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ABSTRACT 

Cancer progression is attributed in part to immune evasion strategies that 

include lack of co-stimulation, down-regulation of cell surface MHC molecules, 

and secretion of immunosuppressive factors such as transforming growth factor-

p (TGF-p). Gene therapy has been employed to counter these mechanisms of 

immune evasion by transference of B7.1, IFN-y or antisense TGF-p genes into 

tumor cells resulting in cell surface expression of B7.1, upregulation of MHC 

class I and class II molecules, or elimination tumor-derived TGF-p, respectively. 

Although each of these transgenes has been shown to alter tumorigenicity in 

murine models, a direct comparison of their efficacy has not been performed. 

To compare the effectiveness of these transgenes in eliciting an anti

tumor response, a very aggressive, pooriy immunogenic and highly metastatic 

mammary tumor cell line 4T1, was genetically modified to express B7.1, IFN-y 

and antisense TGF-p transgenes. Both IFN-y and antisense TGF-p gene 

expression significantly reduced the tumorigenicity of these cells compared to 

mock transduced cells, with IFN-y having a greater effect. In contrast, B7.1 gene 

transfer did not affect the tumorigenicity of 4T1 cells. The anti-tumor response 

directed against antisense TGF-p-expressing 4T1 tumors was mediated by C04-«-

and CD8-»- T cells. However, CDS-*- T cells and not C04-f T cells, appeared to 

mediate the anti-tumor response against IFN-y-expressing tumors. Treatment of 

tumor-bearing animals with IFN-y or antisense TGF-p gene-modified tumor cell 
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vaccines reduced the number of clonogenic metastases to the lungs and liver 

compared to treatment with mock-transduced cells. Finally, in a residual disease 

model in which the primary tumor was excised and mice were vaccinated with 

irradiated tumor cells, treatment of mice with vaccinations consisting of 4T1 cells 

expressing both antisense TGF-p and IFN-y genes was the most effective in 

prolonging survival. 
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CHAPTER 1 

INTRODUCTION 

1.1 Literature Review 

Preamble 

Breast cancer is the second leading cause of cancer-related deaths in 

women (1). In 2001, approximately 182,800 women in the United States will be 

diagnosed with breast cancer and 40,800 will die from this disease (1). Surgery 

in combination with hormone, chemo- or radiotherapy constitute the established 

treatment modalities for breast cancer (1). However, these treatment modalities 

are accompanied by unwanted side effects such as disfigurement, radiation-

induced lymphedema (swelling of any limb due to insufficient drainage of the 

lymphatic system) or drug-induced fatigue, nausea, vomiting, and general 

immunosuppression (1). These limitations have fueled the development of 

immunotherapies, which stimulate host immunological mechanisms to 

specifically target and destroy cancer cells. Although both cellular and humoral 

responses are capable of eliminating tumor cells, cell mediated cytotoxicity is 

believed to play the major role in anticancer immunity (2-6). For immunotherapy 

of cancer to be effective, it must cause the activation and propagation of 

cytotoxic T lymphocytes capable of recognizing and destroying tumor cells. 
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Activation and propagation of T lymphocytes 

T cell activation begins when the T cell receptor (TCR) recognizes 

processed antigen peptide presented by antigen presenting cells (APCs) in the 

context of major histocompatibility complex (MHC) molecules. However, optimal 

activation occurs only when a second co-stimulatory signal is present (7-9). 

Although several molecules are capable of providing co-stimulation (Reviewed in 

10, 11), engagement of CD28 on the T cell with B7.1, a co-stimulatory molecule 

found on professional antigen presenting cells (APCs), is crucial to the activation 

of T cells (12, 13). Absence of either signal leads to inactivity or clonal anergy 

(14-16). However, once activated, T cells do not require the co-stimulation signal 

to kill target cells that present antigen in association with MHC on their cell 

surface. 

Upon interaction of CD28 and B7.1, T cells secrete cytokines, such as 

interleukin-2 (IL-2), that promote the proliferation and effector functions of 

specific cytotoxic T lymphocytes (CTLs) (14, 15, 17, 18). IL-2 is produced mainly 

by CD4-*- T helper cells, although not exclusively. In some murine models, the 

CD28/B7.1 interaction induces high IL-2 production by CD8-I- CTLs enabling 

them to bypass the need for CD4+ T cell help (19,20). 

Tumor antigens 

Cytolysis of cancer cells by specific CTLs requires recognition of distinct 

tumor antigen peptides in association with MHC class I molecules on tumor cells. 
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Virally, chemically or ultraviolet (UV)-inducecl cancers are often times 

immunogenic (21-24), due to their expression of tumor specific antigens (TSAs). 

UV-induced tumors completely regress when transferred into syngeneic 

immunocompetent hosts, but grow progressively in immunosuppressed 

recipients, although the TSAs have not yet been identified (21). TSAs from virus 

or chemically-induced malignancies arise from viral proteins or stress proteins, 

respectively (Reviewed in 25). For example, immunotherapy with cytotoxic T 

lymphocytes generated against the viral antigen EBNA-3 leads to the eradication 

of EBV transformed cells (23). Another example of a TSA is Hsp90, a stress 

protein expressed by melhylcholanthrene-induced MethA tumors. Immunization 

of mice with HspQO results in 95% inhibition of tumor growth (24). 

Unfortunately, the majority of tumors arise spontaneously, and are poorly 

or non-immunogenic. Early studies demonstrating that naturally occurring 

tumors could not elicit an immune response (26, 27) led to the assumption that 

spontaneous tumors did not express antigens that could be recognized by 

immune cells. In the past decade, however, several investigators have used a 

variety of molecular and biochemical approaches to identify a growing number of 

tumor-associated antigens (TAAs) and antigenic peptides which are recognized 

by CTLs (Reviewed in 25, 28). 

Tumor-associated antigens are usually normal differentiation antigens 

whose expression is limited to cancer and select normal tissues (Reviewed in 

25). Several TAAs have been isolated from melanomas. The most common anti-
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tumor reactivity found in melanoma patients is directed against MART-1/MelanA, 

an 188-amino acid differentiation antigen expressed only by melanomas and 

melanocytes (29-31). Additionally, responses to the MART-1/MelanA epitope 

(AAGIGILTV) can be readily elicited in vitro from peripheral lymphocytes of 

disease-free individuals (32). Other melanocyte differentiation antigens capable 

of eliciting immune responses include the proteins gp100 (33-39), tyrosinase (40-

43). TRP-1 (44-45), and TRP-2 (46). 

In addition to melanocyte differentiation antigens, melanomas also 

express cancer-testis differentiation antigens, which include members of the 

MAGE (47, 48), GAGE (49), and 6AGE (50) families of proteins. Antigenic 

epitopes from the MAGE, GAGE, and BAGE genes have been identified using in 

vitro sensitized T cells from autologous patients (47-50). Expression of these 

antigens is normally limited to embryonal tissues and immunoprivileged sites 

such as the testis (49, 50). However, they are found to be upregulated in 70 

percent of melanoma and other cancers including gliomas, prostate cancer, 

esophogial cancer, breast cancer, head and neck tumors, non-small cell lung 

cancer (48, 51-55). 

Other TAAs expressed by other cancers have been identified. These 

include oncofstai antigens that are normally present during embryonic 

development but diminish in adulthood and reappear with certain malignancies, 

and normal antigens that are overexpressed in certain cancers. The oncofetal 

antigens, carcinoembryonic antigen (CEA) and alpha fetoprotein (AFP) are 
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expressed by gastrointestinal and liver cancers, respectively (Reviewed in 25, 

28). HER-2/neu and prostate specific antigen (PSA) are examples of TAAs that 

are overexpressed in adenocarcinomas and prostate cancer, respectively 

(Reviewed in 25, 28). 

Mechanisms of tumor-mediated immune evasion 

Despite the presence of TAAs recognizable by T cells, poorly or non-

immunogenic tumors continue to progress leading to cancer-related deaths. This 

implies that tumors have developed strategies to evade the host immune 

response. Several mechanisms of immune evasion have been proposed: these 

include lack of adequate T cell co-stimulation (56-59), inadequate presentation 

of tumor antigens (60-62), immune deviation to a Th2 phenotype (63-65), and 

production of immunosuppressive factors by tumor cells (Reviewed in 66 and 

67). 

Since absence of either the antigen-MHC dependent signal or the co-

stimulatory signal provided by B7.1 leads to inactivity or clonal anergy of T cells 

(12-16), the lack of B7.1 expression on tumor cells may be a mechanism by 

which they escape immune surveillance. Tumor cells whose peptide/MHC 

complexes engage TCR without B7.1 co-stimulation induce anergy in tumor 

reactive T cells that bind them (56-59). 

Another mechanism of immune evasion involves the processing and 

presentation of tumor antigens by MHC molecules (60-62). In several studies. 
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tumor progression has been correlated with a failure to present antigen resulting 

from the loss of HLA class 1 antigen expression (68, 69). Additionally, malignant 

cells often display deficiencies in components critical to antigen processing like 

the proteasome subunits LMP-7 and LMP-2, or peptide transporters TAP-1 and 

TAP-2 (70-74). These deficits lead to inefficient presentation of tumor-derived 

antigenic peptides to potentially reactive T cells, allowing tumor escape. 

Once elicited, the immune response can be generally categorized as type 

1 or type 2 based on the relative production of Th1 cytokines (IFN-y, GM-CSF, 

TNF-a) or Th2 cytokines (IL-4, IL-5) by T helper cells. While type 2 responses 

are important in the clearance of parasitic infections (75-78, Reviewed in 79), 

type 1 responses promote tumor immunity (80-83). The increased production of 

Th2 cytokines by peripheral blood mononuclear cells of cancer patients (64, 65) 

and the predominance of Th2 cytokines at the site of the tumor (84, 85) have led 

to the hypothesis that immune-deviation towards Th2 contributes to tumor 

growth. Conversely, the production of IFN^ by tumor-infiltrating lymphocytes 

has been correlated with spontaneous regression of tumors (80, 82, 86) and 

effective adoptive immunotherapy of cancer (64, 87,88). 

Histological examination and analysis of tumors demonstrate the presence 

of tumor infiltrating immune cells such as lymphocytes, natural killer (NK) cells, 

macrophages, and eosinophils (89-96). However, CTLs isolated from 

progressing tumors are inhibited in their abilities to proliferate and kill autologous 

tumor (97-99), both of which are restored upon removal from the tumor micro-
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environment and stimulation with IL-2 (100-103). This observation suggests the 

presence of immunosuppressive factors within the local tumor microenvironment 

that inhibit the activity of tumor infiltrating immune cells. Indeed, supernatants 

from a variety of tumors have been shown to inhibit the generation of CTLs (99, 

104-107). Additionally, examination of tumor cell supernatants or fluids from 

cancer patients has revealed the presence of immunosuppressive proteins such 

as vascular endothelial growth factor (VEGF), prostaglandin E2 (PGE2), 

interleukin-10 (IL-10), and transforming growth factor-p (TGF-p) (107, Reviewed 

in 66 and 67). 

VEGF and PGE2 are key players in tumor-induced development of blood 

vessels (109, 110, Reviewed in 108). VEGF is expressed constitutively by most 

tumors (Reviewed in 108) and high PGE2 concentrations have been found in 

various tumors (111, 112). Although vascularization of the tumor mass is 

undeniably important in tumor development, it has been suggested that the 

immunosuppressive effects of VEGF and PGE2 play a larger role in increasing 

tumorigenicity (113-118). For example, in vitro incubation of DC progenitors with 

tumor cell supematant and infusion of VEGF into animals inhibits differentiation 

of myeloid cells into dendritic cells (DC) (113, 114). However, neutralizing anti-

VEGF antibody abrogates the negative effects of tumor cell supernatants on DC 

differentiation in vitro (114), and in vivo administration of anti-VEGF antibodies in 

conjunction with DC vaccines improves host DC function and stimulates 

protective tumor immunity (115). Additionally, several reports have 
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demonstrated that increased production of PGE2 by macrophages, fibroblasts 

and malignant cells is associated with suppressed immune surveillance and 

depressed cellular immunity (116, 117). Morecki et al. (118) demonstrated that 

continuous administration of indomethacin, an efficient inhibitor of PGE2 

production, throughout the entire period of immunization conferred protection 

against a challenge of a lethal dose of murine mammary and lung carcinoma 

cells. Taken together, these studies demonstrate the immunosuppressive roles 

of VEGF and PGE2 in promoting tumor cell evasion of the immune system. 

Another important immunosuppressive factor secreted by tumor cells is 

interieukin-10 (IL-10) (Reviewed in 66). IL-10 is a 35 kDa acid-sensitive protein 

that is primarily expressed by helper T lymphocytes and activated monocytes 

(Reviewed in 66). In addition to these immune cells, several human and animal 

tumors have been shown to secrete IL-10 (119). IL-10 suppresses the immune 

response by a variety of mechanisms including inhibition of cytotoxic T cell (CTL) 

responses, and suppression of antigen presentation (120). However, the 

function of IL-10 as an immunosuppressive molecule is controversial. While 

some reports have demonstrated decreased tumorigenicity associated with 

inhibited production of IL-10 by tumor cells (121), others have demonstrated IL-

10 expression to be potent in inducing antitumor immunity (122,123). 

Of the tumor-derived immunosuppressive factors described so far, 

transforming growth factor-p (TGF-p) has been the most extensively 

characterized (Reviewed in 66 and 67). TGF-p is a pluripotent cytokine produced 
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by different cell types including malignant cells (Reviewed in 66 and 67). It is 

produced as an inactive precursor that is proteolytically cleaved to yield a 25 kDa 

homodimer that mediates its many effects by binding to high affinity receptors on 

responsive cells (124). As an important regulator of the immune system, it has 

been shown to inhibit the cytotoxic functions of T lymphocytes (125-127), 

macrophages (128), natural killer (NK) cells (129), and lymphokine-activated 

killer (LAK) cells (130, 131), as well as antigen presentation (132) and migration 

(133) of dendritic cells. In numerous cancers, elevated levels of circulating TGF-

(3 in patient plasma has been correlated with disease progression (133-136). 

Additionally, immunohistological examination of tumor biopsies from breast 

cancer patients revealed a strong correlation between TGF-p secretion and 

disease progression (137), as well as increased invasiveness and metastatic 

potential (138-140). These findings are supported by studies in animal models 

which have demonstrated that overexpression of the TGF-p gene by tumor cells 

increases tumorigenicity and invasiveness (141-144). 

Immunotherapy of cancer 

The goal of immunotherapy of cancer is to stimulate an anti-tumor 

response in the tumor-bearing host that is capable of mediating tumor rejection. 

Immunotherapeutic strategies have included the adoptive transfer of stimulated 

immune cells into cancer patients (100, 101), targeting of tumor cells with 
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antibodies (145-147), therapy with immunostimulatory cytokines (148-155) and 

treatment with cellular vaccines (Reviewed in 156 and 157). 

