-lactacystin P-lactone, was used to investigate the role 

proteasome played in the generation of the correct OVA epitope. Our data showed that 

presentation of the OVA epitope expressed within the modified signal peptide was 

insensitive to proteasome inhibitor treatment. These results suggested that the processing 

of the antigen epitope expressed within the modified IL-2 signal peptide was proteasome-

independent, at least for the OVA epitope, SIINFEKX. 

Because its natural destination is the ER, the signal peptide may enhance antigen 

presentation through providing peptide for MHC assembly. The proteasome- and TAP-

independent presentation of signal peptide-derived epitopes may help overcome antigen 

processing defects expressed by certain tumor cells. Khanna et al. (69) reported that 

endoplasmic reticulum signal sequences facilitated transport of peptide epitopes and 

restored immunogenicity of a defective antigen processing tumor cell line. Similarly, B16 

cells have been shown to express low levels of MHC class I on the cell surface due to 

defects in many aspects of antigen presentation. Herein, we observed that TRP-2 epitope-

expressing IL-2 gene-modified B16 cells showed decreased tumorigenicity as compared 

to IL-2 alone, gene-modified tumor cells. However, when stained with anti-H-2K''/D'' and 

analyzed by flow cytometry, the surface MHC class I expression on the TRP-2 epitope-

expressing IL-2 gene-modified B16 cells was not significantly higher than that of IL-2 

alone gene-modified B16 cells. These results suggested that the increased antigenicity 
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might due to better competition of antigenic TRP-2 peptide to other peptides for the few 

MHC around. The enhanced expression and facilitated ER transportation of the TRP-2 

epitope contained within the modified signal peptides could have a competition 

advantage to bind the newly synthesized MHC molecules. 

One strategy of cancer immunotherapy is the use of cytokine gene-modified tumor cells 

as vaccines. In this study, we investigated the efficacy of TRP-2 epitope-expressing IL-2 

gene-modified B16 cells as cellular vaccines to prevent wild type tumor challenge. 

However, our data showed that vaccination with irradiated the TRP-2 epitope-expressing, 

IL-2 gene modified B16 transfectants could not significantly increase the fi-equency of 

antigen-specific CTL as compared with the unimmimized and wild type B16 cells, and 

could not induce protection against wild type tumor challenge. These results suggested 

that although TRP-2 epitope-expressing IL-2 gene-modified B16 cells were more 

antigenic than wild type cells and exhibited decreased tumorigenicity in vivo, their 

immunogenicity was not sufficient to induce significant protective immunity against wild 

type tumors. IFN-y has been reported to restore MHC class I expression on B16 cells 

(101). In addition, IFN-y can activate NK cells and macrophages, which are also involved 

in the control of melanoma. Thus, we investigated the use of the cytokine, IFN-y. 

IFN-y is a cytokine secreted by T cells when activated as well as by NK cells. Although 

originally defined as an agent with direct antiviral activity, IFN-y regulates several 

aspects of the immune response, including activation of macrophages and NK cells, 
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stimulation of antigen presentation through upregulation of class I and class II MHC 

molecules, orchestration of leukocyte-endothelium interactions, regulation of T helper 

(Th) cell prohferation, as well as the stimulation and repression of a variety genes whose 

functional significance remains obscure (56). IFN-y is also an anti-angiogenic factor via 

the induction of the angiogenesis inhibitory chemokines, IP-10 and MIG (147). IFN-y 

abrogates tumor growth by activating immune cells, including macrophages, DCs, NK 

cells and T cells, and by directly inhibiting tumor cell proliferation (148, 56). These 

functions render IFN-y a favorable candidate for tumor immunotherapy. There have been 

reports that vaccination with tumor cells engineered to produce IFN-y led to protection 

from wild type tumor challenge (149, 150). Tumor cells after IFN-y gene transfer caused 

a number of effects on host antitumor immunity, as well as on the tumor itself (151, 152). 

