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ABSTRACT 

The ability of dendritic cells (DCs) to stimulate tumor-specific T 

lymphocyte responses has made them prime candidates for cancer 

immunotherapy. Numerous studies have focused on enhancing the ability of 

DCs to stimulate the immune response. Commonly overlooked is the 

immunosuppressive milieu of the tumor microenvironment. Many tumor types 

including the murine mammary carcinoma cell line 4T1, produce large quantities 

of the immunosuppressive cytokine transforming growth factor - beta (TGF-p). 

These studies have determined that TGF-p suppresses numerous dendritic cell 

functions i nvolved i n generating a n effective a nti-tumor i mmune response. By 

reducing the amount of TGF-p present in the tumor-bearing host the migratory 

ability and anti-tumor activity of DCs are enhanced. Adenovirus-mediated 

Smad7 gene transfer, was able to reduce the responsiveness of DCs to TGF-p in 

vitro. Vaccination of tumor-bearing mice with AdSmad7-infected DCs resulted in 

enhanced IFN-y secretion by tumor draining lymph node (TDLN) cells. However, 

this did not translate to improved ant-tumor activity. These results stress the 

necessity to eliminate tumor-derived immunosuppressive molecules such as 

TGF-p in order to improve the effectiveness of DC-based vaccines in treating 

cancer. 
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CHAPTER 1 

INTRODUCTION 

1.1 LITERATURE REVIEW 

CANCER IMMUNOTHERAPY 

It is estimated that over 1.3 million Americans will be diagnosed with 

cancer in 2003 and over 500,000 Americans will die of cancer this year (1). Men 

have a 1 in 2 chance of developing cancerthroughout their I ife, while women 

have a 1 in 3 chance (1). In 2002 the annual d irect medical costs of cancer 

exceeded $60 billion, and when loss of productivity due to illness and death are 

factored in, the total annual cost of cancer to the United States exceeded $170 

billion (1). These statistics stress the necessity to develop effective treatments to 

eliminate the disease. Current conventional treatment modalities consist of 

surgery, radiation, and chemotherapy all of which have debilitating side effects 

(2). 

Immunotherapy is a strategy that utilizes the patient's own immune system 

to minimize or prevent tumor growth and dissemination. The potential benefits of 

immunotherapy include minimal toxicity and long lasting protection from tumor 

development d ue to the immune system's capacity to distinguish self-antigens 

from non-self antigens. 
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Numerous antigen-specific immunotherapeutic strategies have been 

evaluated to treat cancer. These include transfer of tumor-specific antibodies, or 

immunization with whole tumor cells, purified tumor antigen, or peptides, or 

immunocyte-based vaccines. 

The goal of active immunization is to stimulate the immune system to 

recognize and destroy tumors. Some tumors arise from normal tissue, and 

present a unique challenge to the immune system because of the presence of 

self-tolerance mechanisms. Tumor-associated antigens (TAA) are normal 

differentiation antigens expressed on select normal tissues but are often 

expressed on tumor cells and therefore represent a potential target for antigen-

specific immunotherapy (3). Examples of TAAs include the melanoma 

differentiation antigens: gp100, MART-1, MAGE-1 and tyrosinase; breast cancer 

antigens: MUC-1, and HER-2/neu; and the colon cancer antigen: CEA (4). 

A. Antibody-based immunotherapy 

Antibodies have been extensively utilized in the clinical setting to target 

cancer cells, and several antibody therapies have received FDA approval. 

Antibodies have the capability of inducing apoptosis, interfering with ligand-

receptor interactions, or delivering a cytotoxic molecule to the tumor in the form 

of immunoconjugates (5). Additionally, antibodies can target tumors for 

complement-mediated cytotoxicity, antibody dependent cellular cytotoxicity 

(ADCC), and opsonization by antigen presenting cells (APCs) (5). 
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Rituximab, a humanized antibody that recognizes CD20, which is 

expressed on B cells including B ceil lymphomas and non-Hodgkin's lymphoma, 

was the first antibody approved by the FDA for treatment of human malignancies. 

It has demonstrated a 50% overall response rate when used as a single agent in 

patients with relapsed or refractory follicular lymphomas (5). 

Herceptin (trastuzumab) has also received substantial amount of attention 

for its use in breast cancer patients. Herceptin is a humanized antibody, which 

recognizes the human epidermal growth factor receptor-2 (HER-2/neu), which is 

over-expressed on approximately 25% of breast cancers. Treatment of patients 

with Herceptin in combination with chemotherapy increased one-year survival by 

16% and survival at 29 months by 25%. Herceptin subsequently received FDA 

approval in 1998 (6, 7). 

Antibodies have successfully been used to deliver cytotoxic agents such 

as radioisotopes to tumors. To date, Ibritumomab tiuxetan (Zevalin) is the only 

FDA approved antibody for radioimmunotherapy (5). Zevalin recognizes CD20 

and additionally is labeled with the radioisotope yttrium-90 (®°Y). Zevalin has 

demonstrated enhanced efficacy in treating follicular or transformed non-

Hodgkin's lymphoma when used in combination with rituximab as compared to 

treatment of patients with rituximab alone (8). 

Although antibody therapy has exhibited encouraging results in patients, 

tumors are capable of altering their phenotype and subsequent escape variants 

can develop that no longer express the antigen that the antibody recognizes (9). 
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Frequently, many patients have malignancies that do not express the defined 

tumor antigens that these therapies target. 

B. Immunization with tumor antigen 

Several studies have evaluated the effectiveness of immunizing patients 

with tumor antigens. Frequently vaccination of patients can lead to the 

development of anti-tumor lymphocyte responses indicated by delayed type 

hypersensitivity (DTH) responses, in vitro cytotoxicity and cytokine production, or 

in vivo expansion of tumor-specific T lymphocytes (10-13). Unfortunately, only a 

small percentage of patients exhibit objective clinical responses (4,13). 

Immunization of patients with irradiated whole tumor cells as a source of 

tumor antigens has been extensively evaluated (10). Treatment of m etastatic 

renal carcinoma in 15 patients with autologous tumor cells modified to express 

the co-stimulatory molecule CD80 in combination with subcutaneous 

administration of IL-2 resulted in partial response in 2 patients and stable disease 

in 2 others (11). A substantial amount of lymphocytes and antigen presenting 

cells were observed at vaccination sites and within metastatic lesions in 

melanoma patients following immunization with autologous tumor vaccines 

modified to express granulocyte macrophage-colony stimulating factor (GM-

CSF). However no objective clinical responses were observed in the patients 

(12). 
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Whole tumor cell vaccination has several potential obstacles. F Irst, the 

use of allogeneic tumor cells has the potential to generate strong allogeneic 

responses that may overwhelm the anti-tumor responses. Second, often it is 

difficult to obtain and/or maintain autologous tumor cell lines and irradiation of 

tumor cells does not totally abrogate their production of immunosuppressive 

factors, which may interfere with the generation of effective anti-tumor immune 

responses (12,14). 

Vaccination with immunogenic peptides derived from known tumor 

antigens is a more effective strategy for inducing antigen-specific anti-tumor 

immune responses. Immunization of HLA-A1 metastatic melanoma patients with 

a MAGE-3 peptide (EVDPIGHLY) resulted in clinical responses in 7 of the 25 

patients (15). In an effort to increase the diversity and number of tumor-reactive 

T lymphocytes generated by a peptide-based vaccine, immunization with several 

tumor peptides has been evaluated. Immunization with a combination of 

peptides derived from Melan A/MART-1, tyrosinase, and gplOO tumor antigens, 

induced DTH and CTL responses and stabilized disease in 2 of 10 patients (16). 

Peptide vaccines are limited by their the necessity to be presented by the 

appropriate antigen presenting cells under conditions that will overcome anergy 

and promote induction of tumor-reactive T lymphocytes and by the MHC 

restricted nature which limits the number of patients eligible for vaccination (16). 
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C. T lymphocyte vaccination 

Several studies have attempted to side-step the requirement for in vivo 

differentiation and proliferation leading to the induction of tumor-reactive T 

lymphocytes that is associated with active immunization with tumor antigens or 

peptides. In order to do this, the effectiveness of treating patients with ex vivo 

expanded lymphokine activated killer (LAK) cells or antigen-specific cytotoxic T 

lymphocytes has been evaluated. Treatment of metastatic renal carcinoma and 

metastatic melanoma with LAK cells in combination with IL-2 immunotherapy 

elicited objective clinical responses in 24 of the 85 patients (28%), which included 

10 complete responses (12%) and 1 4 partial responses (16%) (18). A recent 

study by Dudley et al. demonstrated that the combined use of nonmyeloablative 

lymphodepieting chemotherapy prior to administration of autologous tumor-

reactive T lymphocytes resulted in vivo expansion of tumor-specific T 

lymphocytes and partial clinical responses in 6 of 13 patients (46%) with 

metastatic melanoma (13). A potential short coming of LAK cell therapy is the 

artificial selection of antigen-specific T lymphocyte clones in vitro, that once 

transferred into the patient could lead to the emergence of antigen loss tumor 

variants. 

D. Dendritic cell-based immunotherapy 

In order to elicit a more robust CTL response against numerous expressed 

tumor antigens, DC-based vaccines have been used. Dendritic cells are the 
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most potent professional antigen presenting cells (APCs) known and are capable 

of stimulating naive and memory B and T lymphocyte responses. DCs are 

integral in the development of B and T lymphocytes, regulating negative selection 

of T lymphocytes in the thymus and inducing B and T lymphocyte tolerance in the 

periphery (19, 20). In the periphery DCs are able respond to an inflammatory 

stimulus, internalize and process antigen, and migrate to draining lymph nodes 

where they present the peptide to T lymphocytes in a MHC-restricted manner 

(21, 22). Upon antigen recognition and co-stimulation the antigen-specific T 

lymphocytes proliferate, differentiate and mediate the effector functions of the 

immune response (Figure 1). For these reasons DCs have been the focus of 

numerous clinical studies to generate anti-tumor immune responses in patients. 

DC vaccination strategies often involve administration of ex vivo 

generated DCs which have been loaded with known tumor-associated antigens, 

peptides, or tumor cell lysate to stimulate tumor-specific immune responses (23). 

