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ABSTRACT 

 

Immunotherapy has been proposed as an alternative to conventional cancer 

therapies due to its reduced toxicity and ability to induce long-lasting anti-tumor immune 

responses. Dendritic cell (DC) vaccination is one immune-based anti-cancer strategy that 

has received attention due to the ability of DC to process and present antigen to T 

lymphocytes to initiate immune responses. However, the clinical efficacy of DC-based 

immunotherapy against established cancers in humans has been extremely low and 

despite recent advances, objective response rates in DC vaccine trials are rarely above 

10%. This lack of efficacy is due in part to immunosuppressive factors, such as 

transforming growth factor β (TGF-β), present in the tumor microenvironment that 

promote tumor immune escape. Therefore, TGF-β represents a major barrier to effective 

cancer immunotherapy and strategies to neutralize this cytokine may lead to more 

efficacious DC vaccines. 

In this study, we employed two small molecule transforming growth factor β 

receptor type I (TβRI/ALK5) kinase inhibitors (HTS466284 and SM16) in combination 

with DC vaccines to treat established TGF-β-secreting 4T1 mammary tumors. The results 

demonstrate that while both inhibitors blocked the effects of TGF-β in vitro, HTS466284 

by itself or in combination with DC vaccination was unable to consistently control the 

growth and metastasis of established 4T1 tumors. In contrast, SM16 inhibited the growth 

of established tumors when delivered orally and suppressed the formation of pulmonary 

metastases when delivered orally or via daily intraperitoneal (i.p.) injection. The efficacy 
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of SM16 was dependent on cellular immunity as this drug had no effect in 

immunodeficient SCID mice. Furthermore, orally delivered SM16 in combination with 

DC vaccination led to complete tumor regression in several mice that correlated with 

increased T cell infiltration of the primary tumor and enhanced in vitro IFNγ production 

and tumor-specific cytolytic activity by splenocytes. Finally, a suboptimal dose of SM16 

that failed to control primary tumor growth on its own synergized with DC vaccination to 

inhibit the growth of established 4T1 tumors. These findings suggest that blockade of 

TGF-β signaling using a small molecule TβRI/ALK5 kinase antagonist may be an 

effective strategy to bolster the efficacy of DC-based cancer vaccines.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 LITERATURE REVIEW 

Preface 

Cancer is a multi-step disease that is characterized by the uncontrolled growth and 

spread of abnormal cells (1).  Despite recent advances in cancer detection and treatment, 

cancer remains the second leading cause of death in the United States behind heart 

disease (2). In 2007 the American Cancer Society estimated that 559,650 people would 

die from cancer and that approximately 1,444,920 new cases would be diagnosed in the 

U.S. (2). Current treatment options for cancer include surgical removal of tumor tissue, 

radiation, and chemotherapy. However, these therapies are associated with severe toxicity 

and are often limited in their ability to control disseminated disease and cancer 

recurrence. Given the limitations of conventional cancer treatment, immunotherapy has 

been proposed as a promising alternative to existing treatment modalities. The goal of 

immune-based cancer therapies is to stimulate the immune system to specifically target 

and destroy malignant cells. Immunotherapy offers a number of advantages over more 

conventional therapeutic approaches, including reduced toxicity, fewer side effects, and 

the ability to induce long lasting cancer protection due to immune memory (3, 4).  

Cancer Immunotherapy 

The work of Dr. William B. Coley during the late 19th and early 20th centuries 

represents one of the earliest reported uses of an immune-based strategy to treat cancer 

(5). Using a microbial vaccine consisting of a mixture of streptococcal and 
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staphylococcal bacteria, Dr, Coley treated sarcoma patients and achieved a cure rate of 

more than 10% (5). In the years that followed, researchers used other microbial products 

such as Bacille Calmette-Guerin (BCG) (6-7) or pro-inflammatory cytokines such as IL-

2, granulocyte macrophage colony-stimulating factor (GM-CSF), and interferon-α (INF-

α) (8-9) to treat cancer with limited success. However, the non-specific immune 

activation caused by bacterial components and cytokines often produce adverse side 

effects (9,10).  Based on these limitations, researchers shifted their focus to cellular 

immunotherapy strategies that would stimulate tumor-specific immunity. 

Much of the early work on cellular immunotherapy for cancer focused on the use 

of adoptively transferred lymphokine activated killer (LAK) cells and high dose IL-2 (11, 

12). While this therapy demonstrated some efficacy in melanoma patients, overall 

response rates were very low. In addition, the broad specificity of these cells as well as 

the non-specific immune activation induced by high dose IL-2 resulted in a number of 

toxic side effects (11,12). In an attempt to improve tumor specificity, researchers began 

using tumor infiltrating lymphocytes (TIL) in addition to IL-2 to treat melanoma (13). 

Adoptive TIL transfer proved to be more effective than LAK cell therapy due to the 

enhanced specificity and potency of TIL and response rates as high as 35% were 

achieved (13). Further refinement of this therapy to include non-myeloablative 

lymphodepletion prior to adoptive T cell transfer has resulted in response rates as high as 

51% for patients with metastatic melanoma (14,15). However, while adoptive T cell 

therapy has demonstrated considerable success in melanoma and renal cell carcinoma, 

this strategy has not been effective in the treatment of most other solid tumors (4,16). 
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Furthermore, the generation of large numbers of T cells for use in adoptive cell therapy is 

a labor intensive, time consuming, expensive, and highly complicated process (16). In 

addition, TIL of sufficient avidity and frequency cannot be produced for some patients, 

limiting the application of adoptive therapy (16). As a result of these limitations, much of 

the recent work on cancer immunotherapy has focused on the development of cancer 

vaccines to actively stimulate adaptive cellular anti-tumor immune responses in vivo. 

Cancer Vaccines 

The goal of cancer vaccination is to stimulate the generation of tumor-specific 

effector and memory T cells capable of inducing the rejection of malignant tumors and 

preventing recurrence (4). With the exception of a few virally-induced tumors, most 

cancer cells do not express unique foreign antigens (17-19). However, tumor cells often 

over-express normal self or slightly altered forms of normal self proteins that are 

sufficient for immune recognition. A number of these tumor associated antigens (TAA) 

such as gp100, gp75, MART-1, MAGE-1, tyrosinase, MUC-1, Her2/neu, prostate 

membrane specific antigen (PMSA), and carcinoembryonic antigen (CEA) have been 

identified as tumor vaccine targets (4,17-19).  To date, a number of vaccine strategies for 

the treatment of cancer have been investigated extensively in both animals and humans. 

These include autologous and allogeneic whole tumor cell vaccines (often engineered to 

secrete immunostimulatory cytokines), whole protein vaccines, peptide vaccines, DNA 

vaccines, and dendritic cell (DC)-based vaccines (4,17-19).  While each of these 

therapeutic strategies has its own strengths and weaknesses, DC-based cancer vaccines 
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have received particular attention due to their potent ability to stimulate naïve T 

lymphocytes (11,12).  

Dendritic Cell-Based Cancer Vaccines 

Dendritic cells (DC) are the most potent of the professional antigen presenting 

cells (APC) that serve as a crucial link between innate and adaptive immunity. They play 

a fundamental role in the initiation of adaptive immune responses by stimulating naïve T 

lymphocytes (20,21). The potent ability of antigen-loaded DC to stimulate long-lasting 

cellular immunity has provided a strong rationale for their application as cancer vaccines 

(22-24). DC-based immunotherapy has been studied extensively in animals and several 

reports have demonstrated induction of protective and therapeutic anti-tumor immune 

responses by antigen-pulsed DC vaccines (25-27). Based on this animal data, several 

Phase I/II clinical trials using DC-vaccines have been carried out in humans to treat a 

variety of malignancies including, melanoma (28-30), prostate cancer (30-32), glioma 

(33,34), breast cancer (35-37), colorectal cancer (38,39), lymphoma (40,41), and many 

other types of cancer (42,43). In these studies several different antigen sources for DC 

pulsing were investigated including, tumor cell lysates or apoptotic bodies, tumor 

peptides, DNA, RNA, and tumor cell fusions (42,43). In addition, a number of different 

viral vectors have also been investigated to transfect DC with tumor antigens (44-46). 

These trials have demonstrated that antigen-pulsed DC can elicit long-lasting cellular 

anti-tumor immune activity and clinical responses in cancer patients with essentially no 

significant toxicity (42,43,47,48). However, despite these encouraging results, objective 

clinical response rates have been extremely low (usually between 5% to 10%) and 
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complete tumor regression has been rare with most patients experiencing disease 

stabilization or partial/mixed responses (43,47,48). The limitations of existing DC 

vaccination strategies were highlighted in a recent mulitcenter phase III clinical trial 

comparing the efficacy of peptide-pulsed DC vaccination to standard Dacarbazine 

chemotherapy in stage IV melanoma patients (49). In this study, there was no significant 

difference in objective response rate, progression free survival, or overall survival 

between patients in the Dacarbazine and vaccine arms. Since DC vaccination failed to 

demonstrate improved therapeutic benefit compared to the current standard of care in 

these patients the trial was halted early (49). The limited success of existing DC-based 

immunotherapy has been attributed in part to immune evasion as well as active 

immunosuppression in the tumor-bearing host and highlights the need to modify current 

DC vaccination strategies in order to augment their efficacy.  

Mechanisms of Immune Escape by Tumors 

Tumors have developed a number of mechanisms to evade host 

immunosurveillance that allow them to grow progressively in immunocompetent hosts 

and these mechanisms account in large part for the failure of DC-based immunotherapy 

in the clinic (50). The ability of cytotoxic T lymphocytes (CTL) to recognize tumor cells 

is often limited by down-regulation of MHC class I expression in tumor cells due to 

defects in the antigen processing pathway (51,52). Tumors have also developed strategies 

to escape Fas-mediated CTL killing by down-regulating Fas, secreting soluble FasL to 

kill Fas-expressing CTL, or by expressing anti-apoptotic proteins such as Bcl-2 (53).  
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In addition to mechanisms to avoid immune recognition and CTL killing, tumor 

cells have also developed strategies to actively suppress the immune system. Populations 

of immunosuppressive cells such as CD4+CD25+FoxP3+ regulatory T cells (Treg) and 

myeloid-derived suppressor cells (MDSC) increase within the tumor microenvironment 

(54,55). Under normal conditions, these cells play an important role in the maintenance 

of self tolerance by regulating the activation of effector T cells, but in the context of 

cancer they promote immune escape (54,55). Tumor cells also produce a number of 

factors such as vascular endothelial growth factor (VEGF), IL-10, prostaglandin E2 

(PGE2), and transforming growth factor β (TGF-β) that inhibit immune responses (56). 

Of these factors, TGF-β is the most studied and best characterized as an 

immunosuppressant.  

TGF-β and Cancer 

TGF-β Signaling 

TGF-β is a multifunctional cytokine that belongs to the TGF-β superfamily of 

secreted cytokines that includes the TGF-β, actvin/inhibin, and bone morphogenic protein 

(BMP) subfamilies (57,58). Three isoforms of TGF-β have been identified, namely TGF-

β1, TGF-β2, TGF-β3 with TGF-β1 being the most fully characterized (57,58). TGF-β1 is 

secreted as a 290 kDa biologically inactive protein complex made up of the 25 kDa TGF-

β1 disulfide linked homodimer, the 75 kDa latency associated protein (LAP), and the 190 

kDa latent TGF-β1 binding protein (LTBP) (57,58). Activation of TGF-β is achieved in 

vivo by proteolytic cleavage of the 112 amino acid TGF-β homodimer from the latency 
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complex by plasmin, MMP-3, MMP-2, MMP-9, thrombospondin, or αvβ6 integrin 

(57,58).  