One approach towards improving anti-tumor immunity is the infusion of 

effector cells into cancer patients. The effector cells are first isolated from the 

patient, expanded in vitro and then injected back into the patient (Reviewed in 

158). Two cell types have been used, lymphokine activated killer (LAK) cells and 

tumor-infiltrating lymphocytes (TILs) (Reviewed in 158). LAK cell therapy against 

renal cancer and melanoma has resulted in clinical responses in 35% and 21% 

of patients, respectively (159). Similarly, TIL immunotherapy has also resulted 

in clinical responses in 35% and 55% of patients suffering from metastatic renal 

carcinoma melanoma (160) and metastatic melanoma (161), respectively. 

However, the side effects of adoptive immunotherapy are considerable, and 

include edema, hypotension, dyspnea, and pericarditis (159). 

Antibody therapy has been employed in various malignancies and the 

results are promising (Reviewed in 158). In one study, the overall death rate of 

patients with resected Dukes' C colorectal carcinoma was reduced by 32% when 

Panorex (anti-EpCAM/17-1A antibody) was used as adjuvant treatment (162). 

Additionally, treatment of Her2/neu-overexpressing tumors with intravenous 

injection of 2B1, a bispecific murine antibody for Her2/neu and Fc gamma 

receptor III, resulted in minor responses in breast cancer and metastatic colon 

cancer (163). In a separate study, 2B1 was shown to recruit effector cells that 

express the Fc gamma receptor III (NK cells, neutrophils and macrophages) 
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(164). Other mechanisms by which antibodies mediate their anti-tumor effects 

include the induction of tumor infiltration by lymphocytes (165) and antibody 

dependent cellular cytotoxicity (166). Although one of the drawbacks to antibody 

immunotherapy is the formation of human anti- (murine Ig) antibodies (HAMA) 

resulting in anaphylactic shock (163, 167, 168), this limitation can be overcome 

with humanized antibodies. Notwithstanding, the inability of antibodies to 

penetrate the tumor mass is still a deterrent to the use of antibodies in cancer 

treatment (168). 

Anti-tumor immunity can also be enhanced with immunostimutatory 

cytokines, such as interleukin-2 (IL-2), interferon a (IFN-a), and TNF-a. High 

dose tL-2 induced complete responses in metastatic melanoma and renal cell 

carcinoma in 5-10% of cases (148, 149, 169), and high dose IFN-a has been 

effective in treating malignant melanoma (149, 170-172). Administration of IFN-a 

as adjunct therapy also resulted in partial or complete responses in 75% of 

patients suffering from hairy cell leukemia, 45% of patients suffering from ovarian 

cancer, or 15-27% of patients suffering from bladder cancer (150). TNF-a 

cytokine therapy has direct antitumor effects against melanoma, sarcoma, renal, 

colon and bladder cancer cells (153). However, dose limiting systemic toxicity is 

a problem with cytokine therapy (173-175). For example, administration of high 

dose IL-2 has been associated with vascular leak syndrome in which fluid and 

proteins extravasate into the interstitium leading to pulmonary, cardiovascular, 

renal, and neurological dysfunctions (176-177). 
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Most vaccine clinical trials conducted before 1990 involved melanoma 

patients treated with autologous cancer cells or allogeneic cell line preparations 

(156, 157, Reviewed in 27). Recently, the use of cancer vaccines in melanoma 

(178), renal cell carcinoma (179), and colorectal cancers (180, 181) have 

resulted in only similar and not enhanced outcomes compared to that of standard 

adjunct therapy. The inherent non-immunogenicity of tumor cells (i.e. the lack of 

co-stimulatory molecules, down-regulation of cell surface expression of MHC 

molecules, or secretion of immunosuppressive factors) could limit the usefulness 

of tumor vaccines in augmenting anti-tumor responses. 

Gene therapy of cancer 

One of the newer approaches to immunotherapy is the use of genetically 

modified cancer cells to induce potent and durable anti-tumor responses. 

(Reviewed in 27). These responses have been achieved using tumor cells 

genetically modified to express cytokines, MHC molecules, co-stimulatory 

molecules, or genes designed to reduce the production of immunosuppressive 

factors. 

Genetically engineering tumor cells to secrete immunopotentiating 

cytokines not only results in an augmented anti-tumor response, but also 

eliminates the systemic toxicity associated with intravenous injection by ensuring 

that the cytokine remains in the local environment. For example, tumor cells 

modified to secrete IFN-y demonstrate decreased ability to grow in syngeneic 

mice (182-187). Additionally, when used as adjunct therapy to surgery, 
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treatment with poorly immunogenic tumor cells engineered to secrete IFN-y has 

resulted in inhibition of lung micrometastases in animals (188). As a potent type 

1 cytokine (Reviewed in 189 and 190), IFN-y promotes anti-tumor immunity by 

either directly recruiting and activating macrophages, NK cells and CTLs (183, 

184, 186, 189, 190) or enhancing antigen presentation by upregulating cell 

surface MHC expression (182, 183, 185-187, 191-193). The enhanced anti

tumor responses generated by IFN-y gene-modified tumor cells has formed the 

basis and rationale for conducting Phase I gene therapy clinical trials using 

cytokine gene-modified cell vaccines. In a Phase I study, vaccination of 

melanoma patients with irradiated autologous tumor cells that were modified to 

express IFN-y resulted in tumor regression in 4 of 20 patients (194). Vaccination 

with IFN-y gene-modified tumor cells has also been successful in the treatment of 

neuroblastoma (195). 

Attempts to increase the efficacy of tumor vaccines have also included 

transfer of the B7.1 gene into tumor cells, transforming them into efficient antigen 

presenting cells capable of directly activating immune cells (56, 196-199). For 

example, transfer of B7.1 into melanoma (199) or MHC class II expressing 

sarcoma cells (198) resulted in tumor growth inhibition. These studies also 

demonstrated that B7.1 gene expression mediated antitumor responses by 

directly activating CD8+ T cells (198) or by enhancing cross-priming by 

professional host antigen presenting cells (199). However, the ability of 87.1-

expressing tumor cells to elicit an immune response is directly related to 
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tumorigenicity of the cancer. Chen and colleagues (200) have demonstrated that 

although B7.1 gene expression increases immunogenicity of moderately 

immunogenic cancers, it has no effect on the growth of weakly immunogenic 

tumors. They suggest that tumor-derived immunosuppressive factors may 

account for the failure of B7.1 to stimulate effective anti-tumor responses against 

weakly immunogenic tumors (200). 

It is well established that tumors secrete immunosuppressive cytokines, 

such as TGF-p, that can inhibit the effector functions of T lymphocytes (125-127). 

In animal studies, elimination of TGF-p with TGF-p neutralizing antibody (201-

203) or antisense TGF-p gene therapy (204-207) decreased tumorigenicity of 

breast cancer and malignant mesothelioma cells. In a rat gliosarcoma model, 

immunization with irradiated antisense TGF-f3-modified 9L cells caused 

abrogation of established intracranial tumors (204). 

In summary, gene-modified cancer vaccines offer a promising approach in 

immunotherapy of cancer. As suggested by Drew Pardoll, a prominent 

immunologist at the Johns Hopkins Oncology Center, "comparison of the new 

generation of molecular cancer vaccines with older vaccine formulations clearly 

demonstrates their superiority in animal models of cancers. The challenges 

ahead lie in the translation of these advances into reproducible clinical benefif 

(156). 
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1.2 Specific Aims 

Although B7.1, IFN-y and antisense TGF-p gene transfer has been 

separately shown to alter tumorigenicity in several mouse models, a direct 

comparison of their effectiveness in generating an anti-tumor response has not 

been perfonned. Such a comparison in a clinically relevant tumor model is 

necessary to determine which gene possesses the greatest potential for 

generating anti-tumor immunity against human tumors. The goal of this study 

was to compare the efficacy of B7.1, IFN-y or antisense TGF-p gene transfer in 

generating an anti-tumor response against a clinically relevant murine mammary 

carcinoma, 4T1. 

The specific aims of this study were: 

1) To characterize the 4T1 murine mammary carcinoma model. 

2) To transfer and express B7.1, IFN-y and antisense TGF-p genes in 4T1 tumor 

cells. 

3) To evaluate the effect of 87.1, IFN-y, and antisense TGF-p gene expression 

on the tumorigenicity of 4T1 tumor cells. 

4) To identify immune cells involved in the anti-tumor responses generated 

against gene-modified cells. 

5) To evaluate the effectiveness of gene-modified tumor cell vaccines against 

established primary tumor or residual metastatic disease. 
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CHAPTER 2 

CHARACTERIZATION OF THE MURINE 4T1 MAMMARY CARCINOMA 

MODEL 

2.1 MATERIALS AND METHODS 

Mice 

Six- to eight-week old female BALB/cJ mice (The Jackson Laboratory; Bar 

Harbor, ME) were housed at the University of Arizona Animal Facilities in 

accordance with the principles of animal care (NIH publication No. 85-23, revised 

1985). 

Cell lines 

The metastatic line 4T1 is a thioguanine-resistant variant of 410.4, a tumor 

subline isolated from a spontaneous mammary tumor that developed in a 

BABL/cfC3H mouse (208). The 4T1 line was kindly provided by Dr. Fred Miller 

(Michigan Cancer Foundation, Detroit, Ml). Cells were routinely passaged in vivo 

by subcutaneous (s.c.) injection in the flanks of BALB/cJ mice and were 

subsequently disaggregated (See APPENDIX C for tumor disaggregation 

protocol) and cryopreserved in freeze medium (see APPENDIX A for 

composition) at -160°C. Prior to each experiment, an aliquot of frozen cells was 
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thawed and passaged minimally in vitro. The cells were maintained in a-lscove's 

modified Dulbecco's medium (a-IMDM) (JRH Biosciences; Lenexa, KS, see 

APPENDIX A for composition) supplemented with 10% fetal bovine serum (FBS) 

(JRH Biosciences; Lenexa, KS). 

Determination of tumorigenicity 

Tumorigenicity of 4T1 cells was determined by monitoring primary tumor 

growth and quantifying metastases to distant organs in syngeneic mice. Primary 

tumors were generated by orthotopic injection of 10'^ viable tumor cells in 0.1 ml 

PBS in the mammary gland of female BALB/cJ mice. Tumors were measured in 

two perpendicular dimensions every 3-4 days for 35 days using a pair of calipers 

(VWR Scientific Products, Willard, OH) and tumor volume was calculated using 

the formula v = {l)(w^)/2, where v = volume (mm^), I = long diameter, and w = 

short diameter (209). 

Metastasis was determined by two methods. In the first method, the 

number of metastatic nodules in the lungs of tumor-bearing animals was counted 

(210). Briefly, lungs were insufflated with 2 ml India Ink, isolated and fixed in 

Fekete's solution (see APPENDIX A for composition). Incubation in Fekete's 

solution also bleached the metastatic nodules white such that they could be 

enumerated by visual inspection. In the second method, metastasis to the lungs, 

liver and bone marrow was also determined using a clonogenicity assay 

described below. Clonogenic metastatic cells in lungs and livers were isolated by 
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digesting the organs in a collagenase solution (see APPENDIX A for 

composition) for 1~-2 h at 37°C. Metastatic tumor cells in the bone marrow were 

collected by flushing the long bones (femur and tibia) of animals with 2 ml a-10-

IMDM. The resultant cell suspensions were serially diluted and plated in a-10-

IMDM containing 6-thioguanine and incubated for 10 days in a 7% COrair 

atmosphere at 37°C. During this incubation time, only 6-thioguanine resistant 

4T1 tumor cells are able to proliferate and form colonies. The colonies were 

rinsed once with phosphate buffered saline (PBS; see APPENDIX A for 

composition), fixed for 1 min with 100% methanol, and stained with Giemsa (see 

APPENDIX E for Giemsa staining protocol). Colonies were counted and total 

metastatic colony-forming cells per organ were calculated as follows: 

Total colony-forming cells/organ = (# colonies^fdilution factorUtotal volume^ 
Volume of cells plated 

Determination of immunogenicity 

The immunogenicity of 4T1 was determined by evaluating the ability of 

irradiated 4T1 cells to confer protection against subsequent tumor challenge. 

Syngeneic BALB/cJ mice were vaccinated twice on day 0 and day 7 with 5x10^ 

irradiated (100 Gy; see APPENDIX F for in-adiation protocol) 4T1 cells by s.c. 

injection in alternating flanks. Seven days after the second vaccination, mice 

received orthotopic challenge of 10^ viable 4T1 cells in the mammary gland.. 

Tumors were measured and tumor volumes calculated bi-weekly as described 

above. Twenty-eight days post-tumor challenge, after the last measurement was 
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made, mice were sacrificed and the number of metastatic nodules in the lungs of 

tumor-bearing mice was enumerated by staining with India ink and Fekete's 

solution as described above. 

In vitro stimulation of 4T1 with IFN-y 

Due to the ability of IFN-y to induce MHC class II expression, the effect of 

IFN-Y stimulation on class II MHC expression by 4T1 tumor cells was evaluated. 

One million (1 x 10^) tumor cells were incubated for 24 or 48 hours in the 

presence of 100 units/ml IFN^ (Intergen; Purchase, NY). After incubation, the 

cells were collected, stained for MHC class II expression, and analyzed by flow 

cytometry. 

Antibody staining and flow cytometric analysis 

One million (10^) cells were stained at4°C for 30 min with 1^g Fluorescein 

Isothiocyanate (FiTC) conjugated FITC-anti-MHC class II (l-A*^) (see APPENDIX 

B for antibody description), washed twice for 5 min at 200 x g with PBS 

supplemented with 0.1 % sodium azide and 0.5% bovine albumin Fraction V 

(PAB) to remove unbound antibody, and resuspended with 0.5 ml PAB for flow 

cyotmetric analysis. To control for nonspecific isotype staining, cells were also 

labeled with FITC-mlgG2b (See APPENDIX B for antibody description). MHC 

class II expression by IFN-y treated 4T1 cells was determined by flow cytometry 

using a FACScan fluorescence activated cell sorter (Becton Dickinson, Mountain 

View, CA). The FACScan utilizes a coherent 90-5 argon laser tuned to 488 nm. 
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A 530/30 band pass filter was set, and samples were analyzed at a 100 mW log 

scale. Acquisition and data reduction were analyzed using a Hewlett Packard 

340 with Lysys version 2.0 software (Becton Dickinson; San Jose, CA). 