In this study, we investigated the effects of antigen epitope-expressing IFN-y on the 

immuno-gene therapy of melanoma using a murine model. IFN-y signal peptide was 

replaced with the TRP-2 epitope-expressing IL-2 signal peptide. Surface MHC class I 

expression, tumorigenicity and immunogenicity of the TRP-2 epitope-expressing IFN-y 

gene-modified B16 cells were determined. In agreement with other reports (86, 100), our 

data showed that IFN-y enhanced MHC class I expression on B16 mouse melanoma cells 

in a dose-dependent manner. Secretion of IFN-y fi"om tumor cells might exert effects in 

an autocrine maimer and therefore function very efficiently to upregulate MHC class I 

expression. Because high concentrations of IFN-y directly inhibit B16 cell proliferation. 
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IFN-y levels of stable IFN-y-secreting B16 clones were rather low, around 

200pg/ml/10®cells/24 hour. At this level, no significant inhibitory effects were observed, 

however, surface MHC class I expression was totally restored. Vanky et al reported that 

short term in vitro treatment of human tumor cells with IFN-y and TNF-a elevated their 

expression of MHC molecules and potentiated the interaction with T cells (153). Our data 

confirmed that IFN-y gene modification of tumor cells resulted in increased sensitivity to 

CTL lysis in vitro. Importantly, TRP-2 epitope-expressing IFN-y transiently gene 

modified B16 cells decreased in vivo tumorigenicity. After transplantation, TRP-2 

epitope-expressing IFN-y transiently gene-modified B16 tumors grew significantly 

slower than wild type tumors and other non-IFN-y-expressing plasmids (pCMV, pCMV-

MT, pCMV-ST) gene-modified B16 tumors. Such tumors also grew slower than that of 

IFN-y alone expressing plasmid (pCMI-IFN) gene-modified tumors. 

IFN-y gene modified B16 cells were more immunogenic than wild type B16 cells when 

used in vaccine settings. In this study, irradiated, transiently gene-modified B16 cells 

were used as vaccines to induce anti-tumor immunity. The significance of this approach 

was its clinical relevancy. Tumors removed fi"om patients by surgery might be gene-

modified in vitro through non-viral gene transfer, irradiated, and then used as autologous 

cellular vaccines. Our data demonstrated the protection against wild type B16 tumor 

induced by the epitope-incorporated, IFN-y-expression plasmid (pCTB-IFN) transiently 

transfected B16 cells were more efficient than that of irradiated wild type or other 

plasmids (pCMV-MT, pCMV-ST, pCMI-IFN) transfected B16 cells. 
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Interestingly, when immunized mice were challenged with a TRP-2 epitope-incorporated, 

IFN-y expression plasmid modified B16 subline B16-pCTB-IFN12, no protective effects 

were observed and most of the mice developed tumor within two weeks. This result was 

contrary to our expectations. Because clone B16-pCTB-IFN12 showed decreased 

tumorigenicity in unimmimized mice, compared to wild type B16 and other antigen-

epitope alone expression plasmid (pCMV-MT and pCMV-ST) gene-modified B16 

clones, we had supposed that it should be successfully controlled in immunized mice. We 

speculate that this unexpected result might be due to the intrinsic property of this clone. 

Clones selected under stringent selection pressure and anti-proliferative pressure from the 

autocrine IFN-y might be resistant to immune attack. This unexpected result might also 

indicate that different types of immune cells and responses are involved in the control of 

B16 melanoma growth in unimmunized and immunized animals. 