Additionally, DCs have been genetically modified to express proteins to enhance 

their immunostimulatory capability including lL-12 to stimulate Thi immune 

responses, secondary lymphoid chemokine (SLC) to recmit T lymphocytes, and 

CD40L to p rovide co-stimulatory s ignals to T I ymphocytes (24-26). D C-based 

cancer vaccines have been demonstrated to stimulate tumor-specific T 

lymphocytes in both murine and clinical models (24). Additionally, numerous 

murine studies have demonstrated the ability of DC-based vaccines to mediate 

suppression of tumor growth when used in prophylactic settings. However, DCs 
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have exhibited minimal effectiveness in treating established tumors in both mice 

and humans (27-31). The decreased ability of DC-based vaccines to treat 

established tumors may be the result of diverse mechanisms tumor cells employ 

to evade immunosurveillance. 
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Periphery Tumor site 

immature 
DO ICCR7 

tCCR1,2,4, 5,6 / 
T lymphocytes 

Mature DC 

tumor 
antigen 

tCCR7 
iCCR1,2,4, 5,6 

Draining lymph node 

Figure 1. The anti-tumor Immune response. Immature DCs circulate 
throughout the periphery and migrate to the tumor site in response to various 
inflammatory signals including cytokines and chemokines produced at the tumor 
site. At the tumor site the DCs are extremely efficient at internalizing apoptotic, 
necrotic, and viable tumor cells via endocytosis and phagocytosis. Additionally 
the DCs receive maturation signals at the tumor site including TNF-a. Following 
internalizing antigen and maturation the DCs express high levels of tumor 
antigen on surface MHC molecules and migrate to draining lymph nodes in 
response the chemokines SLC and MIP-3|3 produced in the draining lymph 
nodes. In the draining lymph nodes the DCs present tumor antigen to tumor 
reactive T lymphocytes. The tumor reactive T lymphocytes proliferate and 
differentiate and migrate to the tumor site to elicit effector functions. 
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MECHANISMS OF IMMUNE ESCAPE BY TUMORS 

Although tumors are often characterized by substantial lymphocyte 

infiltration, tumors continue to grow (32-37). An explanation for this is that 

tumors have developed numerous strategies to evade detection and elimination 

by the immune system. 

A. Defective expression of Major Histocompatibility Complex Class I (MHC 

I) molecules 

Often observed in human tumors is the down-regulation of MHC class I 

expression, attributed to m utations i n (3-2 microglobulin, t ransporter a ssociated 

with antigen presentation (TAP) proteins, or the proteosomal LMP-2 and LMP-7 

proteins (38-43). Reduced MHC class I expression limits the tumor's 

susceptibility to a CTL response. 

B. Alteration of Fas and FasL expression 

Cytotoxic T lymphocyte mediated cell lysis can be elicited by the 

engagement of Fas (CD95) expressed on the target cell with FasL (CD95L) 

expressed on activated T cells (44). Upon Fas/FasL ligation, the apoptosis 

caspase cascade is initiated in the target cell leading to tumor cell death (44). 

Tumors have developed several mechanisms to evade this process including 

expression of soluble Fas, loss of Fas expression, alteration in the Fas signaling 

pathway including expression of anti-apoptotic proteins such as Bd-2, and 
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expression of FasL facilitating active destruction of Fas expressing T 

lymphocytes (44). 

C. Production of immunosuppressive factors 

Although lymphocytes are able to infiltrate the tumor microenvironment, 

they are limited in their ability kill tumors cells (32-37). Upon removal from the 

tumor microenvironment and culturing in lL-2 lymphocyte cytotoxic ability is 

restored, suggesting that factors within the tumor microenvironment suppress 

their activity (45-48). Tumor supernatants from numerous tumor types exhibit 

immunosuppressive effects on immunocytes, and often contain the 

immunosuppressive factors: interleukin 10 (IL-10), prostaglandin E2 (PGE2), 

vascular endothelial growth factor (VEGF), and transforming growth factor-p 

(TGF-p) (49-55). 

lnterleukin-10 is a regulatory cytokine that is produced by monocytes, T 

helper 2 (Th2) cells, B cells and mast cells (54). Numerous tumors also produce 

this 35 kDa pleiotropic cytokine and elevated serum levels of IL-10 in cancer 

patients has been associated with a poor prognosis (56-59). IL-10 is a Th2 

cytokine, which promotes B cell differentiation and antibody production while 

suppressing cell-mediated immune responses including the generation of CTLs 

and IFN-y production by NK and Thi cells (54). Antigen presenting cells are also 

susceptible to IL-10 mediated suppression including inhibition of the respiratory 

burst of macrophages, CD40 expression, and IL-12 production by DCs (60, 61). 
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The role of IL-10 in tumor-mediated immunosuppression is controversial, as a 

few studies have demonstrated that expression of IL-10 in tumors reduces their 

tumorigenicity and metastatic ability (62-65). 

Numerous tumor types produce the immunosuppressive factors PGE2 and 

VEGF; and increased levels of PGE2 and VEGF have been observed in cancer 

patients and are correlated with poor prognosis (66-70). PGE2 inhibits numerous 

T lymphocyte, NK cell, macrophage and DC functions (71-75). The cytotoxic 

activity of NK cells and LAK cells, as well at the chemotactic and transendothelial 

migration of T lymphocytes are impaired by PGE2 (71, 72). PGE2 reduces 

macrophage production of tumor necrosis factor-a (TNF-a) and IL-12 (73, 74). 

Additionally PGE2 prevents macrophage-mediated tumor cell destruction, and 

expression of CCR5 and Mac-1, which limits their migratory ability (73, 75). 

Vascular endothelial growth factor (VEGF), which is most prominently 

recognized for its ability to stimulate endothelial cell proliferation and subsequent 

formation of tumor neovasculature, also promotes tumorigenicity by interfering 

with T lymphocyte development, and by decreasing the number of T lymphocytes 

present in the spleen and lymph nodes (66, 76, 77). Additionally, VEGF inhibits 

DC maturation and increased levels of VEGF have been inversely correlated with 

the number of DCs present in tumor tissue and peripheral blood (78-80). In vivo 

administration of anti-VEGF antibodies in combination with DC-based vaccines 

enhances DC function and stimulates protective tumor immunity (81). 



Transforming growth factor-p is a potent immunosuppressive cytokine that 

is produced by numerous cell types including a variety of tumor types (82-85). 

Often following transformation, tumors develop resistance to the growth-arresting 

effects of TGF-p, yet their metastatic and invasive potentials are enhanced by 

TGF-p (86, 87). TGF-p suppresses virtually all aspects of the immune response. 

It can maintain hematopoietic stem cells in a quiescent state, inhibit NK and T 

cell-mediated cytotoxicity, prevent B cell and T cell proliferation, suppress the 

respiratory burst of macrophages and numerous other immune functions (Table 

I). Amongst the plethora of immunosuppressive effects of TGF-p is its capacity 

to interfere with several DC functions. These include down-regulation of cell 

surface MHC antigens, co-stimulatory molecules, chemokine receptors as well as 

impairment of in vitro chemotaxis (88-90). 
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Table I. Effects of TGF-B on cells of the immune system 

Cell type Effects 

T lymphocytes inhibits IL-2 dependent proliferation (91, 92) 
induces apoptosis (93, 94) 
inhibits IFN-y secretion (94) 

CD4+ inhibits Th2 development (95) 
inhibits Th1 development (96) 
induces IL-10 production via GATA-3/Smad3 interaction (97) 
inhibits secondary immune responses (98) 
induces proliferation of antigen specific Th2 cells (98) 
inhibits activation and cytokine secretion by antigen specific 
memory Th1 cells (98) 

CD8+ inhibits CD8 expression in cultured PBL (99) 
inhibits cytotoxic activity and IFN-y production (100) 
induces suppressive CD8+ T cells (101) 

B lymphocytes inhibits antibody production (102) 
induces IgA synthesis (103) 
inhibits proliferation (104, 105) 
induces apoptosis (106, 107) 
inhibits expression of IgM, IgD, IgA, K, and 1 chains, and CD23 
(FcsRII), transferrin receptor, and MHC class II expression (108) 

Monocytes/ Macrophages induces expression of IL-1 receptor antagonist protein (109) 
inhibits expression of MHC class II (110) 
inhibits expression of Fc Receptor expression (111) 
inhibits nitric oxide production (112) 
induces IL-10 production (113, 114) 
inhibits TNF-a production (114) 

Dendritic Cells inhibits chemokine receptor expression and chemotactic 
migration (115) 
inhibits maturation (116) 
inhibits expression of DC-SIGN (CD209) (117) 

NK cells inhibits proliferation (118) 
inhibits IFN-y, TNF-a, and GM-CSF production (118) 
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TGF-p STRUCTURE AND ACTIVATION 

TGF-p belongs to the TGF-p superfamily, which is composed of numerous 

members including the TGF-p, activin/inhibins, and bone morphogenic protein 

(BMP) subfamilies. Several TGF-p isoforms have been identified including TGF-

Pi, which is the most extensively characterized form. TGF-Pi is secreted as a 

biologically inactive 290 kDa protein complex consisting of the TGF-Pi 

homodimer (25 kDa), and the latency associated protein (LAP) (75 kDa), which is 

associated with the latent TGF-Pi binding protein (LTBP) (190 kDa) via a 

disulfide bond. Activation of TGF-Pi requires dissociation of the TGF-Pi 

homodimer from the latency complex. In vitro, TGF-p can be activated by pH 

extremes (119, 120), heat treatment (122), and alkylating agents (121). 

Mechanisms of in vivo activation include proteolysis by several enzymes 

including plasmin (122-124), stromelysin-1 (MMP-3) (128), 72 kDa gelatinase 

(MMP-2)(125), and matrix metalloproteinase-9 (126). TGF-p can also become 

activated by binding to the extracellular matrix protein thrombospondin (127, 

128), or the avp6 integrin (129). 

MECHANISMS OF TGF-p SIGNALING 

TGF-p mediates its biological activity by binding to TGF-p receptor II 

(TpRII) (Figure 1). Upon binding to the ligand, TpRll recruits TGF-p receptor I 

(TpRI) to form a heteromeric complex (130). Additionally, the TGF-p Type III 



receptor (betaglycan) and endoglin can bind TGF-p and facilitate its binding to 

TpRII (131-133). Both T(3RI and TpRII are serine-threonine kinases, composed 

of an extracellular ligand binding domain, a transmembrane domain, and a 

cytoplasmic serine-kinase domain. Downstream signaling is mediated by a series 

of structurally related proteins, termed Smads, originally identified by their 

similarity to the Drosophilia melanogaster Mothers against decapentaplegic 

(Mad) and the Caenorhabditis elegans sma gene products (134-136). The 

binding of TGF-p to the TGF-p receptor complex results in the "GS sequence" of 

TpRI being phosphorylated by the constitutively activated kinase domain of TpRII 

(130, 137, 138). Smad2 is recruited to the membrane and presented to the TGF-

P receptor complex by the Smad anchor for receptor activation (SARA). 