TGF-β mediates its diverse biological functions by binding to a series of trans-

membrane serine/threonine kinase receptors, namely the TGF-β receptors type I and II 

(TβRI/ALK5 and TβRII). Activated TGF-β first binds TβRII located on the surface of 

target cells (57,58). This initial binding event can be facilitated by the TGF-β receptor 

Type III (betaglycan) or endoglin which present active TGF-β to TβRII on the cell 

surface (58). Following this initial binding, TβRII, recruits TβRI/ALK5 to form a 

heteromeric complex (57,58). Upon recruitment, the GS domain of the type I receptor is 

phosphorylated by the constitutively active kinase domain of TβRII (57,58). The 

transcription factor Smad2 is then recruited and presented to the TGF-β receptor complex 

by the Smad anchor for receptor activation (SARA) and is C terminally phosphorylated 

by the active kinase domain of TβRI/ALK5  (57,58). This phosphorylation event causes 

receptor-activated Smad2 to dissociate from the TGF-β receptor and form a heteromeric 

complex with Smad4 (57,58). The Smad2/Smad4 complex is translocated into the 

nucleus where it mediates transcription by directly binding to DNA promoter sequences 

or by interacting with other transcription factors (57,58). Evidence also suggests that the 

activated TGF-β receptor complex can also signal independently of the Smads through 

phosphoinositol-3 kinase (PI3K), the mitogen activated protein kinases (MAPK), and 

PP2A/p70s6K, but the way in which these alternative signaling pathways are connected 

to the TGF-β receptor complex and the role they play in the diverse biological functions 

of this cytokine are not fully understood (57,58).  
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Role of TGF-ββββ in Tumor Progression 

TGF-β plays a complex role in carcinogenesis. Initially TGF-β acts as a tumor 

suppressor by inhibiting cell proliferation, but as tumor progression occurs, malignant 

cells become resistant to its growth inhibitory effects and begin to overexpress and 

secrete large amounts of this cytokine (59-63). Tumor cells from most human tumors 

have been shown to produce elevated levels of all three isoforms of TGF-β, including 

melanoma, pancreatic, colorectal, glioblastoma, and breast tumors (64-69). Furthermore, 

elevated serum levels of TGF-β in cancer patients are often associated with disseminated 

disease, tumor recurrence, and poor clinical outcome suggesting that TGF-β plays a role 

in tumor progression (65-69). TGF-β’s role in tumor progression during later stages of 

carcinogenesis has been well documented and includes the ability to promote motility, 

invasion, and metastasis by inducing epithelial to mesenchymal transition (EMT) in 

tumor cells through an autocrine signaling mechanism (60-63,70-75) and by inducing 

matrix metalloprotease (MMP) expression (76-79). In addition, TGF-β has also been 

shown to stimulate angiogenesis (59,80-88). 

TGF-β and the Immune System 

TGF-β also contributes to tumor progression by negatively impacting the immune 

system in ways that favor tumor growth (59-62,89-91). By suppressing the generation of 

effective anti-tumor immune responses, TGF-β represents a major obstacle in the 

development of effective cancer immunotherapy. TGF-β has been shown to interfere with 

the proliferation, cytotoxic activity, and pro-inflammatory cytokine production of NK 

cells (89,92-94). TGF-β also suppresses the proliferation, differentiation, and activity of 
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Th1 and Th2 CD4+ T lymphocytes (95-97). In addition, this cytokine can inhibit the 

proliferation and cytolytic activity of CD8+ CTL (89,98-100). TGF-β has also been 

implicated in the development, proliferation, maintenance, and suppressive function of 

CD4+CD25+FoxP3+ Tregs (101-105). Furthermore, TGF-β has been shown to impair 

APC function (89,90). In particular, TGF-β is known to suppress the immunostimulatory 

activity of DC by inhibiting costimulatory molecule and chemokine receptor expression, 

cytokine secretion, antigen presentation, and lymph node migration (106-110). Patients 

whose tumors express elevated levels of TGF-β often display significantly diminished 

NK, T cell, and DC function (93,94,100,111-113). 

TGF-β Inhibitors as Anti-Cancer Agents 

The potent ability of tumor-derived TGF-β to promote tumor progression and 

suppress tumor immunosurveillance provides a strong rationale for the development 

TGF-β signaling antagonists for use in targeted cancer therapy and the TGF-β signaling 

pathway has recently emerged as an important therapeutic target for the treatment of 

cancer (114-116). The development of TGF-β signaling antagonists has focused on three 

main strategies, namely 1) antibodies or soluble receptor proteins to prevent TGF-β from 

binding to its receptors, 2) antisense oligonucleotides to prevent TGF-β secretion, and 3) 

small molecule kinase inhibitors to block TGF-β-mediated intracellular signaling events 

(114-116). To date, most research on TGF-β signaling antagonists has focused on the 

large-molecule agents namely monoclonal antibodies (mAb) and antisense 

oligonucleotides to override the deleterious effects of tumor-derived TGF-β (114). 

Preclinical animal studies using the pan TGF-β-neutralizing antibodies 2G7 and 1D11 or 
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soluble TβRIII or TβRII:Fc fusion proteins demonstrated that these TGF-β signaling 

antagonists could effectively treat a variety of malignancies, limit the formation of distant 

pulmonary metastases, and were well tolerated with minimal toxicity (103,117-123). Our 

laboratory has previously shown that neutralization of TGF-β using the monoclonal 

antibody 2G7 enhanced the ability of DC vaccines to inhibit tumor growth in a murine 

breast cancer model (106). In addition, GC-1008, a human pan-specific TGF-β 

neutralizing mAb, was well tolerated and demonstrated clinical efficacy in some patients 

in a recent Phase I/II clinical trial for metastatic melanoma and renal cell carcinoma 

(124).  

Therapies using antisense oligonucleotides to abrogate TGF-β signaling have also 

demonstrated efficacy in the treatment of cancer. Immunization of animals with a TGF-

β2 antisense-modified tumor cell vaccine significantly increased survival in rats with 

gliosarcoma or glioma tumors (125,126). Antisense TGF-β2 expressing whole tumor cell 

vaccines have also demonstrated safety and efficacy in early clinical trials for patients 

with non-small-cell lung cancer (NSCLC) or advanced glioma (127,128). Another 

antisense TGF-β therapeutic, AP-12009, has shown promise in Phase I/II clinical trials 

where it was able to significantly prolong survival in patients with high-grade glioma 

when delivered directly into the tumor (129,130).  However, tissue-penetration 

limitations of antibodies, such as difficulty crossing the blood-brain barrier and 

distributing uniformly in tumor tissue, and the difficulty of delivering antisense 

oligonucleotides to target cells may limit their clinical effectiveness in cancer therapy 
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(114,115). As a result, researchers have recently begun to investigate the use of small 

molecule TGF-β inhibitors in order to overcome these limitations. 

The success of large-molecule TGF-β inhibitors has provided proof of principle 

for targeting the TGF-β signaling pathway in cancer, and has led to the investigation of a 

number of small-molecule TGF-β signaling antagonists that disrupt TGF-β signaling by 

preventing activation of TβRI/ALK5.  A number of small molecule ALK5 signaling 

inhibitors have recently been developed, including HTS466284 (131,132), SD-208 (133-

136), and SM16 (137-139), that target the serine/threonine kinase activity of ALK5 by 

binding to the ATP binding pocket of this receptor, preventing its activation (114-116). 

These small molecule TGF-β signaling inhibitors offer several important advantages over 

their large molecule counterparts discussed above including enhanced tissue penetration 

and potential for oral delivery (114,115). 

HTS466284, a novel pyrazole, ATP competitive ALK5 antagonist (see Figure 1A 

for structure), was shown to inhibit both the autophosphorylation of ALK5 with an IC50 

of 27 ηM and the expression of a TGF-β responsive PAI luciferase reporter with an IC50 

of 60 ηM (131). In addition, X-ray crystallographic analysis of HTS466284 has revealed 

that it binds to the ATP binding GS region of TβRI/ALK5, thereby preventing its 

activation (Figure1B) (131). Furthermore, HTS466284 treatment inhibited Smad2 

phosphorylation and TGF-β-mediated EMT in NMuMg mammary epithelial cells in a 

dose dependent manner (132).  
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Figure 1. HTS466284 structure and interaction with ALK5. A. Chemical structure of 
HTS466284 (adapted from 131) B. Hydrogen bonding interactions between HTS466284 
and TβRI are depicted as yellow dashed lines contacting the TβRI/ALK5 active site using 
Pymol. 

 

Orally bioavailable small molecule ALK5 kinase inhibitors have also been 

developed. SD-208 is an orally bioavailable ALK5 kinase inhibitor that blocked TGF-β-

induced Smad2 phosphorylation with an IC50 between 20 and 80 nmol/L in mammary 

carcinoma cells (133). Orally delivered SD-208 inhibited the growth of primary and 

metastatic R3T and 4T1 murine mammary tumors through a mechanism involving a 

suppression of tumor angiogenesis and an enhancement of cellular anti-tumor immunity 

(133). Treatment of mice bearing intracranial SMA-560 gliomas with SD-208 resulted in 

significant inhibition of tumor growth and enhanced survival (134). Blockade of TGF-β 

signaling with SD-208 also enhanced the cytolytic activity of T lymphocytes cultured in 

the presence of TGF-β-producing human LN-308 glioma cells against syngeneic LN-308 

targets in vitro (134). In addition, treatment with SD-208 led to an increase in the number 

of tumor-infiltrating immune cells in murine SMA-560 glioma tumors in vivo (134). SD-

A. B. 
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208 therapy has also demonstrated efficacy against a human xenograft model of 

pancreatic cancer (135,136). 

SM16, another orally bioavailable small molecule ALK5 kinase inhibitor (see 

Figure 2 for structure) has also demonstrated efficacy in several different murine and 

human xenograft tumor models (137,138). When tested against a panel of 35 unrelated 

kinases, SM16 demonstrated a high degree of selectivity for ALK5 (IC50=64nM) with 

minimal off-target effects (137,138). SM16 treatment inhibited the growth of established 

Detroit 562 head and neck tumors in nude mice when delivered intraperitoneally (i.p.) by 

osmotic pump (138). In addition, osmotic pump delivery of SM16 inhibited the growth of 

established AB12 mesothelioma tumors (139). Furthermore, this drug led to complete 

tumor regression in this same murine mesothelioma model when delivered orally through 

animal chow and this anti-tumor efficacy was mediated by CD8+ T lymphocytes 

suggesting that this drug has the potential to abrogate TGF-β-mediated 

immunsuppression (139). 

 

 

 

 

 

Figure 2. SM16 Structure. Chemical structure of SM16 (adapted from 137)  
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Potential for Combination of Immunotherapy with TGF-β Inhibition 
 

Tumor derived TGF-β represents a significant barrier to the development of 

successful immune-based therapies for cancer due to the ability of this cytokine to 

suppress tumor immunosurveillance (59-62,89-91). Therefore, strategies to neutralize 

TGF-β signaling may lead to more effective cancer immunotherapy. Studies have shown 

that genetic blockade of TGF-β in immune cells could lead to effective immune-mediated 

tumor destruction (140-145). These studies in addition to reports demonstrating the 

ability of exogenous TGF-β signaling antagonists to modulate anti-tumor immunity 

(106,117,122,133,134,139) provide a strong justification for combining TGF-β signaling 

inhibitors with immunotherapy for the treatment of cancer.  In our laboratory, treatment 

of animals with the TGF-β neutralizing mAb 2G7 improved the ability of DC vaccination 

to inhibit the growth and metastasis of established 4T1 mammary tumors expressing an 

antisense TGF-β1 gene (106). In another study, the small molecule ALK5 kinase 

inhibitor, SM16 improved the ability of adoptively transferred ova-specific OT-1 

transgenic T cells to control the growth of ovalbumin-expressing EG7 thymoma tumors 

(146). While the work of Wallace et al. (146) demonstrates the feasibility of combining a 

small molecule ALK5 kinase inhibitior with adoptive cellular immunotherapy, the ability 

of these agents to improve the efficacy of active cancer vaccination is still unknown and 

is the subject of my study.  
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1.2 SPECIFIC AIMS 
 
TGF-β-mediated immunosuppression has likely contributed to the failure of DC 

vaccines to treat established tumors in humans. The development of strategies to block 

the suppressive effects of TGF-β will therefore be critical to improving the efficacy of 

these vaccines in the treatment of TGF-β-producing tumors.  The main objective of this 

study is to augment the efficacy of DC vaccines using small molecule TβRI/ALK5 kinase 

inhibitors to block TGF-β signaling. The hypothesis to be tested is that ALK5 kinase 

inhibitors will block the immunosuppressive effects of TGF-β, thereby enhancing the 

efficacy of DC vaccines in the treatment of established TGF-β-producing tumors.  The 

rationale for this hypothesis is based on published evidence that: 1) tumor-derived TGF-β 

impairs the ability of DC vaccines to stimulate effective anti-tumor immunity and 2) 

strategies designed to inhibit TGF-β signaling induce immune-mediated destruction of 

tumors in several animal models. 

The Specific Aims of this study are to:  

1. Evaluate the anti-tumor effects of the small molecule ALK5 kinase inhibitors 
HTS466284 and SM16 on TGF-β-secreting, 4T1 mouse mammary tumors.  
 
2. Evaluate the efficacy of concurrent HTS466284 or SM16 therapy and DC 
vaccination in treating primary and metastatic 4T1 tumors.  
 