Quantitation of TGF-p production by 4T1 cells 

TGF-p protein production by 4T1 tumor cells was measured by ELISA 

according to the manufacturer's instructions. Briefly, 4T1 tumor cells were 

seeded at a concentration of 2 x 10^ cells/well of a 24 well plate (Falcon 3047; 

Becton Dickinson Labware; Lincoln Park, NJ) in 2 ml of a-IMDM supplemented 

with 10% fetal bovine serum. After the cells adhered to the bottom of the plate 

(4-6 h), they were rinsed with 1 ml/well PBS to eliminate residual TGF-p present 

in serum and the culture medium was replaced with an equal volume of a-IMDM 

containing a serum-free supplement (Nutridoma-SP; Boehringer Mannheim 

Biochemicals; Indianapolis, IN). Supematant was collected 24 h later and TGF-p 

contained in the supernatant was activated by adjusting the pH to below 2 with 

12 M HCI followed by neutralization to pH 7.0 with 10 M NaOH. Supernatant was 

evaluated for the presence of secreted TGF-p by ELISA. This was accomplished 

by adding 200 ^l of supernatant to each of duplicate wells of a microliter plate 

coated with TGF-p soluble receptor type II (Quantikine human TGF-pl ELISA kit; 

R&D Systems) and incubated for 3 h at room temperature. The wells were then 

rinsed 3x with wash buffer and 200 ^l of horseradish peroxidase-linked polyclonal 
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antibody specific for TGF-p1 (R&D Systems; Minneapolis, MN) was added. The 

plate was incubated for an additional 1.5 h at room temperature, the wells 

washed as before, and 200 ^l of substrate solution (R & 0 Systems) was added 

to each well. After 20 min at room temperature, color development was stopped 

by the addition of Stop Solution (R&D Systems) and the absorbance read at 

450 nm. TGF-|3 concentrations were extrapolated from a linear standard curve 

generated using recombinant TGF-p provided in the kit (R&D Systems). 

2.2 RESULTS 

Tumorigenicity of 4T1 tumor cells 

The first objective in this study was to ascertain the ability of 4T1 cells to 

form primary tumors and give rise to distant metastases. To determine 

tumorigenicity, 4T1 cells were injected orthotopically in the mammary gland of 

syngeneic BALB/cJ mice and tumor growth was monitored for 5 weeks. Palpable 

tumors were observed 7 days post-inoculation and all tumors grew progressively 

(Figure 1). Thirty-five days post-inoculation, tumor volumes ranged from 508.0 

mm^ to 2631.7 mm^ with the average volume being 1865.1 ± 341.99 mm^ (Figure 

1). In addition to delineating primary tumor growth, metastasis to the lungs, liver 

and bone marrow was monitored weekly starting 3 weeks post-tumor challenge 

using the clonogenidty assay described above. Three weeks after tumor 

injection, the average number of donogenic tumor cells in the lungs, liver and 
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bone marrow was 0, 255, and 41,500, respectively (Figure 1). Metastasis 

appeared in the livers and bone marrow of all mice by week 4 and week 5, 

respectively, after tumor injection (Figure 1). The average number of clonogenic 

tumor cells increased exponentially in all three organs as the tumor progressed 

reaching > 1X10®, 1.3X10®, and 1.3X10^ metastatic cells in the lungs, liver, and 

bone marrow, respectively. (Figure 1). Metastatic nodules on the surface of the 

lungs was also evaluated by visual inspection. At 3 weeks, metastatic nodules 

on the surface of the lungs were visible in only 25% of mice evaluated (Table 1). 

However, all mice developed metastatic nodules in the lungs by week 4 (Table 

1). Table 1 also demonstrates that the number of metastatic nodules in the lungs 

does not significantly correlate with primary tumor size or age (Table 1). To 

determine the number of metastatic cells in the lungs, liver and bone marrow, the 

clonogenicity assay as described above was performed. 
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Figure 1. In vivo tumor growth of 4T1 cells. (A) Syngeneic BALB/cJ mice were injected 
orthotopically in the mammary gland with 10  ̂ parental 4T1 cells. Tumors were measured t)i-
weekiy for 35 days and tumor volume was calculated as descritjed in Section 2.1. Lines 
represent individual mice. (B) Syngeneic BALB/cJ mice were injected orthotopically in the 
mammary gland with 10  ̂ parental 4T1 cells. Mice were sacrificed 3, 4 and 5 weeks after 
inoculation and the number of metastatk: ceils in the lungs (O), liver (V), and bone marrow (•) 
was detennined using a clonogenidty assay as described in Section Data points represent 
the average number of donogenic cells found the organs of 3 mice. Numbers in parentheses 
represent the percent of mice with metastasis to each organ. 

Table 1. Formation of lung surface metastatic nodules by 4T1 cells. 

WEEK 3 WEEK 4 WEEK 5 

Average tumor volume ± 
SEM 

227.7 ± 70.25 719.1 ±231.6 1778.2 ±639.6 

Incidence of metastasis 1/4 3/3 3/3 

Average # of metastatic 
nodules ± SEM (range) 

3 ± 0  

(3) 

39.7 ± 14.4 

(11-57) 

30.7 ±22.1 

(9-75) 

The number of surface metastatic lung nodules in tumor-bearing animals was determined 3. 4, 
and 5 weeks after orthotopk: tumor injection in the mamnnary gland with 10  ̂4T1 cells. 
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Immunogenicity of 4T1 tumor ceils 

The immunogenicity of 4T1 cells was detemiined by vaccinating mice 

twice with irradiated 4T1 cells prior to orthotopic injection of 1 x lO'* viable 4T1 

cells in the mammary gland. Tumors grew in 75% of vaccinated mice compared 

to 100% in naTve mice (Figure 2). Furthermore, the growth rate of tumors in 

vaccinated mice was slower than that in naTve mice (Figure 2). Twenty-eight 

days after tumor injection, the mean tumor sizes of 4T1 tumors in previously 

vaccinated mice and naTve mice were 468.0 ± 91.8 mm^ and 640.5 ± 25.3, 

respectively (Figure 2). 
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Figure 2. Immunogenicity of 4T1. (A) NaTve mice and (B) mice previously vaccinated with two 
subcutaneous injections of 5 x 10  ̂irradiated (100 Gy) 4T1 ceils were challenged orthotopically in 
the mammary gland with 10  ̂ viable 4T1 cells (n=4). Tumor volumes were calculated twice 
weekly for 28 days as described in Section 2.1. Each line represents the tumor burden of 
individual mice. 
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Effect of IFN  ̂treatment on 4T1 tumor cells 

In order to determine whether 4T1 tumor cells upregulate MHC class II 

expression in response to IFN^ stimulation, cells were incubated for 24 or 48 

hours with 100 units /ml recombinant IFN-y and assessed for MHC class II 

expression. The data show that 4T1 tumor cells do not express detectable levels 

of class II MHC (Figure 3a). However, after 24 hours of IFN-y treatment, MHC 

class 11 expression was induced in 4T1 cells (Figure 3b). Additionally, prolonged 

IFN-y treatment (48 hour) resulted in greater expression of MHC class II by 4T1 

cells (Figure 3c) 
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Figure 3. Response of 4T1 cells to exogenous IFN-y stimulation. Parental 4T1 tumor cells 
were incut)ated in the absence (A) or presence of 100 units/ml recombinant IFN  ̂(bottom panel) 
for 24 (B) or 48 hours (C) and assessed for Mi-IC dass II expression. MHC class II expression 
was detennined by comparing fluorescence intensity (X-axis) of MHC dass II stained cells (dotted 
line) to isotype control ceils (solid line) 

Secretion of TGF-p by 4T1 tumor cells 

To determine whether 4T1 ceils produce TGF-pi, supernatant was 

collected from 24 hour cultures of 411 cells in serum-free media, activated, and 
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tested by ELISA specific for activated TGF-pi. The data showed that 4T1 cells 

produce a total of 0.926 ± 0.014 ng/ml TGF-p1. Additionally, to determine 

whether 4T1 cells secrete TGF-pl already in the active fomn, supernatant that 

was unactivated was also tested. Approximately half of the total TGF-p produced 

by 4T1 tumor cells is secreted as the active form. 
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CHAPTER 3 

EXPRESSION OF B7.1, IFN  ̂AND ANTISENSE TGF-p TRANSGENES IN 4T1 

TUMOR CELLS. 

3.1 MATERIALS AND METHODS 

REAGENTS 

a) Antibodies 

The following antibodies were used to stain ceils prior to flow cytometric 

analysis: unconjugated anti-B7.1, R-Phycoerythrin (PE)-conjugated anti-H-2D^ 

(class I) and Fluorescein Isothiocyanate (FITC)-conjugated anti-l-A'^ (class II) 

antibodies. They were all purchased from Pharmingen (San Diego, OA). Isotype 

control (RlgG2a, PE-MlgG2a, and FITC-MlgG2b) and secondary (PE-goat anti-

rat, PGAR) antibodies were purchased from Caltag (Buriingame, OA). 

b) Virions and Plasmids 

4T1 tumor cells were transduced with the antisense TGF-p gene using 

virions containing pLas-TGF-|)1SN, a plasmid encoding the TGF-p gene in 

antisense orientation under control of the Moloney murine leukemia virus (Mo-

MuLV) LTR (207). The plasmid, pLas-TGF-piSN, was created by isolating full 

length murine TGF-pi cDNA from pSP65 (Genentech; San Francisco, OA; see 

APPENDIX C for diagrammatic structure of pSP65) as a 1.6kb EcoRI fragment 
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followed by ligating of TGF-p in antisense orientation into the EcoRI site of 

pLXSN (see APPENDIX C for diagrammatic structure of pLXSN). Plasmid 

LXSN, an N2 based retroviral vector containing the Tn5 neo'^ gene under the 

control of simian virus (SV40) promoter and enhancer sequences was a kind gift 

of Dr. Steven Rosenberg (Surgery Branch NCI, Bethesda, MD). 

IFN-y expressing 4T1 cells were generated using DA/mlFNy virions that 

were generously provided by Dr. Timothy Fong (Chiron Corporation; Emeryville, 

CA). DA/mlFN-y virions contained an N2 based retroviral vector (see APPENDIX 

C for diagrammatic structure of DA/mlFN-y vector) containing the neomycin 

resistance marker under the control of an internal simian virus 40 (SV40) 

promoter and the IFN-y gene under the control of the Mo-MuLv LTR (36). 

To generate 87.1 expressing 4T1 tumors, cells were transacted with a 

plasmid containing the 87.1 gene, pcDNA3.1+/87.1/Zeo. This plasmid was 

created by amplifying 87.1 by polynnerase chain reaction (PCR) from a 87.1 

containing plasmid (pCEXV) kindly provided by Dr. Suzanne Ostrand-Rosenberg 

(University of Maryland, Baltimore, MD) using 87.1 specific primers designed to 

amplify the entire 87.1 gene. To flank the 87.1 gene with restriction enzyme 

sites, the sense and antisense primers contained sequences recognized by the 

restriction enzymes EcoRI and Xhol, respectively, and are as shown below 

(sequences recognized by restriction enzymes are shown in bold); sense 5' B7.1 

primer (5'-GAATTCATGGCTTGCAAT-3') and antisense 3* 87.1 primer (5-

CTCGAGCTAAAGGAAGAC-3'). The reaction consisted of 1 ng plasmid, 0.1 ^iM 
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B7.1-specific primers, 1x PGR Buffer (Gibco BRL, Rockville, MD), 2.5 mM MgCI 

(Gibco BRL), 0.3 mM dNTP Master Mix (ISC BioExpress, Kaysville, MD) and 5 

units Platinum Taq (Gibco BRL) in a total volume of 50 ^l. The PGR was 

subjected to a "hot start" of 95°G for 2 min followed by 35 cycles of denaturation 

(94°C for 1 min), annealing (65°C for 1 min), and extension (72°C for 1 min) 

using a PTG-100 thermal cycler (MJ Research Inc.; Waterton, MA). Following 

the 35*^ cycle, PGR was maintained at 72°G for an additional 2 min to promote 

the addition of polyA overhangs. The resultant PGR product was subsequently 

ligated into the T vector, pCR2.1 (Invitrogen, San Diego, GA), using the TA 

cloning kit (Invitrogen, San Diego, GA). After successful ligation, the B7.1 gene 

was isolated using EcoRI and Xhol restriction enyzme digestion and ligated in 

sense orientation into the EcoRI and Xhol restriction sites of pcDNA3.1->-/Zeo 

(Invitrogen, San Diego, GA) to create pcDNA3.1+/B7.1/Zeo (see APPENDIX C 

for diagrammatic structure of pcDNA3.1+/B7.1/Zeo). 

Gene modification of tumor ceils 

In order to generate tumors that express antisense TGF-p (4T1-asT) and 

IFN-y (4T1-I), 4T1 cells were transduced with pLas-TGF-p1SN and DA/mlFN-y 

virions, respectively. Briefly, cells were seeded at 2.5 x 10^ cells in 100x20-mm 

tissue culture plate (Becton Dickinson; Franklin Lakes, NJ) and allowed to adhere 

overnight. The cells vi/ere rinsed once with Phosphate Buffered Saline (PBS). 

Infection at a multiplicity of infection (MOI) of 10:1 (4T1-I) or 3:1 (4T1-asT) was 
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allowed to proceed overnight by incubating the cells in the virion cocktail 4 |ig 

DMRIE/DOPE (Vical; San Diego, CA) at 37°C in a 7% CO2 atmosphere. After 

infection, the cells were incubated in a-10-IMDM and incubated at 37''C in a 7% 

CO2 incubator for 24 h. After incubation, antisense TGF-p transduced cells were 

cloned by limiting dilution by plating them in a 96-well-fiat bottom plate (Becton 

Dickinson; Mountain View, CA) at a concentration of 0.3 cells/well in a-10-IMDM 

supplemented with 10% FBS and 800 ^g G418 (a neomycin analog). The 

presence of the neomycin resistance (neo^) gene allowed for selection of 

transductants in G418-containing tissue culture medium. 4T1 clones transduced 

with pLas-TGF-p1SN were tested for TGF-p production by ELISA. IFN-y 

transduced cells were sorted for high MHC class II expression by flow cytometry 

prior to cloning by limiting dilution. Following the same protocol, control cells 

(4T1-N) were transduced at an MOI of 1.3 with pLXSN. 87.1-expressing 4T1 

cells (4T1-B7.1) were generated by transfecting 4T1 cells with 

PCDNA3.1-I-/B7.1/ZEO using Lipofectamine Plus (Gibco BRL, Gaithersburg, MD) 

according to the manufacturer's instructions and sorting for 67.1 sur^ce 

expression by flow cytometry. 