Phosphorylation of TpRI activates its downstream kinase domain, which in turn 

phosphorylates Smad2. Smad2 is next released from the TGF-p receptor 

complex, binds to Smad4 and is translocated to the nucleus (139, 140). The 

Smad2-Smad4 complex is able to regulate gene expression by directly binding to 

promoter regions of genes containing the "Smad-binding element" consensus 

sequence GTCTAGAC or by interaction with various DNA-binding transcription 

factors including FAST-1 and FAST-2 (141). The TGF-p signaling pathway is 

negatively regulated by expression of Smad7, which binds to TpRI preventing 

phosphorylation of Smad2, and subsequent downstream signaling (142). The 

Smurf (Smad ubiquitination regulatory factor) proteins target the TpR complex for 

protein degradation (143). 
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Figure 2. TGF-p activation and signaling pathway. The latent TGF-p 
complex can be activated by a number of mechanisms. Active TGF-p binds to 
the TpR complex and the kinase domain of TpRI is activated by TpRII. 
Smad2 is recruited to the cell membrane and presented to TpRI by SARA. 
TpRI phosphorylates Smad2 and Smad2 complexes with Smad4. The Smad2-
Smad4 complex translocates to the nucleus and regulates gene transcription. 
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1.2 SPECIFIC AIMS 

Dendritic cells are potent antigen presenting cells capable of stimulating 

naive T cells to mediate anti-tumor responses. For this reason, DCs have 

become prime candidates for use in cancer vaccines. However, in the clinical 

setting, DC based immunotherapy has had limited successful results. In the 

tumor microenvironment many suppressive cytokines are produced, one of which 

is TGF-p. Transforming growth factor-p is a regulatory cytokine produced by a 

variety of cells including cancer cells. At the high concentrations produced by 

tumor cells, TGF-p is a potent inactivator of the immune response. It is 

hypothesized that TGF-p in the tumor microenvironment interferes with the 

antigen presenting functions and migration of DCs necessary for the induction of 

an effective anti-tumor immune response. 

The specific aims of this study are: 

1) To determine the effect of TGF-p on the immunostimulatory properties and 

migratory activity of DCs 

2) To render DCs resistant to the immunosuppressive effects of TGF-p by 

gene transfer of the TGF-p signaling inhibitor, Smad7 

3) To evaluate therapeutic efficacy of Smad7 expressing DCs in treating 

established tumors 
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CHAPTER 2 

THE EFFECTS OF TGF-p ON THE IMMUNOSTIMULATORY PROPERTIES 
AND MIGRATORY ACTIVITY OF DENDRITIC CELLS 

2.1 MATERIALS AND METHODS 

Mice 

Six-week-old female BALB/c and C57BL/6 (B6) mice were purchased from 

Harlan Laboratory (Indianapolis, Indiana). Six-week-old female BALB/c-TgN 

(D011.10) 10 Loh mice were purchased from The Jackson Laboratory (Bar 

Harbor, Maine). All mice were housed at the University of Arizona Animal 

Facilities in accordance with the principles of animal care (NIH publication No. 

85-23, revised 1985). 

Tumor ceils 

4T1 murine mammary tumor cells were kindly provided by Dr. Fred Miller 

(Michigan Cancer Foundation, Detroit, Ml) and maintained in Iscove's Modified 

Dulbecos Media containing 10% fetal bovine serum at 7% CO2 and 37°C. Cells 

were passaged when approximately 80% confluent as previously described 

(144). 



TGF-p Neutralizing Antibody 

The 2G7 mouse lgG1 mAb was generated following immunization of 

Balb/c mice with recombinant human TGF-Pi and recognizes only the active form 

of TGF-p. 2G7 neutralized the growth inhibitory activity of TGF-Pi, TGF-P2, and 

TGF-pson Mv1Lu epithelial cells (145). 

Generation of DCs and TGF-p Treatment 

Bone marrow (BM) cells were harvested from flushed marrow cavities of 

femurs and tibiae under aseptic conditions and cultured with 100 U/ml GM-CSF 

and 100 U/ml IL-4 (Peprotech, Rocky Hill, NJ) at 10® cells/ml in complete media 

(RPMI 1640 containing 10% heat inactivated FBS, 0.1 mM nonessential amino 

acids, 1 i^M sodium pyruvate, 2 mM L-glutamine, 100 [ig/ml streptomycin, 100 

U/ml penicillin, 0.5 ug/ml fungizone, and 5x10'^ M 2-mercaptoethanol). Cytokines 

were replenished on day 4. On day 6 of culture, DCs were collected and cultured 

at 10® cells/ml with GM-CSF and lL-4 with or without the addition of 10 ng/ml of 

recombinant human TGF-Pi (R&D Systems, Minneapolis, MN) for 6 days. DCs 

were matured with 200 U/ml of TNF-a (Peprotech, Rocky Hill, NJ) for 48 hours. 

FACS Analysis 

All antibodies used were purchased from Caltag Laboratories 

(Burlingame, CA) unless otherwise noted. For analysis of DCs, samples were 

stained with PE-conjugated anti-CDIIc (BD PharMingen, San Diego, CA), FITC-



conjugated anti-l-A"^ (BD PharMingen, San Diego, CA), PE-conjugated anti-B7.1 

(CD80), FITC-conjugated anti-B7.2 (CD86), or PE-conjugated anti-CD40. T cells 

were stained with PE-conjugated anti-CD3, PE-conjugated anti-CD8, or FITC-

conjugated anti-CD4. Cells were analyzed using a FACStar'^'"^^ flow cytometer 

(Becton Dickinson Immunocytometry Systems, San Jose, CA). 

Expression of Smad2 Protein 

DCs were treated with 5 ng/ml of rhTGF-pi or tumor supernatant for 45 

minutes. DCs were collected and washed 2 X with ice-cold PBS and 

resuspended in RlPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCI, 1% NP-40, 

0.25% Na-deoxycholate, 1 mM EDTA, 1 mM PMSF, 1 mM NaF, 1 mM Na3V04, 1 

mg/ml aprotinin, 1 mg/ml leupeptin and 1 mg/ml pepstatin). The lysate was 

placed on a rocker at 4°C for 30 min, centrifuged at 14,000xg and protein in the 

supernatant recovered and quantified by BCA Protein Assay (Pierce, Rockford, 

IL). Proteins (25 ^g) from the cell lysates were resolved by 8% SDS-PAGE and 

electrotransferred to polyvinylidene fluoride (PVDF) membrane. Nonspecific 

binding sites were saturated by incubation in TBS containing 0.1 % Tween-20 and 

5% nonfat powdered milk (TBSt-MLK) for 30 minutes at 25°C. In order to 

evaluate the expression of phosphorylated Smad2 protein, the membranes were 

incubated in 0.5 ng/ml anti-pSmad2 (Upstate Biotech, Lake Placid, NY) overnight 

at 4°C followed by 1:2000 diluted anti-rabbit-HRP (Santa Cruz Biotech, Santa 

Cruz, CA) and antibody binding was detected by enhanced chemiluminescence 
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(Amersham Pharmacia Biotech, UK). Total levels of Smad2 protein were 

detected following stripping with 1:5000 anti-Smad2 (Transduction Laboratories, 

Lexington, KY) for 1.5 hours at 25°C and detected with 1:10000 anti-mouse-HRP 

(Upstate Biotech) as indicated above. 

TGF-(3 Serum Levels in Tumor-Bearing Mice 

Mice were injected with 10® 4T1-N or 4T1 -asT tumor cells. On days 7, 14, 

and 24 blood was drawn from the eye. Blood was collected into a heparinized 

microcentrifuge tube, centrifuged at 1600xg at 4°C for 15 minutes and plasma 

was collected. The amount of TGF-Pi present was determined by ELiSA (R+D 

Systems, Minneapolis, MN) according to manufacturer's protocol. The 

concentration of total p rotein was determined by using the Micro B CA Protein 

Assay Reagent Kit (Pierce, Rockford, IL) according to manufacturer's protocol. 

Allogeneic Mixed Lymphocyte Reactions (MLR) 

Spleen cells from B6 mice were harvested and enriched for CDS positive 

cells using a T cell enrichment column (R&D Systems, Minneapolis, MN). Cells 

were 80-95% CDS positive as determined by FACS analysis. Varying numbers 

of DCs were incubated with 2x10® T lymphocytes for 5 days in 96 well tissue 

culture plates (Sarstedt, Newton, NC) with the addition of 1 jiCi of [^H]-thymidine 

(Perkin Elmer Life Sciences, Boston, MA) for the final 18 hours of culture. 
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OVA Peptide Presentation Assay 

Spleen cells from D011.10 OVA T cell receptor transgenic mice were 

enriched for CDS positive cells as described above. Varying numbers of DCs 

were incubated with 2x10® T lymphocytes in the presence of 1 )aM of OVA 

peptide (ISQAVHAAHAEINEAGR, United Biochemical Research, Seattle, WA) in 

96 well tissue culture plates for 5 days with the addition of 1 |j.Ci of f H]-thymidine 

for the final 18 hours of culture. 

Endocytosis and Phagocytosis Assays 

Endocytosis and phagocytosis assays were performed using modifications 

of previously described procedures (146). Endocytosis was measured by 

incubating 2x10® DC with 400 |.ig of FITC-conjugated dextran beads, 40,000 MW 

(Molecular Probes, Eugene, OR) for 30 minutes at 4°C or 37°C. Phagocytosis 

was measured by incubating DCs with FITC-conjugated £. coli (Molecular 

Probes, Eugene, OR) at a ratio of 100 E. coli particles to one DC for 60 minutes 

at 4°C or 37°C. Following incubation, cells were washed extensively with PBS 

containing 0.5% bovine albumin and 0.1% sodium azide and analyzed by flow 

cytometry. 
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Stimulation of Tumor-Sensitized T lymphocytes 

Bone marrow-derived DCs were pulsed with 4T1 tumor celt lysate at a 

ratio of 3 tumor cell equivalents per DC for 24 hours in the presence or absence 

of 10 ng/ml TGF-Pi. DCs were then matured with 20 ng/ml TNF-a in the 

presence or absence of 10 ng/ml of TGF-Pi. Splenic T lymphocytes were 

purified from mice bearing 14 day 4T1 tumors as indicated above. Ten thousand 

DCs were incubated with 2x10^ splenic T lymphocytes in 96-well tissue culture 

plates for 5 days with the addition of 1 |aCi of pH]-thymidine for the final 18 hours 

of culture. One million tumor draining lymph node cells from mice bearing 14-day 

4T1 tumors were incubated with 2.5x10^ DCs for 48 hours and IFN-y production 

was evaluated by ELISA (R&D Systems, Minneapolis, MN). 

In Vivo Migration of Ex Vivo TGF-p-Treated DCs 

Bone marrow-derived DCs were matured with 200 U/ml TNF-a with or 

without 10 ng/ml of TGF-Pi for 48 hours. DCs were labeled with 10 p,M PKH-

67L, green fluorescent dye (Sigma, St. Louis, MO) as previously described (147). 