Unexpected results were also seen in the in vivo IFN-y gene transfer experiment. We 

observed that in vitro TRP-2 epitope-expressing, IFN-y transiently gene-modified B16 

cells showed decreased tumorigenicity after in vivo transplantation. Thus we supposed 

that the in vivo TRP-2 epitope-expressing, IFN-y gene transfer should be more effective 

that IFN-y alone gene transfer in the control of established B16 tumor growth. However, 

the results showed that when established B16 tumors were injected with PBS or plasmid 

pCMV, pCMI-IFN and pCTB-IFN, significant growth inhibition was only seen in the 

pCMI-IFN group, although the pCTB-IFN injection also decreased tumor growth. The 

discrepancy between in vitro and in vivo pCTB-IFN gene modification might also 
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suggest that different types of immune cells and responses are involved in the control of 

B16 melanoma growth and that their contributions might be dynamically changed during 

the tumor development. 

The immune response against B16 melanoma is very complicated and many cell types 

have been reported to be involved in tumor rejection. While CD8+ and CD4+ T cells are 

the primary effector cells thought to control tumor growth in immunized animals (154, 

155), other cell types, such as NK cells, NKT cells, and macrophages have also been 

reported involved in the rejection of primary B16 tumors and even to play a major role in 

certain conditions (156, 157,). There is concern that the upregulation of MHC class I 

expression by IFN-y gene modification, which might render tumors resistant to NK cell-

mediated rejection, would overwhelm its immunostimulatory activities. However, our 

data showed that NK cells were necessary to control the antigen epitope-expressing 

IFN-y gene modified B16 growth, which indicated that the overall effect of the antigen 

epitope-expressing IFN-y gene modification was favorable for NK cell-mediated activity. 

In addition, a decreased vaccination effect was seen in mice defective of NK cell 

function, which indicated that NK cell activity might modulate adaptive immunity, as 

reported by other authors (116,117). 

DNA vaccination is a promising novel approach for generating desired immunity against 

infectious and non-infectious diseases, including cancer. DNA vaccines have, compared 

to viral vectors, less safety concerns. In addition, plasmid DNA is easier to manufacture. 
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transport, and store than viral and peptide-based vaccines. Cytokines, such as GM-CSF 

and IL-2, have been used as adjuvants to enhance the efficacy of DNA immunization (19, 

114). In addition, minigene DNA immunizations have been reported to exclusively elicit 

epitope-specific CTL responses and targeting minigene epitope to the ER was found to 

enhance the CTL responses (115, 118). In this study, we investigated the possibility of 

inducing antigen-specific immune responses through antigen epitope-incorporated 

cytokine expression plasmid vaccination. OVA epitope-incorporated IL-2 expression 

plasmid and minigene OVA epitope-expressing plasmid was used to immunize mice, and 

the immunized mice were then challenged with the OVA antigen-expressing EG.7 tumor 

and control EL-4 tumor. Our data showed that OVA epitope-incorporated IL-2 

expression plasmid DNA was more effective in inducing protective immune responses to 

EG.7 tumor than that of a minigene vector encoding the OVA epitope alone. The 

increased efficacy may be due to the enhanced antigen presentation and/or the adjuvant 

effect of cytokine simultaneously expressed with the antigen. 

There are several advantages of the strategy to couple cytokine expression with antigen 

presentation by genetically modifying cytokine signal peptides with an antigen epitope. 

First, as compared with the direct combination of peptide and cytokine-based therapy, 

antigen epitopes in the signal peptides enter the ER and bind to MHC in a TAP-

independent mechanism. Thus, this approach could enhance antigen presentation even in 

a TAP-defective tumor. Second, the genes encoding the antigen peptide and the cytokine 

are in the same plasmid and driven by the same promoter, which could avoid the low 
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efficiency of co-transfection and promoter interference often seen in independent 

systems. It was also easy to evaluate antigen peptide expression by measuring cytokine 

expression, and thus select for transgene expressing cells. And third, the antigen epitope-

incorporated, cytokine-expressing vector works as a DNA vaccine. It is more effective in 

inducing epitope-specific CTL than minigene vector. It is possible to incorporate a 

dominant epitope into the signal peptide of a potent cytokine. The resulted construct 

could be used to prevent spontaneous tumor development. In addition, this strategy may 

be used in other immunization settings, such as anti-viral vaccination. This approach 

may also be used to induce tolerance to specific antigen by coupling antigen expression 

with immuno-suppressive cytokine expression. 

