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ABSTRACT 

 

TGF-beta and cancer development: the role of TGF-beta in converting CD4+CD25- T cells into 

CD4+CD25+ T regulatory cells and a TβRIIDN-tk/Ganciclovir suicide system in cancer gene 

therapy 

 
Victoria Chunyan Liu 

 

Initial studies described the ability of CD4+CD25+ T regulatory (Treg) cells in suppressing 

autoimmune diseases in animal models.  An emerging interest has focused on the potential role 

of Treg cells in cancer development and progression as they have been shown to suppress anti-

tumor immunity.  In the present study, CD4+CD25- T cells cultured in conditioned medium (CM) 

derived from tumor cells RENCA or TRAMP-C2, possess characteristics as those of naturally 

occurring Treg cells.  Further investigation revealed a critical role of tumor-derived TGF-β in 

converting CD4+CD25- T cells into Treg cells, as a neutralizing antibody against TGF-β, 1D11, 

completely abrogated this conversion.  CM from a non-tumorigenic cell line, NRP-152, or 

irradiated tumor cells did not induce Treg cell conversion because they produced low levels of 

TGF-β.  We also observed a reduced tumor burden in animals receiving 1D11.  This reduction 

was associated with a decrease in Treg cell conversion.  In summary, we demonstrated that tumor 

cells can directly convert CD4+CD25- T cells to Treg cells through production of high levels of 

TGF-β, suggesting a possible mechanism through which tumors evade the immune system.   
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Blockage of TGF-β signaling in immune cells using a dominant negative TGF-β type II 

receptor (TβRIIDN) resulted in resistant to tumor challenge and the development of 

inflammatory diseases.  To resolve this issue, we incorporated the HSV-tk/ganciclovir (GCV) 

suicide system in our original approach.  In the present study, we developed the fusion gene 

TβRIIDN-tk and tested its efficacy.  In the presence of GCV, NIH3T3 cells and moue bone 

marrow cells transduced with TβRIIDN-tk showed no proliferation and were not viable, while 

vigorous proliferation was observed in cells infected with the control vector.  In addition, 

NIH3T3 cells infected with TβRIIDN-tk were insensitive to TGF-β while the control vector 

infected cells were responsive.  Taken together, the results of our studies demonstrated the 

potential of TβRIIDN-tk/GCV suicide system as a powerful tool in eradicating tumors as well as 

preventing the development of autoimmunity.  The ultimate goal of this study is to use this 

approach in human clinical trial in the treatment of cancer.   
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW  

FUNDAMENTAL TGF- ββββ BIOLOGY 

TGF-ββββ and latency 

Transforming growth factor−beta (TGF-β) was first discovered in 1981.  It was found to 

transform normal rat kidney and fibroblast cell lines to induce anchorage-independent growth, 

thus the name transforming growth factor (1, 2).  It soon became apparent that TGF-β is a 

multifunctional growth factor with a variety of biological effects involving embryonic 

development, tumorigenesis, fibrosis, wound healing, hematopoiesis, and immunoregulation (3-

5).  The name “TGF-β” is a generic name for five structurally related growth factors known as 

TGF-β1-5.  The common isoforms, TGF-β 1-3, were identified in mammalian cells, and TGF-β 

4 and 5 were found in chicken and Xenopus cells, respectively (6-9).  This family of proteins is 

highly conserved.  They are 25kD dimers comprised of two disulfide-bonded mature polypeptide 

chains (10).  TGF-β is secreted by many cell types with a broad spectrum of biological effects, 

but is primarily inhibitory in most cells (10, 11).   

 

The production of TGF-β is highly regulated.  When it is first secreted, TGF-β is usually 

in a “latent” form (11).   Latency is one of the mechanisms to regulate the growth factor activity 

by maintaining it in an inactivated form to prevent the activation before it reaches target cells.  

Since latent TGF-β is unable to bind to its receptors, the activation of latent TGF-β represents a 

critical regulation mechanism of TGF-β activities (11, 12).  TGF-β precursor, when synthesized, 
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is a dimeric protein that is later cleaved to produce a mature TGF-β during secretion.  The 

mature TGF−β is non-covalently associated with latency-associated peptide (LAP) to confer 

latency of this cytokine (11-14).  Another protein, latent TGF-β binding protein (LΤΒP), is also 

associated with the latent TGF-β complex (11, 12).  The association of LΤΒP has been shown to 

promote the proper folding of the latent TGF-β molecule (15), and may prevent latent TGF-β 

from binding to cell surface (11).   

 

Studies in epithelial and smooth muscle cells convincingly demonstrated that the 

activation of latent TGF-β is mediated by plasmin (13, 14, 16-18).  Plasmin cleaves the latent 

TGF-β at the amino-terminal glycopeptide and this cleavage causes a disruption of tertiary 

structure and non-covalent bonds, therefore activating TGF-β (14).  TGF-β can also be activated 

by thrombospondin-1 (TSP-1) through a protease-independent manner, evidently through the 

induction of a conformational change in LΤΒP which releases the active form of TGF-β (19, 20).   

Recent studies have shown that integrins play an important role in activation of latent TGF-β as 

well, apparently through the integrin-binding domain on the TGF-β (19, 20).  Finally, it has been 

reported that treatments with physical and chemical agents, including heat and acid, can activate 

latent TGF-β as well (12).   

 

TGF-ββββ Signaling Transduction  

The mechanism of TGF-β signaling to the nucleus is a fairly simple process.  It is 

mediated through its membrane receptors (Type I and II) and the family of transcription factors 
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Smad (R-Smad, Co-Smad, and I-Smad) (3, 21, 22).  TGF-β receptor I (TβRI) is kept inactive in 

the basal state by a wedge-shaped glycine- and serine-rich sequence, termed GS region, that 

blocks the kinase domain, dislocating its catalytic center (22).  As illustrated in Figure 1, when 

TGF-β binds to TGF-β receptor II (TβRII), it induces the association of TβRI and TβRII.  In this 

complex, TβRII phosphorylates the GS domain, of TβRI, thus activating this receptor (23).  

Activated TβRI then phosphorylates receptor Smads, R-Smads, such as Smad2 and 3.  The 

phosphorylation increases R-Smads affinity for common (Co-) Smads like Smad4 to form a 

complex.  The resulting Smad complex is then free to move to the nucleus to regulate gene 

expression through association with transcriptional co-activators or co-repressors (21, 22).  

Smad6 and 7 are inhibitory Smads (I-Smads) that inhibit TGF-β induced signaling transduction 

by competing binding of R-Smads to Co-Smads.  Termination of TGF-β signaling involves 

Smad ubiquitination in the nucleus followed by proteasome-mediated degradation of Smad 

proteins (22).  In addition to type I and type II receptors, TGF-β can also signal through type III 

receptor (TβRIII or betaglycan) and endoglin, which are believed to influence the availability of 

activated TGF-β to the type II receptor (24).  TβRIII binds to activated TGF-β and therefore 

regulates the availability to TβRII, while endoglin has been shown to down-regulate TGF-

β signaling on certain cell types (24).   

 

It is important to notice that although TβRII lacks the intracellular cytoplasmic tail and 

therefore the kinase activity, it is still capable of binding to TGF-β; however, it is unable to form 

a complex with TβRI.  Consequently, this truncated TβRII is unable to elicit downstream 
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signaling effects of TGF-β.  The truncated TβRII blocks TGF-β signaling and is known as a 

dominant negative TGF-β type II receptor, TβRIIDN.  TβRIIDN has been utilized in gene 

therapy experiments as demonstrated by earlier studies in our laboratory (25, 26).  In these 

studies, mice receiving either bone marrow cells (BMCs) or CD8+ T cells that had been rendered 

insensitive to TGF-β by TβRIIDN expression were able to reject tumor challenge, while control 

mice succumbed to tumors.  Both studies demonstrated the potential of TβRIIDN as a powerful 

tool in the treatment of cancer.  

 

ROLE OF TGF-ββββ IN IMMUNE REGUALTION 

 

TGF-ββββ and Immune System 

Members of TGF-β family have been extensively studied in the field of immunology due 

to their potent negative immunoregulatory effects.  Although TGF−β can sometimes stimulate 

immune cells, as in the case of macrophage activation, the overall function of TGF-β in 

regulating the immune system is negative.  In the case of T cell regulation, studies have 

demonstrated that TGF-β inhibits interleukin-2 (IL-2) production by T lymphocytes, thus 

inhibiting T cell proliferation (27).  In addition, TGF-β has been shown to inhibit the ability of 

naive CD4 and CD8 T cells to develop into mature effector T cells, TH1 or TH2 (28), and 

cytotoxic lymphocyte (CTL) respectively (29).  Furthermore, TGF-β can decrease the production 

of pore-forming protein (PFP) and Granzyme B, both critical for CTL functions (30, 31).  
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Overall, the results of these studies demonstrated a critical role of TGF-β in regulating T cell 

activation and functions.   

 

Over the past two decades, the important function of TGF-β in regulating the immune 

system has been best demonstrated in the knockout animal studies.  These studies showed that 

mice lacking TGF-β develop a rapid wasting syndrome and die by 3-4 weeks of age, despite the 

normal growth of first 2 weeks (32-34).  The presence of elevated antibody levels in sera against 

dsDNA, ssDNA, and ribonucleoproteins indicated a systemic lupus erythematosus (SLE)-like 

lymphophroliferative syndrome (35).  The massive inflammation was revealed by 

histopathological analysis in multiple organs of these mice including heart, stomach, liver, lung, 

pancreas, salivary glands, and striated muscles (32-34).  The infiltrates were identified as 

lymphocytes and macrophages.  The massive inflammatory syndromes were later characterized 

as autoimmunity (33).  In a double knockout study, TGF-β-/- MHCII -/- mice had an increased 

survival rate and decreased tissue inflammation, indicating the role of CD4+ T cells in 

inflammation of TGF-β knockout mice (36, 37).  Of note, knockout studies in mice lacking 

either TGF-β2 or TGF-β3 revealed a role of these cytokines more in the embryonic development 

(38-40).  Furthermore, transgenic studies also demonstrated the crucial role of TGF-β in 

regulating autoreactive T cells.  In these studies, a conditionally expressed dominant negative 

TGF-β type II receptor was used to block the TGF-β signaling specially in T cell compartment.  

The results from these studies showed spontaneous differentiation of most T cells in these 

transgenic mice to a CD44+ memory-like phenotype (41, 42).  These mice eventually developed 

inflammation of lung and GI tract about 6 months of age, suggesting a role for TGF-β signaling 
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in suppressing autoimmunity, particularly in TH cells.  Taken together, these in vivo studies have 

demonstrated a critical role of TGF-β in regulating the immune system.   

 

The role of TGF−β in regulating macrophage functions has been shown to be both 

stimulatory and inhibitory (5).  Earlier studies have demonstrated that TGF−β is a potent 

chemoattractant for human blood monocytes and it can activate the phagocytic activity of 

macrophages (5, 43).  In addition, TGF-β stimulates mononuclear cells to produce interleukin 1 

(IL-1) which in turn attracts more mononuclear cells (5, 43).  Furthermore, the phagocytic activity of 

macrophages is also activated by TGF−β (5).  However, TGF−β can also deactivate macrophages by 

suppressing the production of nitric oxide (NO) and reactive oxygen intermediates (44, 45), and 

therefore decrease macrophage killing ability in parasitic infections (46).  The deactivation of 

macrophages by TGF−β is significant in that macrophages have been shown to have anti-tumor 

activities both in vitro and in vivo (47-51).  Taken in sum, these studies have established the critical 

role of TGF−β as a potent negative regulator of the immune system.  

 

ROLE OF TGF-ββββ IN CANCER  

 

TGF-ββββ and Cancer 

The relationship between TGF-β signaling pathway and cancer cells is complex owing to 

the seemingly contradictory fact that TGF-β is suppressive at the early state of tumor 

development, yet it promotes tumor progression during the later malignant state (52, 53).  

Overall, functions of TGF-β are suppressive to cell growth.  Therefore, the TGF-β signaling 
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pathway is expected to provide protection against malignant transformation.  Indeed, animal 

studies have shown TGF-β as a tumor suppressor.  Transgenic mice producing a constitutively 

active form of TGF-β1 were shown to be resistant to 7,12-dimethylbenz[a]anthracene (DMBA)-

induced mammary tumor formation (54).  Conversely, TGF-β1 null mouse embryos have been 

shown to be highly susceptible to malignant conversion by v-rasHa oncogene (55).  Moreover, 

heterozygous (TGF-β+/-) animals were more prone to develop malignant lung and mammary 

tumors or pituitary adenomas than the wild-type (TGF-β+/+) animals (56, 57).  These studies have 

established the role of TGF-β as a tumor suppressor gene during the early state of tumor 

development.  

 

During the late malignant state, TGF-β promotes the tumor progression.  This is because 

many types of tumors have mutations in ΤβRI and ΤβRII genes, as seen in prostatic carcinoma 

cell line, pancreatic and biliary carcinomas, and breast carcinomas (52).  Therefore the tumors 

lose the sensitivity to TGF-β-induced cell growth inhibition (52).  Furthermore, it has been 

shown in ample examples that most tumor cells produce high levels of TGF-β, including brain 

tumors (58), head and neck tumors (59), lung cancer (60), breast cancer (56), digestive tract 

organ malignancies (61), and prostate cancer (62).  The high levels of tumor-derived TGF-β can 

impair immune responses against tumor cells, therefore conferring a growth advantage to tumors.  
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TGF-ββββ and Tumor Evasion of the Immune System 

Tumor cells evade the immune system through various mechanisms, which can be 

generally summarized in three categories: down regulation of tumor associated antigens (TAAs), 

tumor-derived soluble factors to modulate the immune response, and functional impairment of 

immune cells in the tumor microenvironment (63, 64).  Major histocompatibility complex 

(MHC) molecules are often down regulated in many types of tumors because they are crucial in 

antigen presentation and T cell priming and activation (65-68).  Besides MHC molecules, 

transport associated peptide (TAP), which is a critical component of antigen presentation in the 

class I pathway, is also down regulated in some types of tumors (69-72).  Among TAAs, 

decreased expression of gp100 and MART-1 were shown to be associated with tumor 

progression (73, 74).  The down regulation of these molecules on the tumor cell surface could 

render immune cells ineffective against tumors and this is a concern in immunotherapy that 

targeted against single TAA.   

 

Secreting soluble factors that negatively regulate the immune system such as TGF-β and 

IL-10 is another mechanism through which tumor cells evade the immune system.  These soluble 

factors serve as broad spectrum immunosuppressants that modulate the anti-tumor immunity (63, 

75).  Many types of tumors have been shown to produce high levels of TGF-β (58-62).  As it has 

been well established, TGF-β is a potent immunosuppressant (5).  Consequently, high 

concentrations of TGF-β could create a favorable microenvironment for tumor growth by 

suppressing immune responses.  For instance, high concentrations of tumor-produced TGF-

β could make a “firewall” surrounding the tumor.  As a result, immune responses against tumor 
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cells, such as those of T lymphocytes and macrophages, would be significantly down-regulated 

by high levels of TGF-β in the tumor microenvironment, thus conferring a growth advantage to 

tumor cells (Fig. 2).   

 

Lastly, tumor cells can impair T cell function by various mechanisms.  Lack of B7 co-

stimulatory molecules on tumor cell surface renders T cells anergic (76, 77), while expression of 

Fas ligand (FasL) on tumor cells triggers apoptosis in T cells (78, 79).  Recently, the presence of 

CD4+CD25+ T regulatory cells has been reported in the tumor microenvironment and the 

presence of such T cells is correlated with poor prognosis in patients (80).  The regulation of T 

regulatory cells in the tumor microenvironment is further discussed in the following session.  In 

summary, ample evidence has suggested that the immune system is capable of eradicating 

tumors given favorable conditions to break the tolerance that is induced by tumor cells.  The 

challenge, however, is how to fine-tune the immune system to generate effective responses 

against tumors as well as prevent the development of autoimmunity after the eradication of 

tumors.   

 

CD4+CD25+ T REGULATORY CELL BIOLOGY 

 

CD4+CD25+ T regulatory cells 

CD4+CD25+ T regulatory (Treg) cells are a unique lineage of T cell populations that exert 

their ability to regulate immune responses by suppressing CD4+CD25- T cells proliferation.  

Their role in protecting animals against autoimmune diseases has been well established (81, 82).  
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Study of regulatory T cells started in the early 1970s.  It was first proposed by Gershon that T 

lymphocytes could function as helper cells as well as regulatory cells to suppress immune 

responses (83-86).  It was a prevailing idea from the 1970s to the 1980s that Treg cells were a 

specialized lineage of T cells that exerted their suppressive ability on other T cell proliferation by 

secreting antigen-specific factors (84-86).  However, the failure to identify such factors led to the 

demise of the entire field.  Not until the mid-1990s did this field find its way back to become one 

of the hottest areas of study (84-86).  The comeback of this field is attributed to studies 

conducted by Sakaguchi et al, which showed that fewer than 10% of CD4+ T cells co-expressing 

interleukin-2 receptor (IL-2-R) α-chain (CD25) were crucial for control of autoimmunity in vivo 

(87, 88).  Following these studies, several other groups have also shown the importance of 

CD4+CD25+ Treg cells in autoimmunity development in vivo as well as their characteristics being 

both hyporesponsive and suppressive (84-86).  Today, it has been well established that 

CD4+CD25+ Treg cells are a major player in regulation of the immune system to prevent 

autoimmunity by suppressing harmful autoreactive immune cells.   