Naive mice were injected s.c. in the right flank with 5 to 8x10® DCs. Forty-eight 

hours after injection, mice were sacrificed and inguinal lymph nodes were 

harvested and disaggregated. Lymph node ceils were centrifuged (Shandon, 

Pittsburgh, PA) onto glass slides at 700 rpm for 4 minutes. The slides were fixed 

with 4% paraformaldehyde and stained with a propidium iodide/RNase solution 
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(Phoenix Flow Systems, San Diego, CA). Slides were analyzed using a laser 

scanning cytometer (CompuCyte, Cambridge, MA). Detection and contouring of 

cells was keyed by propidium iodide signal while DCs were identified by their 

green fluorescence signal. Thirty-five thousand propidium iodide events were 

analyzed from each treatment group per experiment. The identity of each DC 

detected during scanning was confirmed visually by direct microscopic 

observation using the instrument's re-location function. 

Phenotype and In Vivo Migration of Intratumorally Injected DCs 

Mice bearing 4T1-N or 4T1 -asT primary tumors («60mm^) received 

intratumoral (i.t.) injections of 10^ PKH-67 labeled bone marrow-derived DCs. 

Forty-eight hours following DC injection, the primary tumors and draining inguinal 

lymph nodes were removed. Primary tumors were digested with collagenase I 

and DNAse I for 2 hours with the addition of 10 mM EDTA for the final 30 

minutes. The resulting cells were filtered through wire mesh, and enriched on a 

ficoll gradient (Atlanta Biologicals, Atlanta, GA). The cells were labeled with 

CDHc-PE, l-A^-PE, CD40-PE, CD80-PE, and CD86-PE. The number of double 

positive cells obtained from the tumors was obtained using the following 

equation: [(Number of double positive events/ Total events) x (Total number of 

cells enriched from the tumor)]. Draining lymph nodes were disaggregated. The 

percentage of i.t. DCs that migrated to the draining lymph nodes was determined 

by using the following equation: [(Number of CDIIc"" PKH-G?"" events/ Total 
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events) x (Total number of draining lymph node cells)] / Number of PKH-67^ 

CD11c^ cells injected into the tumor. 

Chemokine Receptor Expression 

Bone marrow-derived DCs were incubated in the presence or absence of 

200 U/ml TNF-a with or without 10 ng/ml of TGF-Pi for 48 hours. mRNA was 

isolated from 10® DCs using an mRNA isolation kit (Qiagen, Chatsworth, CA). 

The absence of DNA contamination was confirmed by PCR with mRNA prior to 

the reverse transcription reaction. Complementary DNA was generated using 

random hexamer primers (Promega, Madison, Wl) and M-MLV reverse 

transcriptase (Promega). An aliquot (3|il) of the resulting cDNA was subjected to 

semi-quantitative PCR (94°C, 15 s, 59°C, 30 s, 72°C, 45 s) for 35 cycles using 

chemokine receptor-specific primers on a MJ Research Thermocycler (MJ 

Research, Waltham, MA). PCR products were analyzed on a 2% agarose gel 

with ethidium bromide (Sigma). The intensity of the chemokine receptor product 

was normalized to the respective intensity of the actin product using the 

Fluorchem 7700 advanced imaging system (Alpha Innotech Corp., San Leandro, 

CA). The primers used are indicated in Appendix A. 

In Vitro Chemotaxis Assay 

Bone marrow-derived DCs were matured with TNF-a in the presence or 

absence of TGF-|3i for 48 hours as indicated above. An in vitro chemotaxis assay 



was performed as described previously (147, 148). SLC (Peprotech, Rocky Hill, 

NJ) and MIP-Sp (R&D Systems, Minneapolis, MN) were diluted with serum-free 

media to a final volume of 600 }.il of 100 ng/ml of chemokine and added to 24-well 

tissue culture plates (Coming Costar, Cambridge, MA). Transwell culture inserts 

(Corning Costar) with 6.5 mm diameter and 5.0 |.im pore-size were inserted into 

each well, and DCs (4x10® cells per well) were added to the top chamber in 

serum-free media at a final volume of 100 i^l. After the plates were incubated at 

37°C in 5% CO2 for 4 hours, the cells in the bottom chamber were recovered, the 

migrating cells were counted, and an aliquot was stained with anti-CDIIc mAbs 

for FACS analysis. Controls included wells with chemokine in both the top and 

bottom chambers and wells that did not contain chemokines in either the top or 

bottom chamber. The number of migrated ceils was determined by subtracting 

the number of migrated cells in control wells from the number of migrated cells in 

experimental wells. 

Treatment of Established Tumors 

Six-week old BALB/c mice were orthotopically injected with 10'^ 4T1 -N or 

4T1 -asT tumor cells into the mammary gland. DCs were pulsed with 4T1 tumor 

cell lysate at a ratio of 3 tumor cell equivalents per dendritic ceil for 24 hours. 

Following pulsing, DCs were matured with 200 U/ml of TNF-a for 48 hours. Mice 

were injected i.t. with 1.5x10® tumor cell lysate-pulsed matured DCs in 50 ^1 PBS 

on day 15 when tumors were palpable. Vaccination was repeated on day 20 and 
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day 25. Two hours prior to each vaccination mice received i.p. injections of 300 

|ig of 2G7 nnAb. In combination with DCs or alone, mice received 100 jig of 2G7 

mAb i.t. Primary tumors were measured as previously reported (144). Mice 

exhibiting complete tumor regression were challenged with ten-fold more 4T1 

tumor cells (10®) and monitored for tumor growth. 

Statistical Analysis 

For all analyses, student t tests were performed using Prism software 

(GraphPad, San Diego, CA). Probability values (P) of <0.05 were considered to 

indicate significant differences between data sets. 
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2.2 RESULTS 

TGF-P signaling is induced in DCs exposed to recombinant TGF-p and 

tumor-derived supernatant 

In order for TGF-p to mediate its effects on cells it must bind to cognate 

receptors and stimulate the TGF-p signaling cascade (Figure 1). To evaluate 

activation of the TGF-p signaling pathway in DCs, the expression of 

phosphorylated Smad2 (pSmad2) was determined by immunoblotting. DCs 

treated with recombinant TGF-Pi or tumor supernatant from the TGF-p secreting 

cell line 4T1 express pSmad2 (Figure 2). The total levels of Smad2 were not 

substantially affected by exposure to TGF-p or 4T1 tumor supernatant. These 

results indicate that TGF-p and 4T1 tumor supernatant are capable of stimulating 

TGF-p signaling in DCs. 

pSniadi 

Figure 3. Phosphorylation of Smad2 in DCs treated with recombinant TGF-p and 4T1 
tumor supernatant. Cell lysates were obtained from untreated DCs (-) or DCs treated with 
TGFpi (2 ng/ml) or supernatant from 4T1 cells for 45 minutes, DC cell lysates (35 jag) were 
separated by SOS-PAGE, transferred to PVDF membrane and incubated with antibody 
specific for the phosphorylated form of Smad2. The membrane was then stripped and 
incubated with antibody for Smad2. 
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Increased levels of TGF-p In 4T1 tumor-bearing mice 

We have previously generated 4T1-asT tumor cells, a clone of 4T1, which 

stably expresses the antisense TGF-p transgene and exhibit a subsequent 90% 

reduction in TGF-p secretion in vitro as compared to 4T1-Neo (vector control) 

cells (144). Serum from 4T1-N or 4T1 -asT tumor-bearing mice was collected at 

various time points following tumor challenge in order to monitor the amount of 

circulating TGF-Pi in the host. The levels of TGF-Pi in the serum increased in 

both 4T1-Neo and 4T1 -asT tumor bearing mice as function of tumor age (Figure 

3). Additionally, serum levels of TGF-Pi in 4T1-asT tumor bearing mice were 

significantly decreased at 7 and 14 days following tumor challenge as compared 

to 4T1 -Neo tumor bearing mice (Figure 3A). As expected the volume of 4T1 -asT 

tumors was significantly less at days 22 and 24. The volumes of 4T1-asT and 

4T1-Neo tumors were comparable at days 7 and 14, indicating that the 

decreased levels of TGF-p in the serum of 4T1 -asT tumor bearing mice is not the 

result of decreased tumor burden (Figure SB). 

A B 

Figure 4. TGF-p serum levels increase during tumor growth. Mice were injected i.m.p. 
with 10® 4T1-N or 4T1 -asT tumor cells. (A) Sera were collected from mice at various time 
points post tumor challenge (B). The presence of TGF-pi was determined by ELISA and 
normalized to total serum protein levels. The results shown represent the mean ± SEM of 3 
mice. * indicates significant difference (p<0.05), 
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TGF-p treatment reduces the expression of co-stimulatory molecules on 

DCs 

To induce the differentiation of tumor-specific T lymplnocytes DCs must 

express processed tumor peptide on surface MHC molecules (l-A'^) and provide 

adequate co-stimulation through accessory molecules including CD40, CD80 and 

CD86. Treatment of DCs with TGF-p for 48 hours did not significantly alter the 

expression of these molecules (Figure 4). However, treatment for 6 days 

significantly reduced the levels of CD40 and CD80 expression (mean 

fluorescence intensity) and the percentage of DCs expressing CD40 (Figure 4). 

Additionally treatment of DCs with TGF-p during maturation with TNF-a slightly 

reduced CD40 and CD80 expression (data not shown). Decreased levels of 

CD40 and CD80 may reduce the ability of DCs to provide co-stimulation to T 

lymphocytes. 
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Figure 5. TGF-p reduces the expression of co-stimulatory molecules. Bone marrow-
derived DCs were exposed to 10ng/ml of TGF-(31 for 6 days and analyzed by FACS. Data 
represent mean ± SEM of three independent experiments. * indicates significant difference 
(p<0.05). 
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Antigen internalization by DCs is inhibited by TGF-p 

In order to present antigenic peptide on surface MHC molecules to T 

lymphocytes DCs must first internalize antigen by endocytosis or phagocytosis. 

The endocytic and phagocytic abilities of immature DCs were evaluated following 

exposure to TGF-p for 6 days. The ability of immature DCs to endocytose 

dextran particles was decreased by 58% (Figure 5A). Similarly, the ability of 

immature DCs to phagocytose E. coli particles was decreased by 87% (Figure 

5B). Treatment of immature DCs with TGF-p for 48 hours and treatment during 

TNF -a induced maturation only slightly reduced their endocytic and phagocytic 

abilities (data not shown). These results demonstrate that TGF-p significantly 

impairs the ability of immature DCs to internalize antigen by both endocytosis 

and phagocytosis. 