Assessment of antisense TGF-p expression by transduced cells 

a) Quantitation of TGF-p production by transduced cells 

TGF-p protein production by antisense TGF-p gene-modified 4T1 tumor 

cells was measured by ELISA according to the manufacturer's instruction. Briefly, 
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4T1 tumor cells were seeded at a concentration of 2 x 10^ cells/well of a 24 well 

plate (Falcon 3047; Becton Dickinson Labware; Lincoln Park, NJ) in 2 ml of a-

IMDM supplemented with 10% fetal bovine serum. After the cells adhered to the 

bottom of the plate (4-6 h), they were rinsed with 1 ml/well PBS to eliminate 

residual TGF-p present in serum and the culture medium was replaced with an 

equal volume of a-IMDM containing a serum-free supplement (Nutridoma-SP; 

Boehringer Mannheim Biochemicals; Indianapolis, IN). Supernatant was 

collected 24 h later and TGF-p contained in the supernatant was activated by 

adjusting the pH to below 2 with 12 M HCI followed by neutralization to pH 7.0 

with 10 M NaOH. Supernatant was evaluated for the presence of secreted TGF-

p by ELISA. This was accomplished by adding 200 ^1 of supernatant to each of 

duplicate wells of a microtiter plate coated with TGF-p soluble receptor type II 

(Quantikine human TGF-pi ELISA kit; R&D Systems) and incubated for 3 h at 

room temperature. The wells were then rinsed 3x with wash buffer and 200 ^l of 

horseradish peroxidase-linked polyclonal antibody specific for TGF-pi (R&D 

Systems; Minneapolis, MN) was added. The plate was incubated for an 

additional 1.5 h at room temperature, the wells washed as before, and 200 ^1 of 

substrate solution (R&D Systems) was added to each well. After 20 min at 

room temperature, color development was stopped by the addition of Stop 

Solution (R&D Systems) and the absorbance read at 450 nm. TGF-p 
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concentrations were extrapolated from a standard curve generated using 

recombinant TGF-p provided in the kit. 

b) Ribonuclease Protection Assay (RPA) 

Expression of the antisense TGF-p transgene in gene-modified 4T1 cells 

was determined by ribonuclease protection assay using the RPA III kit (Ambion; 

Austin, TX) according to the manufacturer's instructions. Briefly, 10 or 50 fig of 

sample RNA was hybridized overnight at 42°C with 0.5 ^g biotin-labeled RNA 

probes specific for p-actin or antisense TGF-p, respectively. Unhybridized, 

single-stranded RNA was digested for 30 min at 37''C with 150 ^l of a 1:100 

dilution of a mixture of RNase A and RNase T1 (Ambion). Probe fragments 

protected by complementary sample RNA were precipitated by the addition of 

225 ^l RNase inactivation/precipitation III solution (Ambion) and incubated at -

20°C for 15 min. RNA was pelleted by centrifugation at 21,000 x g for 15 min, 

subsequently resuspended in loading buffer II (Ambion) and separated on 

0.75mm 8M urea/5% polyacrylamide gels (100 volts, 1 h) buffered with 1x Tris-

borate/EDTA electrophoresis buffer (TBE; see APPENDIX A for composition). 

Separated fragments were transferred to a positively charged nylon membrane 

(Ambion) for 30 min at 400 mA in cold (4°C) 0.5x TBE. The fragments were 

visualized by the addition of streptavidin/alkaline phosphatase using a BrightStar 

Biodetect kit (Ambion). To achieve the desired image intensity, film was exposed 

from 1-10 min approximately 2 h after incubation of the blot with the 
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chemiluminescent reagent CDP-Star™ (Ambion). The expected sizes of 

protected fragments were 245 bp (p-actin), and 236 bp (antisense TGF-p). 

Assessment of IFN  ̂expression by transduced cells. 

a) Flow cytometric cell sorting and analysis 

The property of IFN-y to increase MHC expression was exploited to 

determine expression of IFN-y by transduced cells. Accordingly, IFN-y gene-

transduced cells were evaluated for cell sur^ce expression of MHC class I and 

MHC class II proteins by staining with R-phycoerythrin (PE) conjugated anti-MHC 

class I (H-2D'^) or (Fluorescein Isothiocyanate (FITC) conjugated FITC-anti-MHC 

class II (l-A^) and analyzing by flow cytometry using a FACScan fluorescence 

activated cell sorter (Becton Dickinson, Mountain View, CA). The FACScan 

utilizes a coherent 90-5 argon laser tuned to 488 nm. A 530/30 band pass filter 

was set, and samples were analyzed at a 100 mW log scale. Acquisition and 

data reduction were analyzed using a Hewlett Packard 340 with Lysys version 

2.0 software (Becton Dickinson; San Jose, CA). To control for nonspecific 

isotype staining, cells were also labeled with PE-mlgG2a or FITC-mlgG2b. 

When sorting of IFN-y transduced cells expressing class II MHC antigens was 

performed, 1x10^ cells were stained according to the aforementioned procedure 

and bright FITC (MHC class II) positive cells were collected. Sorted cells were 

immediately cloned by limiting dilution. IFN-y transduced clones were re-tested 
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for class I and class II expression by flow cytometry, and for IFN-y production by 

ELISA. 

b) Quantitation of IFN  ̂expression by transduced cells 

IFN-Y protein in the supematant of gene-modified 4T1 cells was measured 

by ELISA. Briefly, cells were seeded at 2 x 10^ cell/well of a 12-well plate 

(Becton Dickinson Labware; Franklin Lakes, NJ) in a total of 2 ml a-10-IMDM and 

incubated at 37°C in a 7% CO2 atmosphere for 48 h. Supernatant was collected 

and diluted 1.2 with calibrator diluent RD5Y (R&D Systems; Minneapolis, MN). 

One-hundred |al of the diluted sample was added in each of duplicate wells of a 

microtiter plate coated with monoclonal antibody specific for murine IFN-y 

(Quantikine""M murine IFN-y ELISA kit; R&D Systems; Minneapolis, MN). 

Following incubation for 2 h at room temperature, the wells were rinsed 5x with 

wash buffer and 100 nl of direct-labeled horseradish peroxidase (HRP)-

conjugated anti-IFN^ antibody (R&D Systems; Minneapolis, MN) was added to 

each well. The plate was incubated at room temperature for 2 h, the wells 

washed as before and 100 |il of color reagent (R&D Systems) was added to 

each well. After 30 min, color development was stopped with the addition of 100 

iil Stop Solution (R&D Systems) and the absorbance measured at 450 nm. 

IFN-y concentrations were extrapolated from a linear standard curve generated 

with recombinant IFN-y. 
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Assessment of B7.1 expression by transduced cells 

4T1 tumor cells transfected with the B7.1 gene were sorted for cell surface 

expression of 87.1 protein by flow cytometric analysis using a FACSan 

flourescence-activated cell sorter (Becton Dickinson; San Jose, CA) with a 

modified version of the protocol described above. Ten million cells were 

Incubated at 4°C for 30 min with 10 |ig rat anti-mouse 87.1, washed once with 

PA8, and stained at 4°C for 30 min with 10 ^g PE conjugated goat anti-rat 

antibodies (PGAR). Cells were washed twice again with PAB to remove 

unbound antibody, and antibody stained cells were then resuspended with 4 ml 

PAB for flow cytometric analysis. To control for nonspecific isotype staining, cells 

were also labeled with rlgG2a followed by PGAR. PE (87.1) positive cells were 

collected, cultured in zeocin containing media and sorted once every two weeks 

until a stable population containing >90% positive cells was attained. 

3.2 RESULTS 

Antisense TGF-p gene expression is correlated with decreased TGF-p 

production by gene-modified 4T1 tumor cells 

4T1 clones transduced with the antisense TGF-p gene were tested for 

decreased TGF-p production by ELISA. Of 18 clones tested, clone El 

demonstrated the greatest reduction (93%) in TGF-p secretion (0.083 ± 0.003 

ng/ml) compared to mock-transduced 4T1-N cells (1.244 ±0.188 ng/ml) and was 
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chosen for subsequent studies. Analysis of RNA collected from gene-modified 

cells confirmed expression of the antisense TGF-p transgene in 4T1-asT cells 

(Figure 4). In contrast, parental (4T1) or mock-transduced (4T1-N) cells did not 

express the antisense TGF-p gene. 

IFN  ̂production and MHC class II expression by IFN  ̂gene-modified 4T1 

cells 

Due to the ability of IFN-y to upregulate MHC expression, IFN-y 

transduced cells were sorted for high MHC class II expression by flow cytometry 

and cloned by limiting dilution as described previously. Of 12 clones tested, 

clone 67 secreted the highest level of IFN-y (997.5 ± 25 pg/ml) and was selected 

for subsequent studies. Flow cytometric analysis confirmed induction of cell 

surface MHC class II expression by 4T1-I, but not by mock-transduced (4T1-N) 

or antisense TGF-p transduced (4T1-asT) cells (Figure 5). However, IFN-y gene 

expression did not affect MHC class I expression compared to mock-transduced 

(4T1-N) or antisense TGF-p transduced (4T1-asT) cells (Figure 5). 
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Figur* 4. Expression of antissnss T6F•̂  transgene by gensHmodiffied 4T1 cells. Total RNA 
from 4T1 (lane 4), 4T1-N (lane 5) and 4T1-asT (lane 6) tumor cells was hybridized with biolin-
labeled RNA probes specific for a 235-bp fragment of antisense TGF-p mRNA (A) or a 245-bp 
firagment of actin mRNA (B). Unhybridized RNA was digested with a mixture of RNase A and 
RNase Tl. Protected fragnients were electrophoresed, transferred to a nylon membrane and 
visualized by the addHion of streptavidin-labeied alkaline phosphatase and chemiluminescent 
reagent. In each panel, lane 2 represents undigested probe, lane 3 represents probe digested 
with RNase. Lane 1 was loaded with RNA Century rnarkers (Ambion). 

B7.1 expression by B7.1 gene-modified 4T1 cells 

B7.1 expression by trafisfected 4T1-B7.1 cells was confirmed by 

demonstrating cell surface expression of B7.1 (Figure 5). Figure 5 also 

demonstrates that expression of 87.1 does not affect MHC class I or MHC class 

II expression compared to mock transduced 4T1-N cells. 
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Figure 5. Cell surface expression of MHC class I, MHC class II and B7.1 by gene-modified 4T1 tumor cells. Mocl(-transduced 
(4T1-N) and gene-modified 4T1 (4T1-asT, 4T1-I. and 4T1-B7.1) cells were stained with anti-MHC dass I (̂ 1-20"), anti-MHC class II (I-
a") and anti-B7.1 antitxxJies and analyzed l)y flow cytometry as described in Section 3.1. MHC and B7.1 expression was determined 
by comparing fluorescence intensity (X-axis) of MHC class I, MHC class II and B7.1 stained cells (unshaded) to isotype control cells 
(shaded). 
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CHAPTER 4 

EVALUATION OF IN VITRO AND IN VIVO GROWTH CHARACTERISTICS OF 

B7.1, IFN  ̂OR ANTISENSE TGF-  ̂GENE-MODIFIED 4T1 TUMOR CELLS 

4.1 MATERIALS AND METHODS 

Mice 

Six- to eight-week old female BALB/cJ mice (The Jackson Laboratory; Bar 

Harbor, ME) were housed at the University of Arizona Animal Facilities in 

accordance with the principles of animal care (NIH publication No. 85-23, revised 

1985). 

Cell lines 

Mock-transduced, antisense TGF-p and IFN^ gene-modified cells were 

maintained in a-IMDM supplemented with 10% FBS (a-10-IMDM) and 400 ^g/ml 

geneticin (G418), a neomycin analog (Omega Scientific, Tarzana, OA). 4T1-B7.1 

cells were maintained in a-10-IMDM supplemented with 100 ^g/ml Zeocin 

(Invitrogen, San Diego, OA). 
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Determination of in vitro proliferation of gene-modified cells 

In order to determine whether transfer of B7.1, IFN-y or antisense TGF-p 

genes affects cellular proliferation of 4T1 tumor cells, the in vitro growth 

characteristics of mock-transduced (4T1-N) and gene-modified (4T1-asT, 4T1-I 

and 4T1-B7.1) tumor cells were assessed. Cells were seeded at 10^ cells per 10 

ml a-IOIMDM in nine 100 x 20 mm tissue culture dishes (Falcon #3803, Becton 

Dickinson Labware; Lincoln Park, NJ) and incubated for 48, 60 or 72 h. At each 

time point, cells were collected fi'om triplicate plates and counted by trypan blue 

dye exclusion (see APPENDIX G for viability staining protocol). 

Determination of in vivo growth characteristics of gene-modified tumor 

cells 

The in vivo growth characteristics of gene-modified tumor cells was 

determined by injecting 1 X 10^ tumor cells (4T1-N, 4T1-I, 4T1-asT, or 4T1-B7.1) 

in a 100 ^1 total volume of Phosphate Buffered Saline (PBS) into the mammary 

gland of naive BALB/cJ mice. Tumors were measured in two perpendicular 

dimensions every 3-4 days for 28 days using a pair of calipers (VWR Scientific 

Products; Willard, OH). Tumor volume was calculated using the formula; v = I x 

w^/2 where v = volume (mm^), I = long diameter and w = short diameter (209). 

In addition to evaluating primary tumor growth patterns, the ability of gene-

modified cells to metastasize was also assessed. Metastasis was determined by 

counting the number of metastatic nodules in the lungs of tumor-bearing animals 
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(210). Briefly, lungs were insufflated with 2 ml India Ink, isolated and fixed in 

Fekete's solution (see APPENDIX A for composition). Incubation in Fekete's 

solution also bleached the metastatic nodules white such that they could be 

enumerated by visual inspection. 

4.2 RESULTS 

In vitro growth characteristics of gene-modified 4T1 tumor cells 

Gene-modified tumor cells expressing B7.1, IFN-y or antisense TGF-p 

transgenes were assessed for their growth characteristics in vitro. Figure 6 

demonstrates that IFN-y or antisense TGF-p transgene expression does not 

affect the in vitro growth behavior of 4T1 cells compared to that of mock 

transduced (4T1-N) cells. Seventy-two hour in vitro incubation of 1 X 10® IFN-y 

expressing (4T1-I) and antisense TGF-p gene-modified (4T1-asT) tumor cells 

resulted in a final yield of 4.1 X 10® ± 6.1 X 10® and 4.5 X 10® ± 9.9 X 10® cells, 

respectively (Figure 6). Similarty, 10® mock-transduced 4T1-N cells proliferated 

to yield 3.9 X 10® ± 5 X 10® cells after 72 h (Figure 6). 87.1 gene-modified (4T1-

87.1) cells grew the slowest, yielding only 2.5 X 10® ± 3.8 X 10® total cells after 

72 h. 
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Figure 6. In vitro growth Icinetics of gene-modified tumor cells. Mock-transduced 4T1 tumor 
cells (4T1-N) or 4T1 cells modified with antisense TGF-|J (4T1-asT), IFN-y (4T1-I) or B7.1 (4T1-
B7.1) transgenes seeded on day 0 were harvested and counted at 48, 60 and 72 h. Points 
represent mean ± SEM of triplicate samples. 