 

Recently, emerging interest has focused on the association between Treg cells and cancer 

development.  Treg cells have been shown to suppress immune responses against tumors and 

depletion of these T cells in vivo enhances anti-tumor immunity and facilitates tumor rejection 

(89-92).  The relationship between CD4+CD25+ Treg cells and cancer development will be 

discussed more in detail in the following session.   
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ROLE OF CD4+CD25+ T REGULATORY CELLS IN CANCER DEVELOPMENT 

 

CD4+CD25+ T regulatory cells and cancer 

A key aspect of tumor immunology is immune surveillance in the tumor-bearing host.  It 

has been almost half a century since the concept of “immune surveillance” was first proposed by 

Burnet (93).  This hypothesis has been debated and tested over the years.  Despite the ability to 

generate immune reactivity against tumor antigens, the immune surveillance program can be 

overpowered by tumors with eventual tumor progression (94-97).  Tumor-infiltrating 

lymphocytes (TILs) were identified in both human and murine tumors and were shown to 

recognize and reject tumor cells in immunotherapy (96, 98).  Despite their ability to infiltrate 

into tumor sites, the presence of TILs is not always beneficial.  Although a better prognosis in 

patients with elevated TILs has been observed in several studies, the mere presence of TILs is 

insufficient to reject tumors (99-101).   Rather, the type of infiltrating cells is the essential factor 

in tumor rejection (80, 102-105).  Numerous studies have shown that CD4+ helper T cells and 

CD8+ cytotoxic T lymphocytes (CTL) are beneficial in anti-tumor immunity whereas the 

presence of CD4+CD25+ Treg cells is detrimental as the presence of Treg cells is associated with a 

reduced survival rate in patients (80, 102-105).   

 

The majority of earlier studies focused on the ability of CD4+CD25+ Treg cells to suppress 

autoimmune diseases in animal models (84-86).  Recently, however, studies have been 

concentrated on the association between CD4+CD25+ Treg cells and cancer development.  Treg 

cells have been shown to suppress immune responses against tumors.  Depletion of CD4+CD25+ 
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Treg cells in vivo enhances anti-tumor immunity and facilitates tumor rejection (90, 92, 106, 107).  

Moreover, Treg cells can suppress activation and proliferation of CD4+ T cells and NK cells as 

well as CD8+ T cells (108).  

 

CD4+CD25+ Treg cells inhibit target cells through a wide range of cytotoxic cytokines.  In 

addition to expressing TGF-β, these cells produce interleukin-10 (IL-10), T lymphocyte-

associated antigen-4 (CTLA-4), glucocorticoid induced TNF receptor (GITR) and Foxp3 

transcription factor (109-111).  Interestingly, TGF−β plays a critical role in mediating the 

function of these CD4+CD25+ Treg cells (112).  When activated by the T-cell receptor (TCR) and 

stimulated by TGF-β, CD4+CD25- T cells transform into CD4+CD25+ T suppressor cells (111, 

113).   Since tumor cells are a rich source of TGF-β, it is reasonable to speculate that 

CD4+CD25+ Treg cells are present in the tumor site as shown in many studies, thus implementing 

tumor-mediated immune suppression (80, 104).   

 

There are at least two subsets of Treg cells.  One subset, known as naturally occurring Treg 

cells, develops during the normal process of T cell maturation in the thymus.  The other subset 

develops as a consequence of activation of mature T cells under particular conditions in the 

periphery (92, 114).  The negative regulatory role of Treg cells has been amply demonstrated, 

suggesting that the presence of Treg cells in the tumor microenvironment could indeed promote, 

instead of suppressing, tumor progression by inhibiting anti-tumor immunity (104, 105, 107, 

115).  However, the origin of these Treg cells in the tumor sites remains elusive. It is unknown 

whether they are naturally occurring Treg cells that are recruited to the tumor sites or whether 
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they arrive at tumor sites originally as CD4+ T helper cells that are later converted to Treg cells in 

the tumor microenvironment.  Since the presence of Treg cells in the tumor sites is associated 

with poor prognosis in patients, identification of the origin of these cells will provide valuable 

information in treatment of cancer.  The present study explored the possible origin of such 

CD4+CD25+ Treg cells present in tumor masses and provided evidence of the importance of 

tumor-derived TGF-β and its role in Treg cell conversion in the tumor microenvironment  

 

TGF-ββββ AND CANCER GENE THERAPY 

 

Several current approaches to cancer gene therapy focus on identification of tumor-

specific antigens and the cytolytic T cells specific for these antigens (116).  When such antigens 

are defined, therapeutic approaches could use these antigens as a target (117-119).  In cases 

where the antigen for a particular tumor has not been identified, tumor associated immune cells 

were manipulated for adoptive transfer with various degrees of success (120).  Given the fact that 

tumor cells produce high levels of TGF-β to evade the immune surveillance, theoretically, if 

TGF-β is removed from the tumor cells, their growth should be inhibited by the host immune 

system. Alternatively, one could render the host immune cells insensitive to TGF-β allowing 

them to eradicate tumor cells.  Both approaches have been confirmed by the earlier studies in our 

laboratory (26, 121, 122).  

 

One such study conducted by Shah et al has demonstrated that TGF-β insensitive 

immune cells can boost host immune function and eradicate tumor cells (26).  BMCs from donor 
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mice were rendered insensitive to TGF-β via retroviral expression of a dominant negative 

TGF−β receptor II (TβRIIDN) construct and were transplanted in irradiated recipient mice prior 

to tumor challenge.  Following intravenous administration of 5 x 105 B16-F10 murine melanoma 

cells into ΤβRIIDN-ΒΜC transplanted recipients, survival at 45 days was 70% (7/10) vs. 0% 

(0/10) for vector-control treated mice.  Surviving TβRIIDN-BMC mice showed a virtual absence 

of metastatic lesions in the lung. The study also investigated the utility of the TGF-β insensitive 

bone marrow cells in a mouse metastatic model of prostate cancer, TRAMP-C2.  Treatment of 

male mice with ΤβRIIDN-BMC resulted in survival of 80% (4/5) of recipients vs. 0% (0/5) in 

GFP-BMC recipients or wild-type controls.  These results suggest that a gene therapy approach 

inducing TGF-β insensitivity in immune cells may be a viable anti-cancer strategy.  However, 

recipient animals treated by this approach eventually developed widespread multi-organ 

inflammatory conditions, suggesting autoimmune disease.  This finding confirmed the 

hypothesis that, if the host immune cells are rendered insensitive to TGF-β, these immune cells 

would be able to eliminate tumor cells.  These results are highly encouraging, as there is a 

possibility that this approach will be able to achieve a cure for cancer.   

 

The ΤβRIIDN-transduced BMCs led to the myeloid expansion, primarily 

monocytes/macrophages, and inflammatory diseases associated with cachexia and mortality 

(122).  The ΤβRIIDN mice appeared to be normal for about 1-2 months after bone marrow 

transplant, but began to exhibit a progressive cachexic phenotype at time points between 2-3 

months, including ruffled fur, hunched posture, and dramatic weight loss of nearly 50% 
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compared to the littermate GFP control. The mortality of ΤβRIIDN mice was significantly 

increased compared to that of the control mice.  H&E staining of lung sections revealed 

perivascular mononuclear and polymorphonuclear inflammatory infiltrate as well as disruption 

of normal alveolar architecture.      

 

Surprisingly, T cell expansion was not observed in these recipient mice in contrast to the 

expansion observed in myeloid cells; however, most of the T cells were differentiated to memory 

phenotype.  These results indicated that TGF-β acts as a negative regulator of the immune 

system, and the lack of TGF-β signaling leads to proliferation in myeloid cells and inflammatory 

diseases.   

 

The above results are very encouraging in the field of cancer gene therapy and they might 

provide a possible cure for cancer.  However, as it has been pointed out in other studies that 

blocked TGF-β signaling, the development of the autoimmunity presents a huge drawback of this 

approach (26, 33, 122).  To resolve this issue, a regulated gene expression system could be 

incorporated into this approach, such as the Tet-on/off system and HSV-tk/GCV suicide system.   

The ultimate goal in the present study is to develop a TGF-β-based gene therapy employing the 

HSV-tk/GCV suicide system.  In this system, ΤβRIIDN gene is fused to the HSV-tk gene that 

could eliminate the cells expressing ΤβRIIDN-tk by GCV treatment.  The incorporation of the 

HSV-tk/GCV suicide system into the original approach should provide a possible way to 

eradicate tumor cells and eliminate the inflammation/autoimmunity developed in the ΤβRIIDN 

mice observed in the original studies.   
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HSV-TK/GCV SUICIDE SYSTEM 

 

The potential of Herpes Simplex Virus thymidine Kinase (HSV-tk) in gene therapy to 

treat cancer was first described by Federic Moolten in 1998 (123).  Since then this suicide system 

has been widely used in the gene therapy field, especially in the treatment of cancer (124-127).  

Ganciclovir (GCV) is an acyclic analog of the natural nucleoside 2’-dexoyguanosine and is an 

anti-viral agent used to treat human viral infections, such as cytomegalovirus, herpes simplex 

viruses, and Epstein−barr virus (128).  In the HSV-tk/GCV suicide system, HSV-tk 

phosphorylates GCV to produce GCV triphosphate, which is a potent toxic metabolite for cells 

(Fig. 33, 129).  Neither GCV nor HSV-tk alone is harmful to cells.  Hence, this conditional effect 

is desirable in gene therapy in treating cancer due to the specificity.  In fact, the most commonly 

used clinical models for gene therapy involve transduction of the HSV-tk gene to tumor cells, 

followed by GCV treatment (130, 131).   

 

The mechanisms of HSV-tk/GCV-mediated cell killing are thought to be through both 

apoptotic and non-apoptotic pathways.  In the apoptotic pathway, BCL-2 is involved in the cell 

killing (133).  BCL-2 is an anti-apoptotic molecule, and the expression of this molecule inhibited 

the bystander cell death  (133).  In the non-apoptotic pathway, cell killing is associated with 

induction of heat-shock protein 70 (hsp70) (132).  A powerful potential in the treatment of 

cancer using the HSV-tk/GCV suicide system is the bystander effect (BE).  It was observed cells 

expressing the HSV-tk gene and treated with GCV could induce the sensitivity to neighboring 

non-transduced cells (127).  In the in vitro studies, it has been shown that 10% of cells 
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expressing HSV-tk could lead to 100% of cell death.  Moreover, this bystander effect was 

validated in the in vivo studies.  Treatment of GCV to 10-50% of cells expressing HSV-tk 

resulted in 100% of cell death and complete tumor regression (134-136).  The mechanisms that 

mediate bystander effect killing of the neighboring cells are thought to be via gap junctions (131, 

137).    

 

In addition to the application in cancer treatment, the HSV-tk/GCV suicide system has 

been used to deplete specific cell populations by various investigators (138, 139).  In our 

laboratory, we proposed to use this system to conditionally deplete TGF-β insensitive BMCs in 

recipient mice when it is necessary to eliminate the transferred TGF-β insensitive BMCs in order 

to prevent the development of autoimmunity in these mice.   
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CHAPTER II 

MATERIALS AND METHODS 

Mice and cell lines 

Male C57BL/6 and Balb/c mice (6-8 weeks of age, Harlan Indianapolis, IN) were maintained in 

pathogen-free facilities at the Center for Comparative Medicine at Northwestern University 

Feinberg School of Medicine in accordance with established guidelines of the Animal Care and 

Use Committee of Northwestern University.  The mouse prostate tumor TRAMP-C2 cells were 

cultured in RPMI 1640 medium supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

Penicillin/Streptomycin (Invitrogen, Carlsbad, CA).  The mouse renal cell carcinoma RENCA 

cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/Streptomycin.  

The NRP-152 cells are non-tumorigenic rat prostate epithelium cells and were cultured in 

DMEM supplemented with 10% FBS, 1% Penicillin/Streptomycin, 5 µg/ml insulin, and 0.1 µM 

dexamethasone.  All cells were kept at 37°C/5% CO2. 

 

Isolation of CD4+CD25+ and CD4+CD25- T cells 

For studies with conditioned medium (CM), CD4+CD25- and CD4+CD25+ T cells from adult 

mouse spleens were isolated using a Mouse CD4+CD25+ T Regulatory Cell Isolation Kit 

according to manufacturer’s instructions (Miltenyi Biotech, Auburn, CA).  For co-culturing 

studies, T cells were stained with rat anti-mouse CD4 and CD25 monoclonal Abs (BD 

PharMingen, San Jose, CA) after co-culturing with TRAMP-C2 or NRP-152 cells for 7 day and 

sorted on a FACS sorter into CD4+CD25+ and CD4+CD25- T cell populations.  All purified T 

cells had a purity of ≥ 90% as determined by FACS.   
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Co-culture of TRAMP-C2 or NRP-152 cells with CD4+CD25- T cells 

CD4+CD25- T cells (4 x106) were isolated  from the spleen of adult C57BL/6 mice (Miltenyi 

Biotech) and cultured with TRAMP-C2 or NRP-152 cells (2x106) in the presence of 1 µg/ml rat 

anti-mouse anti-CD3 mAb (BD PharMingen) and 3,000 rad-irradiated, T cell-depleted 

splenocytes (1x107) as antigen-presenting cells (APCs) for 7 days with replacing of TRAMP-C2 

or NRP-152 cells every 2 days.  T cells cultured in T cell medium with an anti-CD3 Ab and 

APCs were used as a control.  After the end of the 7-day culture, cells were sorted on a FACS 

sorter according to the cell surface CD25 expression into CD4+CD25+ and CD4+CD25- T cell 

populations.  To determine the rate of conversion, isolated CD4+CD25- T cells were co-cultured 

with TRAMP-C2 as described above for 5 days.  T cells were collected each day and stained for 

CD4 and CD25 expression levels with Abs against CD4 and CD25 (BD PharMingen) and 

analyzed by FACS.  The effect of number of TRAMP-C2 cells on conversion was determined by 

co-culturing TRAMP-C2 cells and isolated CD4+CD25- T cells at different ratios (0:1, 0.25:1, 

0.5:1, 0.75:1, and 1:1) for 5 days.  At the end point, T cells were collected and stained for cell 

surface expression levels of CD4 and CD25 (BD PharMingen) and analyzed by FACS.   

 

Culture of CD4+CD25- T cells with CM 

Isolated CD4+CD25- T cells (1 x 106/well in a 24-well plate, Miltenyi Biotech) were cultured 

either in complete T cell medium (RPMI supplemented with 10% FBS, 1% 

Penicillin/Streptomycin, 10 mM HEPES buffer, 10 mM Non-essential Amino Acids, 1 mM 

sodium pyruvate, 4 mM L-glutamine, and 0.05 mM β-mercaptoethanol) or in CM collected from 

a 3-day culture of RENCA, TRAMP-C2, NRP-152, or 20,000 rad-irradiated TRAMP-C2 cells in 
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the presence of 1 µg/ml plate-bound anti-CD3 and 2 µg/ml soluble anti-CD28 Abs (BD 

PharMingen) for 5 days.  T cells cultured in T cell medium were used as a control.  In some 

cases, a neutralizing Ab against TGF-β, 1D11, (100 µg/ml, Genzyme) was added to CM to block 

TGF-β signaling. To determine the concentration of CM on conversion of CD4+CD25- to 

CD4+CD25+ T cells, 0.01, 0.1, 0.2, 0.5, 0.9 ml of TRAMP-C2 CM was added to T cell medium 

in a final volume of 1 ml and isolated CD4+CD25- T cells were cultured in diluted CM for 5 days 

as described above.  Five days later, T cells were collected and stained for cell surface CD4 and 

CD25 expression levels (BD PharMingen) and analyzed by FACS.   

 

Foxp3 RT-PCR 

To detect Foxp3 expression, total RNA was extracted from T cells cultured under various 

conditions using a QiaEasy RNA Isolation kit (Qiagen, Valencia, CA).  Two-step RT-PCR was 

performed by first reverse transcribing RNA to cDNA using a First Strand DNA Synthesis Kit 

(Invitrogen), and then PCR was carried out using Foxp3-specific primers as described previously 

(111).  For the methylation studies, isolated CD4+CD25- T cells were cultured at 1 x 106/well in 

a 24-well plate with 1 µg/ml plate-bound anti CD3 and 2 µg/ml soluble CD28 Abs (BD 

PharMingen) for 4 days with following treatments: 10 ng/ml TGF-β, 50 µM methylation 

inhibitor 5-Aza-2'-deoxycytidine (5-Aza, Sigma), or 50 µM ERK inhibitor U0126 (Sigma).  For 

2 day treatment, T cells were cultured with anti-CD3 and CD28 Abs for 2 days as above and 5-

Aza and U0126 were added for an additional 48 hours.  Two-step RT-PCR was performed as 

above to examine Foxp3 expression levels.   
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Intracellular Detection of Foxp3  

To detect Foxp3 protein levels, T cells were stained using a Foxp3-specific mAb according to the 

manufacturer’s instructions (eBioscience, San Diego, CA).  Briefly, cells were fixed and 

permeablized in Fix/Perm Buffer and incubated overnight in the dark at 4oC. The next day an Fc 

Block (BD PharMingen) was used to block the non-specific binding before adding Fopx3 Ab, 

and cells were incubated in the dark at 4oC for 30 minutes.  A rat IgG2a-FITC Ab was used as an 

isotype control.  Cells were then washed and analyzed by FACS.   