Endocytosis ^ Phagocytosis 

TGF-p - + . + 

Figure 6. TGF-p inhibits the endocytic and phagocytic abilities of DCs. immature DCs 
were incubated in the absence or presence of 10 ng/ml of TGF-p for 6 days. DCs were 
incubated with FITC-conjugated dextran particles (A) or FITC-conjugated E. coli particles 
(B) at 4°C or 37°C, fixed and analyzed by flow cytometry. Values represent mean 
fluorescence intensity (MFI) at 37° C minus MFI at 4°C. Data are from one experiment 
representative of three independent experiments. * indicates significant difference (p<0.05). 
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Antigen presentation by DCs is suppressed by TGF-p 

The presentation of antigen by DCs to T cells is dependent on the 

expression of MHC I, MHC II, and co-stimulatory molecules. Observing that 

TGF-p reduces expression of co-stimulatory molecules on DCs, we evaluated its 

effects on the ability of DCs to stimulate T cells. Treatment of immature DCs with 

TGF-p significantly reduced their ability to stimulate the proliferation of allogeneic 

T cells (Figure 6A). Immature DCs were evaluated for their ability to present 

OVA peptide to, and stimulate the subsequent proliferation of naive OVA-specific 

CD4'' T cells, which express a T cell receptor specific for the OVA MHC class II 

peptide. Treatment of immature DCs with TGF-p for 6 days significantly impaired 

their ability to stimulate OVA-specific T cells (Figure 6B). Treatment of DCs with 

TGF-p for 48 hour did not significantly reduce their ability to stimulate allogeneic 

an OVA-specific T cell proliferation (data not shown). 
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Figure 7. TGF-p suppresses the ability of DCs to present antigen. Dendritic cells were 
incubated in the absence or presence of 10 ng/ml of TGF-p for 6 days. (A) DCs were incubated 
with 2x10® splenic T cells isolated from C57/BI6 mice for 5 days with the addition of [^H] -
thymidine for the last 18 hours of culture. Values represent mean ± SEM of six replicates. (B) 
DCs were collected and incubated with 2x10® splenic T cells isolated from BALB/c-TgN (D011.10) 
10 Loh mice in the presence of OVA peptide for 5 days with the addition of [^H] -thymidine for the 
last 18 hours of culture. Values represent mean ± SEM of four replicates. Results are from one 
experiment that is representative of three independent experiments. * refers to statistical 
significance between groups (p<0.05). 
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TGF-P reduces the ability of DCs to stimulate tumor-sensitized T 

lymphocytes 

Observing that TGF-p inhibits the antigen uptake and presentation 

capacities of DCs, we evaluated its effect on the stimulation of tumor-sensitized T 

lymphocytes. Mature DCs were more effective at stimulating the proliferation of 

tumor-sensitized T lymphocytes than immature DCs. TGF-p-treatment 

significantly reduced the immunostimulatory ability of mature DCs (Figure 7A). In 

contrast, TGF-p did not alter the immunostimulatory ability of immature DCs, 

which was already lower than that of mature DCs (Figure 7A). The ability of 

immature and mature DCs to stimulate IFN-y production by tumor-sensitized 

lymphocytes was also significantly inhibited following TGF-p exposure by 60% 

and 22% respectively (Figure 7B). Together these results demonstrate that 

TGF-p exposure reduces the ability of DCs to stimulate anti-tumor immune 

responses. 

Immature Mature 

soooo-

40000-

I 30000-

20000' 

10000-

TGF-P 

i 
50000-

40000-

E 30000-
a. 

20000-

10000-
0-

B 
200-

I 150-

-100-

50-

0 

Immature Mature 

200 
I 150-

^100-
Us 

50- E 
Figure 8. Stimulation of tumor-sensitized T lymphocytes by TGF-p treated DCs. Dendritic 
ceils were pulsed with tumor cell lysate for 48 hours in the presence or absence of 10 ng/ml of 
TGF-p (immature DC), then cultured in TNF-a in the presence or absence of TGF-p for 48 hours 
(mature DC). (A) Ten thousand DCs were incubated with 2x10® splenic T cells isolated from mice 
bearing 4T1 tumors for 5 days and [^H]-thymidine was added for the last 18 hours of culture. (B) 
One million T cells isolated from inguinal lymph nodes draining 4T1 tumors were incubated with 
2.5x10® DCs for 48 hours. Following incubation, supernatant was analyzed for IFN-y production. 
Numbers are mean ± SEM of triplicate samples. Results are from one experiment representative of 
two independent experiments. * refers to statistical significance between groups (p<0.05). 



TGF-p reduces the ability of DCs to migrate to draining lymph nodes 

In order for DCs to stimulate tumor-specific T lymphocytes outside the 

immunosuppressive, TGF-p saturated, tumor microenvironment, they must 

migrate to the draining lymph nodes. Treatment of DCs in vitro with TGF-p 

during TNF-a-induced maturation significantly (p<0.05) impaired their ability to 

migrate to draining lymph nodes when injected subcutaneously into naive mice 

(Table II). In order to determine if TGF-p produced in the tumor 

microenvironment prevents DCs from migrating from the tumor to draining lymph 

nodes, DCs were injected into 4T1-N (vector control) or 4T1 -asT tumors. Tumor 

draining lymph node cells were recovered 48 hours following intratumoral (i.t.) 

DC injection and the number of CDHc"" PKH-67"^ DCs was enumerated by FACS 

analysis. DCs injected into 4T1 -asT tumors exhibited an enhanced (p=0.06) 

ability to migrate to draining lymph nodes as compared to DCs injected into 4T1-

N tumors (Figure 8). The ability of DCs to migrate to tumor draining lymph nodes 

was not enhanced by treatment of the mice with the TGF-p neutralizing antibody, 

2G7 (data not shown). The inability of TGF-p neutralizing antibody to enhance 

DC migration may have resulted from the amount not being adequate to 

neutralize all endogenous TGF-p in the tumor microenvironment. These results 

suggest that TGF-p present in the tumor microenvironment reduces the ability of 

DCs to migrate to DLNs to prime tumor-reactive T lymphocytes. 



# of migrating DCs/10° DLN cells 

mDC mDC+TGF-B* 

experiment 1 1137 727 
experiment 2 309 54 
experiment 3 466 305 
experiment 4 5500 5200 

In vitro TGF-p treatment reduces DC migration to DLNs. Table II. In vitro TGF-p treatment reduces DC migration to DLNs. Dendritic cells 
were cultured in the presence of 200 U/ml TNF-a with or without the addition of 10 ng/ml 
of TGF-p for 48 hours. DCs were then labeled with PKH-67 membrane dye and injected 
s.c. into two naive BALB/c mice per group. Forty-eight hours following injection inguinal 
lymph nodes were harvested from mice and disaggregated. Lymph node cells were 
fixed and stained with Propidium lodide/RNAse I solution and analyzed by laser 
scanning cytometry. Data are from four independent experiments. * refers to statistical 
significance between groups (p<0.05). 
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Figure 9. Migration of DCs following intratumoral Injection. Ten million PKH-
67"' DCs were injected into 4T1-N or 4T1-asT tumors. Tumors were removed 48 
hours following injection and the percentage of PKH-67'' CDHc" DC migrating 
from the tumor to DLNs was determined. Values represent the mean ± SEM of 
three independent experiments. 



Phenotype of intra-tumorally injected DCs 

Observing that in vitro exposure to TGF-p reduces the expression of co-

stimulatory molecules on DCs, we postulated that TGF-p present in the tumor 

microenvironment might have the same effect on intra-tumorally injected DCs. In 

order to address this possibility, PKH-67-labeled DCs were injected into 

established 4T1-Neo or 4T1 -asT primary tumors. Forty-eight hours later, the 

tumors were removed and the numbers of cells positive for PKH-67 and either 

CD11c, l-A'^, CD40, CD80, or CD86 were determined. Only a small fraction 

(»10%) of the PKH-67'' cells injected into the tumor were recovered. This may 

be the result of DC migration to other tissues, an inefficient recovery process, or 

DC demise in the tumor microenvironment. We did not observe any substantial 

differences in the numbers of CD1 Ic"", l-Ad"", CD40'', CDSO"" or CD86^ cells 

recovered from 4T1-Neo or 4T1 -asT tumors (Figure 9A). 

Analysis of tumor draining lymph nodes revealed that increased numbers 

of DCs migrated from 4T1 -asT tumors as compared to 4T1-Neo tumors. As a 

result, an increased number of cells positive for both PKH-67 and either CD11c, 

l-A'^, CD40, CD80, or CD86 were present in DLNs from 4T1 -asT tumor bearing 

mice as compared to those bearing 4T1-Neo tumors (Figure 9B). 
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Figure 10. Phenotype of intratumorally injected DCs. Ten million PKH-67+ DCs were 
injected into 4T1-Neo or 4T1 -asT tumors. Forty-eight hours following i.t. injection, tumors 
(A) and DLNs (B) were removed. The number of cells present was determined by FACS 
analysis. Values represent mean±SEM of at least two independent experiments. 

Chemokine receptor expression and in vitro chemotaxis 

Exposure to TGF-p in vitro or in the tumor microenvironment inhibits the 

ability of DCs to migrate to DLNs. DC migration is regulated in part by their 

responsiveness to chemokines produced in the tumor microenvironment or in the 

lymph nodes (149). To determine if TGF-p was altering the responsiveness of 

DCs to chemokines we first analyzed the expression of chemokine receptors by 

semi-quantitative RT-PCR. TGF-p treatment during maturation did not 

substantially effect chemokine receptor expression (Figure 10A). Since 

chemokine receptor expression may be affected post-transcriptionally, we 

analyzed the in vitro chemotaxis of DCs toward Secondary Lymphoid Chemokine 

(SLC) and Macrophage Inflammatory Protein-3p (MIP-Sp), chemokines 

produced in the DLNs (147). DCs migrating through the membrane and into the 

lower chemokine-containing chamber were recovered and analyzed by flow 
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cytometry for CD11c expression. TGF-p treatment caused reduced migration of 

DC toward both SLC and MiP-3p: however only migration toward MIP-Sp was 

significantly (p<0.05) decreased (Figure 10B). 
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Figure 11. Chemokine receptor expression and in vitro chemotaxis of TGF-p treated DCs. 
DCs were matured with TNF-a in the absence or presence of TGF-p for 48 hours. (A) Dendritic 
cell mRNA was isolated and chemokine receptor expression was analyzed by RT-PCR. Data 
are expressed as ratios compared with actin as determined by densitometry. (B) Dendritic cells 
were added to the upper chamber of a tran swell migration chamber and evaluated for 
chemotactic migration. Cells migrating to the bottom chamber were recovered and analyzed by 
flow cytometry for CDIIc expression. The results are mean ± SEM of three independent 
experiments. *refers to statistical significance between groups (p<0.05). 
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Treatment of Established Tumors with DC and Neutralizing TGF-p Antibody 

The impairment of critical DC functions including antigen uptake, antigen 

presentation, tumor-specific T lymphocyte stimulation, and in vivo migration by 

TGF-p suggested that inhibition of TGF-p production in tumor-bearing animals 

might improve the efficacy of DC vaccines. To test this possibility, TGF-p 

production was suppressed by transfer of an antisense TGF-p transgene into 

4T1 cells (4T1-asT) as previously described (144). Expression of the transgene 

resulted in >90% inhibition of TGF-p production (0.083 ± 0.003 ng/ml in 4T1 -asT 

compared with 1.244 ± 0.188 ng/ml in mock transduced cells (4T1-Neo). 