In vivo growth characteristics of gene-modified tumor cells 

Having demonstrated the expression of B7.1, IFN-y or antisense TGF-p 

genes in transduced cells, the next objective was to determine the effect of these 

genes on in vivo tumorigenicity. Mice were injected with mock-transduced (4T1-

N), B7.1 expressing (4T1-B7.1), IFN-y producing (4T1-I). or antisense TGF-p 

expressing (4T1-asT) cells and tumor development was monitored over a 28 day 

period. The growth of 4T1-I and 4T1-asT tumor cells was significantly inhibited 

compared with the growth of 4T1-N tumor cells (Figure 7). 4T1-N tumors 

became palpable 7 days after tumor injection and reached an average tumor 

volume of 850.0 ± 150.4 mm^ (Figure 7) by day 28. Although 4T1-asT tumors 
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were also palpable 7 days after tumor Injection, they grew more slowly than 4T1-

N tumors and reached an average tumor volume of only 383.3 ± 132.5 mm^ 

(Figure 7) by day 28. In contrast, 4T1-I tumors became palpable 14 days after 

tumor injection, and reached an average tumor volume of 51.9 ± 19.8 mm^ by 

day 28 (Figure 7). Although 4T1-B7.1 cells were the slowest growing in vitro, 

their growth rate in vivo was comparable to that of mock-transduced tumors, 

reaching an average volume of 964.4 ± 204.4 mm^ 28 days after tumor injection 

(Figure 7). Injection of 4T1-I tumor ceils resulted in the formation of fewer visible 

metastatic nodules in the lungs than injection of 4T1-N tumor cells (Table 2). 
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Figure 7. In vivo growth of gene-modified tumor cells. Syngeneic BALB/cJ mice were 
injected with a total of 10* 4T1-N, 4T1-asT, 4T1-I, 4T1-B7.1 tumor cells. Perpendicular tumor 
diameters were monitored bi-weekly for 28 days. Individual lines represent the average tumor 
volume ± SEM of 4 mice/group. 
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Table 2. Metastasis of B7.1, IFN  ̂or antisense TGF-p gene modified tumors. 

TUMOR TYPE FRACTION OF ANIMALS 
WITH METASTASES 

AVERAGE # METASTASES 
(RANGE) 

4T1-N 4/4 14.2 ±1.9 (9-18) 

4T1-asT 4/4 47.0 ±19.6 (13-103) 

4T1-I y4 6.7 ±4.7(1 -21) 

4T1-B7.1 y4 31.0 ±19.1 (1 -74) 

Syngeneic BALB/cJ mice were injected with a total of 10  ̂ cells consisting of 4T1-N, 4T1-asT, 
4T1-I, or 4T1-B7.1 cells. Tunruxs were monitored bi-weekly and tumor volumes calculated as 
described in Section 4.1. Shown in the table are average tumor volumes ± SEM of 4 mice, and 
the incidence (fraction) and number of metastastic nodules in the lungs 28 d post-initial tunfK>r 
injection. 
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CHAPTER 5 

EVALUATION OF WHETHER B7.1, IFN-  ̂AND ANTISENSE TGF-p 

TRANSGENES SYNERGIZE TO INCREASE IMMUNOGENICITY OF 4T1 

TUMOR CELLS 

5.1 MATERIALS AND METHODS 

Mice 

Six- to eight-weel< old female BALB/cJ mice (The Jackson Laboratory; Bar 

Harbor, ME) were housed at the University of Arizona Animal Facilities In 

accordance with the principles of animal care (NIH publication No. 85-23, revised 

1985). 

Cell lines 

Mock-transduced, antisense TGF-p and IFN-y gene-modified cells were 

maintained in a-IMDM supplemented with 10% FBS (a-10-IMDM) and 400 ^g/ml 

geneticin (G418), a neomycin analog (Omega Scientific, Tarzana, OA). 4T1-B7.1 

cells were maintained in a-10-IMDM supplemented with 100 ^g/ml Zeocin 

(Invitrogen, San Diego, OA). 
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REAGENTS 

b) Antibodies 

The following antibodies were used to stain cells prior to flow cytometric 

analysis; R-Phycoerythrin (PE)-conjugated anti-H-2D'' (class I) and Fluorescein 

Isothiocynate (FITC)-conjugated anti-l-A'^ (class II) antibodies, and were 

purchased from Pharmingen (San Diego, CA). Isotype control (PE-MigG2a, and 

FITC-MtgG2b) antibodies were purchased from Caltag (Burlingame, CA). 

b) Virions and Plasmids 

DA/mlFNy virions that were generously provided by Dr. Timothy Fong 

(Chiron Corporation; Emeryville, CA) were used to transduce antisense TGF-p 

expressing 4T1-asT cells with the IFN-y gene. DA/mlFN-y virions contained an 

N2 based retroviral vector (see APPENDIX C for diagrammatic structure of 

DA/mlFN-y vector) containing the neomycin resistance marker under the control 

of an internal simian virus 40 (SV40) promoter and the IFN-y gene under the 

control of the Mo-MuLv LTR (36). 

Generation of 4T1 tumor cells that co-express IFN  ̂and antisense TGF-p 

transgenes 

In order to generate tumors that co-express antisense TGF-p and IFN-y 

transgenes, antisense TGF-p gene-modified (4T1-asT) cells were sequentially 

transduced with DA/mlFN-y virions. Briefly, cells were seeded at 2.5 x 10^ cells 

in 100 X 20-mm tissue culture plate (Becton Dickinson; Franklin Lakes, NJ) and 
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allowed to adhere overnight. The cells were rinsed once with Phosphate 

Buffered Saline (PBS). Infection at a multiplicity of infection (MOI) of 10:1 was 

allowed to proceed overnight by incubating the cells in the virion cocktail ^g 

DMRIE/DOPE at 37°C in a 7% CO2 atmosphere. After infection, the cells were 

incubated in a-10-IMDM at 37°C in a 7% CO2 atmosphere for 24 h. IFN-y 

transduced 4T1-asT cells were sorted for high MHC class II expression by flow 

cytometry prior to cloning by limiting dilution. 

Assessment of IFN-y expression by transduced cells. 

a) Flow cytometric cell sorting and analysis 

The property of IFN-y to increase MHC expression was exploited to 

determine expression of IFN-y by transduced cells. Accordingly, IFN-y gene-

transduced 4T1-asT cells were evaluated for cell sur^ce expression of MHC 

class I and MHC class II proteins by staining with R-phycoerythrin (PE) 

conjugated anti-MHC class I (H-2D'') or (Fluorescein Isothiocyanate (FITC) 

conjugated FITC-anti-MHC class 11 (l-A*^) and analyzing by flow cytometry using a 

FACScan fluorescence activated cell sorter (Becton Dickinson, Mountain View, 

CA). The FACScan utilizes a coherent 90-5 argon laser tuned to 488 nm. A 

530/30 band pass filter was set, and samples were analyzed at a 100 mW log 

scale. Acquisition and data reduction were analyzed using a Hewlett Packard 

340 with Lysys version 2.0 software (Becton Dickinson; San Jose, CA). To 

control for nonspecific isotype staining, cells were also labeled with PE-migG2a 
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or FITC-mlgG2b. When sorting of IFN^ tranduced cells expressing class II MHC 

antigens was performed, 1 x 10^ cells were stained according to the 

aforementioned procedure and bright FITC (MHC class II) positive cells were 

collected. Sorted cells were immediately cloned by limiting dilution, and IFN-y 

transduced clones were re-tested for class I and class II expression by flow 

cytometry, as well as IFN-y secretion by ELISA. 

b) Quantitation of IFN-y secretion by transduced cells 

IFN-y protein in the supernatant of IFN-y gene-modified 4T1-asT cells 

(4T1-asTI) was measured by ELISA. Briefly, cells were seeded at 2 x 10^ 

cell/well of a 12-well plate (Becton Dickinson Labware; Franklin Lakes, NJ) in a 

total of 2 ml a-10-IMDM and incubated at 37°C in a 7% CO2 atmosphere for 48 h. 

Supernatant was collected and diluted 1 ;2 with calibrator diluent RD5Y (R&D 

Systems; Minneapolis, MN). One-hundred ^l of the diluted sample was added in 

each of duplicate wells of a microtiter plate coated with monoclonal antibody 

specific for murine IFN-7 (Quantikine°"M murine IFN-y ELISA kit; R&D Systems; 

Minneapolis, MN). Following incubation for 2 h at room temperature, the wells 

were rinsed 5x with wash buffer and 100 ^1 of direct-labeled horseradish 

peroxidase (HRP)-conjugated anti-IFN^ antibody (R&D Systems: Minneapolis, 

MN) was added to each well. The plate was incubated at room temperature for 2 

h, the wells washed as before and 100 ^1 of color reagent (R&D Systems) was 

added to each well. After 30 min, color development was stopped with the 
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addition of 100 ^1 Stop Solution (R&D Systems) and the absorbance measured 

at 450 nm. IFN-y concentrations were extrapolated from a linear standard curve 

generated with recombinant IFN-y. 

Assessment of antisense TGF-p expression by transduced cells 

a) Quantitation of TGF-p production by transduced cells 

TGF-p protein production by 4T1 tumor cells modified to co-express IFN-y 

and antisense TGF-p transgenes was measured by ELISA according to the 

manufacturer's protocol. Briefly, 4T1 tumor cells were seeded at a concentration 

of 2 X 10^ cells/well of a 24 well plate (Falcon 3047; Becton Dickinson Labware; 

Lincoln Park, NJ) in 2 ml of a-IMDM supplemented with 10% fetal bovine serum. 

After the cells adhered to the bottom of the plate (4-6 h), they were rinsed with 1 

ml/well PBS to eliminate residual TGF-p present in serum and the culture 

medium was replaced with an equal volume of a-IMDM containing a serum-free 

supplement (Nutridoma-SP; Boehringer Mannheim Biochemicals; Indianapolis, 

IN). Supernatant was collected 24 h later and TGF-p contained in the 

supernatant was activated by adjusting the pH to below 2 with 12 M HCI followed 

by neutralization to pH 7.0 with 10 N NaOH. Supernatant was tested by ELISA 

by adding 200 ^i of supernatant to each of duplicate wells of a microtiter plate 

coated with TGF-p soluble receptor type II (Quantikine human TGF-pi ELISA kit; 

R&D Systems) and incubated for 3 h at room temperature. The wells were then 
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rinsed 3x with wash buffer and 200 ^l of horseradish peroxidase-linked polyclonal 

antibody specific for TGF-pi (R&D Systems; Minneapolis, MN) was added. The 

plate was incubated for an additional 1.5 h at room temperature, the wells 

washed as before, and 200 ^l of substrate solution (R&D Systems) was added 

to each well. After 20 min at room temperature, color development was stopped 

with the addition of stop solution (R&D Systems) and the absorbance read at 

450 nm. TGF-p concentrations were calculated by comparison with a linear 

standard curve. 

b) Ribonuclease Protection Assay (RPA) 

Expression of the antisense TGF-p transgene in IFN-y and antisense TGF-

p gene-modified 4T1 cells was determined by ribonuclease protection assay 

using the RPA III kit (Ambion; Austin, TX) according to the manufacturer's 

instructions. Briefly, 10 or 50 ^g of sample RNA was hybridized overnight at 

42°C with 0.5 ^g biotin-labeled RNA probes specific for p-actin or antisense TGF-

p, respectively. Unhybridized, single-stranded RNA was digested for 30 min at 

37°C with 150 |il of a 1:100 dilution of a mixture of RNase A and RNase T1 

(Ambion). Probe firagments protected by complementary sample RNA were 

precipitated by the addition of 225 ^1 RNase inactivation/precipitation III solution 

(Ambion) and incubated at -20<'C for 15 min. RNA was pelleted by centrifugation 

at 21,000 x g for 15 min, subsequently resuspended in loading buffer II (Ambion) 

and separated on 0.75mm 8M urea/5% polyacrylamide gels (100 volts, 1 h) 
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buffered with 1x Tris-borate/EDTA electrophoresis buffer (TBE; see APPENDIX 

A for composition). Separated fragments were transferred to a positively 

charged nylon membrane (Ambion) for 30 min at 400 mA in cold (4°C) 0.5x TBE. 

The fragments were visualized by the addition of streptavidin/alkaline 

phosphatase using a BrightStar Biodetect kit (Ambion). To achieve the desired 

image intensity, film was exposed from 1-10 min approximately 2 h after 

incubation of the blot with the chemiluminescent reagent CDP-Star™ (Ambion). 

The expected sizes of protected fragments were 245 bp (p-actin), and 236 bp 

(antisense TGF-p). 

Determination of in vitro proliferation of gene-modified cells 

In order to detennine whether transfer of B7.1, IFN-y or antisense TGF-p 

transgenes affected cellular proliferation of 4T1 tumor cells, the in vitro growth 

characteristics of parental, mock-transduced (4T1-N) and gene-modified (4T1-

asT, 4T1-I and 4T1-B7.1) 4T1 cells were assessed. Cells were seeded at 10^ 

cells per 10 ml a-10IMDM in nine 100 x 20 mm tissue culture dishes (Falcon 

#3803, Becton Dickinson Labware; Lincoln Park, NJ) and incubated for 48, 60 or 

72 h. At each time point, cells were collected from triplicate plates and counted 

by trypan blue dye exclusion (see APPENDIX G for viability staining protocol). 



68 

Determination of in vivo growth characteristics of gene-modified tumor 

cells 

To evaluate the effect of co-expression of B7.1, IFN-y and antisense TGF-

p on the tumorigenlcity of 4T1 cells, syngeneic BALB/cJ mice were injected in the 

mammary gland with either 4T1-N, 4T1-B7, 4T1-I, 4T1-asT, or 4T1-asTI cells, or 

a 1:1 mixture of 4T1-B7.1 cells + 4T1-asT or4T1-B7.1 + 4T1-I cells. 

5.2 RESULTS 

Generation of 4TI cells that co-express antisense TGF-p and IFN  ̂

transgenes. 

4T1 cells expressing both IFN-y and antisense TGF-p transgenes (4T1-

asTI) were generated, sorted for class II expression and cloned by limiting 

dilution. Of thirteen MHC class II positive 4T1-asTI clones that were tested for 

IFN-Y secretion and decreased TGF-p production, clone 102 produced the most 

IFN-Y (2461 ± 43 pg/ml) and was chosen for subsequent studies. As expected, 

the IFN-y transgene did not affect TGF-p production by these cells. Similar to 

4T1-asT cells, 4T1-asTI cells produced 90% less TGF-p (0.123 ± 52 ng/ml) 

compared to mock-transduced 4T1-N cells (1.244 ±0.188 ng/ml). Ribonuclease 

protection assay confirmed expression of the antisense TGF-p transgene by 4T1-

asTI cells (Figure 8). Flow cytometric analysis of 4T1-asTI cells demonstrated 
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comparable levels of MHC class I and class II cell surface molecules as 4T1-I 

cells (Figure 9). 