 

ELISA  

Isolated CD4+CD25- T cells were cultured with or without TRAMP-C2 CM.  Five days later they 

were collected, washed extensively, plated at a density of 1 x 105/well in a U-bottom 96-well 

plate, and re-stimulated with 1 µg/ml plate-bound anti-CD3 and 2 µg/ml soluble anti-CD28 Abs 

(BD PharMingen) for 48 hours (for IL-2 and IL-10 assays) or 72 hours (TGF-β assay).  ELISA 

assays were performed to measure the cytokine levels in the cell-free supernatants according to 

manufacturers’ instructions (IL-2, IL-10 ELISA, Biosource, Camarillo, CA; TGF-β ELISA, 

R&D System, Minneapolis, MN).  For TGF-β ELISA, serum-free medium was used.  To 

measure TGF-β production in CM of various cell lines, all cells were plated at a density of 1 x 

106/T-25 flask and cultured in serum free medium for 48 hours.  Cell-free supernatant was 

collected and TGF-β production was measured using a TGF-β ELISA kit according to the 

manufacturer’s instructions (R&D Systems).  To detect TGF-β production in CM from irradiated 

TRAMP-C2 cells, TRAMP-C2 cells were irradiated (20,000 rads) and cultured in serum free 

medium (lacking 10% FBS) for 48 hours and CM was collected for TGF-β ELISA.   
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T cell suppression assay  

T cells (5 x 104) from various culture conditions were cultured with freshly-isolated CD4+CD25- 

T cells (5 x 104 or 1.5 x 104) from spleens of wild-type mice  in the presence of 0.5 µg/ml an 

anti-CD3 Ab (BD PharMingen) and 3,000 rad-irradiated, T cell-depleted splenocytes (5 x 104) 

for 72 hours in a 96-well U-bottom plate.  During the last 6 -18 hours, 1 µCi/well [3H]thymidine 

(Amersham Bioscience, Piscataway, NJ) was added to the culture.  Cells were harvested and 

counted in a scintillation counter.  For the titration assay, CD4+CD25- T cells were cultured with 

TRAMP-C2 CM for 5 days.  Five days later T cells were collected and cultured at various 

concentrations with CD4+CD25- T cells (5 x 104) for suppression assays.  For the in vivo study, 

1.5 x 104/well CD4+CD25+ T cells isolated from lung tissues were used. 

 

Immunofluorescence Staining of Mouse Lung Tissues  

C57BL/6 mice were injected intravenously via tail vein with 1 x106 TRAMP-C2 cells.  Thirty 

days later animals were sacrificed and lung tissues were fixed in formalin and cut into 4 µm 

sections for immunofluorescence staining.  CD4-FITC, CD25-PE (1:100 dilution, BD 

PharMingen), and Foxp3 (1:100 dilution, eBioscience) were used for the histological staining.  

For TGF-β staining, a 1D11 Ab was used as the primary Ab (1:100 dilution, Genzyme) and a 

goat-anti-mouse Texas Red (TR) Ab was used as the secondary Ab (1:400 dilution, Santa Cruz).  

Nuclei were counterstained with Hoechst 33342 dye (Sigma, St. Louis, MO).  Sections were 

viewed under a confocal microscope.   
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Tumor induction and treatment with 1D11 

Balb/c mice were injected with 1 x 106 RENCA cells intravenously via the tail vein.  Five mice 

received a neutralizing Ab against TGF-β, 1D11, and 5 mice received control IgG Ab 13C4 

(Genzyme) at a loading dose of 100 mg/kg intraperitoneally at the day of the injection and 5 

mice received no treatment.  The experimental and control groups received 1D11 and 13C4, 

respectively, every 3 days at a dose of 50 mg/kg over a course of 30 day experiment.  Mice were 

sacrificed at day 30 and lung tissues were fixed with formalin and cut into 4 µm sections for 

Hemotoxin and Eosin (H&E) and immunofluorescence staining.  Tumor burden was evaluated 

by counting numbers of tumor metastases of H&E stained lung tissue sections of each animal.   

 

CD4+CD25+ T cell isolation from lung tissues 

Balb/c mice were challenged with RENCA cells and treated with or without 1D11 or 13C4 as 

described above.  At the end of the experiment, lung tissues from each animal were digested with 

150 U/ml Collagenase (Sigma) for 1 hr at 37oC.  After digestion, lung tissues were cut into small 

pieces and single cell suspensions were obtained and filtered through 70 µm and 40 µm cell 

strainers (VWR, West Chester, PA).  Lymphocytes were separated using Percoll (Amersham 

Bioscience).  Briefly, cells were pooled from animals in the same group and resuspended in 8 ml 

40% Percoll and loaded onto 3 ml of 70% Percoll in a 15 ml centrifuge tube.  Tubes were spun at 

2,500 rpm for 20 min at room temperature and the interface (lymphocytes) was removed using a 

3 ml syringe with a 20 gauge needle.  Cells were washed 3 times with PBS to remove the 

Percoll.  CD4+CD25+ T cells were isolated from enriched lung lymphocytes using MACS 
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(Miltenyi Biotech) according to the manufacturer’s instructions.  The purity of isolated cell 

populations was ≥ 90% as determined by FACS. 

 

Construct of ΤβΤβΤβΤβRIIDN-tk and Trans-tk 

ΤβRIIDN-tk construct was kindly provided by Dr. Isaac Kim.  This construct is a fusion gene 

made of ΤβRIIDN and HSV-tk.  The control construct of this vector is Trans-tk and it was 

designed by eliminating the extracellular domain of ΤβRIIDN-tk so that only transmembrane 

domain and HSV-tk remain.  To construct this control vector, specific primers flanking 

transmembrane domain and HSV-tk were designed to generate XhoI and EcoRI restriction 

enzyme sites and PCR was performed to amplify the fragment.  The resulting fragment is called 

Trans-tk and was inserted into the MSCV-GFP vector at XhoI/EcoRI sites to generate Trans-tk 

construct.  The primers used to amply the Trans-tk fragment are: 5’-CCT GAC CTC GAG ATG 

TTG TTG CTA GTC ATA TTT-3’ (forward) and 5’-ATT AAC GAA TTC TCA GTT AGC 

CTC CCC CAT-3’ (reverse).  

 

RT-PCR for HSV-tk Gene Expression 

NIH3T3 cells and BMCs from C57Bl/6 mice were infected with ΤβRIIDN-tk and Trans-tk as 

described previously (26).  After infection total RNA was isolated using QiaEasy RNA Isolation 

kit (Qiagen, Valencia, CA).  Two-step RT-PCR was performed by firstly reverse transcribing 

RNA to cDNA using a First Strand DNA Synthesis Kit (Invitrogen, Carlsbad, CA), and then 

PCR was carried out using HSV-tk-specific primers as described (140).   
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Trypan Blue Cell Viability Assay 

Wild-type NIH3T3 and NIH3T3 infected with ΤβRIIDN-tk and Trans-tk were treated with 10 

µg/ml ganciclovir (GCV) for 3 days.  Three days later cells were stained with Trypan blue and 

counted under a hemacytometer.  Trypan blue stains the dead or dying cells whereas live cells 

repel the dye and are not stained.  Both live and dead cells were counted and percent of viable 

cells were calculated using the following formula: % of viable cells = (No. of live cells)/(No. of 

live cells + No. of dead cells)*100%.   

 

Thymidine Incorporation Assay  

Wild-type NIH3T3 or BMCs and NIH3T3 or BMC infected with ΤβRIIDN-tk and Trans-tk (5 x 

104/well) were treated with or without 10 µg/ml GCV for 72 days in a 96-well plate.  One 

µCi/well [3H]thymidine (Amersham Bioscience) was added to the culture at the last 6-18 hours.  

Cells were harvested and counted in a scintillation counter.   

 

PAI-1/Luciferase Assay 

TGF−β increases Plasminogen Activator Inhibitor-1 (PAI-1) expression.  Therefore, when PAI-1 

promoter is fused to the Luciferase gene, luciferase activity indicates the extent of TGF−β 

signaling (54, 55).  Wild-type NIH3T3 and NIH3T3 infected with ΤβRIIDN-tk and Trans-tk 

were transfected with PAI-1/Luciferase and Renilla/Luciferase for 12 hours using Lipofectamine 

(Invitrogen, Carslbad, CA).  After transfection, cells were treated with or without10 ng/ml 

TGF−β for 20 hours, and luciferase activity was measured using Dual-Luciferase Report Assay 
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according to the manufacturer’s instructions with an illuminometer (Protégé, Madison, WI).  

PAI-1 promoter/luciferase activity was calculated by normalizing to Renilla luciferase activity. 

 

Real-time RT-PCR for DNMT1, DNMT3a, and DNMT3b 

Isolated CD4+CD25- T cells were cultured at 1 x 106/well in a 24-well plate with 1 µg/ml plate-

bound anti CD3 and 2 µg/ml soluble CD28 Abs (BD PharMingen) for 4 days with following 

treatments: 10 ng/ml TGF-β, 50 µM 5-Aza (Sigma), and 50 µM U0126 (Sigma).  At the end of 

the experiment, total RNA was extracted and an equal amount (1 µg) of RNA was used to 

generate cDNA using a First Strand DNA Synthesis Kit (Invitrogen).  Real-time PCR was 

performed using primers specific for mouse DNMT1, DNMT3a, and DNMT3b as described 

(141).   

 

Statistical Analysis 

Mean ± SD are given.  For comparison of groups the one-way ANOVA with post test 

comparison was performed and a p < 0.05 was considered significant.   
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CHAPTER III   

RESULTS 

PROJECT I  CD4+CD25+ T REGULATORY CELLS AND CANCER DEVELOPMENT 

TUMOR CELL INDUCTION OF CD4 +CD25+ T REGULATORY CELLS FROM 

CD4+CD25- T CELLS 

 

Presence of CD4+CD25+Foxp3+T cells in tumor masses 

Since Woo and colleagues (142) observed an increased number of Treg cells in peripheral 

blood in patients with non-small cell lung tumor than in the normal donors in 2001, there have 

been numerous studies that reported a high frequency of Treg cells in peripheral blood in various 

human cancers (104, 107, 143, 144).  A recent study by Curiel et al reported the presence of 

CD4+CD25+, Foxp3+CD3+ T cells in human ovarian carcinoma (80).  These interesting 

observations lead to many questions: Why do CD4+CD25+ Treg cells preferentially accumulate in 

the tumor mass?  Do they home to tumor sites or are they generated in the tumor 

microenvironment?  To understand more about this phenomenon and to explore a potential 

connection between tumor cells and CD4+CD25+ Treg cells, we used a mouse prostate cancer cell 

line, TRAMP-C2, in the present study.  In this model, C57BL/6 mice were injected with 1 x 106 

TRAMP-C2 cells intravenously (i.v.) through tail vein and 30 days later the mice were 

sacrificed.  To examine whether CD4+CD25+ T cells are also present in TRAMP-C2 tumors, 

lung tissues from mice receiving TRAMP-C2 were used for immunofluorescence studies.  Since 

naturally occurring CD4+CD25+ Treg cells constitutively express CD25 on their cell surface, the 

presence of CD4+CD25+ T cells was examined in the lung tissues.  Not surprisingly, CD4+CD25+ 



 
 
 

37 

T cells were detected in the metastatic tumor sites in lung tissues from these mice, in agreement 

with the above-mentioned observations by other investigators (Fig. 3).  While such cells were 

observed at the tumor parenchyma, they were non-detectable in normal lung tissues (data not 

shown).   

 

The positive staining of CD4 and CD25 in the lung tissue sections suggested the possible 

presence of Treg cells.  However, CD25 is a not a unique marker for Treg cells because activated 

CD4+ T cells also express CD25 on their surface.  Since Foxp3 is a crucial transcription regulator 

of Treg cells, the expression of Foxp3 was examined in the same lung tissues to ensure that the 

CD4+CD25+ T cells observed were indeed Treg cells (111).  The staining of lung sections 

revealed that Foxp3+CD25+ T cells were also present in the tumor sites (Fig. 4).  Since Foxp3 is 

exclusively expressed by Treg cells (111), the positive staining of Foxp3 in the tumor sites 

suggested that these cells were Treg cells.  Furthermore, the presence of these T cells in tumor 

sites indicated a possible connection between tumor and Treg cells.   

 

It has been shown in other studies that the presence of such CD4+CD25+Foxp3+ Treg cells 

in the tumor microenvironment is associated with suppression of anti-tumor immunity.  

However, the origin of these cells remains elusive.  In the following studies, we explored the 

connections between tumor cells and Treg cells and the possible origin of such Treg cells in the 

tumor mass.   
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T cells co-cultured with TRAMP-C2 express Foxp3 

Treg cells were first thought to develop in the thymus only.  However, studies 

demonstrated that specific microenvironment, such as a tumor microenvironment, can induce 

non-Treg cells to differentiate into Treg cells (106, 145-147).  It has been shown that tumor-derived 

cytokines, such as IL-10, TGF-β, and vascular endothelial growth factor (VEGF) suppress 

dendritic cell (DC) maturation and function.  As a result these dysfunctional DCs induce 

differentiation of Treg cells in the tumor site (148, 149).  However, it is unknown whether tumor 

cells can directly induce Treg cell differentiation.  To investigate the direct relationship between 

tumors and Treg cells, TRAMP-C2 cells were used in a co-culture system with CD4+CD25- T 

cells isolated from C57BL/6 mice (Fig. 5).  In this study, isolated CD4+CD25- T cells from 

C57BL/6 mouse spleen were used in a co-culture with TRAMP-C2 cells for 7 days in the 

presence of an anti-CD3 Ab and 3,000 rad-irradiated, T cell-depleted splenocytes as antigen 

presenting cells (APCs).  TRAMP-C2 cells are fast growing tumor cells.  In our co-culture 

system, to prevent tumor cells from outgrowing the T cell population, TRAMP-C2 cells grown in 

monolayer were passaged every 2 days to maintain a constant tumor and T cell ratio.  After a 7-

day co-culture, T cells were sorted on a FACS sorter according to the cells surface CD25 

expression into CD4+CD25+ and CD4+CD25- T cell populations.  In order to determine whether 

these T cells were Treg cells, Foxp3 expression was examined (111).  Total RNA was extracted 

from individual T cell populations and two-step RT-PCR was performed using Foxp3-specific 

primers.  Positive control CD4+CD25+ Treg cells (Ctrl 25+) as well as TRAMP-C2 co-cultured 

CD25+ T cells expressed Foxp3 (Fig. 6).  In contrast, neither negative control CD4+CD25- T cells 

(Ctrl 25-) nor TRAMP-C2 co-cultured CD25- T cells expressed Foxp3 (Fig. 6).  In addition, T 
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cells cultured alone did not express Foxp3 (data not shown).  Since Foxp3 is exclusively 

expressed in CD4+CD25+ Treg cells, the findings that TRAMP-C2 co-cultured CD4+CD25+ T 

cells express Foxp3 suggested that these cells are Treg cells.  These encouraging observations 

prompted us to further investigate the potential connections between tumor cells and Treg cells.   

 

Kinetics of tumor conversion of CD4+CD25- T cells into CD4+CD25+ T cells  

To understand the kinetics of CD4+CD25+ T cell conversion when co-cultured with 

TRAMP-C2 cells, a series of experiments was conducted.  First, the rate of conversion was 

examined.  TRAMP-C2 cells were co-cultured with purified CD4+CD25- T cells as described 

above for 0-5 days.  T cells were collected each day and analyzed by FACS for CD25 expression 

levels.  The results are shown in Fig. 7A.  The percentage of CD4+CD25+ T cells increased in a 

time-dependent manner.  This result suggested that the longer CD4+CD25- T cells were co-

cultured with TRAMP-C2 cells, the more these cells were converted to CD4+CD25+ T cells.  In 

addition, the optimal ratio of cell types for promoting conversion was studied by co-culturing 

TRAMP-C2 and CD4+CD25- T cells at 0.1:1, 0.25:1, 0.5:1, 0.75:1, and 1:1 for 5 days.  At the 

end of the 5 day culture, T cells were collected and cell surface CD25 expression was analyzed 

by FACS.  Again, the percentage of CD4+CD25+ T cells increased in a ratio-dependent manner 

(Fig. 7B).  These results suggest that both the duration of co-culture and the ratio of tumor cells 

to CD4+CD25- T cells affect the conversion of CD25- to CD25+ T cells by tumor cells.   
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CD4+CD25- T cells cultured with TRAMP-C2 conditioned medium express Foxp3  

The co-culture system allows tumor cells to have direct contact with T cells.  To 

investigate whether cell-cell contact between tumor and T cells is required for the induction of 

Foxp3-expressing T cells, instead of co-culturing cells together, TRAMP-C2 cell conditioned 

medium (CM) was used to culture these T cells.  Figure 8 delineates the experimental design.  

CM was collected after a 3-day culture of TRAMP-C2 cells.  On the same day purified 

CD4+CD25- T cells were cultured in CM in the presence of anti-CD3 and CD28 Abs.  Five days 

later, Foxp3 expression was examined in these T cells by RT-PCR.  Of note, the T cells cultured 

with CM were not sorted because more than 85% of cultured CD4+ T cells were CD25 positive 

(Fig. 10, d 0).  As the presence of APCs is not essential in the generation of CD4+CD25+ Treg 

cells, all the experiments with CM were carried out without APCs (150, 151).  Freshly isolated 

CD4+CD25+ Treg cells were used the positive control and CD4+CD25- T cells were used as the 

negative control.  Both the positive control (Ctrl 25+) and T cells cultured with TRAMP-C2 CM 

expressed Foxp3 (Fig. 9A).  However, Foxp3 expression was absent in the negative control (Ctrl 

25-) or CD4+CD25- T cells cultured in T cell medium (Ctrl) (Fig. 9A).  In addition, Foxp3 

protein expression was evaluated by intracellular staining using an Ab against Foxp3 and 

analyzed by FACS (Fig. 9B).  In agreement with RT-PCR results, FACS analysis demonstrated 

an increased protein expression level of Foxp3 in T cells cultured in TRAMP-C2 CM (CM).  