3. Evaluate the role of immune cells in the anti-tumor response following 
combination therapy with ALK5 inhibitors and DC vaccination. 
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CHAPTER 2 

EFFECT OF CONCURRENT HTS466284 THERAPY AND DC VACCINATION 

ON METASTATIC 4T1 TUMORS 

 
 
2.1 PREFACE 
 

The limited clinical efficacy of existing DC-based cancer vaccines has been 

attributed in part to TGF-β-mediated immunosuppression. Specifically, TGF-β has been 

shown to suppress the immunostimulatory activities of DCs by interfering with co-

stimulatory molecule expression, chemokine receptor expression, antigen presentation, in 

vivo migration, and stimulation of antigen specific T cells (106-110). Therefore, we 

hypothesized that inhibition of TGF-β signaling using a small molecule ALK5 kinase 

inhibitor would improve the efficacy of DC vaccines in the treatment of established 

breast cancer. In the following experiments we employed the small molecule ALK5 

kinase inhibitor, HTS466284 in combination with tumor lysate-pulsed, TNF-α matured 

DCs to treat established TGF-β producing 4T1 tumors. 

Our results show that HTS466284 blocked the expression of a TGF-β responsive 

luciferase reporter in a dose dependent manner. In addition, HTS466284 inhibited Smad2 

phosphorylation, an early step in the TGF-β signaling cascade in 4T1 cells in vitro and in 

4T1 tumor tissue in vivo. Blockade of TGF-β signal transduction in 4T1 cells by 

HTS466284 treatment prevented TGF-β-induced epithelial to mesenchymal transition 

(EMT) and inhibited in vitro migration of these cells. Furthermore, HTS466284 enhanced 

the ability of TGF-β-treated DCs to prime T cell responses in vitro. HTS466284 therapy 
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failed to inhibit the growth of established 4T1 mammary tumors. Finally, treatment with 

the combination of DC and HTS466284 was unable to consistently inhibit the growth of 

established primary tumors.  

2.2 MATERIALS AND METHODS 

Cell Lines and Reagents  

The 4T1 cell line is a TGF-β-producing, poorly immunogenic, highly metastatic 

variant of 410.4, a tumor subline isolated from a spontaneous mammary tumor that 

developed in a BALB/cfC3H mouse (147). It was kindly provided by Dr. Fred Miller of 

the Michigan Cancer Foundation (Detroit, MI). The TGF-β sensitive Mink lung epithelial 

cell line (Mv1Lu) was purchased from ATCC (CCL64; Rockville, MD). All cell lines 

were maintained for a limited time in vitro by passage in Iscove’s Modified Dulbecco’s 

Medium (IMDM) (JRH Biosciences, Lenexa, KS) containing penicillin (100 U/ml), 

streptomycin (100 µg/ml), fungizone (0.75 µg/ml) and 10% fetal bovine serum (FBS) 

(Gemini Bio-Products, Woodland, CA). The TGF-βRI kinase inhibitor HTS466284 (131) 

was synthesized by Dr. Eugene Mash of the Department of Chemistry at the University 

of Arizona (Tucson, AZ).  

Animals  

Six to 8 week-old female BALB/c and C57BL/6 mice were purchased from The 

Harlan Laboratory (Indianapolis, IN). All mice were housed at the University of Arizona 

Animal Care Facilities in accordance with the Principles of Animal Care (NIH 

publication no. 85-23, revised 1985). Mice were fed food and water ad libitum. 

 



30 

 

Generation of Dendritic Cells  

Bone marrow cells were harvested from flushed marrow cavities of BALB/c 

femurs and tibiae under aseptic conditions and cultured with 100 units/ml granulocyte 

macrophage-colony stimulating factor (GM-CSF) and 100 units/ml interleukin 4 (IL-4) 

(Peprotech, Rocky Hill, NJ) at 106 cells/ml in complete RPMI as previously described 

(106). Cytokines and medium were replenished on days 2 and 4. On day 6 of culture, the 

nonadherent and loosely adherent cells were collected and washed with phosphate-

buffered saline (PBS). For animal studies, day 6 DCs were plated at 106 cells/ml in 

cRPMI with 100 U/ml each of GM-CSF and IL-4 in a non-tissue culture petri dish 

overnight. DCs were then pulsed for 24 hr with 4T1 tumor cell lysate at a ratio of 3 tumor 

cell equivalents per DC. Tumor lysate was generated by 4 cycles of repeated-freeze thaw. 

After lysate pulsing, DCs were matured with TNF-α at a concentration of 200 U/ml for 

48 hr. Dendritic cells were identified by flow cytometric analysis on the basis of CD11c 

expression (21,22). For DC phenotyping, 2.5x105 cells were stained with phycoerythrin 

(PE)-conjugated anti-CD11c (BD PharMingen, San Diego, CA) and fluorescein 

isothiocyanate (FITC)-conjugated anti-IAd (BD PharMingen) as described previously 

(106). Cells were fixed in 1% buffered paraformaldehyde and analyzed using a FACScan 

flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA). All DCs 

used in this study were 70% positive for CD11c expression and 60-70% positive for 

MHC class II (IAd) expression. 
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Luciferase Assays  

Mink lung epithelial cells (Mv1Lu) cells were transfected with the Plasminogen 

Activator Inhibitor-1 (PAI-1) p3TPLux TGF-β-inducible luciferase reporter construct as 

described previously (71). These cells were then plated in triplicate at a density of 5×104 

in 96 wells plates and incubated in IMDM containing 0.5% FBS and various 

concentrations of HTS466284 for 30 min followed by the addition of either 2 ng/ml 

rhTGF-β1 (Peprotech, Rocky Hill, NJ) or 4T1 culture supernatant for 18 hr. Prior to 

addition, the 4T1 supernatant was evaluated for its TGF-β1 content by ELISA (R&D 

Systems, Minneapolis, MN) and the TGF-β1 level was concentrated to 1 ng/ml using 

Centricon centrifugal filter devices with a 10,000 molecular weight cut off (Millipore, 

Bedford, MA). Mv1Lu cellular extracts were then prepared and assayed for luciferase 

activity using the LucLite Plus kit (Perkin Elmer, Shelton, CT). Light emission was 

detected with a Packard Lumicount.  

Preparation of Lysates for Western Immunoblotting  

To obtain cell lysates, 4T1 cells grown overnight in IMDM containing 0.5% FBS 

were treated with HTS466284 at a final concentration of 1, 5, or 10 µM for 30 min 

followed by exposure to 2 ng/ml rhTGF-β1 (Peprotech, Rocky Hill, NJ) for 45 min. The 

cells were washed twice with ice cold PBS, scraped into RIPA buffer (50 mM Tris-HCl, 

150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, 1 mM EDTA) containing protease 

inhibitors (1 mM PMSF, 1 mM NaF, 1 mM Na3VO4, 1 µg/ml aprotinin, 1 µg/ml 

leupeptin, and 1 µg/ml pepstatin) and Phosphatase Inhibitor Cocktail 1 (Sigma, St. Louis, 

MO), and forced through a 21-gauge needle.  The lysates were then incubated on ice for 



32 

 

10 min before clarification by centrifugation at 14,000 x g for 15 min at 4°C. Protein in 

the supernatant was quantified using the BCA Protein Assay Kit (Pierce, Rockford, IL).  

To obtain tumor tissue lysates, tumors were generated by orthotopic injection of 

5x104 4T1 cells into the mammary fat pad of BALB/c mice. Primary tumors were 

allowed to reach an average size of ~150mm2 before the mice were injected i.p. with  900 

µg (45mg/kg) of HTS466284 in 100µl DMSO. One hour after HTS466284 injection, 

primary tumors were excised, washed in ice cold PBS, minced on ice, and homogenized 

in CelLytic MT mammalian tissue lysis reagent (Sigma) containing protease inhibitors (1 

mM PMSF, 1 mM NaF, 1 mM Na3VO4, 1 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 

µg/ml pepstatin) and Phosphatase Inhibitor Cocktail 1 (Sigma) using Dounce tissue 

grinders. The resulting lysate was forced through a 21-gauge needle, incubated on ice for 

10 min, and centrifuged twice at 14,000xg for 15 min at 4°C. Protein in the supernatant 

was quantified using the BCA Protein Assay (Pierce). 

Western Immunoblotting 

Proteins (35 µg) from the lysates were resolved by 10% SDS PAGE and electro-

transferred to polyvinylidene fluoride (PVDF) membrane. Non-specific binding sites 

were blocked in TBST/Milk (Tris-buffered saline containing 0.1% Tween-20 and 5% 

nonfat powdered milk). The membranes were immunoblotted with rabbit anti-

phosphorylated Smad2 polyclonal antibody (1:500 in TBST/Milk) (US Biological, 

Swampscott, MA) and membrane-bound pSmad2 was visualized with goat anti-rabbit 

horseradish peroxidase (HRP)-conjugated secondary antibody (1:500 in TBST/Milk) 

(Pierce) using the Supersignal West Pico Chemiluminescent Substrate (Pierce). The 
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membranes were subsequently stripped using Restore Western Blot Stripping buffer 

(Pierce) according to the manufacturer’s instructions and reprobed with a mouse anti-

Smad2/3 monoclonal antibody (1:500 in TBST/Milk) (BD PharMingen, San Diego,CA). 

Membrane-bound total Smad2/3 was visualized with a goat anti-mouse-HRP-conjugated 

secondary antibody (1:500 in TBST/MLK) (Upstate Biotechnology, Lake Placid, NY) 

and Supersignal (Pierce).  

Morphology Study  

TGF-β-induced morphological changes in 4T1 cells were investigated using a 

modification of a previously described protocol (71). Briefly, 4T1 cells were seeded at a 

concentration of 1×105 in IMDM containing 0.5% FBS and treated with 1, 5, or 10µM of 

HTS466284 for 30 min prior to the addition of 2ng/ml of rhTGF-β1 (Peprotech). After 48 

hr, the cells were observed by light microscopy for TGF-β-induced morphological 

changes using a Nikon TE-2000S inverted microscope.  

Migration Assay  

Cell migration assays were performed as described previously (71). Briefly, cells 

were treated with 1, 5, and 10 µM HTS466284 for 30 min and seeded at a concentration 

of 2.5×105 cells/well in triplicate in the upper chamber of 12 well transwell plates (# 

29442-120, Corning, Inc., Corning, NY) in IMDM with 0.5% FBS and  2 ng/ml rhTGF-

β1 (Peprotech). Forty-eight hours later, the transwells were removed and cells that had 

migrated through the transwell into the lower chamber were trypsinized and counted by 

acridine orange (AO)/ propidium iodide (PI) staining in a hemocytometer (71). 
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Allogeneic Mixed Lymphocyte Reactions 

 Mixed Lymphocyte reactions (MLR) were performed as described previously 

(106). Day 6 bone-marrow-derived DCs (BMDC) from BALB/c mice (H-2d) were 

cultured for an additional 6 days in cRPMI containing 100 units/ml GM-CSF and IL-4 

(Peprotech) and 5 ng/ml of recombinant human TGF-β1 (Peprotech) in the presence or 

absence of 1, 5, or 10 µM HTS466284. Spleen cells from allogeneic C57BL/6 mice (H-

2b) were harvested and enriched for T lymphocytes using a nylon wool column. Cells 

were 60–70% CD3 positive as determined by FACS analysis. Treated BALB/c BMDC 

(1x104) (H-2d) were incubated with 2x105 C57BL/6 T lymphocytes (H-2b) for 4 days in 

round bottom 96-well tissue culture plates with the addition of 1 µCi of [3H]thymidine 

(Perkin-Elmer Life Sciences, Boston, MA) for the final 18 hr of culture. [3H]thymidine 

incorporation was quantified using a Beckman LS6500 scintillation counter (Beckman 

Coulter, Inc. Fullerton, CA) 

Tumor-Specific Proliferation Assay 

Day 6 BMDC from BALB/c mice (H-2d) were cultured in cRPMI with rhTGF-β1 

and/or HTS466284 as described above. Following treatment, DCs were pulsed with 4T1 

tumor cell lystae at a ratio of 3 tumor cell equivalents per DC for 24 hr. Spleen cells from 

syngeneic BALB/c mice (H-2d) bearing 21-day established 4T1 tumors were harvested 

and enriched for T lymphocytes using a nylon wool column. Cells were 60–70% CD3 

positive as determined by FACS analysis. Treated DCs (1x104) were then incubated with 

4T1 tumor-sensitized T lymphocytes (2x105) for 4 days in round bottom 96-well tissue 

culture plates with the addition of 1 µCi of [3H]thymidine (Perkin-Elmer Life Sciences, 



35 

 

Boston, MA) for the final 18 hr of culture. [3H]thymidine incorporation was quantified as 

described above. 