ANTISENSE TGF-P 

ACTIN 

Figur* 8. Exprettion of antiMnM TGF-p tranagene in 4T1 evils co-exprassing antisense 
T6F-9 and IFN-y tranaganas. Total RNA from 4T1-asTI (lane 4) tumor ceils was hybridized with 
t)iotin-lat)eied RNA probes specific for a 235-bp fragment of anta'sense TGF-p mRNA (A) or a 245-
bp fragment of actin mRNA (B). Unhytmdized RNA was digested with a mixture of RNase A and 
RNase T1. Protected fragments were electrophoresed, transferred to a nylon membrane and 
visualized by the addWon of streptavidin-labeled adkaline phosphatase and chemiluminescent 
reagent. In each panel, lane 2 represents undigested probe, lane 3 represents protie digested 
with RNase. Lane 1 was loaded with RNA Century markers. 
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Figure 9. Expression of IMHC class I and MHC class II by IFN-r and antlsense TGF>p gene-
modified 4T1 tumor cells. 4T1 tumor cells transduced with only IFN-̂  (4T1-I) or IFN-y plus 
antisense TGF-p (4T1-asTI) genes were stained with anti-MHC class I (H-ZO"), and anti-MHC 
class II (l-A'') antibodies and analyzed by flow cytometry. MHC expression was determined by 
comparing fluorescence intensity (X-axis) of MHC dass I and II stained ceils (solid line) to isotype 
control stained cells (dotted line). 

In vitro growth characteristics of IFN  ̂and antisense TGF-p transduced 4T1 

tumor cells 

Measurement of the in vitro growth characteristics of 4T1-asTI cells 

demonstrates that expression of both genes does not affect their growth 
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compared to that of mock transduced (4T1-N), antisense TGF-p expressing 

(4T1-asT), or IFN-y expressing (4T1-I) cells (Figure 10). 

-B-

4T1 NEO 

4T1-asT 

4T1-I 

4T1-asTI 

HOUR 

Figure 10. In vitro growth kinetics of 4T1 cells to co-expressing IFN  ̂and antisense TGF-p 
transgenes. 4T1-N, 4T1-asT, 4T1-I, and 4T1-asTI cells seeded at time 0 were harvested and 
counted after 48,60. and 72 h. Points represent the mean ± SEM of triplicate samples. 

Effect of B7.1 expression on immunogenicity of IFN-y or antisense TGF-p-

expressing 4T1 tumor cells 

To assess whether B7.1 expression enhances the immunogenicity of 4T1 

tumor cells expressing antisense TGF-p (4T1-asT) or IFN-y (4T1-I), B7.1 

expressing 4T1 tumor cells (4T1-B7.1) were mixed with 4T1-asT or 4T1-I cells in 
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equal numbers (5 x 10^ -i- 5 x 10^) and injected into the mammary gland of naive 

mice. As shown in Figure 11, 4T1-asT and 4T1-I tumors grew more slowly than 

mock-transduced 4T1-N tumors. Transfer of 67.1 gene did not affect tumor 

growth. Furthermore, co-injection of B7.1 expressing 4T1 cells with 4T1-I or 4T1-

asT cells did not improve the immunogenicity of these cells. 
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Figure 11. Effect of B7.1 gene expression on immunogenicity of antisense TGF-p or IFN -̂
expressing 4T1 tumor cells. Syngeneic BALB/cJ mice were injected with a total of 10  ̂ tumor 
cells consisiting of 4T1-N, 4Tl-asT, 4T1-I, 4T1-B7.1, or a combination of 5 x 10  ̂4T1-B7.1 cells 
and 5 x 10  ̂4T1-asT or 5 x 10  ̂4T1-I cells. Perpendicular tuntKir diameters were measured bi
weekly for 28 d. Individual lines represent the average tumor volume ± SEM of 4 mice. 
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Effect of co'expression of IFN  ̂ and antisense TGF-p genes on the 

immunogenicity of 4T1 tumor cells 

To assess whether co-expression of IFN-y and antisense TGF-p 

transgenes results in an enhanced anti-tumor response, the in vivo growth 

characteristics of 4T1-asTI tumor cells was compared to that of 4T1-I and 4T1-

asT tumor cells. At a tumor inoculum of 10"* cells, 4T1 tumors expressing only 

the antisense TGF-p transgene (4T1-asT) or the IFN-y transgene (4T1-I) grew 

slower than mock-transduced (4T1-N) cells (Figure 12a). Additionally, at this 

tumor dose, co-expression of IFN-7 and antisense TGF-p transgenes did not 

improve the immunogenicity of 4T1 tumor cells compared to expression of the 

IFN-y transgene alone (Figure 12a). To eliminate the possibility that the small 

tumor dose made it impossible to detect any synergism, the tumor dose was 

increased to 1 X 10^. The data demonstrate that, at this tumor dose, 4T1-I and 

4T1-asT tumor cells grow slower than mock-transduced 4T1 (4T1-N) tumor cells 

(Figure 12b). Additionally, co-expression of IFN-y and antisense TGF-p 

transgenes does not significantly affect tumor growth of 4T1 cells compared to 

expression of the IFN-y transgene alone (Figure 12b). 
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Figure 12. In vivo growth of 4T1 cells transduced with IFN  ̂ and antisense TGF-p 
transgenes. Syngeneic mice were injected in the mammary gland with 10'* or 10  ̂4T1-N, 4T1-
asT, 4T1-I, or 4T1-asTI ceils. Perpendicular tumor diameters were measured bi-weekly for 4 
weeks. Individual lines represent average tumor volumes ± SEM (n = 4/group). (* denotes 
significantly different tumor volumes compared to the control; p< 0.008) 
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CHAPTERS 

EVALUATION OF THE INVOLVEMENT OF IMMUNE CELLS IN IFN  ̂AND 

ANTISENSE TGF-p-MEDIATED ANTI-TUMOR RESPONSES 

6.1 MATERIALS AND METHODS 

Mice 

Six- to eight-week old female BALB/cJ mice (The Jackson Laboratory; Bar 

Harbor, ME) were housed at the University of Arizona Animal Facilities in 

accordance with the principles of animal care (NIH publication No. 85-23, revised 

1985). 

Cell lines 

Mock-transduced, antisense TGF-p and IFN-7 gene-modified cells were 

maintained in a-IMDM supplemented with 10% F6S (a-10-IMDM) and 400 fag/ml 

geneticin (G418), a neomycin analog (Omega Scientific, Tarzana, OA). Rat anti-

mouse CD4 secreting hybridoma GK1.5 (TIB-207) and rat anti-mouse CDS 

secreting hybridoma 52-6.72 (TIB-105) were purchased from ATCC (Rockville, 

MD). The hybridoma cell lines were maintained in RPMI medium supplemented 

with 10% fetal bovine serum (cRPMI; see APPENDIX A for composition). 
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Antibodies 

The hamster antibody specific for mouse CD3 used to activate tumor-

draining lymph node cells was purchased from Caltag (Burlingame, CA). The 

C04- and C08- specific antibodies used to deplete mice of T cell subsets were 

affinity-purified from ascites generated in nude mice injected with the hybridoma 

GK1.5 (TIB-207) or 52-6.72 (TIB-105). The rat IgG control antibody used in 

these experiments was purchased from Sigma (St. Louis, MO). 

Histological analysis of tumors 

Syngeneic BALB/cJ mice were injected with 10^ 4T1-N, 4T1-asT, 4T1-I or 

4T1-asTI tumor cells in the mammary gland. Twenty-eight days post-injection, 

tumors were excised with adjacent skin and abdominal musculature intact and 

fixed overnight in 10% buffered formalin and embedded in parafin. Each tumor 

was bisected sagitally at the level of the greatest diameter and and 5 ^m thick 

sections were stained with hematoxylin and eosin for histologic analysis. 

Isolation of tumor-draining lymph node cells 

Female BALB/cJ mice were given injections of 1 X 10^ 4T1-N, 4T1-asT, 

4T1-I or 4T1-asTI tumor cells in the mammary gland. Twenty-eight days post-

tumor injection, cells were isolated from tumor-draining inguinal lymph nodes 

(TLDNC) and activated with immobilized anti-CD3 antibodies for 48h at 37''C in a 

7% CO2 atmosphere. Briefly, a 12-well plate was coated overnight at 4°C with 5 
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^g/well/ml of anti-CD3 antibody in PBS. The wells were washed once with PBS 

prior to the addition of 2 ml TDLNC resuspended to a concentration of 2 X 10^ 

cells/ml in cRPMI. Supernatant was then collected and tested for IFN-y and IL-4 

secretion by ELISA (R&D Systems, Minneapolis, MN) according to the 

manufacturer's instructions. 

Characterization of the cytokine profile of tumor-draining lymph node cells 

IFN-y and IL-4 protein in the supernatant of activated tumor-draining lymph 

node cells was measured by ELISA. Briefly, lymph node cells were isolated and 

activated as described above. Supernatant was collected and diluted 1:2 with 

calibrator diluent ROSY (R&D Systems; Minneapolis, MN). One-hundred ^l of 

the diluted sample was added in each of duplicate wells of a microtiter plate 

coated with monoclonal antibody specific for murine IFN-y (Quantikine'^M murine 

IFN-y ELISA kit; R&D Systems; Minneapolis, MN) or murine IL-4 (Quantikine""M 

murine IL-4 ELISA kit; R&D Systems; Minneapolis MN). Following incubation 

for 2 h at room temperature, the wells were rinsed 5x with wash buffer and 100 ^l 

of direct-labeled horseradish peroxidase (HRP)-conjugated anti-IFN-y antibody 

(R&D Systems; Minneapolis, MN) or HRP-conjugated anti-IL-4 (R&D System; 

Minnmeapolis, MN) was added to each well. The plate was incubated at room 

temperature for 2 h, the wells washed as before and 100 ^l of color reagent (R & 

D Systems) was added to each well. After 30 min, color development was 

stopped with the addition of 100 iil Stop Solution (R&D Systems) and the 
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absorbance measured at 450 nm. IFN-y and IL-4 concentrations were 

extrapolated from linear standard curves generated with recombinant IFN-y or IL-

4, respectively. 

In vivo depletion of T cell subsets 

In order to deplete T cells in vivo, mice were injected intraperitoneally with 

200 ^g of antibody (anti-CD4, anti-CD8, or rat IgG control antibody) for 4 

consecutive days and once again 3 days later. Flow cytometric analysis of CD4-»-

and CDS-*- T cell populations in the spleen and lymph nodes of antibody-treated 

mice revealed at least a 93 percent reduction in targeted cells. T cell composition 

was unaltered in control mice injected with rat IgG. One day after the final 

antibody injection, mice were challenged with lO'* 4T1-asT, 4T1-I or 4T1-asTI 

tumor cells. Tumors were measured in two perpendicular dimensions every 3-4 

days for 28 days using a pair of calipers (VWR Scientific Products; Willard, OH). 

Tumor volume was calculated using the formula: v = I x w^/2 where v = volume 

(mm^), I = long diameter and w - short diameter (209). 

6.2 RESULTS 

Infiltration of IFN  ̂and antisense TGF-{3 gene-modified tumors with host 

immune cells 

In order to determine the role of immune cells in the anti-tumor responses, 

4T1-asT, 4T1-I and 4T1-asTI tumors were sectioned and analyzed by histological 
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examination for the presence of infiltrating host cells. All three tumors showed 

predominantly lymphocytic or lymphoplasmacytic infiltration (Figure 13). In 

contrast, 4T1-N tumors demonstrated primarily neutrophilic inflammation (Figure 

13). No discernible differences in nfiorphology or local invasiveness were seen, 

and each tumor contained extensive necrotic foci (data not shown). 

Figure 13. Histological analysis of 4T1-N (A) 4T1-asT (B), 4T1<I (C), and 4T1-asTI tumore 
(D). Images are magnified 400X 

Cytokine profile of lymph node ceils draining gene-modified tumors 

To detemiine if the inhibited growth of IFN^ and/or antisense TGF-p 

expressing 4T1 tumors correlated with a Thi response, IFN-y and IL-4 production 

by tumor-draining lymph node cells (TDLNC) was analyzed. TOLNC from mice 
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bearing 4T1-asT. 4T1-I and 4T1-asTI tumors produced 2, 3, and 4-fold more IFN-

y, respectively, compared to TDLNC from 4T1-N bearing mice (Table 3). The 

amount of IL-4 produced by TDLNC did not differ significantly among mice 

bearing 4T1-N, 4T1-I, or 4T1-asTI tumors (Table 3). In contrast, TLDNC from 

mice bearing 4T1-asT tumors produced 3-fold more IL-4 (Table 3). When 

cytokine profiles are expressed as Th1/Th2 ratios, TLDNC isolated from mice 

bearing 4T1-I and 4T1-asTI tumors demonstrate a polarization towards a Thi 

profile compared to TLDNC isolated from mice bearing 4T1-N tumors. 

Table 3. IFN-y and IL-4 production by lymph node cells draining antisense TGF-p and/or 

TUMOR IFN  ̂
(pg/ml/10®cell) 

IL-4 
(pg/ml/10® cell) 

Th1/Th2 
Ratio 

• N 1035 ±454 5.0 ± 0.5 207 
-asT 2125 ±354 14.7 ±0.1 144 

• 1 2825 ± 536 8.3 ±0.0 340 
-asTI 3800 ± 354 8.4 ± 0.0 452 

tumor cells. Twenty-eight days post-injection, mice were sacriftced and cells from tumor-draining 
lymph nodes obtained. Cells were activated for 3 days with immobilized anti-CD3 antibody. 
Supernatant was collected and tested for IFN  ̂and IL-4 ̂  ELISA. 

T cell Involvement in the antitumor response against antisense TGF-p and 

IFN-  ̂gene-modified 4T1 tumor cells 

To delineate whether T cells were involved in the delayed growth of 

antisense TGF-p and/or IFN-7 gene-modified tumors, mice were depleted of 

CD4+ or CD8+ T lymphocytes and then challenged with viable 4T1-asT, 4T1-I or 

4T1-asTI cells. Whereas all tumors were growth inhibited in control mice injected 

with rat IgG, tumors modified with the antisense TGF-p transgene (4T1-asT and 

4T1-asTI) grew unimpeded in mice depleted of CD4+ or CD8+ T cells (p<0.002, 
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Figure 14. Growth of 4T1-asT, 4T1-I and 4T1-asTI tumors in mice depleted of CD4+ and CD8+ T ceils. 
BALB/cJ mice were depleted of CD4+ or CD8+ T cells and were injected with 10* 4T1-asT, 4T1-I, or 4T1-
asTI cells. Control mice were injected with rat IgG control antibody and similarly challenged. Tumor growth 
was monitored bi-weekly for 4 weeks. Each line represents the tumor burden of individual animals. 
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CHAPTER 7 

EVALUATION OF THE EFFICACY OF GENE-MODIFIED CELLS AS TUMOR 

VACCINES AGAINST PRIMARY TUMOR AND RESIDUAL METASTATIC 

DISEASE 

7.1 MATERIALS AND METHODS 

Mice 

Six- to eight-week old female BALB/cJ mice (The Jackson Laboratory; Bar 

Harbor, ME) were housed at the University of Arizona Animal Facilities in 

accordance with the principles of animal care (NIH publication No. 85-23, revised 

1985). 

Cell lines 

Parental 4T1 cells were maintained in a-IMDM supplemented with 10% 

FBS (a-10-IMDM). Mock-transduced, antisense TGF-p and IFN-y gene-modified 

cells were maintained a-10-IMDM and 400 ^g/ml geneticin (G418), a neomycin 

analog (Omega Scientific, Tarzana, OA). 
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injection and mice were monitored for survival. At the time of death, mice were 

evaluated for disseminated metastasis. Mice that died from surgery (within 1-4 

days after surgery) were excluded from analysis. 