However, CD4+CD25- T cells cultured with T cell medium (Ctrl) did not express Foxp3 (Fig. 

9B).  Taken together, the results from this proof-of-principle study suggest that tumor cells can 

directly convert CD4+CD25- T cells into CD4+CD25+Foxp3+ T cells, at least in our in vitro 

system; and this conversion is time and tumor:T cells ratio dependent.  Furthermore, this 
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conversion does not require cell-cell contract as CM collected from TRAMP-C2 cells is 

sufficient for the conversion.  Thus, all the following experiments were conducted with CM 

instead of the co-culture system.  Finally, the expression of Foxp3 in tumor-converted 

CD4+CD25+ T cells indicates that the resulting T cells are potential Treg cells. 

 

Effect of CM dilution on CD4+CD25+ T cells conversion 

The initial studies suggest that the conversion of CD4+CD25- T cells into CD4+CD25+ T 

cells by TRAMP-C2 is time and tumor:T cell ratio-dependent.  In the current study, the effect of 

TRAMP-C2 CM concentration on the conversion of such cells was examined.  TRAMP-C2 CM 

was collected after a 3-day culture and then mixed with T cell medium in a final volume of 1 ml 

in the following proportions: 0%, 1%, 10%, 33%, 50%, 90%, and 100%.  Purified CD4+CD25- T 

cells were cultured in the diluted TRAMP-C2 CM for 5 days and analyzed by FACS to examine 

CD25 expression.  A representative FACS profile of the conversion is shown in Fig. 10.  The 

starting purified CD4+CD25- T cell population is designated as day 0.  FACS analysis revealed 

that the conversion of CD4+CD25+ T cells was dependent on the concentration of TRAMP-C2 

CM, as an increased concentration of CM resulted in an increased percentage of CD4+CD25+ T 

cells.   The graph on the bottom of Fig. 10 represents the percentage of CD4+CD25+ T cells 

cultured in various diluted CM.  The results suggest that the conversion of CD4+CD25- T cells 

into CD4+CD25+ T cells was CM concentration-dependent and that TRAMP-C2 CM alone was 

sufficient for this conversion, indicating that one or more soluble factors in the CM may play a 

critical role in the conversion.   

 



 
 
 

42 

Cytokine Production Profile of T cells cultured with TRAMP-C2 CM 

CD4+CD25+ Treg cells differ from other T cells in that they have been shown to 

predominantly secrete IL-10 or TGF-β, but not IL-2 (111, 152).  To examine whether T cells 

cultured with TRAMP-C2 CM share the same characteristics as naturally occurring CD4+CD25+ 

Treg cells, we first examined the cytokine production profile of these T cells.  CD4+CD25- T cells 

were cultured in CM for 5 days.  At the end of the 5-day culture, T cells were collected and 

washed extensively then re-stimulated with anti-CD3 and CD28 Abs for 48 hours, at which time 

IL-2 and IL-10 production were assayed; or 72 hours, when TGF-β was measured.  Of note, for 

TGF-β ELISA, T cells were cultured in serum free T cell medium as serum itself contains TGF-

β.  Supernatants were collected from various T cell cultures and the cytokine production profile 

of these cells was evaluated using ELISA.  As a comparison, the cytokine production profile of 

naturally occurring CD4+CD25+ Treg cells (Ctrl 25+) and CD4+CD25- T cells (Ctrl 25-) was also 

measured and used as a positive and negative control, respectively.  Comparable to the positive 

control, T cells cultured with TRAMP-C2 CM (CM) produced virtually non-detectable amounts 

of IL-2, while T cells cultured with T cell medium (Ctrl) produced high levels of IL-2 (Fig. 11).  

IL-10 is a cytokine that negatively regulates the immune system and is produced at high levels 

by CD4+CD25+ Treg cells but at low levels by CD4+CD25- T cells.  When re-stimulated, T cells 

cultured with TRAMP-C2 CM produced levels of IL-10 as high as the positive control (Fig. 12).  

However, T cells cultured with T cell medium produced levels of IL10 comparable to the 

negative control (Fig. 12).  Finally, T cells cultured with CM produced high levels of TGF-β as 

compared to T cells cultured with T cell medium (Fig. 13).  These results reveal that T cells 

cultured with CM have a similar cytokine production profile to that of naturally occurring 
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CD4+CD25+ Treg cells and that these similarities provide evidence to further support the notion 

that tumor cells can directly convert CD4+CD25- T cells to CD4+CD25+ Treg cells (111, 152). 

 

T cells cultured with tumor cell CM suppress CD4+CD25- T cell proliferation  

The results from earlier studies indicate that the T cells generated from culturing with 

TRAMP-C2 cell CM are Treg cells because they possess characteristics similar to those of 

naturally occurring CD4+CD25+ Treg cells, including expression of Foxp3, low expression of IL-

2, and high expression of IL-10 and TGF-β.  However, more direct evidence is needed to support 

this notion.  Therefore, the suppressive ability of T cells cultured with CM was examined in an in 

vitro functional assay, as the most important characteristic of Treg cells is their ability to suppress 

CD4+CD25- T cell proliferation.  In this study, CM was collected from two different types of 

tumor cells, RENCA or TRAMP-C2, and used to culture isolated CD4+CD25- T cells for 5 days.  

A different tumor cell line was used here to evaluate whether the above observations were due to 

a cell line-specific effect.  At the end of a 5 day culture, freshly isolated CD4+CD25- T cells were 

stimulated with an anti-CD3 Ab and APCs and cultured with various T cell populations for 72 

hours.  Cell proliferation was measured by [3H]thymidine incorporation.  When T cells initially 

cultured with RENCA or TRAMP-C2 CM were subsequently cultured alone, they did not 

proliferate (CM, Fig.14A and 15A).  This was perhaps due to the fact that T cells cultured with 

tumor cell CM do not produce high levels of IL-2, and therefore, lack the crucial cytokine for 

proliferation (Fig. 11).  More importantly, the suppressive ability of T cells cultured with 

RENCA or TRAMP-C2 CM was evaluated.  To examine their suppressive ability for 

CD4+CD25- responder T cell proliferation/activation, suppression assays were performed using 
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different CM T cell:CD4+CD25- T cell ratios.  Freshly isolated CD4+CD25- T cells (1.5 x 104) 

were cultured with individual T cells that had been previously cultured with RENCA or 

TRAMP-C2 CM for 5 days (5 x 104).  When cultured together, T cells cultured with CM 

strongly suppressed CD4+CD25- T cell proliferation (CM/25-)  whereas T cells cultured with T 

cell medium (Ctrl/25-) did not (Fig. 14A and 15A).  Furthermore, the suppressive ability of T 

cells cultured with RENCA or TRAMP-C2 CM was evaluated by co-culturing with freshly 

isolated CD4+CD25- T cells at a different ratio (1:1, 5 x 104).  Again, T cells cultured with CM 

demonstrated a potent suppressive ability at this ratio (Fig. 14B and Fig. 15B).   

 

To study how T cells cultured with TRAMP-C2 CM compared to naturally occurring 

CD4+CD25+ Treg cells in terms of suppression, a titration assay was performed to evaluate their 

suppressive ability.  In this study, 5 x 104 freshly isolated CD4+CD25- responder T cells were 

cultured with different numbers of T cells previously cultured with TRAMP-C2 CM (0, 0.25, 

0.5. 1.25, 2.5, and 5 x 104) for 72 hours.  At the end of the experiment, proliferation of 

CD4+CD25- T cells was measured by [3H]thymidine incorporation assay.  As shown in Fig. 16, T 

cells cultured with TRAMP-C2 CM showed suppressive ability even at the low concentration of 

0.25 x 104.  As the concentration of T cell cultured with CM increased, the suppression of 

CD4+CD25- T cell proliferation also increased, demonstrating a potent suppressive ability of T 

cells cultured with TRAMP-C2 CM.  These results provide direct evidence that T cells cultured 

with tumor cell CM are indeed Treg cells because they suppress CD4+CD25- T cell proliferation 

in vitro, express Foxp3, produce low levels of IL-2, and produce high levels of IL-10 and TGF-β.   
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The role of tumor-derived TGF-ββββ in converting CD4+CD25- T cells to Treg cells 

The results from the above studies demonstrate that TRAMP-C2 cells can directly 

convert CD4+CD25- T cells into Treg cells.  Furthermore, CM derived from either RENCA or 

TRAMP-C2 cells is sufficient for this conversion, indicating that cell-cell contact is not 

necessary.  We reasoned that certain soluble factors produced by TRAMP-C2 and RENCA are 

responsible for this conversion.  Many types of tumor cells produce high levels of TGF-β, and 

recent studies have shown that CD4+CD25+ Treg cells can be generated in vitro by stimulating 

with exogenous TGF−β (145, 151, 153).  Based on these observations, it is logical to 

hypothesize that TGF−β derived from tumor cells, RENCA or TRAMP-C2, plays an important 

role in converting CD4+CD25- T cells into Treg cells.  To test this hypothesis, the level of TGF-β 

present in the CM from RENCA or TRAMP-C2 cells was examined using a TGF-β ELISA.  The 

results indicated that tumor cells produced high levels of TGF-β (Fig. 17), suggesting TGF-β 

could be a crucial regulator in the conversion of Treg cells when cultured with CM derived from 

RENCA or TRAMP-C2 cells.  

 

Non-tumorigenic and irradiated TRAMP-C2 cells were unable to covert CD4+CD25- T cells 

into CD4+CD25+Foxp3+ Treg cells 

To further test the role of tumor cell-derived TGF-β in conversion of CD4+CD25- T cells 

into Treg cells, CM derived from a non-tumorigenic rat prostate epithelium cell line, NRP-152, 

and 20,000 rad-irradiated TRAMP-C2 were used in this study.  TGF-β ELISA revealed that the 

CM from these two types of cells contained little TGF-β as compared to CM derived from tumor 

cells RENCA or TRAMP-C2 (Fig. 17).  To examine whether co-culture of NRP-152 with 
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CD4+CD25- T cells could induce Foxp3 expression, isolated CD4+CD25- T cells were co-

cultured with NRP-152 for 7 days as described in Fig. 5.  Seven days later, T cells were collected 

and sorted into individual populations according to the cell surface CD25 expression.  Total 

RNA was extracted from all T cell populations and a two-step RT-PCR was performed to detect 

Foxp3 expression levels in these T cells.  Interestingly, neither NRP-152 co-cultured and sorted 

CD4+CD25+ nor CD4+CD25- T cells expressed Foxp3, as compared to TRAMP-C2 co-cultured 

CD4+CD25+ T cells (Fig. 18A).  In addition, CD4+CD25- T cells cultured with CM derived from 

NRP-152 cells also lacked Foxp3 expression (Fig. 18B).   

 

To further evaluate the phenotype of T cells cultured with NRP-152 CM, an in vitro 

suppression assay was performed to examine their ability to suppress CD4+CD25- T cells 

proliferation.  In this study, T cells cultured with NRP-152 CM were either cultured alone or 

with freshly isolated CD4+CD25- T cells as responder cells in the presence of an anti-CD3 Ab 

and APCs for 72 hours, and the proliferation of CD4+CD25- T cells was measured by 

[3H]thymidine incorporation assay.  In contrast to T cells cultured with CM derived from tumor 

cells TRAMP-C2 or RENCA, T cells cultured with CM derived from NRP-152 cells proliferated 

as vigorously as the responder T cells.  More importantly, when cultured with CD4+CD25- 

responder T cells, T cells cultured with NRP-152 CM showed no sign of suppression, indicating 

they did not possess suppressive ability (Fig. 19).   

 

CM derived from 20,000 rad-irradiated TRAMP-C2 cells also lacked TGF-β as 

mentioned above (Fig. 17), thus this CM was also used in comparison to CM derived from 
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TRAMP-C2 and RENCA cells.  T cells were cultured with irradiated TRAMP-C2 CM and their 

suppressive ability was evaluated.  Not surprisingly, T cells cultured with irradiated TRAMP-C2 

CM did not possess suppressive ability as compared to T cells cultured with TRAMP-C2 CM 

(Fig. 20).  Taken together, these results show that CM derived from tumor cells, but not non-

tumorigenic cells, can convert CD4+CD25- T cells into CD4+CD25+ Treg cells.  Furthermore, CM 

derived from irradiated TRAMP-C2 cells, which lacks TGF-β, is not sufficient to induce Treg cell 

generation, suggesting a crucial role of tumor cell derived TGF-β in the process of such 

conversion.  In summary, these results demonstrate that TGF-β derived from tumor cells in CM 

is responsible for the conversion as CM derived from neither non-tumorigenic cell CM nor 

irradiated TRAMP-C2 is sufficient to induce the conversion due to the lack of TGF-β in the CM.   

 

Neutralization of TGF-ββββ abrogates the conversion of CD4+CD25+Foxp3+ Treg cells 

To further demonstrate the role of TGF-β in the conversion of CD4+CD25+ Treg cells, a 

more direct approach was used in this study. A neutralizing Ab against TGF-β, 1D11, was used 

to deplete TGF-β present in TRAMP-C2 CM.  This Ab recognizes TGF-β1, 2 and 3 in human 

and mouse and neutralizes biological activities of TGF-β (154).  When 1D11 was added to 

TRAMP-C2 CM, T cells cultured with CM did not express Foxp3 (Fig. 18B).  In addition, 

neutralization of TGF-β completely changed the profile of cytokine production of these T cells, 

with cells expressing high levels of IL-2 and low levels of IL-10 and TGF-β (Fig. 11-13).  More 

importantly, in the suppression assay, addition of 1D11 abrogated the ability of T cells cultured 

with TRAMP-C2 CM to suppress CD4+CD25- T cell proliferation (Fig. 15A).  Taken together, 
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these results reveal a critical role of tumor-derived TGF-β in the conversion of CD4+CD25- T 

cells into Treg cells.  Noticeably, non-tumorigenic NRP-152 cells produce low levels of TGF-β 

(Fig. 17 and 155) and T cells cultured with CM derived from these cells are unable to suppress T 

cell proliferation (Fig. 19).  Collectively, these studies demonstrate that tumor cells can directly 

convert CD4+CD25- T cells into Treg cells through the production of high levels of TGF-

β, whereas non-tumorigenic cells NRP-152 and irradiated TRAMP-C2 were unable to convert 

such cells due to the low levels of TGF-β production. 
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CHAPTER IV 
 

IN VIVO FUNCTIONAL ANALYSIS OF TUMOR-INDUCED CD4 +CD25+ T 

REGULATORY CELLS AND TUMOR PROGRESSION 

 

Many types of tumor cells produce high levels of TGF-β and this has been amply 

demonstrated in recent studies in brain tumors (58), head and neck tumors (59), lung cancer (60), 

breast cancer (56), digestive tract organ malignancies (61), and prostate cancer (62). TGF-β is a 

potent immunosuppressant and TGF-β derived from tumor cells in turn suppresses anti-tumor 

immunity by either direct or indirect mechanisms.  The above in vitro studies demonstrate that 

tumor cells can directly convert CD4+CD25- T cells into CD4+CD25+ Treg cells through 

production of TGF-β.  An anti-TGF-β Ab completely abolished this conversion.  The present 

study investigated the role of tumor-derived TGF-β in the tumor microenvironment in terms of 

suppression of anti-tumor immunity, specifically, through conversion of tumor-infiltrating CD4+ 

T cells into Treg cells.   It has been shown that tumor cells produce high levels of TGF-β, and that 

TGF-β in turn can convert CD4+CD25- T cells into CD4+CD25+ Treg cells.  Therefore, when 

tumor-infiltrating CD4+CD25- T cells are exposed to a TGF-β rich environment, they are 

converted into CD4+CD25+ Treg cells.  These cells, as demonstrated in the above in vitro study, 

possess the ability to suppress CD4+ T cells and potential immune responses to tumor cells.  In 

theory, if tumor-produced TGF-β is blocked, tumor-infiltrating CD4+ T cells will not be exposed 

to a TGF-β rich environment, and CD4+CD25+ Treg differentiation will not occur.  The present 

study was designed to test this hypothesis by using a neutralizing Ab against TGF-β, 1D11, to 
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systematically deplete TGF-β in a mouse model.  Tumor burden and suppressive function of 

CD4+CD25+ T cells from lung metastases were evaluated.   

 

Efficacy of a neutralizing Ab against TGF-ββββ in mice  

To support the in vitro observations, an in vivo study was carried out using mouse renal 

cell carcinoma RENCA cells as they produce high levels of TGF-β (Fig. 17).  The experimental 

design is delineated in Fig. 21.  Balb/c mice were used in this study as they are the syngeneic 

host for RENCA cells.  At day 0, Balb/c mice were injected with 1 x 106 RENCA cells 

intravenously via the tail vein and randomized into three groups.  On the day of tumor injection, 

5 mice received 1D11 and 5 mice received control Ab13C4 at a loading dose of 100 mg/kg.  

These mice continued receiving 1D11 or 13C4 at a dose of 50 mg/kg every 3 days for a course of 

30 days.  At the end of experiment all animals were sacrificed and TGF-β levels were measured 

in sera and lung tissues, and tumor burden was evaluated in all animals.   