Treatment of Established Tumors with HTS466284   

Six-week-old female BALB/c mice were injected subcutaneously (s.c.) with 

5x104 4T1 cells in 100 µl PBS into the mammary fat pad on day 0. On day 12 when 

tumors had reached an average size of ~15mm2, the mice were treated with either 0.2 

(10mg/kg body weight), 0.9 (45mg/kg body weight), or 1.2 mg (60mg/kg body weight) 

of HTS466284 in 50 µl of DMSO. HTS466284 injections were continued daily until day 

28 for a total of 19 injections. Control animals received 19 daily injections of DMSO 

vehicle alone. Tumor growth was monitored three times weekly by measuring tumor 

length (L) and width (W) and tumor size (mm2) was calculated by using the formula L x 

W. Pulmonary metastatic nodules were enumerated in mice at the time of sacrifice by 

staining lungs with India ink and Fekete’s solution as described previously (148). 

Therapy of Established Tumors with DC+HTS466284 

Six-week-old female BALB/c mice bearing 10-day (~10-12mm2) 4T1 tumors 

were treated with either 0.2 (10mg/kg body weight) or 0.9 mg (45mg/kg body weight) of 

HTS466284 in 50 µl of DMSO. HTS466284 injections were continued daily until day 28 

for a total of 19 injections. Control animals received 19 daily injections of DMSO 

vehicle. On days 12, 17, and 22 post-tumor injection, mice were injected s.c. in the flank 

contralateral to the tumor site with 2x106 4T1 lysate-pulsed, TNF-α matured DCs. Tumor 

growth was monitored three times weekly and pulmonary metastatic nodules were 

enumerated at the time of sacrifice as described above. 
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Statistical Analysis 

Statistical significance of differences between data of treatment groups was 

evaluated by one-way analysis of variance (ANOVA) including Tukey-Kramer post tests 

for multiple comparisons using Prism software (GraphPad, San Diego, CA). Survival 

curves were generated using the Kaplan-Meier product-limit method and log-rank tests 

were performed to assess differences between treatment groups using Prism software 

(GraphPad). For all analyses, probability values (P) of <0.05 were considered to indicate 

significant differences between data sets. 

2.3 RESULTS 

HTS466284 inhibits TGF-ββββ responsive gene expression in vitro  

HTS466284 binds to the ATP binding pocket of ALK5 through hydrogen bond 

interactions as seen in Figure 1B. As an initial assessment of the efficacy of HTS466284 

in inhibiting TGF-β signal transduction, Mv1Lu cells transfected with the TGF-β 

responsive PAI-1 p3TPLux luciferase reporter construct were treated with various 

concentrations of HTS466284 followed by 18 hr incubation in media containing either 

2ng/ml rhTGF-β1 or 4T1 culture supernatants containing 1ng/ml of active TGF-β1. 

HTS466284 treatment significantly inhibited (p<0.001) the expression of the TGF-β 

inducible p3TPLux in response to both rhTGF-β (Figure 3A) and 4T1-derived TGF-β 

(Figure 3B) in a dose-dependent manner. The drug had no effect on cell viability at all 

concentrations tested. 

 



37 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. HTS466284 inhibits the expression of a TGF-ββββ inducible gene reporter. 
Mv1Lu cells transfected with the TGF-β responsive PAI-1 p3TPLux reporter construct 
were pretreated with the indicated concentrations of HTS466284 for 30 min followed by 
18 hr treatment with: A. 2ng/ml rhTGF-β1 or B. 4T1 cell supernatant containing 1ng/ml 
TGF-β1. Cell extracts were prepared and light emission was detected with a Packard 
Lumicount top-count luminometer. The data are representative of 2 independent 
experiments. * indicates p<0.001 relative to cells treated with TGF-β alone. 
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HTS466284 treatment inhibits Smad2 phosphorylation  

An early event in the TGF-β signaling cascade is the phosphorylation of the 

transcription factor Smad2 by TβRI (57,58). Therefore, Smad2 phosphorylation was 

analyzed by Western blot analysis in 4T1 mammary tumor cells treated with various 

concentrations of HTS466284 ± 2ng/ml rhTGF-β1 to assess the ability of this inhibitor to 

antagonize TGF-β signaling events. HTS466284 treatment inhibited Smad2 

phosphorylation in 4T1 cells in a dose-dependent manner (Figure 4). Endogenous TGF-β 

signaling in these cells was also inhibited by HTS466284 treatment as evidenced by the 

reduction of Smad2 phosphorylation in the presence of drug alone. Total Smad2 levels 

were unaffected by this treatment (Figure 4). Additionally, the ability of HTS466284 to 

inhibit Smad2 phosporylation in vivo in tumor tissue from 4T1 tumor-bearing mice was 

evaluated. 4T1 tumors from animals treated with HTS466284 at a dose of 45mg/kg body 

weight demonstrated significantly reduced levels of phosphorylated Smad2 compared to 

tumors from animals treated with the vehicle (DMSO) alone (Figure 4). Together with 

the PAI luciferase data (Figure 3), these findings clearly demonstrate that HTS466284 

suppresses TGF-β signaling. 
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Figure 4. HTS466284 inhibits the TGF-β-induced Smad2 phosphorylation. 4T1 cells 
were treated with 1, 5, or 10µM of HTS466284 for 30 min followed by exposure to 
2ng/ml rhTGF-β1 for 45 min. Cell lysates were prepared and pSmad2 was detected by 
western blot analysis with rabbit anti-human pSmad2 antibody followed by HRP-
conjugated anti-rabbit antibody. The membranes were stripped and reprobed with mouse 
anti-Smad2 antibody followed by anti-mouse HRP secondary antibody. For established 
tumor pSmad2 signaling, mice bearing large 4T1 tumors were injected i.p. with a single 
dose of 45mg/kg HTS466284 or DMSO (vehicle control). One hr after treatment, the 
tumors were homogenized and pSmad2 was detected by Western blot analysis as 
described above.  
 
HTS466284 inhibits TGF-ββββ-induced morphological changes and migration of 4T1 

tumor cells 

Previous work in our laboratory demonstrated that TGF-β contributes to the 

invasive and metastatic potential of 4T1 breast cancer cells by inducing morphological 

changes indicative of epithelial to mesenchymal transition (EMT) and by stimulating cell 

migration (71). Therefore, we next wanted to assess the ability of HTS466284 to block 

these TGF-β-induced effects. For this purpose, 4T1 cells were treated with 2ng/ml 

rhTGF-β1 for 48 hr in the presence or absence of various concentrations of HTS466284 

and morphological changes were analyzed by light microscopy. The 4T1 mammary 

tumor cell line normally adheres to plastic and grows in rounded clumps (Figure 5A), but 

upon incubation with rhTGF-β1 the cells became elongated, less clumped and assumed a 

fibroblast–like appearance with prominent filopodia and lamellipodia (Figure 5A). These 
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morphological changes are characteristic of highly malignant breast cancer cells (62). As 

seen in Figure 5A, HTS466284 treatment blocked these TGF-β-mediated morphological 

changes at all concentrations tested and the cells reverted to their normal morphology. 

HTS466284 alone had no significant effect on 4T1 cell morphology (Figure 5A).  

To investigate the ability of HTS466284 to inhibit TGF-β-induced migration, 4T1 

cells were plated in the upper chamber of 8 µm pore size transwell plates in media 

containing rhTGF-β1 in the presence or absence of various concentrations of 

HTS466284. TGF-β induced a 2.2-fold increase (P<0.01) in migration of these cells and 

this effect was significantly inhibited by HTS466284 treatment in a dose-dependent 

manner (Figure 5B). Treatment of these cells with 1, 5, and 10 µM of HTS466284 

inhibited TGF-β-induced migration by 57% (p<0.01), 84% (p<0.001), and 92% 

(p<0.001) respectively (Figure 5B).   
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Figure 5. HTS466284 treatment inhibits TGF-β-induced morphological changes and 
migration. A. 4T1 cells were treated with 1, 5, or 10µM of HTS466284 for 30 min prior 
to the addition of 2ng/ml of rhTGF-β1. After 48 hrs the cells were analyzed by light 
microscopy for morphological changes. Data are representative of 3 independent 
experiments. Magnification: 200X. B. 4T1 cells were treated with 1, 5, and 10µM of 
HTS466284 for 30 min. prior to being seeded in the upper chamber of 12-well transwell 
plates (8µm pore size) at a density of 2.5×105/ well in the presence of 2ng/ml rhTGF-β1 
for 48 hrs. Cells that migrated through the transwells were counted. Data show mean ± 
SD of four independent experiments.  
 

HTS466284 enhances the ability of DCs to stimulate allogeneic and tumor-specific T 

cell proliferation   

Earlier work in our laboratory demonstrated that TGF-β also reduces the ability of 

DCs to stimulate T lymphocyte proliferation (106). To determine if treatment with 

HTS466284 could counteract this effect, DCs were treated with various concentrations of 

this drug in the presence of rhTGF-β1 for 6 days. We then evaluated the capacity of these 

DCs to prime allogeneic splenic T cell responses. The data indicate that rhTGF-β1 

inhibited the ability of DCs to stimulate allogeneic T cells by 53% (p<0.05) (Figure 6A). 
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HTS466284 treatment overcame this suppression and restored the immunostimulatory 

capacity of these DCs (p<0.01) (Figure 6A). 

We also wanted to determine if HTS466284 treatment could restore the ability of 

TGF-β-treated DCs to stimulate antigen specific T cell responses. Therefore, we 

evaluated the ability of TGF-β-treated DCs pulsed with 4T1 tumor cell lysate to 

stimulated syngeneic 4T1 tumor-sensitized T cells. As seen in Figure 6B, TGF-β 

treatment inhibited the ability of DCs to stimulate 4T1-specific T cell proliferation by 

67% (p<0.05). HTS466284 treatment at doses of 5µM and 10µM significantly (p<0.01 

and p<0.001 respectively) restored the ability of these DCs to stimulate 4T1 sensitized T 

cell proliferation in a dose-dependent manner (Figure 6B). These results clearly show that 

HTS466284 can block TGF-β-mediated immunosuppression in vitro by restoring the 

immunostimulatory capacity of TGF-β treated DCs. This data provides a strong rationale 

for combining this drug with DC-based immunotherapy to treat tumors in vivo. 
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Figure 6. HTS466284 treatment restores the ability of TGF-β-treated DCs to 
stimulate allogeneic and tumor-sensitized T cell proliferation.  A. BALB/c BMDC 
were cultured for 6 days with rhTGF-β1 (5 ng/ml) with or without HTS466284. On day 6, 
1x104 DCs were incubated with 2x105 nylon wool purified allogeneic C57/BL6 spleen 
cells for 4 days. [3H]thymidine was added for the last 18 hr of culture. B. BALB/c 
BMDC were cultured with rhTGF-β1 and HTS466284 as described above. On day 6, DCs 
were pulsed with 4T1 tumor cell lysate for 24hr. 1x104 DCs were incubated with 2x105 
nylon wool purified syngeneic spleen cells from BALB/c mice bearing 21-day 4T1 
tumors for 4 days. [3H]thymidine was added for the last 18 hr of culture. In all cases 
values represent mean±SEM of triplicate samples. 
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HTS466284 therapy has no effect on the growth and metastasis of established 4T1 

mammary tumors 

We next wanted to determine the effect of HTS466284 on the growth and 

metastasis of established 4T1 mammary tumors. To this end, mice bearing 12-day 

established 4T1 tumors were treated with either 10, 45, or 60 mg/kg body weight of 

HTS466284 via daily i.p. injection. Primary tumor size (mm2) was measured weekly and 

pulmonary metastases were enumerated at the time of sacrifice. The data indicate that 

HTS466284 at doses of 10 or 45 mg/kg had no effect on the growth of established 

primary 4T1 tumors (Figure 7A and C). Furthermore, at these doses HTS466284 had no 

effect on pulmonary metastasis formation in these animals (Figure 7B and D). 

HTS466284 was well tolerated and animals in these treatment groups displayed no overt 

signs of toxicity. However, HTS466284 at a dose of 60 mg/kg was toxic with more than 

50% of the mice dying after only two injections forcing us to terminate the study.  
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Figure 7. HTS466284 therapy alone had no effect on the growth and metastasis of 
established 4T1 tumors. Six-week-old female BALB/c mice bearing established 4T1 
tumors were treated with 10 (A and B) or 45 (C and D) mg/kg of HTS466284 by daily 
i.p. injection for 17 days. Control animals received 17 daily injections of DMSO alone. 
The data represent: A and C. Mean tumor size (mm2) ± SEM of 7 individual mice and B 
and D. Number of pulmonary metastases at the time of sacrifice on day 28.  
 