In summary, we have developed a novel approach to couple cytokine expression with 

antigen presentation by genetically modifying of cytokine signal peptides with antigen 

epitopes and investigated its potential usage in the immuno-gene therapy of cancer. Our 

results showed that expression of an antigen epitope within a cytokine signal peptide 

could enhance its presentation, synergize with the immunostimulatory function of the 

cytokine, and result in enhanced immunotherapeutic effects. 
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APPENDIX A 

BUFFERS AND MEDIA 

FACS Buffer 

lOOmI Phosphate Buffered Saline (PBS) (Irvine Scientific, Santa Ana, CA) 

2ml heated inactivated horse serum (Gemini Bio-products, Woodland, CA) 

Fixation Buffer 

Paraformaldehyde 5g (Fisher Scientific, Fair Lawn, NJ) 

Ix PBS 500ml (Irvine Scientific, Santa Ana, CA) 

LB Media 

bacton-tryptone lOg 

bacton-yeast extract 5 g 

NaCl lOg 

Add deionized H2O to lOOOml 

Adjust pH to 7.0 with 5 N NaOH, and sterilize by autoclaving for 20 minutes at 151b/sq. 

in. on liquid cycle. 

Complete RPMI (cRPMD 

500ml of RPMI containing 2mM L-glutamine (Irvine Scientific , Santa Ana, CA) 

50 ml heated inactivated fetal bovine serum (Irvine Scientific, Santa Ana, CA) 

5ml lOOmM Sodium Pyruvate (Irvine Scientific, Santa Ana, CA) 

5ml lOOmM Non-essential Amino Acid (Irvine Scientific, Santa Ana, CA) 

5ml lOOOu/ml Penicillin-streptomycin (Irvine Scientific, Santa Ana, CA) 

500ul 5mg/ml Gentamycin (Sigma, St. Louis, MO) 

5ul P-mercaptoethanol (Sigma, St. Louis, MO) 
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APPENDIX B 

OLIGONUCLEOTIDES USED FOR PLASMID CONSTRUCTION 

Oligo-0VA(a): caggtcattgttccaacatgagtataatcaactttgaaaaactgatgctcctgtcttgcattgcacta 

01ig0-0VA(a-rc*): tagtgcaatgcaagacaggagcatcagtttttcaaagttgattatactcatgttggaacaatgacctg 

Oligo-0VA(b): caacatggccctgtggatcgacagtataatcaactttgaaaaactgctgtcttgcattgcactaag 

01ig0-0VA(b-rc): cttagtgcaatgcaagacagcagtttttcaaagttgattatactgtcgatccacagggccatgttg 

Oligo-OVA(c): ctcctgtcttgcattgcactagtcagtataatcaactttgaaaaactgacaaacagtgcacctacttc 

Oligo-OVA(c-rc): gaagtaggtgcactgtttgtcagtttttcaaagttgattatactgactagtgcaatgcaagacaggag 

01igo-TRP2(a): caggtcattgttccaacatgagcgtgtatgacttttttgtgtggctcctgtcttgcattgcactaag 

01igo-TRP2(a-rc):cttagtgcaatgcaagacaggagccacacaaaaaagtcatacacgctcatgttggaacaatgacctg 

01igo-TRP2(b): ccctgtggatcgacaggatgagcgtgtatgacttttttgtgtggctcattgcactaagtcttgcact 

01igo-TRP2(b-rc): agtgcaagacttagtgcaatgagccacacaaaaaagtcatacacgctcatcctgtcgatccacaggg 

01igo-TRP2(c): 

ccctgtggatcgacaggatgctcctgattgcactaagcgtgtatgacttttttgtgtggctcgtcacaaacagtgcacctac 