 

To evaluate the efficacy of 1D11, TGF-β levels were examined in mouse sera and lung 

tissues.  TGF-β ELISA revealed that serum levels of TGF-β were significantly reduced in 1D11-

treated animal, whereas sera from untreated and 13C4-treated animals contained levels of TGF-β 

comparable to those of tumor-free animals (Fig. 22 and data not shown).  In addition, lung 

sections from all animals were stained with an anti-TGF-β Ab and evaluated for TGF-β 

expression levels.  A representative staining pattern of TGF-β in lung tissue of mice receiving 

tumor challenge is shown in Figure 23.  In tumor-bearing mice receiving 13C4 or no treatment, 

TGF-β was ubiquitously expressed in tumor and lung tissues whereas no TGF-β expression was 
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detected in lung tissues of mice receiving 1D11.  The reduced levels of TGF-β in both serum and 

lung tissue from 1D11-treated mice demonstrated the efficacy of 1D11 in systematically 

neutralizing TGF-β in mice treated with this Ab.   

 

Neutralization of TGF-ββββ reduces tumor burden in lung tissue   

After establishing the efficacy of 1D11, tumor burden in these mice was evaluated.  Lung 

tissues from all mice were collected at the end point of the experiment, cut into 4 µm sections, 

and used for H&E staining.  Tumor nodules were counted on each H&E stained sections of lung 

tissues and the number of tumor metastases in mice receiving different treatments was 

calculated.  Analysis of tumor burden revealed that animals receiving 1D11 had significantly 

fewer tumor metastases in the lung tissues as compared to those receiving 13C4 or no treatment 

(Fig. 24).  In addition, lung metastases in lung tissue revealed the difference in tumor nuclei 

organization.  Tumor nuclei appeared to be organized and intact in lung metastases from mice 

receiving no treatment.  The number of tumor metastases was greatly reduced in mice receiving 

1D11 treatment.  The few metastases in these mice showed pathological signs of condensed 

nuclei compared to those from mice receiving no treatment (Fig. 25).  The addition of 

neutralizing Ab 1D11 was sufficient to deplete TGF-β systemically in mice and such treatment 

led to a reduction of tumor burden in these mice, suggesting a critical role of TGF-β in tumor 

progression.  The following experiments were designed to elucidate a possible mechanism by 

which tumor cells evade the immune system through the production of high levels of TGF-β.   

 



 
 
 

52 

Neutralization of TGF-ββββ abrogates the conversion of Treg cells in the tumor 

microenvironment  

Many types of tumors produce high levels of TGF-β (58-60).  TGF-β is a potent 

immunosuppressant, and high levels of tumor-derived TGF-β can impair immune responses 

against tumor cells, conferring a growth advantage to the tumor (58-60).  Therefore, removal of 

tumor-derived TGF-β could facilitate tumor rejection by the host immune system.  Indeed, as 

shown in Fig. 24 and 25, animals receiving 1D11 had a reduced tumor burden as compared to 

animals receiving control Ab 13C4 and no treatment.  One mechanism by which tumor cells 

might evade the immune system is through the conversion of tumor-infiltrating CD4+ T cells into 

Treg cells.  In vitro studies discussed in Chapter I have shown that CD4+CD25- T cells exposed to 

CM derived from tumor cells, which contains high levels of TGF-β, were induced to differentiate 

into CD4+CD25+ Treg cells that possess the same suppressive capability as naturally occurring 

CD4+CD25+ Treg cells.  By the same token, if tumor-infiltrating CD4+ T cells are exposed to high 

levels of tumor-derived TGF-β in the tumor microenvironment, the conversion to Treg cells 

should take place.  Consequently the resulting Treg cells should be able to suppress the anti-tumor 

immunity and confer a growth advantage to the tumor.   

 

To test this hypothesis, the phenotype of T cells isolated from lung tissues from different 

treatment groups was examined.  Lymphocytes were enriched as described in the Materials and 

Methods and the percentage of CD4+CD25+ T cells was analyzed by FACS.  As shown in Fig. 26 

(top panel), all animals had a similar percentage of CD4+CD25+ T cells in their lung tissues 

regardless of treatment.  As mentioned above, CD25 is not an exclusive marker for Treg cells as 
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activated CD4+ T cells also express CD25.  Thus, Foxp3 expression levels were examined in the 

lung sections from mice receiving different treatments.  Immunofluorescence staining revealed 

that Foxp3 expression was absent in animals receiving 1D11 but present in animals receiving no 

treatment or control Ab 13C4 (Fig. 26, bottom panel), suggesting that CD4+CD25+ T cells 

present in the lung tissue from 1D11 treated mice are not Treg cells despite cell surface 

expression of CD25.   

 

Finally, the suppressive ability of CD4+CD25+ T cells from tumor sites in the lung tissues 

of animals was evaluated.  CD4+CD25- responder T cells were stimulated with an anti-CD3 Ab 

and APCs and cultured with CD4+CD25+ T cells isolated from the lung tissues of animals 

receiving different treatments.  CD4+CD25+ T cells from animals either receiving no treatment or 

13C4 demonstrated suppressive ability when co-cultured with CD4+CD25- T cells (Fig. 27).  

However, the CD4+CD25+ T cells isolated from animals receiving 1D11 were unable to suppress 

the CD4+CD25- T cell proliferation (Fig. 27).  As predicated from the absence of Foxp3+ T cells 

in lung tissue from mice treated with 1D11, CD4+CD25+ T cells were indeed not Treg cells 

because they lacked the ability to suppress CD4+CD25- responder T cell proliferation.  It is of 

importance to note that depletion of TGF-β also depleted CD4+CD25+Foxp3+ T cells in the lungs 

of 1D11 treated mice.  Such depletion was associated with a reduction in tumor burden in these 

mice.  These results suggest that tumor-derived TGF-β in the tumor microenvironment can 

directly convert tumor infiltrating CD4+ T cells into CD4+CD25+Foxp3+ Treg cells.  Since such 

conversion does not occur in the absence of TGF-β, tumor cells progress.  Taken together, these 
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results provide direct evidence that tumor cells can directly convert CD4+CD25- T cells into 

CD4+CD25+Foxp3+ T cells by producing high levels of TGF-β to evade the immune system. 

 

A proposed model for tumor evasion of the immune system by converting CD4+CD25- T 

cells into CD4+CD25+ Treg cells through production of TGF-ββββ.   

The presence of Treg cells in the tumor microenvironment is associated with a poor 

prognosis in patients, but the source of these cells still remains elusive.  Recently, studies have 

revealed various sources for Treg cells in the tumor microenvironment.  It appears that there are at 

least two types of Treg cells in the tumor microenvironment.  One type is naturally occurring Treg 

cells that are recruited to the tumor sites, and the other type is tumor-converted Treg cells.  The 

present study provides evidence that tumor cells can directly convert CD4+ T cells into Treg cells 

through production of high TGF-β.   

 

Many types of tumor cells produce high levels of TGF-β, and consequently, tumor-

derived TGF-β can aid the tumor in evasion of the immune system.  We propose a model that 

summarizes the studies discussed in Chapter I and II (Fig. 28).  In this model, when tumor-

infiltrating CD4+ T cells are exposed to TGF-β rich environment in tumor sites, 

CD4+CD25+Foxp3+ Treg cells conversion occurs.  As a result, the converted Treg cells can 

suppress anti-tumor immunity and confer an advantage to tumor cells through evasion of the 

immune system.  Indeed, a significant reduction in lung metastases was observed in tumor-

bearing animals treated with a neutralizing Ab against TGF-β, 1D11 (Fig. 24 and 25).  This 

reduction in tumor burden, at least in part, was due to the absence of CD4+CD25+Foxp3+ Treg 
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cells in the tumor microenvironment of these animals (Fig. 26 and 27).  Furthermore, the absence 

of Foxp3+ Treg cells is likely due to the lack of conversion of normal CD4+ T cells to Treg cells as 

these animals lack TGF-β.   
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CHAPTER V 

ELUCIDATION OF MECHANISMS OF TGF-BETA INDUCED FOXP3  EXPRESSION 

IN CD4+CD25- T CELLS 

 

It has been well established that TGF-β induces CD4+CD25+ Treg cell generation from 

CD4+CD25- T cells (145, 150, 156, 157).  However, the mechanism of this induction remains 

elusive.  Among mechanisms that regulate gene expression, promoter methylation is a common 

process in gene silencing (158).  Methylation patterns vary in animals ranging from C. elegans 

whose genome lacks detectable possible methylation sites and does not encode a conventional 

DNA methyltransferase (159), to vertebrates such as humans whose genome encodes 70% 

methylated CpG residues (160, 161).  CpG islands are unmethylated CG-rich regions that 

possess high relative densities of CpG and are positioned at the 5’ ends of many human genes 

(162, 163).  It is well documented that DNA methylation is essential in embryonic development 

(164, 165), imprinting (166), X-chromosome inactivation (167), and suppression of parasitic 

DNA sequences (168).  As essential as methylation is to mammalian cells, its presence also 

represents a burden to the genome as many of the tumor suppressor genes are hypermethylated 

through their promoter CpG islands, such as BRCA1 (breast cancer), APC (colorectal 

carcinoma), VHL (renal carcinoma) (161).  In the present preliminary studies, we focused on the 

identification of potential CpG islands on the mouse Foxp3 gene promoter that could be 

methylated, thereby allowing for possible gene silencing in CD4+CD25- T cells.   

To explore possible mechanisms by which TGF-β induces Foxp3 gene expression in CD4+CD25- 

T cells, the mouse Foxp3 gene promoter (Genbank ID AF277994) was analyzed for potential 
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CpG islands for methylation.  Results from MethPrimer (169) analysis revealed five potential 

CpG islands on the Foxp3 promoter (Fig. 29).  We hypothesize that Foxp3 gene promoter is 

methylated in CD4+CD25- T cells and that treatment with TGF-β reverses the predicted 

methylation process to induce gene expression.  To test this hypothesis, the methylation inhibitor 

5-Aza-2′-deoxycytidine (5-Aza) was used.  In this study, isolated CD4+CD25- T cells were 

cultured with TGF-β and 5-Aza in the presence of anti-CD3 and CD28 Abs for either 2 or 4 

days.  At the end of the experiment, total RNA was extracted from individual T cell cultures and 

a two-step RT-PCR was performed to examine the gene expression levels of Foxp3.  Freshly 

isolated CD4+CD25+ Treg cells were used as a positive control and CD4+CD25- T cells were used 

as a negative control.  As expected, similar to the positive control, CD4+CD25- T cells treated 

with TGF-β expressed Foxp3, whereas Foxp3 expression was absent in the negative control (Fig. 

30).  Interestingly, when cultured with the methylation inhibitor 5-Aza, CD4+CD25- T cells 

expressed Foxp3 in both 2 and 4 day cultures (Fig. 30).  These results demonstrate that inhibition 

of methylation is sufficient to induce Foxp3 expression in CD4+CD25- T cells, indicating that 

methylation is involved in Foxp3 induction.  In addition, TGF-β treatment also induces Foxp3 

expression.  Taken together, these results suggest that TGF-β-induced Foxp3 gene expression in 

CD4+CD25- T cells involves a possible promoter demethylation process.   

 

TGF-β has been linked to the ERK signaling pathway during T cell activation.  When T 

cells are stimulated, three MAPK pathways, ERK, JNK, and p38 are activated (170, 171).  TGF-

β has been shown to either activate or inhibit ERK phosphorylation in a context-dependent 

manner.  Studies conducted by Schiott et al demonstrated a decrease in ERK2 phosphorylation in 



 
 
 

58 

T cells when treated with TGF-β or an ERK2 inhibitor, thereby inhibiting T cell activation (172).  

In the context of CD4+CD25- T cells, TGF-β also plays an inhibitory role.  A decrease in ERK 

phosphorylation is also linked to decreased DNA Methyltransferase (DNMT) activity in T cells 

of Lupus patients (173-175).  To explore the possible connection between TGF-β and Foxp3 

gene expression, an ERK inhibitor, U0126, was used.  Isolated CD4+CD25- T cells were cultured 

with U0126 for either 2 or 4 days, and at the end of the experiment, a two step RT-PCR was 

performed to examine the expression levels of Foxp3.  Interestingly, U0126 treated CD4+CD25- 

T cells also expressed Foxp3 in both 2 and 4 day cultures (Fig. 30).  The results from the initial 

studies suggest a possible demethylation process of Foxp3 promoter that involves interaction 

between TGF-β and ERK signaling pathways.  

 

To further investigate this possibility, DNMT expression profiles were examined in 

individual T cell cultures using real-time RT-PCR.  Five related DNMTs have been identified in 

the DNMT family (DNMT1, 2, 3a, 3b, and 3l), and they maintain genome-wide DNA 

methylation patterns (176, 177).  The most abundant methyltransferase is DNMT1 with a 

primary role of DNA methylation maintenance (178, 179).  It is unclear whether DNMT2 plays a 

role in methylation since it has a very low enzymatic activity in vitro, and knockout of this gene 

in mice produced no discernible phenotype (180-182).  DNMT3a and DNMT3b are highly 

expressed during embryonic development and are regarded as de novo methyltransferases (183).  

Unlike DNMT1, DNMT3a and DNMT3b methylate hemimethylated and unmethylated DNA 

equally well (183, 184).  To study mRNA expression levels of DNMT1, DNMT3a, and 

DNMT3b in CD4+CD25- T cells when cultured with different conditions, real-time RT-PCR was 



 
 
 

59 

performed as described (141).  Isolated CD4+CD25- T cells were cultured as above and total 

RNA was extracted and equal amount of RNA was used for real-time RT-PCR to examine the 

expression profile of DNMTs in cultured T cell populations.  Results  revealed an overall 

decrease in expression level of all three DNMTs in TGF-β, 5-Aza, and U0126 treated 

CD4+CD25- T cells as well as CD4+CD25+ Treg cells in comparison with CD4+CD25- T cells 

cultured with anti-CD3 and CD28 Abs only (Fig. 31).  In summary, the above results 

demonstrate that inhibition of methylation allows for induction of Foxp3 gene expression in 

CD4+CD25- T cells and that this process involves the TGF-β and ERK signaling pathways.  In 

addition, TGF-β, 5-Aza, or U0126 treatment decreases DNMTs expression levels in CD4+CD25- 

T cells, suggesting DNMTs are important in maintaining Foxp3 gene expression.   
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CHAPTER VI 
 

PROJECT II A REGULATED SUICIDE SYSTEM IN CANCER GEN E THERAPY 
 

DESIGN AND EFFICACY TEST OF T βRIIDN-TK/GCV SUICIDE SYSTEM 
 
 

The role of TGF−β in regulating autoimmunity has been best demonstrated by animal 

knockout studies.  These studies have showed that TGF-β has a profound anti-proliferative effect 

on the immune system (185).  TGF-β knockout mice grow normally for the first 2 weeks before 

they develop a rapid wasting syndrome and eventually die by 3-4 weeks of age (34).  

Pathological examination show an excessive inflammatory response with massive infiltration of 

lymphocytes and macrophages as well as immunoglobulin (Ig) deposits (33, 34).  These 

syndromes were later characterized as autoimmunity (33).  Transgenic studies using a dominant 

negative TGF-β receptor II to abrogate TGF-β signaling specifically in T cells (CD4-ΤβRIIDN) 

showed a development of autoimmunity in the mice (42).  Therefore, blockage of TGF-β 

signaling in hematopoeitic stem cells, which develop into all immune cells, is expected to lead to 

the development of autoimmunity in the ΤβRIIDN mice (26, 122).   

 

Results from the previous studies in our laboratory are very encouraging in the field of 

cancer gene therapy and might provide a possible therapy for cancer (26, 122).  However, the 

development of autoimmunity resulting from blockage of TGF-β signaling presents a huge 

drawback to this approach (33, 122).  To resolve this issue, a regulated gene expression system 

can be incorporated into this approach, such as the Tet-on/off system or HSV-tk/GCV suicide 

system.   In an earlier attempt, a Tet-on/off system was used to make a fusion gene TβRIIDN-
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Tet.  However, due to the nature of this system, the regulation was rather leaky.  This 

unsuccessful attempt turned our attention to the HSV-tk/GCV suicide system.  The ultimate goal 

of this study is to develop a HSV-tk/GCV suicide system in which the ΤβRIIDN gene is fused to 

the HSV-tk gene, so that cells expressing this fusion gene can be eliminated by GCV treatment.  

The incorporation of the HSV-tk/GCV suicide system into the original approach should provide 

a possible way to eradicate tumor cells and eliminate the inflammation/autoimmunity developed 

in the ΤβRIIDN mice observed in the original studies.   

 

Design MSCV-based retroviral vectors harboring ΤβΤβΤβΤβRIIDN-tk gene 

TGF-β signals through its type I and type II receptors on the cell surface.  Upon binding 

to its Type II receptor, the intracellular portion of the receptor recruits and activates Type I 

receptor to form a receptor complex (Fig. 1).  Taking advantage of this property, a dominant 

negative Type II receptor was designed to block TGF-β signaling by truncating the intracellular 

domain of Type II receptor (Fig. 32).  The truncated form of this receptor is termed TβRIIDN.  

This truncated receptor still functions as a receptor in terms of binding of TGF-β.  However, due 

to the lack of its intracellular domain, it is unable to form a receptor complex with Type I 

receptor.  Consequently, cells expressing TβRIIDN are devoid of all the downstream effects that 

are normally elicited by binding of TGF-β.  Therefore, blockage of TGF-β signaling is achieved 

(Fig. 32).   