HTS466284 in combination with autologous DC vaccination fails to consistently 

inhibit primary tumor growth and metastasis 

Previous work in our laboratory has shown that tumor-derived TGF-β suppresses 

the effectiveness of DC vaccines in the treatment of 4T1 mammary tumors (106). The 
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ability of HTS466284 to restore the immunostimulatory capacity of TGF-β treated DCs 

in vitro (Figure 6) suggested that this drug may be an effective strategy to improve 

efficacy of DC vaccines in the treatment of TGF-β-producing tumors. Therefore, we 

hypothesized that HTS466284 would augment the efficacy of DC-based vaccines in the 

treatment of established 4T1 mammary tumors. To test this hypothesis, mice bearing 

established 4T1 tumors were treated with a non-toxic dose of HTS466284 (10 mg/kg 

body weight) in combination with 4T1 tumor lysate-pulsed, TNF-α-matured DCs. The 

data indicate that treatment with HTS466284 and DC vaccination had no effect on the 

growth of established primary tumors (Figure 8A). In addition, combination therapy had 

no effect on the formation of spontaneous pulmonary 4T1 metastases (Figure 8B). 
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Figure 8. Combination therapy with HTS466284 (10mg/kg) and DC vaccination had 
no effect on the growth and metastasis of established 4T1 tumors. Six-week-old 
female BALB/c mice bearing 10-day established 4T1 tumors were treated with 10mg/kg 
of HTS466284 by daily i.p. injection for 17 days. Control animals received 17 daily 
injections of DMSO alone. Mice in the DC groups were injected s.c. contralateral to the 
tumor site with 2x106 4T1 tumor lysate pulsed, TNF-α matured DCs on days 12, 17, and 
22. The data represent: A. Mean tumor size (mm2) ± SEM of 7 individual mice and B. 
Number of pulmonary metastases at the time of sacrifice on day 30.  

 

Since HTS466284 at a dose of 10 mg/kg body weight in combination with DC 

vaccination had no effect on established 4T1 tumors, we increased the dosage of 

HTS466284 to 45 mg/kg body weight (the maximum tolerated dose from our preliminary 

studies). As described above, mice bearing established 4T1 tumors were treated with 

HTS466284 (45 mg/kg) in combination with 4T1 tumor lysate-pulsed, TNF-α-matured 

DCs. As seen in Figure 9A, the combination of DC+HTS466284 significantly inhibited 

primary tumor growth compared to control treatments. Tumors from mice in the 

combination therapy group grew at a significantly slower rate than tumors from animals 

treated with DMSO alone (p<0.05), HTS466284 alone (p<0.01), or DC alone (p<0.05) 
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(Figure 9A). The mean tumor volumes on day 28 post-tumor injection in mice treated 

with DMSO, HTS466284, and DC alone were 162.6±35.2 mm2, 163.5±33.5 mm2, and 

174.7±35.9 mm2 respectively. In contrast, the mean tumor volume in mice receiving 

DC+HTS466284 on day 28 was 77.6±22.5 mm2. In addition, the combination treatment 

regimen significantly prolonged survival (p<0.05) in these animals compared to mice 

treated with DMSO alone, HTS466284 alone, and DC alone (Figure 9B). The median 

survival time was increased from 30.5 days in animals treated with HTS466284 alone and 

33 days in animals receiving DMSO or DC alone to 47 days in mice receiving the 

combination therapy. All of the mice treated with DMSO or HTS466284 alone died from 

large tumor burden by day 39 and all animals treated with DC alone died by day 44. 

Remarkably, one mouse in the DC+HTS466284 combination therapy group survived 

until day 63.  

We conducted a follow-up experiment to confirm the data from the previous 

experiment. To this end, mice bearing 12-day established 4T1 tumors were treated with 

45 mg/kg of HTS466284 by daily i.p. injection and 4T1 tumor lysate-pulsed, TNF-α 

matured DCs as described above. Primary tumor growth was measured and pulmonary 

metastases were enumerated visually at the time of sacrifice. In this study we were unable 

to replicate our earlier findings. The data show that unlike what was seen previously, 

DC+HTS466284 (45 mg/kg) had no statistically significant effect on primary 4T1 tumor 

growth (Figure 9C). Furthermore, combination DC+HTS466284 therapy failed to 

significantly suppress the formation of spontaneous pulmonary 4T1 metastases (Figure 

9D).  
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Figure 9. HTS466284 does not consistently improve the efficacy of DC vaccination 
for established 4T1 tumors. BALB/c mice bearing 12-day established 4T1 tumors were 
injected i.p. with 45mg/kg of HTS466284 in 50 µl of DMSO daily for 17 days. Control 
animals received DMSO. Mice in the DC groups were injected s.c. contralateral to the 
tumor site with 2x106 4T1 tumor lysate pulsed, TNF-α matured DCs on days 12, 17, and 
22. The data represent: A. Mean tumor volume ± SEM of 7 individual mice in 
experiment #1, B. Percent survival of mice in each group. Animals either died naturally 
from tumor burden or were sacrificed when tumors reached an average size greater than 
1500 mm3 C. Mean tumor volume ± SEM of 10 individual mice in experiment #2, and D. 
Number of pulmonary metastases at the time of sacrifice on day 28.* indicates statistical 
difference (p<0.05) relative to control.  

2.4 DISCUSSION  

The ability of TGF-β to promote tumor progression and to suppress anti-tumor 

immunity has been well documented and has provided a strong rationale for the 

development of TGF-β signaling antagonists (59-62). As a result, a number of small 
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molecule ALK5 kinase inhibitors have been developed for use in cancer therapy. Here we 

investigated the ability of HTS466284, a small molecule ALK5 kinase inhibitor, to block 

the deleterious effects of tumor-derived TGF-β and improve the efficacy of dendritic cell-

based cancer vaccines. Our data indicate that HTS466284 blocked TGF-β-responsive 

gene expression induced by either recombinant or 4T1 tumor cell derived TGF-β. In 

addition, HTS466284 blocked Smad2 phosphorylation in both cultured 4T1 tumor cells 

and primary tumor tissue. Blockade of TGF-β signaling events in 4T1 cells in vitro by 

HTS466284 was associated with an inhibition of TGF-β-induced epithelial to 

mesenchymal transition (EMT). These findings are consistent with other reports 

demonstrating blockade of TGF-β-induced EMT by other small molecule ALK5 kinase 

inhibitors in several tumor cell lines (132,133).  

A large body of literature has also shown that tumor cell migration and invasion 

are also driven by TGF-β (60-62,71). In this study we showed that blockade of TGF-β 

signaling with HTS466284 inhibits 4T1 cell migration in vitro. These data are consistent 

with several reports demonstrating inhibition of TGF-β-induced invasiveness in murine 

and human tumor cell lines following treatment with TGF-β neutralizing antibodies (71) 

or other ALK5 kinase inhibitors (133,149).  

Work in our laboratory has demonstrated that tumor-derived TGF-β impairs the 

immunostimulatory functions of DC (89). In addition to inhibiting some of the tumor 

promoting effects of TGF-β in 4T1 cells, HTS466284 also blocked TGF-β-mediated 

impairment of DC function in vitro. Our data show that HTS466284 treatment restored 

the ability of TGF-β-treated DCs to stimulate the proliferation of allogeneic and 4T1 



51 

 

tumor-sensitized splenocytes. These findings are consistent with the restoration of DC 

function that we have previously achieved using the TGF-β neutralizing antibody 2G7 

(89). 

However, despite the ability of HTS466284 to block some of the tumor promoting 

effects of TGF-β in vitro, it was ineffective against established 4T1 tumors in vivo at the 

maximum tolerated dose of 45mg/kg body weight. Treatment of tumor-bearing mice with 

HTS466284 at this dose failed to control the growth and metastasis of established 4T1 

tumors. The failure of HTS466284 to inhibit the formation of 4T1 pulmonary metastases 

is particularly interesting given that this drug significantly blocked TGF-β–induced EMT 

and migration in vitro. 

While HTS466284 showed promise in abrogating TGF-β-mediated 

immunosuppression of DC in vitro, the efficacy of HTS466284 in combination with DC 

vaccination in the treatment of primary and metastatic 4T1 tumors in mice was also 

inconsistent. Combination therapy with 45 mg/kg of HTS466284 and DC delayed the 

growth of primary 4T1 tumors and improved survival in one experiment, but we were 

unable to replicate these findings in a follow-up study. The failure of HTS466284 to 

consistently control tumor growth in vivo suggests that HTS466284 may not be an 

effective ALK5 kinase inhibitor for use in cancer therapy. Several explanations may 

account for this lack of efficacy. First, HTS466284 was identified from a pre-existing 

chemical library as an initial lead compound in the development of small molecule ALK5 

kinase inhibitors and therefore, was not designed specifically for in vivo use (131,138). 

Second, the duration of TGF-β signal inhibition from a single i.p. dose of HTS466284 
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may be limited. While we show that one injection of HTS466284 causes a near complete 

inhibition of Smad2 phosphorylation in primary tumor tissue 1 hr. after therapy, we do 

not know the duration of this signal blockade. Additional experiments are necessary to 

analyze the time course of TGF-β signal inhibition in 4T1 tumors from a single dose of 

HTS466284. Third, the solubility of HTS466284 is limited to organic solvents such as 

DMSO which can be toxic in animals when used as a delivery vehicle. Fourth, the dose-

limiting toxicity of HTS466284 prevented us from investigating doses above 45 mg/kg.  

Taken together, our data show that HTS466284 alone or in combination with DC 

vaccination is not an effective therapy for established or metastatic breast cancer despite 

the fact that the drug showed promise in its ability to block the tumor promoting effects 

of TGF-β in vitro. Therefore, we decided to investigate the use of an alternative ALK5 

kinase inhibitor, SM16. 
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CHAPTER 3  
 

BLOCKADE OF TGF-β SIGNALING USING THE SMALL MOLECULE ALK5 

KINASE INHIBITOR SM16 ENHANCES THE EFFICACY OF DC VACCINES 

FOR ESTABLISHED MAMMARY TUMORS 

 
 
3.1 PREFACE 

 
In chapter 2 we demonstrated that the small molecule ALK5 kinase inhibitor 

HTS466284 lacked in vivo efficacy alone or in combination with DC vaccination against 

established 4T1 tumors despite the fact that this inhibitor blocked the tumor promoting 

effects of TGF-β in vitro. Therefore, we decided to investigate the anti-tumor efficacy of 

a more advanced “second generation” ALK5 kinase inhibitor, SM16. SM16 is a recently 

characterized, orally bioavailable ALK5 kinase inhibitor that has demonstrated efficacy 

in a number of murine and human xenograft tumor models (138,139). The chemical 

structure of SM16 (Figure 2) was based on the HTS466284 backbone, however it has 

been optimized for enhanced in vivo activity (137-139). Given these improvements, we 

hypothesized that systemic blockade of tumor-derived TGF-β with SM16 would augment 

the efficacy of DC vaccination in the treatment of established murine mammary 4T1 

tumors. In the following study, we used SM16 in combination with DC vaccination to 

treat established 4T1 tumors.  

Our data show that SM16 can safely and effectively block Smad2 

phosphorylation in large TGF-β-secreting 4T1 tumors, suppress the growth of established 

primary 4T1 tumors and dramatically inhibit pulmonary metastasis formation whether 
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delivered via daily i.p. injection or orally through mouse chow. Furthermore, this anti-

tumor effect is dependent on the presence of adaptive cellular immunity, as SM16 loses 

its efficacy in immunodeficient SCID mice. Most importantly, we demonstrate that the 

combination of oral SM16 and DC vaccination increases the frequency of tumor 

regression and reduces the number of spontaneous metastases in treated mice. The 

improved efficacy of combination therapy correlated with increased T cell infiltration of 

the primary tumor and enhanced tumor-specific cytolytic activity and IFNγ production by 

splenocytes. Finally, a suboptimal dose of SM16 that failed to control primary tumor 

growth on its own, also augmented the efficacy of DC vaccination.  

3.2 MATERIALS AND METHODS 

Cell Lines 

The 4T1 tumor cell line was maintained for a limited time in vitro as described 

above. The murine leukemia cell line 12B1 was purchased from ATCC (Rockville, MD) 

and was maintained in complete RPMI (RPMI 1640 containing 10% heat-inactivated 

FBS, 0.1 mM nonessential amino acids, 1 µM sodium pyruvate, 2 mM L-glutamine, 100 

µg/ml streptomycin, 100 units/ml penicillin, 0.5 µg/ml fungizone, and 50 µM 2-

mercaptoethanol) (cRPMI).  

Animals  

Six to 8 week-old female BALB/c mice were purchased from the National Cancer 

Institute, Frederick Cancer Research Facility (Frederick, MD). Six to 8 week-old female 

C.B17/IcrACCscid mice were purchased from a colony maintained by the Experimental 
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Mouse Shared Service at the University of Arizona (Tucson, AZ). All mice were housed 

and maintained as described above.  