01igo-TRP2(c-rc): 

gtaggtgcactgtttgtgacgagccacacaaaaaagtcatacacgcttagtgcaatcaggagcatcctgtcgatccacaggg 

01igo-HER2(a): cattgttccaacatggccctgaagatctttgggagcctggcatttctgctgtcttgcattgcactaag 

01igo-HER2(a-rc):cttagtgcaatgcaagacagcagaaatgccaggctcccaaagatcttcagggccatgttggaacaatg 

01igo-HER2(b): caacatggccctgtggatcgacaagatctttgggagcctggcatttctggcactaagtcttgcacttgtc 

01igo-HER2(b-rc):gacaagtgcaagacttagtgccagaaatgccaggctcccaaagatcttgtcgatccacagggccatgttg 

OIigo-HER2rc):gatcgacaggatgcaactcctgaagatctttgggagcctggcatttctgcttgtcacaaacagtgcacc 

01igo-HER2(c-rc):ggtgcactgtttgtgacaagcagaaatgccaggctcccaaagatcttcaggagttgcatcctgtcgatc 
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Primer#!: GGTGGAATTCCTGCAGTCACC 

Primer #2: TAGACTCGAGCGGCGAATCAGCAGCGACTCCTTTTCC 

Primer #3: CTTGCACTTGTCACAAACAGTTGTTACTGCCACGGCACAG 

Primer #4: ACTGTTTGTGACAAGTGCAAGACTTAGTGC 

*rc—Reverse Complement 
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A 
paw-MT 
pCMV-ST 

pCMV-MT 

pCMtf-ST 

pCMW-MT 

BCW-ST 

APPENDIX C 

SEQUENCE OF GENETIC CONSTRUCTS 

C C CTGACTATCTTC CAGGTCATTGTTCCAACATG 

C C CTGACTATCTTCCAGGTCATTGTTCCAACilTGGC CCTGTGGATC GACAGGATGCAACTC CTGTCTTGCATTGCACTAAI 
N A 

bTCTTGCACTrGTCACAAACAGTl' 

S L A L V T H S S  

D R H Q L L S C I A L  

GATAGCTC GAGTCTAGAGGGC C C GTTTAA 

GATAGCTC GAGTCTAGAGGGC C C GTTTAA 

V Y D F F V W L * *  
AC C C GCTGATCAGC CTCGACTGTGC CTTCTAGTTGC CAGC C ATCTGTTGTTTGC CCCTCCCCC GTGC CTTC CTTGAC C CT 

ACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCT 

pCMV-MT GGAAGGTGCCACTCCCACTGTCCnrCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTC 