 

In collaboration with Dr. Isaac Kim, currently at the Cancer Institute of New Jersey, we 

have modified the original retroviral vector containing TβRIIDN by connecting the HSV-tk to 
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the TβRIIDN in lieu of the TβRII intracellular domain (26, 122).  The incorporation of HSV-

tk/GCV suicide system provides a potential treatment for cancer while preventing the 

development of autoimmunity elicited by blocking TGF-β signaling (Fig. 33).  The original 

TβRIIDN and control vector GFP used in studies by Shah et al. are shown in Fig 34 A.  This 

retroviral vector is a MSCV (mouse stem cell virus) based bicistronic vector that harbors the 

TβRIIDN gene with an IRES site enabling the expression of GFP.  The control vector GFP is the 

same vector that lacks TβRIIDN gene (Fig 34A).  The modified vector, termed TβRIIDN-tk, 

uses the same viral backbone with HSV-tk cloned to TβRIIDN as a fusion gene.  This vector 

possesses two properties: it still functions as the dominant negative type II TGF-β receptor, 

which blocks TGF-β signaling, and it is also susceptible to GCV treatment (Fig. 34B).  The 

control vector is termed GFP-tk in which TβRIIDN-tk gene is replaced with HSV-tk gene and is 

regulated by GCV but does not block TGF-β signaling (Fig. 34B).  The development of the 

fusion gene TβRIIDN-tk provides a potential solution to prevent the autoimmunity development 

resulting from blockage of TGF-β signaling (122).  

 

TββββRIIDN-TK/GCV SUICIDE SYSTEM IN CANCER GENE THERAPY 
 

Studies by Shah et al. have demonstrated TβRIIDN as a powerful tool in cancer 

treatment.  Yet the issue of autoimmunity development remained unresolved.  The ultimate goal 

of the present study is to utilize TβRIIDN-tk in cancer treatment.  BMCs will be rendered 

insensitive to TGF-β so that they can eradicate tumors.  And the presence of HSV-tk ensures 

elimination of the transduced BMCs and the immune cells derived from these BMCs by GCV 
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treatment before they cause autoimmunity in the host.  The following studies were designed to 

test the efficacy of TβRIIDN-tk in both control NIH3T3 cells and BMCs.   

 

Expression of HSK-tk gene in transduced NIH3T3 and BMCs  

To assess HSV-tk gene expression after transduction of TβRIIDN-tk and GFP-tk 

constructs, HSV-tk mRNA expression in the infected cells were examined using RT-PCR.  

Control NIH3T3 cells and BMCs were infected as described in the Materials and Methods, total 

RNA was isolated, and RT-PCR was performed using HSV-tk-specific primers.  As expected, 

transduced NIH3T3 cells (Fig. 35A) and BMCs (Fig. 35B) expressed HSV-tk.  This control 

experiment established the efficient TβRIIDN-tk and GFP-tk gene transfer and expression in 

both control NIH3T3 cells and BMCs.   

 

Efficacy of ΤβΤβΤβΤβRIIDN-tk/GCV suicide system in cell killing 

We then tested the efficacy of ΤβRIIDN-tk/GCV suicide system in NIH3T3 cells.  Cells 

were infected with ΤβRIIDN-tk or the control vector GFP-tk.  After infection, cells were 

cultured in the presence or absence of GCV (10 µg/ml) for 72 hours.  After treatment with GCV, 

a proliferation assay was performed.  Wild-type NIH3T3 cells and NIH3T3 cells infected with 

TβRIIDN or GFP vectors were used as controls.  NIH3T3 cells infected with TβRIIDN-tk did 

not proliferate in the presence of GCV but proliferated vigorously in the absence of GCV (Fig. 

36).  As expected, treatment of GCV had no effect on proliferation of wild-type NIH3T3 cells 

and NIH3T3 cells infected with TβRIIDN or GFP (Fig. 36).  Interestingly, GCV treatment 

elicited only a minimal effect on proliferation of NIH3T3 cells infected with control vector GFP-
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tk (Fig. 36).  This was also observed in BMCs infected this vector (Fig. 37).  However, BMCs 

infected with TβRIIDN-tk did not proliferate in the presence of GCV while proliferation was 

vigorous without the treatment (Fig. 37).   

 

The minimal effect of GFP-tk on proliferation of cells infected with this vector in 

responding to GCV treatment was intriguing, as HSV-tk gene is obviously present in these cells 

(Fig. 35).  To resolve this issue, a new control vector was designed and used in the following 

studies.  

 

Redesign and development of a new control vector Trans-tk  

For unknown reasons, cells infected with the control vector GFP-tk did not behave like 

those infected with TβRIIDN-tk when treated with GCV (Fig. 36 and 37).  Since the difference 

between TβRIIDN-tk and GFP-tk is that HSV-tk is anchored to the TβRIIDN molecule and 

HSV-tk is free in the GFP-tk construct, we reason that if HSV-tk in GFP-tk construct is also 

anchored to the cell membrane, as it is in TβRIIDN-tk, cells infected with this new control vector 

should also respond to GCV treatment.  The new vector was designed by excising the 

extracellular domain of the TβRIIDN but retaining the transmembrane domain so that the HSV-

tk is anchored into the membrane.  This new control vector is termed Trans-tk.  This construct 

lacks the extracellular domain of TβRIIDN, so cells infected with this vector can not bind TGF-

β.  Since HSV-tk is present in the infected cells, these cells should be efficiently eliminated by 

GCV treatment (Fig. 38).   
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Efficacy of the new control vector Trans-tk in NIH3T3 cells 

To examine the efficacy of the new control vector Trans-tk, RT-PCR was performed to 

evaluate the level of gene expression in the infected control cell line NIH3T3.  NIH3T3 cells 

were infected as described in the Materials and Methods, and HSV-tk expression was examined 

in these cells (Fig. 39).  High infection efficiency was achieved in NIH3T3 cells (> 97% ) as 

determined by FACS (Fig. 39A).  RT-PCR revealed that infected NIH3T3 cells expressed HSV-

tk gene (Fig. 39B).  To measure the proliferation of cells after infection in the presence or 

absence of GCV treatment, a [3H]thymidine incorporation assay was performed.  As expected, 

NIH3T3 cells infected with ΤβRIIDN-tk showed no proliferation when treated with GCV, while 

wild-type NIH3T3 cells proliferated vigorously both in the presence or absence of GCV (Fig. 

40A).  As predicted, cells infected with Trans-tk did not proliferate in the presence of GCV but 

they proliferated vigorously in the absence of GCV (Fig. 40 A).   As seen in earlier studies, 

however, cells infected with GFP-tk vector again showed a minimal reduction in proliferation 

when treated with GCV (Fig. 40A).  The results demonstrate the efficacy of the new control 

vector Trans-tk in decreasing proliferation of infected cells when treated with GCV.  GCV-

mediated effect on proliferation was many times more effective in cells infected with Trans-tk 

than cells infected with GFP-tk.   

 

Next, cell viability was measured using a Trypan blue exclusion assay.  Trypan blue 

enters the membrane of dead or dying cells and stains these cells, whereas live cells repel the dye 

because of the intact membrane.  Infected NIH3T3 cells were treated with or without GCV for 

three days then stained with Trypan blue.  The percentage of viable cells was calculated as 
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described in the Materials and Methods.  Viability of wild-type NIH3T3 cells did not decrease 

when treated with GCV, while cells infected with either ΤβRIIDN-tk or Trans-tk had a dramatic 

decrease in cell viability in the presence of GCV (Fig. 40B).  GCV treatment had a minimal 

affect on cell viability in cells infected with GFP-tk vector (Fig. 40B).  Taken together, these 

experiments validate the efficacy of the HSV-tk/GCV suicide system in our MSCV retroviral 

model, with the redesigned control vector Trans-tk displaying comparable cell killing to the 

TβRIIDN-tk vector in NIH3T3 cells when treated with GCV.   

 

Verification for TGF- β sensitivity  

After establishing the efficacy in cell killing, we examined the sensitivity to TGF−β in 

NIH3T3 cells infected with ΤβRIIDN-tk or Trans-tk.  A Plasminogen Activator Inhibitor-1 

(PAI-1)/Luciferase assay was used to measure TGF−β signaling.  TGF-β increases PAI-1 

expression, therefore, when PAI-1 promoter is fused to the Luciferase gene, luciferase activity 

correlates to the extent of TGF−β signaling (54, 55).  Wild-type NIH3T3 and NIH3T3 infected 

with Trans-tk or GFP-tk exhibited elevated Luciferase activity when treated with TGF-β, while 

ΤβRIIDN-tk-infected NIH3T3 cells lost their sensitivity to TGF-β, as indicated by the lack of an 

increase in Luciferase activity (Fig. 41).  These experiments successfully demonstrated the 

efficacy of the ΤβRIIDN-tk/GCV suicide system in cell killing as well as blocking TGF-β 

signaling.  The results provide strong support to our hypothesis that incorporation of a HSV-

tk/GCV suicide system in TβRIIDN-mediated gene therapy could offer a potential solution in 

prevention of autoimmunity in the host with TβRIIDN-tk infected immune cells.    
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Efficiency of HSV-tk gene expression in BMCs  

Finally, the efficiency of gene transfer was tested in BMCs.  BMCs were infected as 

described in the Materials and Methods and examined for gene transfer efficiency.  Greater than 

75% of TβRIIDN-tk or Trans-tk gene transfer efficiency was achieved in BMCs (Fig. 42A).  

HSV-tk gene was efficiently expressed in infected BMCs as determined by RT-PCR (Fig. 42B).  

The efficiency of gene transfer allows us to further pursue this study in an in vivo mouse model.   

In the future studies as discussed in the following session, BMCs infected with TβRIIDN-tk will 

be transferred to lethally-irradiated recipient mice.  This approach will then allow us to 

efficiently eradicate tumor cells as well as eliminate potential harmful BMCs before the onset of 

autoimmunity in the recipient mice.  Detailed experimental designs are further discussed in the 

Discussion and Future Directions session.   
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CHAPTER VII 

DISCUSSION AND FUTURE DIRECTIONS 

 
CD4+CD25+Foxp3+ Treg cells are known for their ability to suppress proliferation of T 

cells and autoimmunity in animals (84-86).  They are also linked to cancer development, as 

depletion of Treg cells facilitates tumor rejection (89-92).  Treg cells preferentially accumulate in 

tumor draining lymph nodes and tumor masses, and the presence of such cells is correlated with 

a poor prognosis in patients (80, 104, 147).  Depletion of Treg cells is beneficial in tumor 

rejection in animal studies, identification of the origin of Treg cells in the tumor 

microenvironment will provide valuable information to successfully eliminate Treg cells and thus 

the suppression of anti-tumor immunity by these cells (91, 130, 186).  Thus far, the origin of Treg 

cells in the tumor microenvironment still remains elusive.  However, recent evidence has 

suggested at least four possible sources of these Treg cells (149).  First is trafficking.  Tumor cells 

produce chemokines, such as CCL22, that specifically recruit Treg cells to tumor sites (80).  

Second is differentiation through contact with tumor-induced immature dendritic cells (DCs) 

(148).  Third is the expansion of Treg cells through DCs stimulation (187).  Lastly, Treg cells can 

also be converted from normal CD4+ T cells in tumor-bearing animals (147).  It appears that 

there are two distinct types of Treg cells in the tumor microenvironment.  Naturally occurring Treg 

cells that are either recruited to the tumor sites or stimulated to expand represent one type, and 

converted Treg cells in the tumor microenvironment represent the second type.  Although the 

phenotype of these two types of Treg cells is virtually indistinguishable (188), the origin of these 

Treg cells differs as described above.  TGF-β plays a critical role in extrathymic 

generation/conversion of Treg cells either through direct or indirect mechanisms.  The direct 
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conversion of Treg cells by tumor-derived TGF-β is demonstrated in the present study, while the 

indirect mechanism involves induction of immature DCs by tumor-derived TGF-β which in turn 

increase Treg cell conversion (148).  Neither direct expansion of naturally occurring Treg cells by 

DCs nor trafficking of such cells to the tumor microenvironment requires TGF-β (80, 187).  And 

because a direct treatment with TGF-β induces Treg cell conversion and neutralization of TGF-β 

reduced Treg cells in the tumor microenvironment (Chapter I and II), it is logical to reason that 

CD4+CD25+Foxp3+ Treg cells observed in the tumor masses, at least some of them, are converted 

by tumor-produced TGF-β.  These converted T cells possess the suppressive ability of immune 

cells, thus giving tumor a growth advantage by evading the immune system.   

 

T cells obtained from the in vitro conversion studies are bona fide regulatory T cells in 

terms of Foxp3 expression, cytokine production (low IL-2, high IL-10 and TGF-β) and 

suppression of CD4+CD25- T cells (Chapter I).  Additional studies revealed a critical role of 

TGF-β in the conversion as tumor cells (TRAMP-C2 and RENCA) produce high levels of this 

cytokine, and neutralization of TGF-β completely abrogated the conversion of CD4+CD25- T 

cells to Treg cells (Chapter I).  The importance of TGF-β in this conversion was further 

demonstrated by the studies of CD4+CD25- T cells cultured in CM derived from a non-

tumorigenic cell line NRP-152 or irradiated TRAMP-C2, as these cells lack all the characteristics 

of Treg cells due to the absence of TGF-β in CM (Chapter I). 
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Tumor cells are a rich source of TGF-β in the tumor microenvironment, and tumor-

derived TGF-β becomes a source that influences the conversion of normal CD4+ T cells into Treg 

cells.  Indeed, studies by Kretschmer et al have demonstrated that addition of TGF-β enhances 

the conversion of naïve CD4+ T cells into Treg cells when stimulated by a minute antigen dose 

with suboptimal dendritic cell activation (189).  The present study suggests that tumor-derived 

TGF-β can convert subset of normal CD4+ T cells to Treg cells in the tumor sites.  We thus 

propose that tumor cells evade the immune system by conversion of Treg cells through production 

of high levels of TGF-β.  When tumor-infiltrating CD4+ T cells are exposed to a TGF-β rich 

environment in tumor sites, CD4+CD25+Foxp3+ Treg cell conversion occurs.  As a result, the 

converted Treg cells suppress anti-tumor immunity, conferring a growth advantage to tumor cells.  

Indeed, a significant reduction in lung metastases was observed in tumor-bearing animals treated 

with a neutralizing Ab against TGF-β, 1D11 (Fig. 24 and25).  This reduction in tumor burden, at 

least in part, was due to the absence of CD4+CD25+Foxp3+ Treg cells in the tumor 

microenvironment of these animals (Fig. 27).  The absence of Foxp3+ Treg cells is likely due to 

the lack of conversion of normal CD4+ T cells because of the absence of TGF-β in these animals.  

Moreover, it is of interest to point out that TGF-β produced by host tissues also could play a role 

in Treg cell conversion.  Studies by Thomas et al showed that blockage of host-produced TGF-β 

aids tumor rejection (190).  In their studies, they engineered tumor cells to produce a soluble 

form of TGF-β type II receptor that systemically neutralizes TGF-β.  When these engineered 

tumor cells were injected into the mice, animals were able to reject the tumors.  Mice injected 

with tumor cells which produce minimal levels of TGF-β eventually succumbed to tumor 
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burden, suggesting host-produced TGF-β could also play an important role in tumor rejection as 

an alternative source of TGF-β in Treg  cell conversion.   

 

The present and other recent studies have revealed various sources of Treg cells found in 

the tumor microenvironment.  Although the possibility still remains that some Treg cells observed 

in the tumor mass in the present study, are recruited by tumor-derived CCL22, as demonstrated 

by Curiel et al (80), it is likely that the population of Treg cells present in the tumor 

microenvironment consists of a heterogeneous mixture of naturally occurring Treg cells and 

converted Treg cells.  Cytokines produced by tumor cells, such as CCL22, IL-10, and TGF-β, can 

work in concert to aid tumors in evading the immune system, either by recruitment of naturally 

occurring Treg cells to tumor sites or through direct or indirect conversion of normal CD4+ T cells 

to Treg cells (80, 147-149).  Furthermore, it has been shown that functional CD4+CD25+ Treg cells 

can be expanded by DCs (187).  Finally, Treg cell conversion could also occur independently of 

TGF-β, as shown in the study by Kretschmer et al in which T cells with antigen (Ag) specificity 

can be efficiently induced to Treg cells with minute amount of Ag stimulation along with 

suboptimal DC activation (189).  However, addition of TGF-β further enhances such conversion.  

It appears that extrathymic generation/conversion of Treg cells could be Ag-specific or non-

specific.  In either case, TGF-β plays an essential role in this conversion.  It is therefore 

important to identify the source of Treg cells in the tumor mass in order to provide a better 

understanding and more efficient measurement in the treatment of existing tumors, as depletion 

of CD25+ T cells will not prevent the conversion of normal CD4+ T cells into Treg cells by tumor 

cells.  Combination of CD25+ T cell depletion and blockage of TGF-β should further improve 
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the outcome of treatment of existing tumors.  However, because TGF-β is a very potent 

immunosuppressant, long term systematic blockage of TGF-β may result in autoimmunity in 

patients.  Therefore, it is critical to find the delicate balance between tumor immunity and 

autoimmunity that is maintained by Treg cells in the treatment of tumors.   In summary, the 

present study provides evidence that tumor cells can directly convert normal CD4+ T cells into 

CD4+CD25+Foxp3+ Treg cells through production of TGF-β, thus providing a possible 

mechanism whereby tumors evade the host immune surveillance program through generation of 

Treg cells. 

 

It is well documented that TGF-β induces Foxp3 expression in CD4+CD25-  T cells in 

vitro (145, 191).  We have demonstrated in our laboratory that tumor cells can directly convert 

CD4+CD25- T cells into CD4+CD25+ Treg cells through action of tumor-derived TGF-β (Chapter 

I and II).  The converted Treg cells express the crucial transcription factor Foxp3.  Although 

ample evidence in the literature supports the notion that TGF-β induces Foxp3 expression, the 

precise mechanism remains elusive.  In our initial studies, we have made an attempt to address 

this issue by exploring possible de-methylation of the Foxp3 promoter in CD4+CD25- T cells.  