ALK5 Kinase Inhibitor SM16  

SM16 is a 430 kDa small molecule ALK5 kinase inhibitor. It was kindly provided 

by Biogen Idec (Cambridge, MA) (137-139). For dietary administration, SM16 was 

incorporated into standard mouse chow at a dose of 0.45 g/kg of food as previously 

described (139).  

Generation of Dendritic Cells  

 Bone marrow-derived dendritc cells were generated as described above. 

Preparation of Lysates for Western Immunoblotting  

To obtain cell lysates, 4T1 cells grown overnight in IMDM containing 0.5% FBS 

were treated with SM16 at a final concentration of 0.5, 2.5, or 5 µM for 30 min followed 

by exposure to 2 ng/ml rhTGF-β1 (Peprotech) for 45 min. Lysates were then prepared as 

escribed above. To obtain tumor tissue lysates, tumors were generated by orthotopic 

injection of 5x104 4T1 cells into the mammary fat pad of BALB/c mice. Primary tumors 

were allowed to reach an average size of ~150mm2 before the mice were either injected 

i.p. with a single dose of 10 or 40 mg/kg of SM16 in Captisol (CyDex, INC., Lenexa, 

KS) or fed special diet containing SM16 (0.45g/kg food) (Research Diets, New 

Brunswick, NJ). Twenty four hours after transfer to SM16 diet, primary tumors were 

excised and lysates were prepared as described above.  

 

 



56 

 

Western Immunoblotting 

Proteins (35 µg) from the lysates were resolved and detected by Western blot 

analysis as described above.  

Immunofluorescence Microscopy 

4T1 cells (1x105) were grown on 0.17 mm thick glass coverslips for 24 hr. in 

complete IMDM (cIMDM) containing 10% FBS. Cells were treated with 5µM SM16 for 

30 min. in cIMDM containing 0.5% FBS followed by exposure to 2ng/ml rhTGF-β1 for 

24 hr. Cells were fixed in 3.7% methanol-free formaldehyde for 10 min at room 

temperature and permeabilized with 0.1% Triton X-100 in PBS for 5 min. For 

visualization of F-actin, fixed cells were stained with 200µl of a 1:40 dilution of FITC-

phalloidin (Invitrogen, Eugene, OR) in PBS containing 1% BSA for 20 min. at room 

temperature. All samples were mounted using Aqua-Poly/Mount mounting media 

(Polysciences, Warrington, PA). Slides were visualized and photographed using a Nikon 

Eclipse TE 2000-U inverted fluorescent microscope (Nikon Intruments Inc., Melville, 

NY) at 1000X magnification. 

In Vitro Invasion Assay 

BD Biocoat Growth Factor Reduced Matrigel Invasion Chambers (24-well insert; 

8 µm pore size; BD Biosciences) were rehydrated by adding 0.5ml of cIMDM to the 

upper chamber of the insert for 2hr. at 37°C. 4T1 cells were pre-treated with 5µM SM16 

in cIMDM containing 0.5% FBS for 30 min. Subsequently, the cells were seeded at a 

concentration of 1×105 cells/well in triplicate in the upper chamber of the insert to which 

2 ng/ml rhTGF-β1 was added. Twenty-four hours later, the cells in suspension were 
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aspirated, the transwells were washed twice, and the cells that were adherent to the top of 

the inserts were removed by scraping the upper surface with a cotton-tipped applicator. 

Cells that had migrated through the transwell onto the lower surface were fixed and 

stained using the DiffQuick staining kit (Dade Behring, Newark, DE) according to the 

manufacturer’s protocol. Cells were counted visually in nine random fields of view under 

a microscope at 200X magnification.  

SM16 Animal Studies 

Intraperitoneal Administration 

For theintraperitoneal (i.p.) SM16 monotherapy study, 6-8 week-old female 

BALB/c mice were injected subcutaneously (s.c.) with 5x104 4T1 cells in 100 µl PBS 

into the mammary fat pad on day 0. On day 12 when tumors had reached an average size 

of ~12 mm2, the mice were given i.p. injections of various concentrations of SM16 (10, 

20, and 40mg/kg body weight) in 200 µl of 20% Captisol (CyDex Inc., Lenexa, KS). 

SM16 injections were continued daily until day 28 for a total of 16 injections. Control 

animals received daily injections of the vehicle (20% Captisol). For the DC+i.p.SM16 

combination therapy study, BALB/c mice bearing 7-day (~9-10mm2) established 4T1 

tumors were injected i.p. with SM16 at a concentration of 40mg/kg body weight. SM16 

injections were continued daily until day 28 for a total of 21 injections. Control animals received 

daily injections of 20% Captisol. On days 11, 16, and 21 post-tumor injection, mice in the 

DC groups were injected s.c. in the flank contralateral to the tumor site with 1x106 4T1 

tumor lysate-pulsed, TNF-α matured DCs. In all cases, tumor growth was monitored 

three times weekly by measuring tumor length (L) and width (W) and tumor size (mm2) 
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was calculated using the formula Area (A) = L x W. Mice and chow were weighed every 

4 days to monitor toxicity and food consumption. Pulmonary metastatic nodules were 

enumerated in mice at the time of sacrifice by staining lungs with India ink and Fekete’s 

solution (148). 

Oral Administration 

 For the oral SM16 monotherapy study, 6-8 week-old female BALB/c mice were 

injected s.c. with 5x104 4T1 cells in 100 µl PBS into the mammary fat pad on day 0. On 

day 10 when tumors reached an average size of ~9-10mm2 mice were fed either normal 

chow or chow containing SM16 at a concentration of either 0.15, 0.3 or 0.45 g/kg food 

(Research Diets, New Brunswick, NJ). The effect of oral SM16 was also studied in 

immunodeficient C.B17/IcrACCscid mice using the same design as described for 

BALB/c mice except that SCID animals were transferred to SM16 diet (0.45mg/kg food) 

on day 7 post-tumor injection. For the DC+p.o.SM16 combination therapy studies, mice 

bearing 10-day established 4T1 tumors were transferred to SM16 diet (0.45g/kg food) as 

described above. On days days 12, 17, and 22 post-tumor injection, mice in the DC 

groups were injected s.c. in the flank contralateral to the tumor site with 1x106 4T1 

lysate-pulsed, TNF-α matured DCs. In all cases, tumor growth was monitored three times 

weekly and pulmonary metastatic nodules were enumerated at the time of sacrifice as 

described above.  

Analysis of Serum SM16 Levels 

Serum was isolated from mice in each treatment group in the oral SM16 studies at 

various time points by terminal cardiac puncture. The concentration of SM16 in plasma 
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was measured by Biogen Idec. Briefly plasma SM16 was analyzed by high-performance 

liquid chromatography on a Zorbax SB-C8 3.5-µm (2.1 x 50 mm) column (Agilent, Palo 

Alto, CA) followed by mass spectrometry (MS) on a triple quadrupole mass spectrometer 

(SCIEX API 4000, Applied Biosystems, Foster City, CA) equipped with a Turbo Ion 

Spray probe operated in positive ion mode. Plasma SM16 was first subjected to solid-

phase extraction on an Oasis HLB µElution SPE plate (Waters, Milford, MA) 

preconditioned with methanol and water (SPE), washed with 5% methanol, and eluted 

with acetonitrile/isopropanol (40:60). Samples were further diluted with 50:50:0.1 

acetonitrile/water/formic acid (v/v/v) before analysis by liquid chromatography-MS/MS 

using multiple reaction monitoring. Data were collected and processed using Analyst 

version 1.4.1 (Applied Biosystems). 

Cytokine Production 

Splenocytes were pooled from mice (3/group) in the various treatment groups and 

incubated at a concentration of 1x106 cells/ml in cRPMI with 1x106 cell equivalents/ml of 

4T1 tumor cell lysate and 40 U/ml of rhIL-2 for six days. Following stimulation, the 

splenocytes were collected and plated out at 1x106 cells/ml in triplicate in 24 well tissue 

culture plates for 48 hr. The supernatants were collected and assayed for IFN-γ 

production by ELISA according to the manufacturer’s protocol (eBioscience, San Diego, 

CA). 

Cytotoxicity Assay 

A standard six-hour chromium (51Cr)-release cytotoxicity assay was performed to 

determine the ability of splenocytes isolated from SM16-treated mice to lyse 4T1 tumor 
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targets (150). Briefly, 4T1 tumor cells (1x107) were resuspended in 50µl of heat 

inactivated FBS and labeled with 100µCi of Na51CrO4 (Perkin Elmer, Boston, MA) for 

1hr in a 37°C water bath with shaking every 15 min. The cells were then washed 3 times 

in 10ml of cRPMI and resuspended to a concentration of 5x104 cells/ml. 12B1 tumor 

cells were also labeled to serve as irrelevant targets to demonstrate tumor-specific 

cytotoxicity. Splenocytes were pooled from treated mice (3/group) and incubated at a 

concentration of 1x106cells/ml with 1x106 cell equivalents/ml of 4T1 tumor cell lysate 

and 40 U/ml of rhIL-2 for six days. At the end of the incubation period, nonadherent 

effector cells were collected and resuspended to 5x106 cells/ml in cRPMI. Serial two-fold 

dilutions of these cells were prepared to achieve various effector to target ratios. 100µl of 

effector cells were mixed with 100µl of labeled targets in 96-well round bottom plates 

and incubated for 6 hr at 37°C. At the end of the incubation period, 100 µl of the 

supernatant fluid was removed from each well, and the released 51Cr was quantified using 

a Beckman LS6500 scintillation counter (Beckman Coulter, Inc. Fullerton, CA). 

Spontaneous release was determined by incubating target cells alone. Total release was 

determined by incubating target cells with 100µl of 2% triton X-100. The percentage of 

specific tumor cell lysis was calculated using the following formula: % 

Cytotoxicity = [(experimental release) − (spontaneous release)] / [(total 

release) − (spontaneous release)] × 100. Spontaneous release did not exceed 10%. 

Immunohistochemistry 

Tumors were isolated from mice at the time of sacrifice and snap frozen in 

Optimum Temperature Compound (OTC compound) (Sakura Finetek USA, Inc, 
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Torrance, CA) using isopentane cooled in liquid nitrogen. Three micron sections were 

cut, fixed in cold acetone for 10 minutes, and air dried. Sections were then stained with 

primary antibodies to CD3e (500A2 hamster monoclonal antibody, 1:10; BD 

Pharmingen), CD4 (RM4-5 rat monoclonal antibody, 1:200; BD Pharmingen) and CD8a 

(53-6.7 rat monoclonal antibody, 1:60; BD Pharmingen). Biotinylated anti-rat (1:400) or 

anti-hamster (1:200) secondary antibodies were used. Detection of primary antibody 

staining was performed on a Discovery XT Automated Immunostainer (Ventana Medical 

Systems, Inc {VMSI}, Tucson, Arizona). Antibodies were diluted in Discovery XT 

diluent and all staining was performed using VMSI validated reagents, including 

streptavidin-HRP and DAB. Following staining, slides were dehydrated through graded 

alcohols to xylene and coverslipped with Pro-Texx mounting medium (BBC 

Biochemical, Seattle, WA).  Images were captured using an Olympus BX50 and Spot 

(Model 2.3.0) camera (Olympus Imaging America, Center Valley, PA).  Images were 

standardized for light intensity.   

Statistical Analysis 

Statistical significance of differences between data sets was evaluated either by 

Student’s t test or one-way analysis of variance (ANOVA) including Tukey-Kramer post 

tests for multiple comparisons using Prism software (GraphPad, San Diego, CA). For all 

analyses, probability values (P) of <0.05 were considered to indicate significant 

differences between data sets. 

 

 



62 

 

3.3 RESULTS 

SM16 inhibits TGF-β signaling in 4T1 tumor cells in vitro and 4T1 tumor tissue in 

vivo.  

In order to assess the ability of SM16 to inhibit TGF-β signaling, we assessed 

Smad2 phosphorylation (pSmad2) in cultured 4T1 tumor cells and 4T1 tumors from 

SM16-treated mice by western blot analysis. The data show that SM16 significantly 

blocked Smad2 phosphorylation in 4T1 tumor cells in a dose-dependent manner with 

near complete abrogation of pSmad2 occurring at a concentration of 5µM (Figure 10A). 