Treatment of 4T1 -asT tumors with 2G7 mAb alone or DCs plus 2G7 mAb 

significantly inhibited tumor growth as compared with 4T1 -asT tumors treated 

with DCs alone (Figure 11). Furthermore, complete tumor regression occurred in 

40% (2/5) of 4T1-asT-tumor bearing mice that were treated with DCs plus 2G7 

mAb. Similarly, mock transduced (4T1 -Neo) tumors responded significantly 

better (p<0.05) to treatment with DCs plus 2G7 mAb as compared to treatment 

with DCs alone; however tumor growth inhibition in this group was inferior to that 

observed i n animals bearing 4T1 -asT tumors (Figure 1 1). M ice that exhibited 

complete tumor regression were re-challenged with parental 4T1 tumor cells to 

determine if they had developed long-term anti-tumor immunity. These mice 

failed to develop tumors (0/2); however all control naive mice challenged with 

tumor cells developed tumors (3/3). These data suggest that neutralization of 
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TGF-p in mice bearing TGF-(3 secreting tumors enhances the effectiveness of DC 

vaccines in treating established tumors. 

4T1- Neo 4T1-asT 

-O- 2G7 mAb alone 
DC alone 
DC+2G7 mAb 

Figure 12. Treatment of established tumors. BALB/c mice with established 4T1 -Neo (mock-
transfected) and 4T1 -asT (transfected with antisense TGF-p gene) tumors were vaccinated 
intratumorally on days 15, 20, and 25 with 1.5x10® tumor cell lysate-pulsed mature DCs alone or 
in combination with 100 ng i.t and 300 i^g i.p of 2G7, TGF-p neutralizing antibody. Control mice 
were treated with 2G7 antibody alone. Mice were monitored for tumor growth. Graph represents 
mean tumor volume ± SEM. * indicates significant (p<0.05) difference as compared to mice 
treated with DC alone on day 40. Five mice per group were used. 
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CHAPTER 3. 
THE EFFECT OF INHIBITION OF TGF-p SIGNALING IN DENDRITIC CELLS 

ON ANTI-TUMOR ACTIVITY 

3.1 MATERIALS AND METHODS 

Generation of Smad7 and LacZ Adenovirus Vectors 

The Smad7 and LacZ adenovirus vectors were generated using the 

AdenoX Expression system according to the manufacturer's protocol (Clontech, 

Palo Alto, OA). The murine Smad7 gene with a 5' FLAG epitope tag in pcDNAS 

was kindly provided by Dr. Peter ten Dijke (The Netherlands Cancer Institute, 

Amsterdam, Netherlands). The Smad7 transgene was cloned into the Nhel and 

Xbal restriction sites of pShuttle (Clontech) and subsequently cloned into the /-

Ceul and Pl-Scel restriction sites of the adenoviral genome. The LacZ gene was 

provided in pShuttle by Clontech and also cloned into the l-Ceul and Pl-Scel 

restriction sites. To confirm successful cloning of the Smad7 gene into the 

adenoviral genome, PCR was performed. A 50 jxl reaction containing 0.1 ng of 

DNA, 3.5 mM MgCI2, 1 )j,M of dNTPs, 0.1 |.tM of each primer, and 5 U of Taq 

polymerase was subjected to PCR (94°C, 60 s, 65°C, 60 s, 72°C, 60 s) for 45 

cycles using Smad7 specific primers (see Appendix X). Both the LacZ and 

Smad7 adenoviral vectors were linearized with the Pac-I restriction enzyme. 

Human embryonic kidney 293 (HEK293) (ATCC, Manassas, VA) cells were 

transfected with the linearized adenoviral vectors with lipofectamine (Invitrogen, 

Carlsbad, CA) according to manufacturer's protocol. Approximately 5 days 



following transfection, when >80% of the cells had detached, the cells were 

collected and centrifuged at 200xg for 5 minutes. The supernatant was collected 

and used to infect HEK293 cells to obtain high titers of Smad7 and LacZ 

adenovims particles. Smad7 and LacZ adenovirus was kindly obtained from Dr. 

Anita Roberts (Laboratory of Cell Regulation and Carcinogenesis, National 

Cancer Institute, National Institutes of Health, Bethesda, MD) and amplified as 

indicated above (150). 

Determination of Viral Titer 

HEK 293 cells were seeded at 2x10'^ cells in 100 jil of DMEM containing 

10% FBS in each well of a 96-well plate and cultured overnight at 37°C and 7% 

CO2. Adenovirus supernatant was diluted from 10'^ to 10"^® and 100 jj.1 was 

added to eight replicate wells of the 96-well tissue culture plate. The plates were 

centrifuged at 1500xg @ 30°C for 90 minutes. The HEK 293 cells were 

monitored for 16 days for the development of cytopathic effects (CPE), 

characterized by detachment and rounding up of cells. The viral titer was 

determined as follows; [number of positive CPE wells/number or total wells] x 

[dilution factor/volume of adenovirus per well]. 

Optimization of Adenovirus Infection Conditions 

To each well of a 96-well tissue culture plate, 10"^ DCs were added in 100 

111 of cRPMI. Various amounts of LacZ adenovirus in 100 }il of cRPMI were 
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added in to each well of DCs in quadruplicate either alone or with the addition of 

0.1 ).ig/ml of lipofectamine or 1.5 piM of CD40 fusion peptide (P2) 

(RAIVFRVQWLRRYFVNGSRSGGGATYSEFPGNLKP). The CD40 fusion 

peptide (P2) was kindly provided by Dr. Stephen Dewhurst (University of 

Rochester, Rochester, NY). The amino terminus of P2 binds to CD40, which is 

expressed on mature DCs, and the carboxyl terminus binds to the fiber knob 

protein expressed on the surface of adenovirus. Plates were centrifuged @ 

1500xg for 90 minutes @ 30°C and incubated for 24 or 48 hours. The relative 

amount of p-galactosidase produced following LacZ adenovirus infection was 

determined by using the Galacto-Light Plus assay system (Applied Biosystems, 

Bedford MA) according to the manufacturer's protocol. The percentage of cells 

expressing p-galactosidase was determined by using an X-gal staining kit (Gene 

Therapy Systems, San Diego, CA) according to the manufacturer's protocol. 

Infection of DCs with Adenovirus 

Four million DCs in 1 ml of cRPMI were added to each well of a 6 well 

tissue culture plate. To each well 1 ml of serum-free RPMI containing 4x10® lU of 

adenovirus was added and the plates were centrifuged at 1500xg for 90 minutes 

at 30° C. To each well, 2 ml of RPMI containing 30% fetal bovine serum and 

400U GM-CSF and IL-4 were added. 
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Recombinant Smad7 Protein Expression 

DCs were infected with LacZor Smad7 adenovirus as indicated above. 

Forty-eight hours post-infection, DCs were collected and washed 2x with ice-cold 

PBS and resuspended in RlPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCI, 

1% NP-40, 0.25% Na-deoxycholate, 1 mM EDTA, 1 mM PMSF, 1 mM NaF, 1 

mM Na3V04, 1 g/ml aprotinin, 1 g/ml leupeptin and 1 g/ml pepstatin). The lysate 

was placed on a rocker at 4°C for 30 min, centrifuged at 14,000xg and protein in 

the supernatant was recovered and quantified by BCA Protein Assay (Pierce, 

Rockford, IL). Proteins (25 |.ig) from the cell lysates were resolved by 8% SDS-

PAGE and electrotransferred to polyvinylidene fluoride (PVDF) membrane. Non

specific binding sites were saturated by incubation in TBS containing 0.1% 

Tween-20 and 5% nonfat powdered milk (TBSt-MLK) for 30 minutes at 25°C. 

Smad7 was detected by incubating the membrane in anti-Smad7 antibody 

(1:500) (SC-7004, Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C, 

followed by incubation in horseradish peroxide (HRP)-conjugated anti-goat 

antibody (1:2000) for 1.5 hours at 25°C. Binding of the anti-goat-HRP antibody 

was detected using Super Signal chemiluminescent reagent (Pierce 

Biotechnology, Rockford, IL). The membrane was then stripped with Restore 

Reagent (Pierce Biotechnology) for 3 hours at 37°C according to the 

manufacturer's instructions. The membrane was subsequently incubated in 

TBSt-MLK as indicated above, and incubated with an anti-FLAG-HRP antibody 



(Sigma, St. Louis, MO) ovemight at 4°C and detected with Super Signal 

chemiluminescent reagent. 

Phosphorylated Smad2 Expression 

DCs were i nfected w ith L acZ o r S mad7 adenovirus a s i ndicated above. 

Forty-eight hours following infection the media was replaced with RPMI 

containing Nutridoma-SP (Roche, Indianapolis, IN) and incubated for 2 hours. 

Recombinant TGF-pi (0, 1 ng/ml or 5 ng/ml) was added to the DCs for 45 

minutes. Cell lysates were prepared as indicated above. In order to evaluate the 

expression of phosphorylated Smad2 protein, the membranes were incubated in 

0.5 |.ig/ml anti-pSmad2 antibody (USB, Swampscott, MA) ovemight at 4°C 

followed by incubation in anti-rabbit-HRP antibody (1:2000) and detected as 

indicated above. The membrane was then stripped as indicated above and the 

total levels of Smad2 protein were detected by incubating the membrane in anti-

Smad2 antibody (1:5000) (Transduction Laboratories, Lexington, KY) for 1.5 

hours at 25°C and followed by incubation with anti-mouse-HRP antibody as 

indicated above. 

Treatment of Established Tumors with AdSmad7-infected DCs 

Mice were injected with lO'^ 4T1-N or 4T1 -asT tumor cells orthotopically 

into the mammary fat pad (i.m.p.). On days 14, 19, 24, 29, and 33 following 

tumor challenge, mice were injected with 300 |Lig of 2G7 mAb or mouse IgG 



isotype control Ab (Rockland, Gilbertsville, PA). DCs were generated as 

described previously, and on day 6 of culture were pulsed with 4T1 tumor lysate 

for 24 hours and cultured with TNF-a for an additional 24 hours. On day 8 of 

culture, 4T1 lysate pulsed-matured DCs were infected with LacZ or Smad7 

adenovirus as described above. Twenty-four hours post-infection, DCs were 

collected and injected i.t. into 4T1 -Neo or 4T1 -asT tumor bearing mice on days 

15, 20, and 25, alone or in combination with 100 lag of TGF-p neutralizing 

antibody (2G7). 