pCMV-ST GGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTC 

B 

p CMI - IFH AC C CTGACTATCTTC C AGGTCATTGTTC C AAC 

pCTB-IFir ACCCTGACTATCTTCCAGGTCATTGTTCCAAC 

iTGGC CCTGTGGATC GACAGGATG CAACTC CTGTCT-TG-
H A L W I D R M  Q L L S C  

HTGGC C CTGTGGATC GACAGGATnMlWMlllMllHllltfMllllllllllllMllhtlllkM 

H A L W I D R H S V Y D  F F V W  

p CTA- IFH ACCCTGACTATCTTC CAGGTCATTGTTCCAACfitTGS 

H S 
CTCGTGTATIJ £&iiuSSi^BBiaaSSi:'r(^TCT-TG-

V Y D F F V  W L  

pCMI-IFH 

IJCTB-IFH 

pCTA-IFH 

•GTTACTGCCACGGCACAGTCATTGAAAGCCTAGAAAGTCTGAA 

•GTTACTGCCACGGCACAGTCATTGAAAGCCTAGAAAGTCTGAA 

'GTTACTGCCACGGCACAGTCATTGAAAGCCTAGAAAGTCTGAA 

"c Y c ii G T V i E s L E i l N 

— CATTGCACTAAGTCTTGCACTTGTCACAAACAGT V 

L A L S  L A L V T N S  

HBATTGCACTAAGTCTTGCACTTGTCACAAACAGT r 
L  I A L S L A L V T N S  

— CATTGCACTAAGTCTTGCACTTGTCACAAACAGTir 
I A L S L A L V T N S  

p CMI - IFH TAACTATTTTAACTCAAGTGGCATAGATGTGGAAGAAAAGAGTCTCTTCTTGGATATCTGGAGGAACTGGCAAAAGGATG 

p C TB - IFH TAACTATTTTAACTCAAGTGGCATAGATGTGGAAGAAAAGAGTCTCTTCTTGGATATCTGGAGGAACTGGCAAAAGGATG 

pCTA-IFH TAACTATTTTAACTCAAGTGGCATAGATGTGGAAGAAAAGAGTCTCTTCTTGGATATCTGGAGGAACTGGCAAAAGGATG 

H Y F H S S G I D V E E  K 3 L F L D I U R N ¥ Q K D  

p CMI - IFH GTGAC ATGAAAATC CTGCAGAGC C AGATTATCTCTTTCTAC CTCAGACTCTTTGAAGTCTTGAAAGAC AATC AGGC CATC 

p C TB- IFH GTGACATGAAAATC CTGCAGAGCCAGATTATCTCTTTCTAC CTCAGACTCTTTGAAGTCTTGAAAGACAATCAGGCCATC 

pCTA-IFH GTGACATGAAAATCCTGCAGAGCCAGATTATCTCTTTCTACCTCAGACTCTTTGAAGTCTTGAAAGACAATCAGGCCATC 

G D H K I L O S Q I I S F Y L R L F E V L K D N Q A I  

pCMI-IFH AGCAACAACATAAGCGTCATTGAATCACACCTGATTACTACCTTCTTCAGCAACAGCAAGGCGAAAAAGGATGCATTCAT 

p C TB - IFH AGCAACAACATAAGC GTCATTGAATCACAC CTGATTACTACCTTCTTCAGCAACAGCAAGGCGAAAAAGGATGC ATTCAT 

pCTA-IFH AGCAACAACATAAGC GTCATTGAATCACAC CTGATrACTACCTTCTTCAGCAACAGCAAGGCGAAAAAGGATGCATTCAT 

S H N I S V I E S H L I T T F F S H S K A K K D A F M  

p CHI - IFH GAGTATTGC C AAGTTTGAGGTCAAC AAC CCACAGGTCCAGCGC C AAGC ATTC AATGAGCTCATC C GAGTGGTC C AC CAGC 

pCTB-IFH GAGTATTGCCAAGTTTGAGGTCAACAACCCACAGGTCCAGCGCCAAGCATTCAATGAGCTCATCCGAGTGGTCCACCAGC 

pCTA-IFH GAGTATTGCCAAGTITGAGGTCAACAACCCACAGGTCCAGCGCCAAGCATTCAATGAGCTCATCCGAGTGGTCCACCAGC 
S  l A K F E V H H P  Q V Q R Q A F H E  L  I R V V H Q  

pCMI-IFH TGTTGCCGGAATCCAGCCTCAGGAAGCGGAAAAGGAGTCGCTGCTGATrCGCCGCTCGAGTCTAGAGGGCC-GTTTAAAC 

pCTB-IFH TGTTGCCGGAATCCAGCCTCAGGAAGCGGAAAAGGAGTCGCTGCTGATTCGCCGCTCGAGTCTAGAGGGCCCGTTTAAAC 

pCTA-IFH TGTTGCCGGAATCCAGCCTCAGGAAGCGGAAAAGGAGTCGCTGCTGATTCNCCGCTCGAGTCTANAGGGCCCGTTTAAAC 

L L P E S S L R K R K R S R C *  

* Sequences in boxes were the signal sequences and corresponding signal peptide; 
highlighted sequences encoded the TRP-2 epitope; underlined sequence encoded the 
murine IFN-y. 
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APPENDIX D 

IL-2 ELISA PROTOCOL 

To determine the presence and concentration of IL-2 in the cell culture supematants, the 

OptEIA^'^ Human IL-2 Set (Pharmingen, San Diego, CA) was used. The procedure was: 

1. Coat microplate with 100^1 per well of coating buffer containing Capture 

Antibody. Seal plate and incubate overnight at 2-8 °C. 