In addition, 5µM of SM16 completely inhibited pSmad2 in the absence of exogenous 

TGF-β, indicating that this drug is capable of blocking endogenous TGF-β signaling in 

4T1 tumor cells (Figure 10A). We also evaluated the ability of SM16 to inhibit TGF-β 

signaling in established tumors. Mice bearing established 4T1 tumors were injected i.p. 

with a single dose of either 10 or 40 mg/kg body weight of SM16 and pSmad2 levels 

were analyzed in primary tumor and lung tissue bearing metastatic nodules. The data 

show that 10 or 40 mg/kg SM16 profoundly suppressed Smad2 phosphorylation in both 

primary tumors and lungs bearing a substantial number of metastatic nodules (Figure 

10B). This effect was dose-dependent as inhibition of pSmad2 in the primary tumor was 

more effective at a dose of 40 mg/kg SM16 (Figure 10B).   
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Figure 10. Effect of SM16 on TGF-β-induced Smad2 phosphorylation in cultured 
4T1 tumor cells and 4T1 tumors. A. 4T1 cells were treated with SM16. Lysates were 
prepared and pSmad2 was detected by Western blot analysis  B. Mice bearing established 
4T1 tumors were injected i.p. with a single dose of SM16 (10 or 40mg/kg body weight) 
or vehicle (Captisol). One hr after treatment, primary tumors or lungs were homogenized 
and pSmad2 was detected by Western blot. 

SM16 inhibits TGF-β-induced morphological changes and invasion of 4T1 cells 

Previous work in our laboratory demonstrated that TGF-β plays an important role 

in migration and invasion of 4T1 tumor cells (71). 4T1 mammary tumor cells normally 

adhere to glass or plastic surfaces and grow in rounded clumps (Figure 11A). However, 

when treated with 2ng/ml rhTGF-β1 for 24 hrs, the cells assume a spindle cell 

morphology and demonstrate a dramatic reorganization of the cytoskeleton characterized 

by prominent F-actin stress fibers with filopodia and lamellipodia (Figure 11A). This 

morphological change is completely inhibited by 5µM SM16 (Figure 11A). In order to 

test the ability of SM16 to block TGF-β-mediated invasion, 4T1 cells were treated with 

the drug and assessed for their ability to invade Matrigel in response to exogenous TGF-
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β. As shown in Figure 11B, TGF-β stimulated the ability of 4T1 cells to invade Matrigel 

nearly 3-fold. This effect was abrogated by treatment with 5µM SM16 (p<0.001) (Figure 

11B). 
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Figure 11. Effect of SM16 on TGF-β-induced morphological changes and invasion in 
vitro. A. 4T1 cells were treated with rhTGF-β1 in the presence or absence of SM16 for 24 
hr. Cells were then stained with FITC-conjugated phalloidin and visualized on a Nikon 
Eclipse TE 2000-U microscope at 1000X magnification. B. 4T1 cells were plated in 
growth factor-reduced Matrigel invasion cell culture inserts for 24 hr in the presence of 
rhTGF-β1 with or without SM16. Invading cells were counted visually. Data represent 
mean±SEM of invading cells in 9 random fields of view. Data are representative of two 
independent experiments. 
 
i.p. SM16 inhibits pulmonary metastasis formation 
 

In order to determine the efficacy of SM16 in the treatment of established TGF-β-

producing 4T1 tumors, mice bearing 12 mm2 tumors were treated i.p. with various 

concentrations of SM16 for 16 consecutive days. Control animals received 16 daily 

injections of 20% Captisol (vehicle). Primary tumor size was measured three times 

weekly and pulmonary metastatic burden was assessed at the end of the study. Figure 

12A shows that SM16 had no significant effect on primary tumor growth at all 
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concentrations tested.  However, at a dose of 40 mg/kg, SM16 significantly inhibited the 

formation of pulmonary metastases compared to vehicle-treated controls (p<0.05) (Figure 

12B). Animals treated with 40 mg/kg of SM16 had an average of 31±13 pulmonary 

metastatic nodules compared to an average of 121±23 nodules in vehicle-treated controls 

representing nearly a 4-fold reduction in the number of lung metastases. SM16 therapy 

was well tolerated at all doses and mice displayed no weight loss or other overt signs of 

drug-related toxicity. Based on these findings, the 40 mg/kg dose of SM16 was chosen 

for subsequent experiments.  
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Figure 12. Comparison of various doses of SM16 (i.p.) on primary 4T1 tumor 
growth and metastasis formation. BALB/c mice bearing 12mm2 4T1 tumors were 
treated i.p. with various doses of SM16. SM16 injections were continued daily until day 
28.  The data represent: A. Average tumor size (mm2±SEM) and B. Number of 
pulmonary nodules at the time of sacrifice on day 28 (boxed numbers represent 
mean±SEM).  
 

i.p. SM16 does not enhance the efficacy of DC vaccines 

The ability of tumor-derived TGF-β to impair anti-tumor immune responses has 

been well documented. Our laboratory has previously shown that inhibition of TGF-β 

signaling using the TGF-β neutralizing antibody 2G7 could enhance the efficacy of 

adoptively transferred DCs to treat 4T1 tumors (106).  Furthermore, inhibition of ALK5 

with SM16 has been shown to enhance endogenous anti-tumor immunity in a murine 

model of mesothelioma (139). Therefore, we wanted to determine if ALK5 kinase 

inhibition with SM16 could enhance the anti-tumor effect of DC vaccination. To this end, 

mice bearing (~9mm2) established 4T1 tumors were treated with daily i.p. injections of 
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SM16 (40mg/kg) in combination with 4T1 tumor lysate-pulsed, TNF-α-matured DC. The 

data indicate that tumors treated with i.p. SM16 alone at a dose of 40 mg/kg grew at a 

significantly slower rate that tumors treated with vehicle (p<0.001) or DC (p<0.001) 

alone (Figure 13A). Similarly, tumors from animals treated with the combination of 

DC+i.p. SM16 grew at a slower rate than tumors treated with vehicle (p<0.01) or DC 

alone (p<0.05) (Figure 13A). However, there was no significant difference in tumor 

growth between mice treated with i.p. SM16 alone and those treated with DC+i.p. SM16. 

At the time of sacrifice on day 28, tumors treated with i.p. SM16 or DC+i.p. SM16 had 

average sizes of 88.3±18.7 mm2 or 107.0±31.0 mm2 respectively compared to 178.0±13.6 

mm2 for mice treated with the vehicle and 151.2±9.4 mm2 for mice treated with DC 

(Figure 13B). Interestingly, one of ten mice in the DC+i.p. SM16 group experienced 

complete tumor regression (Figure 13B). i.p. SM16 therapy alone or in combination with 

DC vaccination also significantly inhibited the formation of pulmonary metastases 

compared to controls (Figure 13C). Interestingly, both the i.p. SM16 alone and DC+i.p. 

SM16 groups had three animals with no pulmonary metastases (Figure 13C).  
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Figure 13. Effect of i.p. SM16 in combination with DC vaccination on the treatment 
of established 4T1 tumors. BALB/c mice bearing 9mm2 established 4T1 tumors were 
injected i.p. with 40mg/kg SM16. Injections were continued daily until day 28 for a total 
of 22 injections.  Control animals received 20% Captisol (vehicle). Mice in the DC 
groups were injected s.c. with 1x106 4T1 lysate-pulsed, TNF-α-matured DC on days 12, 
17, and 22 post tumor injection. The data represent: A. Average tumor size (mm2) ± SEM 
B. Individual tumor sizes (mm2) on day 28 C. Number of pulmonary nodules (boxed 
numbers represent mean±SEM).  

 

Orally delivered SM16 inhibits Smad2 phosphorylation in established 4T1 tumors 

The data from the DC+i.p. SM16 combination therapy study suggest that once 

daily i.p. injection may not be the most effective route of delivery for SM16. Therefore, 

we wanted to investigate alternative delivery strategies. A recent report by Suzuki et al. 

demonstrated that SM16 could be safely and effectively delivered orally through rodent 

chow to treat a murine model of mesothelioma (139). In addition, they found that the 
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anti-tumor efficacy of oral (p.o.) dosing was superior to that of i.p. dosing (139). 

Therefore, we hypothesized that p.o. administration through rodent chow would allow us 

to achieve more continuous SM16 dosing than once daily i.p. injection since animals eat 

periodically over the course a day. This would produce more stable serum levels of the 

drug and ultimately result in more sustained and complete inhibition of TGF-β signaling. 

In order to test this hypothesis, SM16 was incorporated into standard mouse chow at a 

dose of 0.45 g SM16/kg chow as described previously (139) and fed to mice bearing 

established 4T1 tumors in combination with DC vaccination as described above. 

Before testing the anti-tumor efficacy of p.o. SM16, we wanted to determine if 

SM16 could block TGF-β signaling in the 4T1 tumor model when given orally. To this 

end, mice bearing established 4T1 tumors were fed SM16 diet for 24 hours before 

primary tumor tissue was analyzed for pSmad2 by western blot. The data show that 

tumors from animals on the SM16 diet had significantly reduced levels of phosphorylated 

Smad2 compared to tumors from animals on the control diet (Figure 14) clearly 

demonstrating that p.o. SM16 has the ability to inhibit TGF-β signal transduction in large 

4T1 tumors. 

 

 

 

 



72 

 

 

 

 

 

 

Figure 14. Effect of orally delivered SM16 on Smad2 phosphorylation in primary 
4T1 tumors. Mice bearing established 4T1 tumors were fed either control diet or diet 
containing 0.45 g/kg food for 24 hr. Tumors were homogenized and pSmad2 and total 
Smad2 were detected by western blot analysis as described above. 
 
 
SM16 diet is well tolerated and SM16 is detectable in serum 
 

In order to determine the efficacy of orally delivered SM16, mice bearing 

established 4T1 tumors were fed SM16 diet and primary tumor growth was measured and 

lung metastases were enumerated. Each mouse consumed ~3.5g food per day which is 

equivalent to a daily dose of ~1.6mg or ~80mg/kg body weight per day. The animals 

showed no preference for either diet as total food consumption was similar in both groups 

(Figure 15A). In addition, animal weights were comparable in both groups and the SM16 

diet was well tolerated with no overt signs of drug-related toxicity in the treated animals 

(Figure 15B). Analysis of serum from mice on the SM16 diet revealed detectable levels 

of the drug by 24 hours (Figure 15C). Serum SM16 levels increased slightly and reached 

a peak of 18.6±1.3µM after 36 hours. This peak level was maintained until the study was 
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terminated on day 27 post- tumor injection (Figure 15C). As expected animals fed normal 

chow had no detectable levels of SM16 in their serum.  

 

 

 

 

 

 

 

 

 

 

 
Figure 15. Analysis of SM16 food consumption and SM16 serum concentration. 
Mice bearing established 4T1 tumors were fed chow formulated with 0.45 g SM16/kg 
chow. Control animals received normal chow. Food and animals were weighed every 4 
days. Serum was collected from control and SM16-fed animals after 24 hr, 36 hr, and 27 
days on diet and analyzed for SM16 levels. The data represent: A. Average daily amount 
of food (g±SEM) consumed per mouse; B. Average weight of mice (g±SEM); C. 
Average SM16 serum levels (µM±SEM). 
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Oral administration of SM16 inhibits primary and metastatic tumor growth 

Figure 16A shows that p.o. SM16 significantly inhibits the growth of established 

4T1 tumors compared to animals receiving normal chow (p<0.0001). At the time of 

sacrifice on day 26, tumors from mice treated with p.o. SM16 had an average tumor size 

of 58.5±12.9 mm2 versus 139.2±8.7 mm2 for mice on normal chow, representing a 2.4 

fold reduction in average tumor size (p<0.0001) (Figure 16B).  One of ten mice in the 

SM16 diet group experienced complete regression of its primary tumor. Furthermore, the 

number of metastatic lung nodules was also significantly reduced in mice receiving the 

SM16 diet compared to mice receiving normal chow (p<0.0001) (Figure 16C). Taken 

together these data show that oral delivery of SM16 results in a significant suppression of 

primary tumor growth and metastasis formation that correlates with high serum levels of 

SM16 and inhibition of Smad2 phosphorylation within the primary tumor. 
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Figure 16. Effect of p.o. SM16 on primary tumor growth and metastasis formation. 
BALB/c mice bearing 10mm2 4T1 tumors were transferred to chow formulated with 
0.45g SM16/kg chow. Control animals received normal chow. Primary tumors were 
measured and pulmonary metastases were counted. The data represent: A. Average tumor 
size (mm2±SEM); B. Individual tumor sizes on day 27; C. Number of pulmonary nodules 
at the time of sacrifice on day 27 (boxed numbers represent mean±SEM).  
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Oral SM16 has no anti-tumor effect in immunodeficient mice 

Since previous reports have suggested that the anti-tumor mechanism of SM16 

and other ALK5 kinase inhibitors involves enhancement of anti-tumor immunity (139), 

we evaluated the activity of SM16 in immunodeficient animals. For this purpose, 

C.B17/IcrACCscid mice bearing 9-day (~6mm2) established 4T1 tumors were fed either 

control or SM16 (0.45 g/kg food) diets and primary tumor growth and pulmonary 

metastases were assessed. Treatment was initiated earlier in this study because of the 

more rapid course of the disease in these animals.  As shown in Figure 17A, there was no 

significant difference in primary tumor growth between SM16-fed and control animals. 