First of all, using Methprimer (169) we have successful predicted 5 possible CpG islands on the 

mouse Foxp3 promoter (Fig. 29).  This finding prompted us to further investigate the potential 

mechanisms of Foxp3 induction by TGF-β.  Using a methylation inhibitor 5-Aza, we were able 

to show that global inhibition of methylation induced Foxp3 expression in CD4+CD25- T cells 

(Fig. 30).  In addition, an ERK inhibitor U0126 was able to induce Foxp3 expression these T 

cells (Fig. 30).  Furthermore, real-time RT-PCR revealed an overall decrease in expression level 



 
 
 

73 

of DNMTs in CD4+CD25- T cells treated with TGF-β, 5-Aza, or U0126 (Fig. 31).  These results 

suggest a possible de-methylation process of the Foxp3 promoter in CD4+CD25- T cells treated 

with TGF-β.   

 

From the above observations, we have derived a hypothesis: TGF-β induces Foxp3 

promoter demethylation in CD4+C25- T cells through an ERK/DNMT-dependent pathway.  

According to this hypothesis, when CD4+CD25- T cells are treated with TGF-β, ERK2 

phosphorylation is down regulated.  As a result, this down regulation of ERK2 activation leads to 

decreased activity of DNMTs and therefore decreased methylation of Foxp3 promoter, and 

consequent gene expression.  Thus far, the initial experiments can only serve as indirect evidence 

to support this hypothesis.  To provide direct evidence to support the hypothesis, a methylation 

specific PCR (MSP PCR) is needed to examine the methylation status of potential CpG islands 

on the Foxp3 promoter (Fig. 29).   If the MSP PCR reveals methylation on the predicted CpG 

islands, it will provide direct support to the hypothesis that the mouse Foxp3 gene expression is 

regulated by promoter methylation.  To further elucidate the mechanism, phospho-ERK2 levels 

need to be examined by western blot in CD4+CD25- T cells when treated with TGF-β.  Studies 

conducted by Deng et al showed that ERK2 phosphorylation is down regulated in T cells treated 

with TGF-β (173, 174), but this phenomenon is yet to be proven in our hands.  Finally, the 

DNMT responsible for methylation of Foxp3 promoter can be determined by using siRNA to 

knock down specific DMNTs one at the time.  Methylation status will be examined in the 

absence of one or more DNMNTs.  The above critical experiments will provide evidence to 
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support the hypothesis that TGF-β influences Foxp3 promoter methylation through down 

regulation of ERK phosphorylation.   

 

Many tumors produce high levels of TGF−β.  Since TGF−β is a potent 

immunosuppressant, tumor-produced TGF−β can suppress the immune responses against tumor 

cells and therefore facilitate tumor evasion of the immune surveillance (34, 58-62).  In theory, if 

TGF−β production is inhibited in tumor cells, the immune system can eliminate tumors in the 

absence of the suppression by TGF-β.  Alternatively, if the immune system could be rendered 

insensitive to TGF−β, it would then be possible for the immune system to eradicate tumors.  

Indeed, in the previous studies carried out in our laboratory, we tested both hypotheses and found 

that both approaches were successful in eliminating tumor growth in animal models (26, 121)  

However, such approaches, although successful, also revealed their limitations.  It is not realistic 

to eliminate TGF-β production in already-established tumors.  Therefore it is not clinically 

feasible.  In the case of rendering the immune system insensitive to TGF-β, the biggest limitation 

is the development of autoimmunity in animals receiving the TβRIIDN BMCs after tumor 

eradication (122).   

 

Fortunately, this limitation could possibly be resolved through a conditional gene 

expression, such as the ΤβRIIDN-tk/GCV suicide system.  In this approach, TβRIIDN is fused to 

HSV-tk and it is under regulation of HSV-tk.  When treated with GCV, cells expressing HSV-tk 

will undergo apoptosis.  The ultimate goal of this study is to efficiently eradicate tumors while 

preventing the development of autoimmunity.  We have successfully demonstrated the efficacy 
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of TβRIIDN-tk/GCV in killing NIH3T3 cells.  We have also shown that cells infected with 

TβRIIDN-tk are insensitive to TGF-β signaling while the control vector Trans-tk infected cells 

remain responsive to TGF-β (Fig. 40-41).   

 

As gene transfer efficiency has been established in the BMC, BMCs infected with 

TβRIIDN-tk or Trans-tk will be transferred into lethally-irradiated recipient mice.  The 

experimental design of future studies is outlined in Fig. 43.  In this in vivo study, instead of 

transferring BMCs before tumor challenge as described in an earlier study in our laboratory 

conducted by Shah et al. (26), tumor cells  will be injected I.V. via tail vein to mice prior to 

BMCs transplant to mimic a more realistic clinical setting where tumor cells are already 

established.  As outlined in Fig. 43, 5 days after Fluorouracil (5-FU) injection of the donor mice 

to enrich the stem cells, BMCs will be isolated as described previously (26).  After collecting 

viral particles harboring ΤβRIIDN-tk or Trans-tk from GP293 cells, these viral particles will be 

used to infect 2 and 3 days post isolation primary bone marrow cells via spin infection.  BMCs 

infected with the ΤβRIIDN-tk or Trans-tk will be transplanted into the lethally irradiated 

recipient mice that were challenged with tumor cells prior to BMCs transplant.  The resulting 

chimeric mice will be subjected to the administration of GCV i.p. at 150 mg/kg twice a day for 6 

days and the development of autoimmunity and tumor metastases will be monitored in these 

animals.   

 

In conclusion, we expect the combination of TβRIIDN and HSV-tk would provide a 

powerful tool in cancer therapy where tumor cells are efficiently eradicated.  The potential 
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harmful TβRIIDN-expressing cells could be eliminated using the HSV-tk/GCV suicide system 

before they cause any damage to the host.  In addition, in this study, we will test the efficacy of 

TβRIIDN-tk BMC to eradicate already-established tumors by challenging the mice with tumor 

cells before BMC transplant, which mimics the realistic clinical setting.  The results from our 

initial in vitro experiments are very encouraging, and we are hopeful to develop this technique 

and eventually apply it as a potential human gene therapy in cancer treatment.   
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FIGURES 
 

Figure 1.  TGF-ββββ signaling transduction pathway.  TGF-β signals through its Type I (TβRI) 

and type II (TβRII) receptors.  Binding of TGF-β to TβRII induces the association and activation 

of TβRI.  The activated TβRI then phosphorylates and activates receptor-associated Smads, R-

Smads (Smad2 and 3).  Phosphorylated R-Smads have increased affinity for common Smads, 

Co-Smad (Smad 4) to form a complex.  The resulting complex then translocates into nucleus to 

associate with transcriptional co-activators or co-repressors to regulate gene expression in a 

context-specific manner.  
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Figure 2. Tumor evasion of the immune system by producing high levels of TGF-ββββ.  Many 

types of tumor cells produce high levels of TGF-β.  Consequently, tumor-derived TGF-β forms a 

“firewall” around the tumor cells in the tumor microenvironment.  Since TGF-β is a potent 

immunosuppressant, tumor-produced TGF-β can suppress the anti-tumor immunity, therefore 

conferring a growth advantage to tumor cells.    
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Figure 3. CD4+CD25+ T cells present in the tumor mass. TRAMP-C2 cells (1 x 106) were 

injected into C57BL/6 mice intravenously via tail vein.  Mice were sacrificed at day 30 and lung 

tissues were fixed in formalin, cut into 4 µm sections, and used to examine CD4 and CD25 

expression.  A representative section is shown here.  Red color indicates CD25 positive T cells, 

green, CD4 positive T cells, and double positive T cells are shown as yellow.  Tumor nuclei were 

counterstained with Hoechst 33342 dye and are shown as blue.  Scale bars, 20 µm.    
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Figure 4. CD25+Foxp3+ T cells present in the tumor mass.  TRAMP-C2 cells (1 x 106) were 

injected into C57BL/6 mice intravenously via tail vein.  Mice were sacrificed at day 30 and lung 

tissues were fixed in formalin, cut into 4 µm sections, and used to examine CD25 and  Foxp3 

expression.  A representative section is shown here.  Red color indicates CD25 positive T cells, 

green, Foxp3 positive T cells, and double positive T cells are shown as yellow.  Tumor nuclei 

were counterstained with Hoechst 33342 dye and are shown as blue.  Scale bars, 20 µm.   
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Figure 5.  Experimental design of TRAMP-C2 and T cell co-culture system.  TRAMP-C2 

cells were co-cultured with isolated CD4+CD25- T cells in the presence of 1 µg/ml anti-CD3 Ab 

and APCs for 7 days with replacement of TRAMP-C2 cells every two days.  Seven days later T 

cells were sorted on a FACS sorter according to cell surface CD25 expression into CD4+CD25+ 

and CD4+CD25- T cell populations. The sorted T cell populations were used for Foxp3 RT-PCR.   
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Figure 6.  Expression of Foxp3 in CD4+CD25- T cells co-cultured with TRAMP-C2 cells.  

Isolated CD4+CD25- T cells were cultured and sorted as described in Fig. 5.  Two-step RT-PCR 

was performed to evaluate Foxp3 mRNA expression levels in sorted T cell populations.  Freshly 

isolated CD4+CD25+ Treg cells were used as the positive control and freshly-isolated CD4+CD25- 

T cells were used the negative control. 
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Figure 7.  Conversion kinetics of CD4+CD25- T cells co-cultured with TRAMP-C2 cells.  A. 

Rate of conversion.  Isolated CD4+CD25- T cells were co-cultured with TRAMP-C2 cells for 0-5 

days.  T cells were collected each day and stained for cell surface expression of CD4 and CD25 

and analyzed by FACS.  B. Ratio of conversion.  The effect of number of TRAMP-C2 cells on 

CD4+CD25- T cell conversion was determined by co-culturing TRAMP-C2 cells and 

CD4+CD25- T cells at different ratios (0.1:1, 0.25:1, 0.5:1, 0.75:1, and 1:1) for 5 days.  At the 

end of the experiment, T cells were collected and stained for cell surface expression of CD4 and 

CD25 and analyzed by FACS.  All conditions were performed in triplicate and reported as the 

mean ± S.D.   Results shown are representative of at least three independent experiments.   
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Figure 8.  Experimental design of culturing CD4+CD25- T cells with TRAMP-C2 CM.  To 

determine whether cell-cell contact is required for TRAMP-C2 cells to induce Foxp3 expression 

in CD4+CD25- T cells, another set of experiments were designed.  Instead of co-culturing 

TRAMP-C2 cells with CD4+CD25- T cells, CM was collected from a 3-day culture of TRAMP-

C2 cells.  CM was then used to culture isolated CD4+CD25- T cells for 5 days in the presence of 

anti-CD3 and CD28 Abs.  Five days later, the resulting T cells were used for phenotype analysis.   
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Figure 9. Expression of Foxp3 in CD4+CD25- T cells cultured with TRAMP-C2 CM.   

Isolated CD4+CD25- T cells were cultured as described in Fig. 7 for 5 days.  The resulting T cells 

were used to evaluate mRNA (A) and protein (B) levels of Fox3 expression.  A.  Foxp3 RT-

PCR.  Two-step Foxp3 RT-PCR was performed to measure mRNA levels of Foxp3 expression in 

CD4+CD25- T cells cultured with TRAMP-C2 CM.  Freshly isolated CD4+CD25+ Treg cells were 

use as the positive control and freshly isolated CD4+CD25- T cells were used as the negative 

control.  B.  Intracellular staining of Foxp3.  CD4+CD25- T cells were cultured as above and 

protein levels of Foxp3 were measured by intracellular staining using an Ab specific  to Foxp3 

and analyzed by FACS.  Left panel shows the intracellular Foxp3 expression of positive and 

negative controls.  Bottom panel shows the intracellular Foxp3 expression of CD4+CD25- T cells 

cultured with T cell medium or TRAMP-C2 CM.  Isotype control rat IgG2a is shown as a gray 

area.   
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Figure 10.  The dilution effect of TRAMP-C2 CM on conversion of CD4+CD25- T cells.  

Isolated CD4+CD25- T cells were cultured with TRAMP-C2 CM diluted at various 

concentrations for 5 days.  At the end of the experiment, T cells were stained for cell surface 

expression of CD4 and CD25 and analyzed by FACS.  The starting isolated CD4+CD25- T cell 

population is shown as Day 0 (d 0).  A graph representation is shown at the bottom.  Results 

shown are representative of at least three independent experiments.  
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Figure 11.  IL-2 production of CD4+CD25- T cells cultured with TRAMP-C2 CM.  Isolated 

CD4+CD25- T cells were cultured with TRAMP-C2 CM for 5 days as described in Fig. 7.  At the 

end of 5 days, T cells were washed extensively and re-stimulated with anti-CD3 and CD28 Abs 

for another 48 hours in T cell medium.  IL-2 production by T cells was measured using IL-2 

ELISA.  A. IL-2 ELISA of CD4+CD25+ Treg cells and CD4+CD25- T cells.  Freshly isolated 

CD4+CD25+ Treg cells were used as the positive control and freshly isolated CD4+CD25- T cells 

were used as the negative control.  T cells were stimulated with anti-CD3 and CD28 Abs for 48 

hours and IL-2 production was measured by ELISA.  B. IL-2 ELISA of CD4+CD25- T cells 

cultured with TRAMP-C2 CM.  All conditions were performed in triplicate and reported as the 

mean ± S.D.  Results shown are representative of at least three independent experiments.   
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Figure 12.  IL-10 production of CD4+CD25- T cells cultured with TRAMP-C2 CM.  Isolated 

CD4+CD25- T cells were cultured with TRAMP-C2 CM for 5 days as described in Fig. 7.  At the 

end of 5 days, T cells were washed extensively and re-stimulated with anti-CD3 and CD28 Abs 

for another 48 hours in T cell medium.  IL-10 production by T cells was measured using a IL-10 

ELISA.  A. IL-10 ELISA of CD4+CD25+ Treg cells and CD4+CD25- T cells.  Freshly isolated 

CC4+CD25+ Treg cells were used as the positive control and freshly isolated CD4+CD25- T cells 

were used as the negative control.  T cells were stimulated with anti-CD3 and CD28 Abs for 48 

hours and IL-10 production was measured by ELISA.  B. IL-10 ELISA of CD4+CD25- T cells 

cultured with TRAMP-C2 CM.  All conditions were performed in triplicate and reported as the 

mean ± S.D.  Results shown are representative of at least three independent experiments.   
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Figure 13. TGF-ββββ production of CD4+CD25- T cells cultured with TRAMP-C2 CM.  

Isolated CD4+CD25- T cells were cultured with TRAMP-C2 CM for 5 days as described in Fig. 

7.  At the end of 5 days, T cells were washed extensively and re-stimulated with anti-CD3 and 

CD28 Abs for another 72 hours in serum free T cell medium.  TGF-β production by T cells was 

measured using a TGF-β ELISA.  A. TGF-β ELISA of CD4+CD25+ Treg cells and CD4+CD25- T 

cells.  Freshly isolated CC4+CD25+ Treg cells were used as the positive control and freshly 

isolated CD4+CD25- T cells were used as the negative control.  T cells were stimulated with anti-

CD3 and CD28 Abs for 72 hours in serum free medium and TGF-β production was measured by 

ELISA.  B. TGF-β ELISA of CD4+CD25- T cells cultured with TRAMP-C2 CM.  All conditions 

were performed in triplicate and reported as the mean ± S.D.  Results shown are representative of 

at least three independent experiments.   
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Figure 14. Suppression assay of CD4+CD25- T cells cultured with RENCA CM.  A. 

Suppression of CD4+CD25- T cell (1.5 x 104) proliferation.  CD4+CD25- T cells were purified 

and cultured in RENCA CM for 5 days.  At the end of the 5-day culture, 1.5 x 104 freshly 

isolated CD4+CD25- responder T cells were stimulated with an anti-CD3 Ab and APCs either 

alone or with 5 x 104 T cells previously cultured with RENCA CM for 72 hours.  At the last 6-18 

hours, 1 µCi/well of [3H]thymidine was added to each well and cells were harvested and counted 

in a scintillation counter.  B. Suppression of CD4+CD25- T cell (5 x 104) proliferation.  5 x104 

freshly isolated CD4+CD25- T cells were stimulated with an anti-CD3 Ab and APCs and  

cultured with 5 x 104 T cells previously cultured with RENCA CM.  All conditions were 

performed in triplicate and reported as the mean ± S.D.  Results shown are representative of at 

least three independent experiments.   
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Figure 15. Effects of addition of 1D11 on suppressive ability of CD4+CD25- T cells cultured 

with TRAMP-C2 CM.  A.  Suppression of CD4+CD25- T cell proliferation in the presence or  

absence of 1D11.  CD4+CD25- T cells were purified and cultured in TRAMP-C2 CM for 5 days.  

At the end of the 5-day culture, 1.5 x 104 freshly isolated CD4+CD25- responder T cells were 

stimulated with an anti-CD3 Ab and APCs either alone or with T cells previously cultured with 

TRAMP-C2 CM for 72 hours.  At the last 6-18 hours, 1 µCi/well of [3H]thymidine was added to 

each well and cells were harvested and counted in a scintillation counter.  In some cases, a 

neutralizing Ab against TGF-β, 1D11, was added to the TRAMP-C2 CM used to culture 

CD4+CD25- T cells.  B.  Suppression of CD4+CD25- T cell (5 x 104) proliferation.  5 x104 freshly 

isolated CD4+CD25- T cells were stimulated with an anti-CD3 Ab and APCs and cultured with T 

cells previously cultured with TRAMP-C2 CM.  All conditions were performed in triplicate and 

reported as the mean ± S.D.  Results shown are representative of at least three independent 

experiments.   
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Figure 16. Titration assay of CD4+CD25- T cells cultured with TRAMP-C2 CM .  