2. Aspirate wells and wash 3 times with 300|al/well washing buffer. After last wash, 

invert plate and blot on absorbent paper to remove any residual buffer. 

3. Block plates with 200|al/well assay diluent. Incubate at room temperature for 1 

hour. 

4. Aspirate/wash as in step 2. 

5. Pipette 100)j,l of each standard and sample dilutions into appropriated wells. Seal 

plate and incubate for 2 hours at room temperature. 

6. Aspirate wells and wash 5 times as in step 2. 

7. Add 100|j,l of working detector (detection antibody + avidin-HRP) to each well. 

Seal plate and incubate for 1 hour at room temperature. 

8. Aspirate wells and wash 7 times as in step 2. 

9. Add lOOjal of TMB substrate solution to each well. Incubate plate (without plate 

sealer) for 30 minutes at room temperature in the dark. 

10. Add 50 |j,l of stop solution (2N H2SO4) to each well. 

11. Read absorbance at 450nm within 30 minutes of stopping reaction and use A, 

correction absorbance 570nm. 
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APPENDIX E 

CTLL-2 PROLIFERATION ASSAY 

1. Determine the IL-2 concentration in culture supematants of IL-2-expressing, plasmid-

transfected cells by ELISA. 

2. Prepare recombinant and transgenic IL-2 samples as serial dilutions in culture 

medium in the wells of a 96-well flat-bottom tissue culture plate in a volume of 

lOOp-l/well. 

3. Harvest CTLL-2 cells and wash three times with culture medium without IL-2. 

Resuspend and adjust the cells in culture medium to 4x10'* cells/ml. 

4. Add 100|j,l of the cell suspension to 100|j,l of the pre-diluted IL-2 samples into each 

well. 

5. Incubate for 48 hours at 37°C and 5% CO2. 

6. After the incubation, 20 |il of CellTiter 96® Aqueous One Solution Reagent was 

added to the wells and the assay plates were incubated for an additional 2-hour 

period. 

7. Measure the spectrophotometrical absorbance of the samples by using a microplate 

reader. The 490nm absorbance is used. 

8. 1 unit is defined as the amount of IL-2 that is required to support half-maximal 

stimulation of cell proliferation with CTLL-2 cells. 
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APPENDIX F 

ANTIBODIES USED 

Antibody Description Type Source 

R-Phycoerythin (PE) isotype IgG2a 
Fluorescein Isothiocyanate (FITC) isotype IgG2b 
R-Phycoerythin (PE) anti-mouse H-2D'' 
Fluorescein Isothiocyanate (FITC) anti-mouse H-2K'^ 
Biotin anti-mouse H-2 K''/D^ 
Strepavidin-PE 

mouse IgG2a 
mouse IgG2b 
mouse IgG2a 
mouse IgG2a 
mouse IgG2a 
mouse IgG2a 

CALTAG 
CALTAG 
CALTAG 
CALTAG 
BD Pharmingen 
BD Pharmingen 
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APPENDIX G 

CELL TRANSFECTION PROTOCOLS 

All transfection were performed in 6-well plates. 

DMRIE-C (Invitrogen, Carlsbad, CA) mediated transfection protocol. 

1. Cells were seeded on 6-well plate in a concentration of 2x10^ cells/well in 2ml 

culture medium the day before transfection and cultured to 60-70% confluence. 