IFN-7 Production by TDLN Cells 

On day 43 following tumor challenge, mice bearing 4T1-asT tumors were 

sacrificed and tumor draining lymph nodes (TDLN) were removed. TDLNs from 

5 mice per group were pooled and one million TDLN cells were added per well of 

a 24 well plate pre-coated with 2 jag of anti-CD3. Triplicates of TDLN cells from 

each treatment group were prepared. Supernatant was collected from each well 

48 hours later and centrifuged at 250xg for 5 minutes. Supernatants were diluted 

1:500 and the amount of IFN-y was quantitated by ELISA (R&D Systems, 

Minneapolis, MN) according to the manufacturer's protocol. 
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3.2 RESULTS 

Generation of recombinant Smad7 adenovirus 

We have observed that tumor-derived TGF-p significantly innpairs the 

ability of DCs to stimulate an effective anti-tumor immune response to treat 

established 4T1 tumors. Therefore, it was hypothesized that DCs rendered 

resistant to TGF-p will stimulate a s uperior a nti-tumor i mmune response in an 

animal bearing TGF-p producing tumors. In order to block TGF-p signaling in 

DCs, a replication incompetent adenoviral vector was generated that contains the 

Smad7 gene linked to the FLAG fusion protein (AdSmadT). Smad? is an 

inhibitory Smad that prevents the phosphorylation of Smad2 and prevents down

stream TGF-p signaling by binding to TpRI and preventing phosphorylation of 

Smad2 (86, 142). The Smad? adenovirus was created using the Clontech 

Adeno-X Expression System (Figure 12A). Briefly, the murine SmadZ gene with 

a 5' FLAG epitope tag was cloned into pcDNAS. The SmadZ transgene was 

cloned into the Nhel and Xbal restriction sites of pShuttle and subsequently 

subcloned into the l-Ceul and Pl-Scel restriction sites of the adenoviral genome. 

Successful cloning of the Smad? gene into the adenoviral genome was 

confirmed by restriction digest analysis. Digestion of the Smad? adenovirus 

vector with l-Ceul and Pl-Scel restriction enzymes resulted in an approximately 4 

kb band (Smad? gene) and larger 32 kb band (adenoviral genome) (Figure 12B). 

Additionally, using Smad? specific primers, a 350 bp segment of the Smad? 

gene was amplified by PGR from the Smad? adenovirus vector (Figure 12C). To 
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generate functional adenoviral particles, HEK 293 cells were transfected with the 

Smad7 adenovirus vector. HEK293 is an adherent cell line, which expresses the 

early proteins E1 and E3, necessary for adenovirus replication. When 

approximately 80% of the HEK 293 cells had detached, indicating viral replication 

the supernatant was collected and the titer of infectious units (lU) of adenovirus 

was determined. 
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Figure 13. Generation of Smad7 adenovirus vector. (A). Schematic of Smad7 
adenovirus generation. (B) A restriction digest of Adeno-X viral DNA (lane 1) and the 
Smad7-Adeno-X vector (lane 2) was performed with l-Ceul and Pl-Scel to yield a 32 kb 
band representing the Adeno-X viral DNA and a 4 kb band representing the Smad7 insert. 
(C) A 350 bp segment of the Smad7 gene was amplified from the Smad7-Adeno-X vector 
by PGR. 
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Optimization of adenovirus infection conditions 

In order to mitigate TGF-p signaling in DCs, sufficient expression of 

recombinant Smad7 protein must occur. In an effort to increase transgene 

expression several infection strategies were evaluated. It has previously been 

demonstrated that the use of the cationic lipid, llpofectamine can enhance 

adenovirus infectivity (151). A previous study indicated that adenovirus infection 

of DCs is enhanced by using a CD40 fusion peptide (P2) (152). The amino 

terminus of P2 binds to CD40, which is expressed on mature DCs, and the 

carboxyl terminus binds to the fiber knob protein expressed on the surface of 

adenovirus. Increasing the number of infectious units (ID) of the reporter LacZ 

adenovirus (AdLacZ) per DC increased the relative p-galactosidase production in 

the infected population at 24 hours and 48 hours post-infection (Figure 13A). 

However, the use of lipofectamine or P2 did not enhance production of (3-

galactosidase as compared to infection with Ad LacZ alone. Infection with 2000 

lU per DC resulted in the greatest p-galactosidase production. However, cell 

viability at 2000 lU per DC was 60%, and cell viability at 1000 lU per DC was 

80%. Treatment of the DCs with lipofectamine or P2 alone did not affect their 

viability. To determine the percentage of DCs expressing p-galactosidase, cells 

were stained with X-gal following infection. Infection of DCs with 1000 lU 

resulted in approximately 60% of the DC population expressing p-galactosidase 

activity (Figure 13B). Infection with 500 lU resulted in approximately 55% of the 
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DC population expressing p-galactosidase activity. Therefore, subsequent 

experinnents were preformed with 1000 ID of adenovirus per DC. 
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Figure 14. Optimization of adenovirus infection of DCs. Ten thousand DCs were infected 
with various amounts of LacZ adenovirus. (A) Twenty-four and forty-eight hour post-infection, 
the relative amount of p-galactosidase produced by the DCs was determined. (B) The 
percentage of DCs expressing p-galactosidase was determined by X-gal staining. 
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Expression of recombinant Smad7 protein in DCs 

The expression of recombinant Smad7 protein in AdSmad7-infected DCs 

was evaluated by immunoblot analysis. Infection of DCs with Smad7 adenovirus 

resulted in substantially increased expression of Smad7 protein (47 kDa) as 

compared to infection with LacZ adenovirus alone (Figure 14A). Additionally, the 

Smad7 protein expressed by AdSmad7-infected DCs is recombinant Smad7 as 

indicated by its reactivity with the anti-FLAG antibody (Figure 14B). 

Figure 15. Detection of expression of 
recombinant Smad7 protein in DCs. 
Dendritic ceils were infected with Smad7 or 
LacZ adenovirus. Forty-eight hours post
infection DCs were collected and cell 
lysates were prepared. Proteins (25 (j,g) 
from the cell lysates were resolved by 8% 
SDS-PAGE and electrotransferred to 
PVDF membrane. (A) Smad7 was 
detected by incubating the membrane in 
anti-Smad7 antibody. (B) The membrane 
was then stripped and incubated with anti-
FLAG antibody. 
1 
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Adenovirus-mediated Smad7 gene transfer reduces TGF-P signaling in DCs 

We hypothesized that overexpression of Smad7 in DCs will suppress 

TGF-p signaling, which can be visualized by a decrease in the phosphorylation of 

Smad2 (see Figure 2). DCs infected with AdSnnad7 exhibited reduced basal 

levels of phosphorylated Smad2 (pSmad2) expression as compared to AdLacZ-

infected DCs (Figure 15A, lanes 1 and 2). Following treatment with 1 ng/ml or 5 

ng/ml of TGF-p, AdSmadZ-infected DCs continued to exhibit reduced pSmad2 

expression (Figure 15A, lanes 3-6). As expected, infection of DCs with 

AdSmadZ did not substantially affect the levels of total Smad2 protein expressed 

(Figure 15B). The reduced levels of pSmad2 observed in AdSmad7-infected 

DCs indicate that overexpression of Smad7 reduces the responsiveness of DCs 

to TGF-p. 

Lane 1 2 3 4 5 6 

1 ng/ml 5 ng/ml 

TGF-p LacZ Smad? LacZ Sinai? LacZ Smad? 

Figure 16. Adenovirus-mediated Smad7 gene transfer reduces TGF-p signaling in 
DCs. Dendritic cells were infected with AdSmadT or Ad LacZ. Forty-eight hours post
infection DCs were treated with 1 or 5 ng/ml of TGF-p for 45 minutes and cell lysate was 
prepared. Proteins (25 ng) were resolved as indicated in the materials and methods. 
Phosphorylated Smad2 was detected by incubating the membrane in anti-pSmad2 antibody 
(A). The membrane was then stripped and incubated with anti-Smad2 antibody (B). 
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Treatment of established 4T1 tumors with AdSmad7-infected DCs 

Observing that AdSmadZ infection reduced the responsiveness of DCs to 

TGF-p in vitro, we hypothesized that these DCs may possess enhanced abilities 

to stimulate an anti-tumor immune response when injected into TGF-p-producing 

tumors. Control or AdSmadZ-infected dendritic cells were injected into 

established 4T1-Neo and 4T1 -asT tumors. Treatment of mice bearing 

established 4T1 -Neo or 4T1 -asT primary tumors with AdSmadZ-infected DCs did 

not significantly affect tumor progression as compared to treatment with AdLacZ-

infected DCs (Figure 16). Treatment with TGF-(3 neutralizing (2GZ) antibody 

alone or in combination with DCs did not prevent tumor growth as compared to 

untreated mice or mice treated with isotype antibody (Figure 16). It was 

expected that treatment with the combination of DCs and 2GZ antibody would 

slow tumor growth as previously observed (Figure 12), the inability to slow tumor 

progression may be the result of adenovirus infection limiting the functionality of 

DCs. However, treatment of 4T1 -asT tumors with AdSmadZ-infected DCs 

significantly (p<0.05) enhanced the production of IFN-y by tumor draining lymph 

node cells stimulated with anti-CD3 antibody as compared to treatment with 

AdLacZ-infected DCs (Table 3). IFN-y production was enhanced by treatment 

with T GF-p n eutralizing a ntibody (2GZ) a lone as c ompared to no treatment o r 

treatment with isotype antibody alone. The ability of AdLacZ-infected DCs to 

stimulate IFN-y production was enhanced by the addition of TGF-p neutralizing 

antibody (2GZ). The lack of correlation between IFN-y production by tumor 



66 

draining lymph node cells and decreased tumor volume may be the result of the 

assay measuring cytokine production following non-specific activation with anti-

CD3 antibody and is not the result of tumor-specific activation. However, these 

results indicate that AdSmad7-infected DCs exhibit an enhanced ability to 

stimulate an immune response in tumor-bearing hosts as compared to AdLacZ-

infected DCs. 
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Figure 17. Treatment of established 4T1 tumors with AdSmad7-infected DCs. Mice 
bearing established 4T1-N or 4T1-asT primary tumors received intratumoral (i.t.) vaccinations 
with tumor lysate-pulsed, matured AdSmad? or AdLacZ DCs alone or in combination with 300(j,g 
of 2G7 Ab intraperitoneally (i.p.) and 100ng i.t. on days 15, 20, and 25. Mice also received 
SOOfxg of 2G7 Ab i.p. the day before DC vaccination and on days 29 and 33. Data represent 
mean ± SEM of five mice per group. 