CD4+CD25- T cells were purified and cultured in TRAMP-C2 CM for 5 days.  At the end of the 

5-day culture, 5 x 104 CD4+CD25- freshly isolated responder T cells were stimulated with an 

anti-CD3 Ab and APCs and cultured with various concentrations of T cells previously cultured 

with TRAMP-C2 CM (0 to 5 x 104) for 72 hours.  CD4+CD25- T cell proliferation was measured 

using [3H]thymidine incorporation assay.  All conditions were performed in triplicate and 

reported as the mean ± S.D.  All results shown are representative of at least three independent 

experiments. 
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Figure 17. TGF-ββββ production of various cell lines.  TRAMP-C2, RENCA, NRP-152, and 

irradiated TRAMP-C2 cells were cultured in serum free media for 3 days and CM was collected.  

TGF-β production in the CM was measured by ELISA.  All conditions were performed in 

triplicate and reported as the mean ± S.D.  All results shown are representative of at least three 

independent experiments. 
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Figure 18.  The role of TGF-β β β β in induction of Foxp3 expression in CD4+CD25- T cells.  A.  

Induction of Foxp3 expression by tumor, but not non-tumorigenic cells.  CD4+CD25- T cells 

were cultured with either TRAMP-C2 or NRP-152 cells for 7 days as described in Fig. 5.  After 

sorting, total RNA was extracted from individual T cell populations and two step RT-PCR was 

performed to detect the Foxp3 expression.  B.  Abrogation of Foxp3 induction.  CD4+CD25- T 

cells were cultured with CM from TRAMP-C2 and NRP-152 for 5 days as described in Fig. 7.  

Two step RT-PCR was performed to measure the Foxp3 expression levels in the resulting CM 

cultured T cells.  In some cases, 1D11 was added to the TRAMP-C2 CM used to cultured 

CD4+CD25- T cells.   
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Figure 19. Suppression assay of CD4+CD25- T cells cultured with NPR-152 CM.  

CD4+CD25- T cells were purified and cultured in NPR-152 CM for 5 days.  At the end of the 5-

day culture, 1.5 x 104 freshly isolated CD4+CD25- responder T cells were stimulated with an 

anti-CD3 Ab and APCs either alone or with T cells previously cultured with NRP-152 CM for 72 

hours.  At the last 6-18 hours, 1 µCi/well of [3H]thymidine was added to each well and cells 

were harvested and counted in a scintillation counter.  All conditions were performed in triplicate 

and reported as the mean ± S.D.  Results shown are representative of at least three independent 

experiments.  
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Figure 20. Suppression assay of CD4+CD25- T cells cultured with irradiated TRAMP-C2 

CM.   TRAMP-C2 cells were irradiated with 20,000 rads and CM was collected from a 3-day 

cultured of irradiated cells.  CD4+CD25- T cells were purified and cultured with the CM for 5 

days.  At the end of the 5-day culture, 1.5 x 104 freshly isolated CD4+CD25- responder T cells 

were stimulated with an anti-CD3 Ab and irradiated APCs either alone or with T cells previously 

cultured with irradiated TRAMP-C2 CM for 72 hours.  At the last 6-18 hours, 1 µCi/well of 

[3H]thymidine was added to each well and cells were harvested and counted in a scintillation 

counter.  All conditions were performed in triplicate and reported as the mean ± S.D.  Results 

shown are representative of at least three independent experiments.  
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Figure 21.  Experimental design of in vivo studies using a neutralizing Ab against TGF-ββββ.  

Balb/c mice were injected with 1 x 106 RENCA cells intravenously via tail vein.  Five mice 

received a neutralizing Ab against TGF-β, 1D11, and 5 mice received the control IgG Ab13C4 

(Genzyme) at a loading dose of 100 mg/kg intraperitoneally at the day of the injection.  Five 

mice received no treatment.  Mice continuously receiving 1D11 or 13C4 treatment every 3 days 

at a dose of 50 mg/kg over a course of 30 day experiment.  At day 30, mice were sacrificed, lung 

tissues were fixed with formalin, and cut into 4 µm sections for Hemotoxin & Eosin (H&E) and 

immunofluorescence staining.  Tumor burden was evaluated by counting numbers of tumor 

metastases of H&E stained lung tissue sections of each animal.   
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Figure 22. Serum TGF−β−β−β−β ELISA .  Balb/c mice were treated as described in Fig. 21.  At the end 

of the experiment, mouse sera were collected and serum TGF-β levels were measured using a 

TGF-β ELISA Kit.  All conditions were performed in triplicate and reported as the mean ± S.D.  

One of two representative experiments is shown.  



 
 
 

120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

10

20

30

40

WT No treatment 1D11

S
er

um
 T

G
F

-b
et

a 
(n

g/
m

l)



 
 
 

121 

Figure 23.  Immunofluorescence staining of TGF-ββββ in lung tissues.  Balb/c mice were treated 

as described in Fig. 21.  At the end of experiment, lung tissues were collected, cut into 4 µm 

sections, and used for immunofluorescence staining for TGF-β.  A representative staining pattern 

is shown.  Red color indicates the positive staining of TGF-β, blue, nuclei.  Scale bars: Top and 

bottom panels, 100 µm and the middle panel, 20 µm.   
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Figure 24.  Numbers of lung metastases.  Balb/c mice were treated as described in Fig. 21.  At 

the end of experiment, lung tissues were collected, cut into 4 µm sections, and used for H&E 

staining.  Lung metastases were counted in H&E stained lung sections and the number of lung 

metastases of each mouse was plotted. The graph represents pooled data from 2 independent 

experiments.  Each dot represents one animal and the lines represent the mean.  *, p < 0.05; **, p 

< 0.01 using 1 way ANOVA with post test comparison.   
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Figure 25.  H&E staining of lung tissues from tumor-bearing animals.  Balb/c mice were 

treated as described in Fig. 21.  At the end of the experiment, lung tissues were collected, cut into 

4 µm sections, and used for H&E staining.  A representative staining section is shown in this 

figure.  Arrows indicate lung metastases.     
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Figure 26.  Absence of Foxp3+ T cells in the tumor mass of animals receiving 1D11.  Balb/c 

mice were treated as describe in Fig. 21.  At the end of the experiment, T lymphocytes were first 

enriched using Percoll from the lung tissues of animals receiving different treatments.  

CD4+CD25+ T cells in lung tissues were purified from Percoll-enriched lymphocytes and 

analyzed by FACS (top panel).  Lung tissues were collected, cut into 4 µm sections, and used for 

immunofluorescence staining for Foxp3.  Bottom panel shows a representative staining pattern 

for Foxp3 in the tumor mass.  Fopx3 positive cells are shown in green and nuclei are shown in 

blue.  Scare bars, 20 µm. 
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Figure 27.  Loss of suppressive ability of CD4+CD25+ T cells from mice receiving 1D11.  

Balb/C mice were treated as described in Fig. 21.  At the end of the experiment, CD4+CD25+ T 

cells were isolated from the lung tissues (see Materials and Methods) and used for an in vitro 

suppression assay to measure their suppressive ability.  5 x 104 freshly isolated responder 

CD4+CD25- T cells were stimulated with an anti-CD3 Ab and APCs either alone or cultured with 

CD4+CD25+ T cells isolated from lung tissues from mice receiving different treatments.  All 

conditions were performed in triplicate and reported as the mean ± S.D.  One of two 

representative experiments is shown.   
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Figure 28. A proposed model for tumor evasion of the immune system by converting 

CD4+CD25- T cells into Treg cells through production of TGF−β.  The presence of Treg 

cells in the tumor microenvironment is associated with a poor prognosis in patients.  The source 

of these cells still remains elusive.  However, the present and other studies have revealed various 

sources for Treg cells in the tumor microenvironment. It appears that there are two types of Treg 

cells.  Naturally occurring Treg cells that are recruited to the tumor sites represent one type, and 

converted Treg cells in the tumor microenvironment represent the other type (See Discussion). 

The present study provides evidence that tumor cells can directly convert CD4+ T cells into Treg 

cells through production of high TGF-β.  In this proposed model, normal CD4+ T cells in the 

tumor microenvironment encounter the high levels of TGF-β produced by tumor cells.  As a 

result, they are converted into CD4+CD25+Foxp3+ Treg cells. Consequently, these tumor 

converted Treg cells suppress the anti-tumor immunity and therefore confer a growth advantage to 

tumor cells.   
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Figure 29. Predicted potential CpG islands of the mouseFoxp3 promoter by MethPrimer.  

Mouse Foxp3 promoter sequence was obtained from NCBI nucleotide sequence database 

(AF277994) and was analyzed by MethPrimer (http://www.urogene.org/methprimer/index.html, 

169).  Five potential CpG islands are predicted by the software, shown as blue areas in the map.   
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Figure 30.  Expression of Foxp3 in CD4+CD25- T cells treated with 5-Aza or U0126.   

Isolated CD4+CD25- T cells were cultured with TGF-β, 5-Aza, and U0126 for either 2 or 4 days 

in the presence of anti-CD3 and CD28 Abs.  At the end of the experiment, total RNA was 

isolated and two-step RT-PCR was performed as described in the Materials and Methods.  

Freshly isolated CD4+CD25+ Treg cells were used as the positive control and CD4+CD25- T cells 

cultured with anti-CD3 and CD28 Abs only were used as the negative control.
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Figure 31.  DNMT real-time RT-PCR.  Isolated CD4+CD25- T cells were cultured with TGF-β, 

5-Aza, and U0126 for 4 days in the presence of anti-CD3 and CD28 Abs.  At the end of the 

experiment, total RNA was isolated and equal amount of RNA was used to generate cDNA.  

Real-time PCR was performed to examine the expression levels of DNMNT1, DNMT3a, and 

DNMT3b (see the Materials and Methods).  
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Figure 32. Blockage of TGF-ββββ signaling using a dominant negative type II TGF-ββββ receptor 

(TββββRIIDN).  TβRIIDN is a type II TGF-β receptor that lacks the intracellular portion.  This 

truncated receptor can still bind to TGF-β but is unable to form a receptor complex with type I 

TGF-β receptor.  Therefore it lacks the ability to elicit the downstream effects that are otherwise 

carried out in response to TGF-β signaling.   
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Figure 33.  Mechanism of HSV-tk/GCV suicide system in cell killing.  A.  Structure of GCV.  

B.  Enzymatic conversion of GCV-ppp by HSV-tk.  HSV-tk catalyzes GCV to ganciclovir 

monophosphate.  The subsequent formation of the diphosphate and triphosphate ganciclovir is 

catalyzed by cellular enzymes. GCV triphosphate is analogous to 2’-deoxyguanosine 

triphosphate.  Although it has hydroxyl groups, it lacks a complete sugar ring that makes GCV a 

poor substrate for continuing chain elongation.  Consequently, chain termination almost always 

occurs immediately after GCV incorporation into DNA and leads to cell death. C. Mechanism of 

cell killing.  Cells are infected by retroviral vector harboring HSV-tk gene.  When treated with 

GCV, HSV-tk catalyzes the GCV to a toxic form and consequently this conversion leads to cell 

death.  
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Figure 34.  TββββRIIDN-tk and GFP-tk constructs.  A.  The original retroviral constructs used in 

studies conducted by Shah et al (26, 122).  A bicstronic construct employing an IRES to ensure 

gene express of both TβRIIDN and GFP.  GFP construct was used as the control.  B.  TβRIIDN-

tk and GFP-tk constructs.  In the present study, the HSV-tk gene is used to make the fusion gene 

with TβRIIDN to form TβRIIDN-tk construct that blocks the TGF-β signaling and is susceptible 

to GCV treatment.  GFP-tk is used as the control vector.   
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Figure 35.  Expression of HSV-tk gene in cells transduced with TββββRIIDN-tk and GFP-tk.   

NIH3T3 cells (A) and BMCs (B) were infected with ΤβRIIDN-tk or GFP-tk as described in the 

Materials and Methods.  After infection, total RNA was isolated and two-step RT-PCR was 

performed to detect the HSV-tk expression using HSV-tk-specific primers.  A.  HSV-tk RT-PCR 

of infected NIH3T3 cells.  B.  HSV-tk RT-PCR of infected BMCs.  
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Figure 36. Effect of TββββRIIDN-tk/GCV suicide system on NIH3T3 cell proliferation.  

NIH3T3 cells were infected with TβRIIDN-tk or GFP-tk and cultured in the presence or absence 

of  10 µg/ml GCV for 72 hours.  Cell proliferation was measured by [3H]tymindine incorporation 

assay.  All conditions were performed in triplicate and reported as the mean ± S.D.  All results 

shown are representative of at least three independent experiments. 
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Figure 37. Effect of TββββRIIDN-tk/GCV suicide system on BMC proliferation.  BMCs were 

infected with TβRIIDN-tk or GFP-tk and treated in the presence or absence of 10 µg/ml GCV 

for 72 hours.  Cell proliferation was measured by [3H]tymindine incorporation assay.  Non-

infected BMCs were used as a control as the treatment of GCV should have no effect on them.  

All conditions were performed in triplicate and reported as the mean ± S.D.  All results shown 

are representative of at least three independent experiments.
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Figure 38. ΤβΤβΤβΤβRIIDN-tk and Trans-tk constructs.   A. ΤβRIIDN-tk construct. Truncated 

TGF−β type II receptor ΤβRIIDN is fused to the HSV-tk gene to generate ΤβRIIDN-tk.  B. 

Trans-tk construct.  Extracellular domain of ΤβRIIDN is deleted in this construct, only the 

transmembrane domain is intact and fused to the HSV-tk gene.  The resulting construct, Trans-

tk, lacks the the ability to bind to TGF−β and is susceptible to GCV treatment. 
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Figure 39. Efficiency of TββββRIIDN-tk and Trans-tk gene transfer in NIH3T3 cells.  NIH3T3 

cells were infected with TβRIIDN-tk or Trans-tk as described in the Materials and Methods.  

After infection, cells were examined for gene transfer efficiency (A) and HSV-tk expression (B).  

A.  Gene transfer efficiency.  NIH3T3 cells were analyzed for GFP expression by FACS.  The 

percentage of GFP positive cells represents the percentage of cells that are infected with the 

constructs.  A representative graph is shown here.  B. HSV-tk RT-PCR.  Total RNA was 

extracted from infected NIH3T3 cells and two-step RT-PCR was performed to measure the 

HSV-tk expression.  
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Figure 40.  Efficiency of TββββRIIDN-tk/GCV suicide system in cell killing.  NIH3T3 cells were 

infected with TβRIIDN-tk, GFP-tk, or Trans-tk and cultured in the presence or absence of 10 

µg/ml GCV for 72 hours.  A. Effect of TβRIIDN-tk and Trans-tk/GCV on NIH3T3 cell 

proliferation.  Cells were plated in a 96 well plate and treated with or without 10 µg/ml GCV for 

72 hours.  Cell proliferation was measured using [3H]thymidine incorporation assay.   B. Effect 

of TβRIIDN-tk and Trans-tk/CGV on cell viability.  Cells were infected and treated as above.  At 

the end of the experiment, cells were stained with Trypan blue and both dead and live cells were 

counted with a hemacytometer.  The percentage of viable cells was calculated as described in the 

Materials and Methods.  All conditions were performed in triplicate and reported as the mean ± 

S.D.  All results shown are representative of at least three independent experiments. 
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Figure 41.  Efficiency of TββββRIIDN-tk  in blockage of TGF-ββββ signaling.  NIH3T3 cells were 

infected with ΤβRIIDN-tk, GFP-tk, or Trans-tk.  After infection, cells were plated and 

transfected with PAI-1/Luciferase and Renilla/Luciferase for 12 hours.  Cells were then treated 

with or without 10 ng/ml TGF−β for 20 hours and Luciferease activity was measured using an 

illuminometer.  All conditions were performed in triplicate and reported as the mean ± S.D.  All 

results shown are representative of at least three independent experiments. 
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Figure 42. Efficiency of TββββRIIDN-tk and Trans-tk gene transfer in BMCs.  BMCs were 

infected with TβRIIDN-tk and Trans-tk as described in the Materials and Methods.  After 

infection, cells were examined for gene transfer efficiency (A) and HSV-tk expression (B).  A.  

Gene transfer efficiency.  BMCs were analyzed for GFP expression by FACS.  The percentage 

of GFP positive cells represents the percentage of infected BMCs.  A representative graph is 

shown here.  B. HSV-tk RT-PCR.  Total RNA was extracted from infected BMCs and two-step 

RT-PCR was performed to measure the HSV-tk expression.  
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Figure 43.  Experimental design of in vivo studies using the TββββRIIDN-tk/GCV suicide 

system.  Donor mice will receive 5-FU treatment to enrich the stem cell population.  Five days 

after the  treatment, BMCs will be isolated from the donor mice and infected with TβRIIDN-tk 

or Trans-tk.  Lethally irradiated recipient mice will be challenged with tumor cells (i.e TRAMP-

C2) i.v. via tail vein 7 days prior to bone marrow transplant.  After reconstitution with donor 

BMCs infected with TβRIIDN-tk or Trans-tk, tumor growth and autoimmunity development will 

be minored in the recipient mice.  With this modified strategy employing a HSV-tk/GCV suicide 

system, recipient mice are expected to be able to eradicate already-established tumor cells 

without the development of autoimmunity.    
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