2. DNA/lipid complexes preparation. For each well, l|j,g DNA and 6|a,l lipid were 

dissolved in 500|al OptiMEM (GIBCO, Rockville, MD) respectively and then 

mixed together. 

3. Incubate the mixture at room temperature for 30 minutes. 

4. Before transfection, cells were washed with OptiMEM. After washing, the 

lipid/DNA mixture was added to the well and incubated for 4 hours. 

5. Replace the transfection medium with regular culture medium. 

FuGENE6 (Roche, Indianapolis, IN) mediated transfection protocol. 

1. Cells were seeded on 6-well plate in a concentration of 2x10^ cells/well in 2ml 

culture medium the day before transfection and cultured to 60-70% confluence. 

2. DNA/lipid complexes preparation. For each well, mix l|ag DNA and 100|j,l 

together. 

3. Incubate the mixture at room temperature for 30 minutes. 

4. Before transfection, cells are washed with OptiMEM. After washing, lipid/DNA 

mixtures are added to the well and incubated for 4 hours. 

5. Replace the transfection medium with regular culture medium. 
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GenePORTER 2 (Gene Therapy Systems Inc, San Diego, CA) mediated transfection 

protocol. 

1. Cells were seeded on 6-well plate in a concentration of 2x10^ cells/well in 2ml 

culture medium the day before transfection and cultured to 60-70% confluence. 

2. DNA/lipid complexes preparation. For each well, dilute lOfil hydrated 

GenePORTER 2 reagent in 40)il OptiMEM; dilute 2)j,g DNA in 50|al DNA 

diluent and incubated 5 minutes at room temperature. 

3. Add the DNA solution to the diluted GenePORTER 2 reagents and incubate at 

room temperature for 10 minutes. 

4. Before transfection, cells are washed with OptiMEM. After washing, left 1ml 

OptiMEM in the well. 

5. Add the mixture of GenePORTER 2/DNA complexes directly to the well and 

incubated for 4 hours at 37°C. 

6. Replace the transfection medium with regular culture medium. 
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APPENDIX H 

ANIMAL APPROVAL FORM 

P.O. Bo* 210101 
Tucson, Arijoiu 837J1-0101 

Vwlficstlon of Review 
By The IiutltutlonsI Animal Care and Use Committee (lACUC) 

PHS Ajsurance No. A-3248-01 -• USDA No. 86-3 

The University of Arizona lACUC reviews all sectionj of proposals relating to animal care and use. 
The following listed proposal has been granted Final Approval according to the review policies of the lACUC: 

PROTOCOL CONTROL NUMBER/TITLE: ' ' ' 

#00-105 - "Gene Therapy of Cancer" 

PRINCIPAL INVESTIOATOJVDEPARTMEKr: 

David T. Harris, PhD - Microbiology & Immunology 

GRANTINO AGENCY; 

Cord Blood Bank Discretionary Funds 

SUBMISSION DATE; June 6,2000 

APPROVAL DATE; Novem ber 8,2000 APPROVAL VAUD THROUGH*: No vera ber 7,2003 

*Whcii projccu or |r>ni period) extend put the tbove itoted uiplrttion dale, the Pilnclptl Investlttlor will sutimil • new protocol propo»l for lUII 
review. Followln; lACUC review, i new Protocol Control Numlw ind ExplrXlon Due will t>e usl^ed. 

REVIEW STATUS FOR THIS PROJECT WAS CONHRMED ON; November 9,2000 

REVISIONS (if any); 

MIN'ORITY OPINIONS (if any); 

' Richard C. Powell, PhD, MS 
Vice President for Research 

DATE: November 9. 2000 

THtUNIVtRSnYOf 

ARIZONA. ItuUtuUonal Aninu! Cut JL Vi V • 
«nd Use CommilUe _ . TUCSON ARIZONA 

This approval authorizes only Information as submitted on the Animal Protocol Review Form, Amendments, 
and any supplemental infomation.eonuined to the file noted as reviewed and approved by the lACUC. 
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