7.2 RESULTS 

Effect of gene-modified tumor cell vaccines on primary tumor growth and 

metastatic burden 

Having demonstrated involvement of the immune system in decreased 

tumorigenicity of IFN-y and/or antisense TGF-p gene-modified tumors, the next 

objective was to determine whether therapy with these cells could suppress 

primary tumor growth and/or metastasis. To address this question, mice bearing 

two week old parental 4T1 tumors were separated into groups with similar tumor 

volumes (averages ranged from 63.24 ± 4.8 to 67.65 ± 9.0 mm^) and were 

injected with vaccines consisting of irradiated mock transduced (4T1-N), 4T1-I, 

4T1-asT, or 4T1-asTI tumor cells. Tumor-bearing animals were treated twice 

weekly for a total of 4 vaccinations. Twenty-eight days after initial tumor 

injection, mice were sacrificed and metastasis to the lungs, liver and bone 

marrow was quantified. At the time of sacrifice, there was no significant 

difference in the primary tumor volumes of each group. The average tumor 

volumes of untreated animals, or animals treated with 4T1-N, 4T1-asT, 4T1-I or 
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4T1-asTI tumor vaccines were 700.24 ± 54.34, 695.71 ± 110.9, 674.49 ± 57.37, 

695.22 ± 75.34, or 622.05 ±56.10 mm^, respectively. However, as shown in 

Figure 15, treatment of animals with IFN-y or IFN-y plus antisense TGF-p gene-

modified tumor vaccines decreased the number of clonogenic metastastic tumor 

cells in the lungs and liver compared to vaccination with mock-transduced tumor 

cells. The effect of antisense TGF-p gene-modified vaccines was less dramatic. 

Although all mice developed metastasis to the lungs, mice treated with 4T1-asT, 

4T1-I or 4T1-asTI tumor vaccines demonstrated a 52%, 90%, and 79% reduction 

in the mean number of clonogenic tumor cells, respectively, when compared with 

mice vaccinated with mock-transduced (4T1-N) tumor cells. (Figure 15). 

Similarly, treating animals with 4T1-asT, 4T1-I, or 4T1-asTI vaccines reduced the 

average number of clonogenic metastatic tumor cells in the liver by 64%, 86% 

and 95% respectively (Figure 15). Metastasis to the bone marrow occurred in 

75% (3/4) and 50% (2/4) and 25% (1/4) of animals treated with 4T1-I, 4T1-asTI 

or 4T1-asT tumor vaccines, respectively. In contrast, metastasis to the bone 

marrow was found in 100% (4/4) of animals treated with mock-transfected or 

4T1-I cells. However, the average number of clonogenic tumor cells in the bone 

marrow in all groups was at least three logs less than the average number of 

clonogenic tumor cells found in the lungs or liver (Figure 15). 
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Figure 15. Effect of gene-modifed tumor vaccines on primary tumor growth and metastasis. Syngenic mice were injected 
orthotopically in the nnammary gland with 10  ̂viable 4T1 cells. Tumor volumes were calculated once a week, and prior to start of 
vaccination, mice were grouped such that each group had an average tumor volume ranging from 63.24 ± 4.8 to 67.65 ± 9.0 
mm®. Subcutaneous Injection with 10® irradiated (100 Gy) (See Appendix) 4T1-N, 4T 1-asT, 4T1-I or 4T1-asTI tumor cell vaccines 
began 14 d post-initial tumor injection and continued twice weekly. Twenty-eight days post-initial tumor injection, mice were 
sacrificed and metastases to the lungs, liver, and bone marrow were quantified using the clonogenidty assay as descritied in 
"Materials and Methods". Data points represent the average number of clonogenic cells found in 4 animals ± SEM. oo 
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Establishment of a residual metastatic disease model 

The primary cause of mortality in breast cancer patients is residual 

metastatic disease that exists after resection of the primary tumor. To determine 

whether animals bearing parental 4T1 tumors develop residual metastatic 

disease, primary 4T1 tumors were surgically removed from animals 7,14, and 21 

days after initial tumor injection. Twenty-eight days after initial tumor challenge, 

mice were sacrificed and surface lung nodules were enumerated. Figure 16 

demonstrates that 4T1 tumors give rise to visible metastatic lung nodules as 

early as two weeks after tumor challenge. Visible surface lung metastases were 

observed in 80% and 100% of mice whose tumors were excised two weeks and 

three weeks, respectively, after initial tumor-challenge (Figure 16). Similariy, 

visible surface lung metastases was observed in 80% of control animals (mice 

that did not have their primary tumors removed) (Figure 16). 
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GROUP 

Figure 16. Establishment of residual disease model. Syngeneic mice were injected 
orthotopically in the mammary gland with 10  ̂4T1 ceils. Tumors were excised 1, 2 or 3 weeks 
post-tumor challenge. Twenty-eight days post-tumor challenge at which time all mice were 
sacrificed and the number of lung surface metastatic nodules was determined. Animals bearing 
primary tunrnirs served as controls. Data points represent the number of metastatic nodules 
found in individual mice, lines represent average number of metastatic nodules found in each 
group of mice (n=4). 

Effect of IFN  ̂or antisense TGF'P gene expressing tumor vaccines on 

survival of mice harboring residual metastatic disease 

Having demonstrated the ability of irradiated IFN-y or antisense TGF-p 

gene-modified tumor cell vaccines to reduce overall metastasis in tumor-bearing 

animals, the next objective was to test the ability of these vaccines to prolong the 

survival of animals with residual metastatic disease. To accomplish this, mice 

were injected orthotopically with parental 4T1 tumors in the mammary gland. 

Since it was previously shown that metastasis is fonned within two weeks of 

primary tumor growth (Figure 16), treatment with irradiated gene-modified tumor 

cells commenced 14 days after initial tumor injection and continued twice weekly 

for the duration of the experiment. Primary tumors were excised 3 weeks after 
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tumor inoculation and mice were monitored for survival. The data show that 

untreated tumor-bearing control animals survived an average of 35.4 ± 1.0 days 

and all mice died by day 41 (Figure 17). Resection of primary tumor alone or 

tumor resection followed by vaccination with mock-transduced (4T1-N) tumor 

cells did not significantly prolong life (p = 0.355 or p = 0.186, respectively). 

Primary tumor resection followed by vaccination with antisense TGF-p-

expressing (4T1-asT) or IFN-y-expressing (4T1-I) tumor vaccines resulted 

statistically insignificant prolongation of life (p = 0.079 or p = 0.071, respectively). 

Adjunct therapy with 4T1 cells modified to co-express the antisense TGF-p and 

IFN-y genes (4T1-asTI) resulted in statistically significant prolongation of life (p < 

0.0376). 
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Figure 17. Immunotherapy of midual metastatic diaease with 4T1-N, 4T1-aaT, 4T1-I, or 
4T1-asTI tumor vaccines. Syngeneic BALB/cJ mice were challenged orthotopically with 10  ̂
parental 4T1 cells in the mammary gland. Primary tumors were measured and surgically 
resected 21 d after tumor ctiallenge. Starting 14 d after tumor challenge, mice were treated twice 
weekly with s.c. injections of 10° irradiated (100 Gy) mock-transduced 4T1-N (n = 14), 4T1-asT (n 
= 13), 4T1-I (n s 12) or 4T1-asTI (n = 14) tumor vaccines. Survival was nfKxiitored for control 
animals that were untreated (n = 14), animals treated with surgery only (n = 13) and animals 
treated with surgery and tumor ceil vaccines. Individual lines represent the percent survival for 
each group. 
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CHAPTER 8 

DISCUSSION 

In the past 5-10 years, immunotherapy strategies for the treatment of solid 

tumors have been tested in animal systems that model human cancers. 

Although several immunotherapies tested in experimental murine tumor systems 

result in tumor regression, the efficacy of these therapies in treating human 

patients is often unpredictable. One of the problems associated with predicting 

clinical outcome based on findings in animal models is that often times the tumor 

used bears little resemblance to human tumors with respect to its site of 

transplantation, immunogenicity and metastatic proclivity. 

The 4T1 tumor model closely resembles human breast cancer for several 

reasons; it grows in the anatomically correct site, it is poorly immunogenic, and it 

metastasizes spontaneously to distant sites. In this study, the 4T1 tumor model 

was employed to compare the efficacy of B7.1, IFN-y and antisense TGF-p gene 

transfer in augmenting an anti-tumor response. The specific aims of this study 

were first, to characterize the 4T1 murine mammary carcinoma; second, to 

permanently modify tumorigenic 4T1 with B7.1, IFN-y and antisense TGF-p 

transgenes; third, to evaluate the effects of these transgenes on 4T1 

tumorigenicity; fourth, to evaluate the role of immune cells in anti-tumor 

responses against gene<modified tumor cells; and fifth, to evaluate the efficacy of 
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gene-modified tumor cell vaccines against established primary tumor or residual 

metastatic disease. 

Characterization of 4T1 murine mammary carcinoma model 

One of the concerns about murine models of cancer is that their 

immunogenicity and metastatic proclivity bear little resemblance to human 

cancer. A primary goal of this study was to characterize the immunogenicity and 

metastatic potential of 4T1 tumor cells. The results demonstrate that the 4T1 

mammary carcinoma is weakly immunogenic. Additionally, injection of 4T1 cells 

in the mammary gland results in spontaneous metastasis to the lungs, liver, and 

bone marrow. Additionally, metastasis to the lungs was demonstrated to occur 

two weeks after initial tumor challenge. These findings corroborate with those of 

Pulaski et al. (210, 211) who also demonstrated that 4T1 tumor cells are weakly 

immunogenic and metastasize to distant organs such as the lymph nodes, lungs, 

liver, blood and brain. 

In this study, only 25% of mice had visible metastatic nodules on the 

surface of their lungs three weeks after tumor challenge. In contrast, when 

metastasis to the lungs was evaluated using the donogenicity assay, tumor cells 

were detected in the lungs of 100% of mice examined. This finding indicates that 

3 weeks after tumor challenge, micrometastases have formed in the lungs, which 

can only be detected using the donogenicity assay. Additionally, number of 

visible lung nodules appears to remain constant beyond four weeks of tumor 
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growth, while the number of clonogenic metastatic cells increases exponentially 

with tumor burden. The most likely explanation is that although the number of 

visible nodules does not increase, their sizes do, resulting in a greater number of 

metastatic tumor cells in the lungs. 

Tumorigenicity of B7.1, IFN  ̂and antisense TGF-p gene-modified cells 

In vivo studies revealed that expression of the IFN-y and antisense TGF-p 

transgenes and not the B7.1 transgene reduced the tumorigenicity of 4T1 cells. 

The inability of B7.1 gene transfer to inhibit primary tumor growth parallels the 

findings of Pulaski et al. (211), who demonstrated that B7.1 expression by 4T1 

cells inconsistently affected primary tumor growth. However, unlike Pulaski's 

study (211) 87.1 expression did not reduce the number of lung metastasis. This 

difference could be due to the higher tumor inoculum and heterogeneous 

expression of 87.1 in the sorted population of gene-modified cells used in our 

study. Notwithstanding, our results are consistent with those of others who have 

demonstrated that whereas 87.1 gene transfer confers protection against 

immunogenic tumors, it is ineffective in eliciting an effective anti-tumor response 

against poorly immunogenic tumors (200). 

IFN-y gene modified cells (4T1-I) were shown to express surface class II 

MHC antigens and secrete IFN^. Additionally, 4T1- I tumor cells grew more 

slowly and exhibited a longer latency period than control mock-transduced tumor 

cells (4T1-N). It has been previously been demonstrated that IFN-y mediates via 
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its direct anti-proliferative effects on cells (213). However, the delayed in vivo 

growth of 4T1-I tumors compared to 4T1-N tumors was not due to inherent 

differences in growth rates, as the cells grew at the same rate in vitro. 

Unlike this study, Morecki et al. (214) demonstrated that transfer of the 

IFN-y gene into 4T1 tumor cells did not significantly inhibit tumor growth. The 

difference between the results in this study and those of Morecki et al. could 

have resulted from the disparate amounts of IFN^ produced by transduced cells 

in both studies. The IFN-y gene-transduced cells used in the studies performed 

by Morecki et al. (214) produced 90 pg/ml IFN-y- In contrast, the IFN-y gene-

modified tumor cells used in this study produced 997 pg/ml IFN-y. These 

observations suggest that the level of IFN-y production correlates with inhibited 

tumor growth. More IFN-y present in the local tumor environment would result in 

higher antigen processing and presentation by host antigen presenting cells 

(191-193) as well as recruitment and activation of tumor-infiltrating immune cells 

such as NK cells and macrophages (189,190). 

Expression of the antisense TGF-pi transgene significantly reduced the 

tumorigenicity of 4T1 cells in immunocompetent mice. Again, the inhibited 

growth of antisense TGF-p-expressing tumors was not due to a change in their 

proliferation rates as they showed in vitro similar growth rates as mock-

transduced cells. Several reports have demonstrated increased immunogenicity 

of tumor cells in which TGF-p production has been suppressed (204-207). In a 
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mesothelioma model, decreased TGF-p production resulted in decreased 

tumorigenicity in vivo (205). Additionally, using the moderately immunogenic non-

metastatic EMT6 breast cancer model. Park et al. (207) demonstrated that 

transfer of the antisense TGF-p gene decreased the tumorigenicity of these ceils 

and conferred protection against subsequent tumor challenge. Finally, in a 

gliosarcoma model, immunization with irradiated antisense TGF-p modified 9L 

cells eradicated established tumors (204). 

The inability of B7.1 gene expression to enhance anti-tumor immunity in 

poorly immunogenic tumor models has been attributed to a deficiency in antigen 

presentation or to secretion of Immunosuppressive factors by cancer cells (200). 

Attempts to determine whether the anti-tumor effects of the B7.1 transgene could 

be enhanced by IFN^ or antisense TGF-y gene expression included sequential 

transfection of 4T1-I and 4T1-asT cells with a plasmid encoding B.I under the 

control of a CMV promoter (pCDNA3.1+/B7.1/Zeo). However, when 

pcDNA3.1+/B7.1/Zeo was used to transfect 4T1-I and 4T1-asT cells, only 

transient expression of B7.1 was observed. The loss of B7.1 expression in 4T1-I 

cells could be due to the reported ability of IFN-Y to downregulate expression by 

the CMV promoter (215). Additionally, it is possible that as a stronger promoter, 

the retroviral LTR used to control expression of the IFN-y and antisense TGF-p 

transgenes competed with the CMV promoter for transcription factors (216, 217). 