IFN-Y pg / ml /10^ cells 
No Treatment 
Isotype Ab 
2G7 Ab 
DC LacZ 
DC Smad7 
DC LacZ + 2G7 Ab 

2,053+76 
2,762±76 
12,239±329 
7,526±355 
62,2071228 
49,487±507 

DC Smad7 + 2G7 Ab 57,722±583 

Table III. IFN-^ production by TDLN cells following vaccination with AdSmad7-
infected DCs. TDLNs were removed from 4T1-asT tumor bearing mice(5 mice per group) 
following treatment as indicated above. One million TLDN cells were cultured for 48 hours 
in each well of a 24 well plate pre-coated with anti-CD3 antibody. Supernatants were 
removed and the amount of IFN-y present was determined by ELISA. Data represent mean 
± SEM of triplicate samples. 
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CHAPTER 4. 
DISCUSSION 

Preamble 

The clinical use of DCs to treat cancer has been extensively shown to 

elicit the production of tumor-specific T cell responses patients (153). However, 

despite the generation of the anti-tumor immune response, disease stabilization 

or regression is infrequently observed (153). These observations suggest that 

the tumor microenvironment has a negative impact on these therapies. Tumor-

derived TGF-p is a prime candidate to protect the tumor from the immune 

response, as it has been demonstrated to inhibit the functions of numerous 

immune cell types (Table I). The effects of TGF-p on the functions of DCs in the 

tumor-bearing host are poorly understood. The specific aims of this study were 

first, to determine the effect of TGF-p on the in vivo migration and the induction of 

T lymphocyte responses by DCs; second, to abrogate TGF-p signal transduction 

in dendritic cells; and third, to evaluate therapeutic efficacy of using transgenic 

dendritic cells to induce anti-tumor responses. 

The effect of TGF-p on the in vivo migration and Induction of T cell 

responses by DCs 

Integral to an effective anti-tumor immune response is the ability of DCs to 

capture tumor antigen at the tumor site and migrate to T lymphocyte rich draining 
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lymph nodes for presentation of tumor antigen to tumor-specific T lymphocytes 

(153). It was observed that TGF-p inhibits virtually all aspects of this response. 

Transforming growth factor-p reduced the ability of DCs to internalize 

antigen (Figure 6), suggesting that DCs in the TGF-p tumor microenvironment 

may be impaired in their ability to engulf tumor antigen. This may be the result of 

TGF-p altering the expression of critical surface receptors required for 

endocytosis and phagocytosis including scavenger receptors, Fc receptors, and 

mannose-binding receptors and DEC205. 

Migration of DCs from the periphery or tumor site to draining lymph nodes 

was suppressed by TGF-p exposure both in vitro and within the tumor 

microenvironment (Table II and Figure 9). This effect may be mediated in part by 

TGF-p limiting DC chemotactic migration toward the chemokines SLC and MIP-

3p, which are produced in draining lymph nodes (149). Surprisingly, TGF-p 

treatment did not alter mRNA expression of CCR7, the chemokine receptor for 

SLC and MIP-Sp (Figure 11). TGF-p may affect CCR7 expression at the post-

transcriptional level. Kurt et al. reported that 4T1 tumor cells produce the 

chemokines RANTES and MCP-1, which may also prevent DC migration to 

DLNs by sequestering them in the tumor microenvironment bathing them in TGF-

P (154). T he data revealed that only a small fraction (f»10%) of injected DCs 

were recovered from the tumors (Figure 10). This may be the result of several 

reasons. First, the recovery process may be inefficient. Second, the DCs may 

be migrating to other tissues such as the draining lymph nodes, spleen, liver, and 
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lungs (155). Third, the dendritic cells may be undergoing apoptosis in the tumor 

microenvironment. S everal s tudies h ave d emonstrated t hat t umor-supernatant 

can Induce DC apoptosis, and this may be in part mediated by ceramides (156-

158). Interestingly, in a separate study TGF-p was shown to increase ceramide 

production by the A431 human epidermoid carcinoma cells, suggesting that 

TGF-p may mediate tumor-induced apoptosis of DCs (159). 

Once antigen has been internalized by DCs it must be presented to T 

lymphocytes in conjunction with sufficient co-stimulation to elicit T lymphocyte 

proliferation and differentiation. Insufficient co-stimulation during antigen T cell 

priming can result in T cell anergy. Following TGF-p exposure, DCs exhibited 

reduced ability to present both tumor antigen and OVA antigen to T lymphocytes 

and stimulate their subsequent proliferation and/or IFN-y production (Figures 7 

and 8). TGF-p may limit DC-mediated T cell stimulation by affecting numerous 

processes including the levels of co-stimulatory molecule expression as we 

observed (Figure 5), or by interfering with cellular processes involved in antigen 

processing and presentation including down-regulation of components of the 

proteosome complex, or limiting the expression of endosomal and lysosomal 

proteases. It has been observed in lung epithelial and kidney tubule cells that 

TGF-p reduces the expression of cathepsins, important lysosomal enzymes 

involved in protein degradation for presentation on MHC class II (160, 161). 

Additionally, TGF-p exposure has been demonstrated to inhibit lysosomal 

acidification, a process necessary for optimal proteolysis (162). 



When the levels of TGF-p present in the tumor-bearing host are reduced 

by either antisense TGF-p gene transfer or TGF-p neutralizing antibody, the 

effectiveness of DC vaccination is enhanced. This suggests that tumor-derived 

TGF-p inhibits DC functions in vivo that are imperative for the stimulation of an 

effective anti-tumor immune response (Figure 12). The use of TGF-p 

neutralizing antibody to improve the clinical efficacy of DC vaccines could be 

easily implemented. In addition to improving the functions of DCs, it may prevent 

suppression of other immune effector cells. Arteaga et al. has demonstrated that 

administration of TGF-p neutralizing antibody enhanced NK cell activity in tumor-

bearing mice (163). Recently, the role of T regulatory cells in cancer 

immunotherapy has regained attention. The hallmark characteristic of T 

regulatory cells is TGF-p production (164,1 65). Several murine studies have 

demonstrated that reduction in the prevalence of T regulatory cells enhances the 

anti-tumor immune response (166, 167). Treatment with TGF-p neutralizing 

antibody would additionally augment the anti-tumor immune response by 

reducing the amount of T regulatory cell-derived TGF-p. Reducing the amount 

of TGF-p in patients may alter homeostatic processes, such as the development 

of lymphoproliferative disease as observed in TGF-p deficient mice (168). 

The effect of abrogation of TGF-p signaling in DCs on anti-tumor activity 

The exposure of DCs to TGF-p within the tumor-bearing host impairs 

numerous dendritic cell functions critical to stimulating an effective anti-tumor 



immune response. Limiting DC responsiveness to TGF-p would therefore be 

expected to enhance their ability to induce tumor-specific immune responses in 

hosts bearing TGF-p-secreting tumors. To render DCs resistant to TGF-p, they 

were infected with an adenovirus encoding Smad7, an inhibitor of TGF-p 

signaling. The adenoviral-mediated expression of Smad7 within DCs partially 

blocked TGF-p signaling in vitro as indicated by reduction in Smad2 

phosphorylation (Figure 16). However when used as anti-cancer vaccines, 

AdSmadZ-infected DCs were unable to control tumor growth even in the 

presence of TGF-p neutralizing antibody (Figure 17). The lack of ant-tumor 

activity of these adoptively transferred DCs may be due to several reasons. 

First, only 60% of the DCs infected with adenovirus expressed the transgene 

(Figure 14). Second, adenovirus infection resulted in decreased DC viability. 

Improved viral vectors that permit higher transgene expression at lower viral 

doses may be more effective. Third, Smad7 expression may not sufficiently 

abrogate TGF-p signaling. This may be resolved by targeting the TGF-p 

signaling pathway further upstream by expression of dominant negative TGF-p 

receptor II. The TGF-p signaling pathway may be additionally targeted by 

overexpression of the Smurf (Smad ubiquitination regulatory factor) proteins, 

which target the TGF-p receptor complex and Smad2 for ubiquiton mediated-

protein degradation (169). Combining Smad7 adenoviral infection with IFN-y 

adenoviral infection may improve the immunostimulatory capacity of the DCs by 
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promoting a desirable Th1 tumor-specific response thereby increasing the 

expression of endogenous Smad7 and Smurf proteins (142,143,170). 



Conclusion and Summary 

Clinical cancer immunotherapy is still in its infancy. The decades since 

the first clinical trials were conducted have shown that a tumor-specific immune 

response can be stimulated in the patient. It is now time to hone these strategies 

to elicit effective anti-tumor immune responses in the patient, which are capable 

of preventing tumor dissemination, increasing the duration of clinical remission, 

and destroying established tumors. Until recently the role of tumor-derived 

immunosuppressive factors has been underestimated. It is clear from these 

studies and those of others that strategies that combine immune stimulation and 

elimination of tumor-derived suppressive factors such as TGF-p will have the 

greatest likelihood of inducing durable anti-tumor immune responses. 

These studies have demonstrated that TGF-p inhibits critical DC 

processes involved in generating an effective anti-tumor immune response. 

Reduction in the amount of TGF-p present in the tumor-bearing host enables DC-

based vaccines to stimulate an improved anti-tumor response capable of slowing 

tumor growth and mediating tumor regression. By limiting the responsiveness of 

DC-based vaccines to TGF-p using a Smad7 adenovirus one can enhance their 

ability to stimulate an immune response in tumor-bearing hosts. This work 

illustrates the necessity to utilize strategies to minimize the effects of tumor-

derived TGF-p in DC-based cancer immunotherapy. 
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APPENDIX A 

PRIMER SEQUENCES 

Gene 

GADPH 

CCR1 

CCR2 

CCR4 

CCR5 

CCR6 

CCR7 

sequence 

sense 5' CAGGTTGTCTCCTGCGACTT 3' 
antisense 5' CTTGCTCAGTGTCCTTGCTG 3' 

product size (bp) 

212 

sense 5* AAGCCTACCCCACAACTACAGA 3' 437 
antisense 5' GGTGATGATGCCAAGAGTAACA 3' 

sense 5" GTTCTCTTCTTGACCACCTTCC3' 380 
antisense 5' ACCACTGTCTTTGACCACCTTCC 3" 

sense 5' ATTCTGTTGTGGTTCTGGTCCT 3' 527 
antisense 5' GCAGTGTTGCAGAGTCCTAATG 3" 

sense 5' ACAGGGCTCTATCACATTGGTT 3' 582 
antisense 5' GGCATAGATGACAGGGTTTAGG 3' 

sense 5' ACTTTAACTGTGGGATGCTGCT 3' 307 
antisense 5' ATAAACAGCAAAGGGGTGAAGA 3' 

sense 5' GACGGATACCTACCTGCTCAAC 3' 453 
antisense 5' TAGCAGAAACTCATAGCCAGCA 3' 

Smad7 sense 5' CCTCGGACAGCTCAATTCGGACAAC 3" 350 
antisense 5' GCTGATGAACTGGCGGGTGTAGCAC 3' 
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