Since attempts to modify tumor cells to co-express B7.1 with IFN-y or 

antisense TGF-p were unsuccessful, it was determined whether co-injection of 
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4T1-asT or 4T1-I tumor cells could enhance 4T1-B7.1 immunogenicity. For this 

purpose, naive mice were injected with a 1:1 mixture of cells containing 4T1-B7.1 

+ 4T1-asT, or 4T1-B.1 + 4T1-I. The rationale for this approach was provided by 

previous investigations which explored the effects of co-injecting a mixture of 

antisense TGF-p (218) or IFN^ gene-modified tumor cells (219) plus IL-2 

expressing cells on tumor immunogenicity. These studies demonstrated that co-

injection of both populations enhanced tumor immunogenicity (218). In this 

study, co-injection of 4T1-B7.1 with IFN-y or antisense TGF-(i-expressing 4T1 

cells did not significantly increase immunogenicity compared to that of either 

4T1-I or4T1-asT cells alone, respectively. 

These studies demonstrate that immunity is induced against tumor cells 

modified to express IFN-y and antisense TGF-p genes. To determine whether 

co-expression of IFN-y and antisense TGF-p transgenes would result in improved 

immunogenicity, tumor cells were modified to express both transgenes and 

injected into naive mice. The results showed that expression of the antisense 

TGF-p gene did not improve the immunogenicity achieved with the IFN-y gene 

alone. 
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Role of immune ceils in anti-tumor responses against IFN^y and/or 

antisense TGF-p gene-modified tumors 

Histological examination of IFN-y and antisense TGF-p gene-modified 

tumors revealed infiltration of primarily lymphocytic cells. In contrast, mock-

transduced tumors demonstrated primarily neutrophilic infiltration. 

The finding that antisense TGF-p-expressing tumors (4T1-asT and 4T1-

asTI) grew at a faster rate in mice depleted of CD4-«' or CDS-*- T cells compared 

to growth in immunocompetent mice confirmed the involvement of T lymphocytes 

in growth inhibition of 4T1-asT or 4T1-asTI tumors. The involvement of CD4+ 

and CD8+ T lymphocyte subsets in the inhibition of antisense TGF-p-expressing 

tumors (4T1-asT and 4T1-asTI) is consistent with earlier reports (204-207), in 

which antisense TGF-p gene therapy was employed to enhance anti-tumor 

immune responses. Several investigators have shown that induction of MHC 

class II expression on tumor cells endows them with the ability to present TAAs 

to CD4-«- T cells, bypassing the need for professional antigen presenting cells 

(220-221). Although IFN^ gene transfer used in this study induced MHC class II 

expression in 4T1 cells, it is unlikely that these cells acted as antigen presenting 

cells to CDA-i- T lymphocytes. This is based on the finding that unlike depletion of 

CD8-I- T cells, in vivo depletion of CD4-t- T lymphocytes did not affect tumor 

growth. This finding is not surprising because IFN-y mediated upregulation of 

MHC class II is associated with expression of the invariant chain (li) (222-224), 

which has been shown to interfere with class ll-restricted antigen presentation 
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(221). The involvement of CD8+ T cells in inhibition of 4T1-I tumor growth is 

consistent with other studies (199, 198) in which the activation of CD8+ T cells 

occurred in the absence of CD4-f T cell help. IFN-y secretion by 4T1-I cells could 

potentiate CTL responses by up-regulating MHC class 1 expression on local APC 

(182, 183, 185-187, 191-193). 

Additionally, because IFN^ is a potent activator of other immune cells 

such as macrophages and NK cells (183, 184, 186, 189, 190), it is possible that 

these cells are also involved in the anti-tumor response directed against 4T1-I 

cells. Several investigators have implicated macrophages in the anti-tumor 

response against IFN-y gene-modified tumors (186, 224). Panelli et ai. (224) 

reported reduced growth of IFN-y-expressing EMT6 mammary carcinoma cells 

compared to mock-transduced EMT6 cells in SCID mice. It is likely that 

macrophages and not NK cells are involved in tumor growth inhibition in these 

mice since 4T1-I cells are resistant to NK mediated lysis in vitro (unpublished 

observations). 

The finding that the inhibition of antisense TGF-p and/or IFN-y gene-

modified tumors was associated with increased production of IFN-y (Th1 

cytokine) by tumor-draining lymph node cells suggests a shift towards a type 1 

response during tumor growth inhibition. This observation is consistent with 

those of others who have demonstrated a relationship between Th1 cytokine 

production by tumor-specific T cells and spontaneous regression of tumors (80, 

82. 86). 



l O i  

Efficacy of gene-modified cells as tumor vaccines against primary tumor or 

residual metastatic disease 

Having shown the ability of IFN-y and antisense TGF-p genes to suppress 

the growth of gene-modified tumors, the next objective was to determine the 

effectiveness of these cells as cancer vaccines in treating established tumor or 

residual metastatic disease. To detemiine whether IFN-y and/or antisense TGF-p 

gene-modified tumor cell vaccines are able to generate an effective immune 

response against primary tumors, mice bearing parental 4T1 tumors were treated 

with irradiated gene-modified tumor cells. The results demonstrated that 

vaccination with IFN-y and/or antisense TGF-p gene-modified tumor cells 

reduced metastases to the lung and livers of tumor-bearing mice, but had no 

effect on primary tumor growth. These findings are consistent with those of 

Pulaski et al. (211, 212) who reported a reduction in metastasis but not primary 

tumor growth in animals treated with 4T1 cells transfected with MHC class II, 

B7.1 (211), and/or Staphylococcal aureus enterotoxin B genes (212). 

In this study, it was demonstrated that similar to human breast cancer, 

surgical removal of the primary tumor did not prevent animals from being 

overcome by residual metastatic disease. To determine whether surgery in 

combination with adjunct therapy would increase survival, primary tumors were 

resected and mice were vaccinated with tumor cells transduced with the 

antisense TGF-p gene only (4T1-asT), the IFN-y gene only (4T1-I) or both 

antisense TGF-p and IFN-y genes (4T1-asTI). The data demonstrate vaccination 
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with mock-transduced 4T1 ceils did not significantly improve survival. 

Additionally, adjunct therapy with 4T1-asT and 4T1-I tumor vaccines only 

modestly prolonged survival. In contrast, adjunct therapy with cells modified to 

co-express the antisense TGF-p and IFN-y genes significantly increased survival 

of animals whose primary tumors had been resected compared to untreated 

animals. 

Summary and Conclusion 

In the present study, the poorly immunogenic, highly metastatic mammary 

carcinoma, 4T1 was used to compare the anti-tumor effects of antisense TGF-p, 

IFN-Y and B7.1 gene transfer. Tumor cells modified with the antisense TGF-p, 

IFN-y and B7.1 genes expressed lower levels of TGF-p, and were induced to 

express MHC class II or B7.1, respectively. 

The data demonstrated that unlike 87.1, transfer of IFN-y and antisense 

TGF-p genes into 4T1 cells decreased tumorigenicity, with the IFN-y gene being 

more effective. However, no synergism was observed when the antisense TGF-

P and IFN-y genes were simultaneously expressed in 4T1 cells. This study also 

demonstrated that whereas the anti-tumor response induced against antisense 

TGF-p gene-modified cells was mediated by CD4+ and CD8+ T lymphocytes, the 

response against IFN^ gene-modified tumor cells was due, in part, to CD8-<- T 

cells. Additionally, the inhibition of IFN-y or antisense TGF-p gene-modified 

tumors was associated with increased IFN-y production by tumor-draining lymph 
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node cells and treatment of tumor-bearing animals with IFN-y or antisense TGF-p 

tumor cell vaccines decreased metastatic burden of tumor-bearing mice. Most 

importantly, this study showed that surgery In combination with vaccinations 

consisting of 4T1 cells expressing both antisense TGF-p and IFN-y transgenes 

was the most effective in prolonging survival. 
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APPENDIX A 

Buffers and Media 

Note; All components re per 1 Liter unless othenwise specified. 

Alpha-IO-lscove's Modified Dulbecco's Medium (a-10-IMDM) 
17.7 g IMDM (JRH Biosciences) 
3.0 g NaHCOa 
10 ml penicillin G/streptomycin sul^te 
100 ml FBS 

Complete RPMI (cRPMh 
10.4gRPMI (GibcoBRL) 
2.0 g NaHCOs 
1 ml 2-mercaptoethanol (5.6 x 10'^^ M, Gibco BRL) 
10 ml penicillin G/streptomycin 
100 ml FBS 

Freeze medium 
40% Fetal bovine serum (FBS) (JRH Biosciences) 
50% a-IMDM 
10% Dimethyl Sulfoxide (DMSO) (Fisher Scientific, Pittsburgh, PA) 

Phosphate Buffered Saline (PBS) 
8.0 g NaCI (Sigma) 
0.2 g KCI (Fisher Scientific) 
0.2 g KH2PO4 (Fisher Scientific) 
I.15 g Na2HP04 (Fisher Scientific) 

Fekete's solution 
200 ml 70% Ethanol 
20 ml 37% Formaldehyde 
10 ml glacial acetic acid 

10X Saline GM 
II.0 g dextrose 
80.0 g NaCI 
4.0 g KCI 
1.55gNa2HP04 
1.5gKH2P04 
10 ml phenol red stock (1.2 g phenol red, 0.4 NaHC02) 
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Solution VI 
15.4 MgS04 (Fisher Scientific) 
1.6 g CaCl2 (Rsher Scientific) 

Saline G 
100 ml saline GM 10X stock 
10 ml solution VI 

Collaoenase Solution 
4000 units collagenase, type IV (Worthington Biochemical Corp; Freehold, NJ) 
500 mg bovine serum albumin (BSA) (fraction V; Sigma) 
0.2 ml 2% ONase (Sigma) 
Dissolve with 20 ml cold Saline G 

PBS Azide BSA (PAB) 
5.0 g BSA 
10 ml 10% sodium azide (Sigma) 
1 LPBS 

50XTAE 
242.0 g tris base 
57.1 ml glacial acetic acid 
100 ml 0.5 M EDTA, pH 8.0 

Luria Broth (LB) (DH 7.0) 
lO.OgNaCI 
10.0 g tryptone 
5.0 g yeast extract 

Loading buffer 
0.25% bromophenol blue (Sigma) 
0.25% xylene cyanol FF (Sigma) 
30% glycerol in water (Sigma) 

SOC medium (250 ml) 
5.0 g tryptone 
1.25 g yeast extract 
0.15gNaCI 
0.05 g KCI 
245 ml H2O, pH to 7.0 
Autoclave and add the following: 
2.5 ml 2 M Mg^^ solution (1 M MgS04.1 M MgCU) 
2.5 ml 2 M glucose 
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Ketaset/Rompun® Anestetic 10X stock mixture 
6.5 ml Ketaset (100 mg/ml stock, Fort Dodge Laboratories Inc., Fort Dodge, 10) 
3.0 ml Rompun® (200 mg/ml stock, Miles Inc., Shawnee Mission, KS) 
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APPENDIX B 

Antibodies used 

Antibody description 
Unconjugated anti-B7.1 
R-Phycoerythrin (PE) Anti-rat IgG 
R-Phycoerythrin (PE) Anti-mouse H-2D*^ 
R-Phycoerythrin (PE) isotype lgG2a 
Fluorescein Isothiocyanate (FITC) Anti-IA*^ 
Fluorescein Isothiocyanate (FITC) isotype lgG2b 

rat lgG2a 
goat IgG F(ab')2 
mouse lgG2a 
mouse lgG2a 
mouse lgG2b 
mouse lgG2b 

Source 
Pharmingen 
Caltag 
Pharmingen 
Caltag 
Pharmingen 
Caltag 
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APPENDIX C 

Virions and Plasmids 
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APPENDIX D 

Tumor and organ disaggregation protocol 

Freshly isolated tumor cells were obtained by digestion of resected tumors, lungs 
or liver in a collagenase cocktail according to the following procedure; 

1. Sacrifice animals, remove tumors or organs and transfer each to a 20 ml 
beaker containing 12 ml of collagenase cocktail. 

2. Dice the tumors or organs using sterile scissors. 
3. Using a 25 ml pipette, transfer minced tumors or organs into a spinner culture 

flask. 
4. Incubate spinner culture flask at 37° C at very low speed for 1-2 h for 

disaggregation to occur. 
5. Following disaggregation, filter tumor mixture sequentially through a 380 |jm 

mesh and a 140 ^m mesh. 
6. Wash filtered tumor mixture 2x with cRPMI. Centrifuge 5-10 min at 200 x g 

after each wash. 



110 

APPENDIX E 

Giemsa staining protocol 

Colonies of 4T1 tumor cells isolated from lungs, liver and bone marrow of tumor-
bearing animals were stained with Giemsa according to the following procedure; 

1. Remove media from plates. 
2. Rinse plates once with PBS 
3. Fix colonies in 100% Ethanol for 1 min. 
4. Remove ethanol from plates. 
5. Add 1ml Giemsa stain for 1 min. 
6. Renriove Giemsa stain 
7. Gently rinse plates with distilled water and allow to air-dry 



111 

APPENDIX F 

Irradiation of tumor cells protocol 

Tumor cells were prepared for irradiaten as follows; 
1. Obtain a tumor cell suspension in a 50 ml conical tube (Becton Dickinson, 

Mountain View, CA) 
2. Centrifuge the cell suspension for 5 minutes at 200 x g. 
3. Discard the supernatant and slowly overlay the cell pellet with 0.5 cm of alO-

IMDM (see appendix A). 
4. Irradiate the cells placing the tube at 45 cm from the cobalt source with jaws 

opened at 32 x 32 cm for the length of time calculated according to the 
formula; 

exposure time (minutes) = dose (Gv) + 0.015 
cobalt decay rate (cGy/minute) x 3.68 

The cobalt decay rate varies daily and its value is issued by the Arizona Cancer 
Center Inradiation Facility, Tucson, AZ. 
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APPENDIX G 

Viability Staining Protocol 

Determination of cell viability was perfonried by staining cells with Trypan Blue 
Dye(Sigma Immunochemicals, St. Louis, MO) according to the following protocol; 

One hundred ^1 of Trypan Blue Dye was mixed with 10-100 ^1 of the cell 
suspension were then added. A 10 ^1 aliquot of the cell-dye mixture was loaded 
onto a hemocytometer (American Optical Scientific Instruments, Buffalo, NY) for 
counting under a fluorescent microscope (Cal Zeiss Inc, San Leandro, CA). 

Cell concentration was calculated according to the formula; 

cells/ml = number of cells counted x 10^ x dilution factor 
number of squares counted 

Percent cell viability was calculated according to the formula 

% cell viability = # of total viable cells x 100 
Total # of cells 
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APPENDIX H 

Statistical Analyses 

Tumor volumes and cytoKine concentrations were compared using one
way analysis of variance (ANOVA). All data sets are shown as average ± SEM. 
Kaplan-Meyer log rank tests were performed on the survival curves of untreated 
animals and on animals treated with gene-modified tumor vaccines using Prism 
software (GraphPad; San Diego, CA). For all analyses, probability values (P) of 
< 0.05 were considered to indicate significant differences between data sets. 
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APPENDIX I 

Animal approval form 
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