Interestingly, the tumors grew faster in these animals than in normal immunocompetent 

BALB/c mice and the study was terminated at day 21 post-tumor injection when animals 

became moribund. Furthermore, there was no significant difference in the number of 

pulmonary metastases between animals on the SM16 and control diets (Figure 17B). 

Mice fed control chow had 259±26.7 lung nodules compared to 287.0±13.0 for mice fed 

SM16 chow. These findings suggest that adaptive immunity plays an important role in 

the anti-tumor activity of SM16. 
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Figure 17. Effect of p.o. SM16 on established tumors and metastasis formation in 
immunodeficient mice. Six-8-week-old female C.B17/IcrACCscid mice bearing 9-day 
(~6mm2) were fed diet containing 0.45g SM16/kg chow. Primary tumor sizes were 
measured and pulmonary metastases were enumerated visually. The data represent: A. 
Average tumor size (mm2±SEM); B. Number of pulmonary nodules at the time of 
sacrifice (boxed numbers represent mean±SEM).  
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Inhibition of TGF-β signaling with oral SM16 enhances the ability of DC to induce 

primary tumor regression 

Having shown that SM16 inhibits the growth of primary and metastatic 4T1 

tumors through a mechanism involving cellular immunity, we wanted to determine if 

systemic TGF-β blockade with SM16 could enhance the anti-tumor activity of DC 

vaccines by blocking TGF-β-mediated immunosuppression. Therefore, mice bearing ~9-

10mm2 established tumors were vaccinated s.c. with 1x106 4T1 tumor lysate-pulsed, 

TNF-α matured BMDC with or without oral SM16 therapy. The data indicate that tumors 

from the SM16 alone and DC+SM16 groups grew at significantly slower rates (p<0.01) 

than controls (Figure 18A). Furthermore, the average tumor sizes in animals from the 

SM16 alone and DC+SM16 groups were significantly smaller (p<0.05) than those in the 

control groups (Figure 18B). At the time of sacrifice the average tumor sizes of the SM16 

and DC+SM16 groups were  51.6±10.0 mm2 and 64.7±25.7 mm2 respectively compared 

to 128.3±10.1 mm2 for the control diet group and 121.9±10.4 mm2 for the DC alone 

group (Figure 18B). Interestingly, there was no significant difference in the primary 

tumor growth rate or average primary tumor size between the SM16 alone and 

DC+SM16 groups. Both of these groups appear to have responder and non-responder 

animals (Figure 19). Tumors from 6 of 12 animals in the SM16 alone group responded to 

therapy evidenced by either growth inhibition or complete regression (Figure 19). 

Similarly, 7 of 13 animals in the combination therapy group responded to treatment 

(Figure 19). However, the combination of DC+SM16 therapy induced complete primary 

tumor regression in more responder animals than SM16 therapy alone (Figure 19 and 
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Table 1). Five of seven responders (71.4%) treated with DC+SM16 underwent complete 

regression of their primary tumor compared to one of six animals (16.6%) treated with 

SM16 alone (Table 1). Animals treated with SM16 or DC+SM16 also had significantly 

fewer pulmonary metastases than control (p<0.001) or DC alone-treated animals (p<0.01) 

(Figure 20). The average number of metastatic nodules in the SM16 and DC+SM16 

groups were 4±1.4 and 9±4.9 respectively compared to 148±21.8 for mice on the control 

diet and 97±27.7 for mice treated with DC alone (Figure 20).  
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Figure 18. Effect of SM16 in combination with DC vaccination on established 4T1 
tumors. BALB/c mice bearing ~9-10mm2 established 4T1 tumors were transferred to 
chow formulated with 0.45g SM16/kg chow. Mice in the DC groups were injected with 
1x106 4T1 lysate-pulsed, TNF-α matured DCs on days 12, 17, and 22 post-tumor 
injection. Primary tumors were measured. The data represent: A. Average tumor size 
(mm2±SEM); B. Individual tumor sizes (mm2) at the time of sacrifice on day 27 post-
tumor injection. 
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Figure 19. Effect of DC+SM16 treatment on primary tumor growth in individual 
mice. BALB/c mice bearing ~9-10mm2 established 4T1 tumors were fed chow 
formulated with 0.45g SM16/kg chow. Mice in the DC groups were injected with 1x106 
4T1 lysate-pulsed, TNF-α matured DCs on days 12, 17, and 22 post-tumor injection. 
Primary tumors were measured. The data represent individual tumor sizes (mm2). 
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Table 1: DC+SM16 therapy increases the frequency of complete primary tumor 
regression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Effect of SM16 in combination with DC vaccination on pulmonary 
metastasis formation. Lung metastases were counted in tumor-bearing mice treated with 
oral SM16 in combination with 4T1 lysate-pulsed, TNF-α matured DCs. The data 
represent number of pulmonary nodules at the time of sacrifice on day 27 post-tumor 
injection (boxed numbers represent mean±SEM).  

Treatment 
Group 

Number of Responders Number of 
Complete 

Responders 

Control 0/13 N/A 

DC Alone 0/13 N/A 

SM16 Alone 6/12 (50%) 1/6 (16.6%) 

DC+SM16 7/13 (53.8%) 5/7 (71.4%) 
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Inhibition of TGF-β signaling with oral SM16 enhances anti-tumor immune activity 

In order to analyze the effect of DC+p.o. SM16 therapy on anti-tumor immune 

responses, splenocytes from animals in the study described above were collected at the 

time of sacrifice (day 27), re-stimulated with 4T1 lysate in vitro and analyzed for tumor-

specific cytotoxicity and IFN-γ production. The data indicate that the cytolytic activity of 

splenocytes from mice on the SM16 diet was significantly higher (p<0.05) than that of 

cells taken from controls (Figure 21A). Furthermore, the cytolytic activity of splenocytes 

taken from animals treated with the combination therapy was significantly enhanced 

(p<0.01) compared to cells from all three control groups (Figure 21A).  This enhanced 

systemic CTL activity was specific for the 4T1 mammary tumor as these effector cells 

had only minimal cytolytic activity against irrelevant 12B1 lymphoma tumor cells 

(Figure 21B). In addition, as shown in Figure 21C, splenocytes from mice in the 

combination DC+SM16 group produced significantly more (p<0.001) IFN-γ 

(1705.0±56.5 pg/ml) than those from mice treated with SM16 alone (122.5±4.8 pg/ml), 

DC alone (76.7±2.5 pg/ml), or controls (18.5±0.7 pg/ml).  
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Figure 21. Effect of combination DC+SM16 therapy on anti-tumor T cell activity. A. 
Pooled splenocytes from treated animals (3/group) were re-stimulated in vitro for 6 days 
with 4T1 tumor lysate. Effector cells were mixed with 51Cr-labeled 4T1 or 12B1 targets 
for 6 hr. and 51Cr release was measured. Data represent mean ± SEM of specific lysis; B. 
Splenocytes pooled from treated mice (3/group) were re-stimulated in vitro for 6 days 
with 4T1 tumor lysate and IFN-γ production was assayed by ELISA. Data represent mean 
± SEM of triplicate samples. 
 

Combination DC+p.o. SM16 therapy enhances T cell infiltration of primary tumors 

To further assess the anti-tumor immune response generated by combination 

DC+p.o. SM16 therapy, tumors from animals in the combination therapy study described 

above were also collected and analyzed by immunohistochemistry for the presence of 

infiltrating immune cells. The data show a marked increase in CD3+ and CD4+ cells (>50 



85 

 

positive cells per high power field (HPF)) in tumors from the combination group 

compared to tumors from the control (~20 positive cells per HPF), DC alone (~25 

positive cells per HPF), and SM16 alone (~25 positive cells per HPF) groups (Figure 22A 

and B). CD8+ cells were rare in tumors from control animals with slightly increased 

numbers of CD8+  cells observed in tumors from the DC alone, SM16, and DC+SM16 

mice (Figure 22C). No infiltrating NK cells were observed in tumor sections from any of 

the treatment groups. Together with the in vitro T cell functional data described above, 

these findings demonstrate that SM16 enhances the ability of DC vaccines to stimulate 

anti-tumor immune activity. 
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Figure 22. Effect of combination DC+SM16 therapy on primary tumor immune cell 
infiltration A. Tumors were removed from animals in all groups, sectioned, and stained 
with antibodies directed against CD3 (A), CD4 (B), and CD8 (C) antigens. Data are 
representative of 3 mice/group. 
 

 

A suboptimal dose of oral SM16 augments the efficacy of DC cancer vaccination 

Since p.o. SM16 at a dose of 0.45 g/kg food significantly inhibited the growth of 

primary and metastatic 4T1 tumors when given alone, we wanted to determine if a 

suboptimal dose of SM16 that lacked efficacy could enhance the effectiveness of DC 

vaccines. In order to find a suboptimal dose to use for our combination study, mice 

bearing ~9mm2 established 4T1 tumors were fed diets with SM16 at various doses (0.7, 

0.15, and 0.3 mg SM16/g food) and primary tumor growth and metastasis formation was 

assessed. Data from this preliminary dose titration experiment indicated that all of these 
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doses lacked efficacy against primary and metastatic 4T1 tumors (data not shown). 

Therefore, we assessed the anti-tumor activity of p.o. SM16 at doses of 0.15 and 0.3 g/kg 

food in combination with DC vaccination. To this end, mice bearing ~9mm2 established 

tumors were vaccinated with 4T1 tumor lysate-pulsed, TNF-α matured DC as described 

above in the absence or presence of oral SM16 at doses of 0.15 or 0.3 g SM16/kg chow. 

The data show that as expected, SM16 alone at doses of either 0.3 or 0.15 g/kg food had 

no effect on primary tumor growth compared to untreated controls (Figure 23A and B). 

Furthermore, the combination of DC+p.o. SM16 (0.15g/kg food) had no impact on 

primary tumor growth (Figure 23A).  However, p.o. SM16 (0.3g/kg food) in combination 

with DC vaccination acted synergistically to significantly (p<0.01) delay the growth of 

primary 4T1 tumors relative to all other treatment groups (Figure 23B). Remarkably, two 

of ten animals in this combination therapy group experienced complete tumor regression. 

At the time of sacrifice, the combination of DC+p.o. SM16 (0.3g/kg food) induced a 2.4 

fold reduction in primary tumor size compared to untreated controls. This relative 

reduction in primary tumor size is nearly identical to that induced by p.o. SM16 at a dose 

of 0.45 g/kg food (Figure 16A and B). In terms of metastatic disease, oral SM16 at a dose 

of 0.15 g/kg food alone or in combination with DCs had no impact on lung metastasis 

(Figure 23C). However, animals treated with SM16 at a dose of 0.3 g/kg food alone or in 

combination with DCs had significantly fewer (p<0.01) pulmonary 4T1 nodules than 

controls (Figure 23D). Combination DC+p.o. SM16 (0.3g/kg food) therapy resulted in 

slightly reduced numbers of lung metastases compared to p.o. SM16 (0.3g/kg food) 

therapy alone, but this difference was not statistically significant. 
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Figure 23. A suboptimal dose of oral SM16 enhances the efficacy of DC vaccines for 
established 4T1 tumors. BALB/c mice bearing ~9mm2 4T1 tumors were fed to chow 
formulated with either 0.15 or 0.3 g SM16/kg chow. Mice in the DC groups were injected 
with 1x106 4T1 lysate-pulsed, TNF-α matured DCs on days 12, 17, and 22 post-tumor 
injection. Control animals received control chow alone, SM16 chow alone, or DCs alone. 
Primary tumors were measured and the lung metastases were counted visually. The data 
represent: A and B. Average tumor size (mm2±SEM); C and D. Number of pulmonary 
nodules at the time of sacrifice. (boxed numbers represent mean±SEM).  
 
3.4 DISCUSSION 

Since HTS466284 lacked activity against 4T1 tumors in our initial studies, we 

shifted our focus to SM16 which was developed by optimizing HTS466284 for enhanced 
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biological activity (138). As a result, SM16 possesses a number of properties, such as 

solubility in aqueous solvents and oral bioavailability, that make it better suited for in 

vivo dosing. Similar to what was observed with HTS466284, SM16 inhibited Smad2 

phosphorylation in both cultured 4T1 cells and primary and metastatic 4T1 tumor tissue. 

In addition, SM16 prevented TGF-β-induced morphological changes and F-actin 

reorganization, suggesting that this drug is also capable of blocking events associated 

with TGF-β-induced EMT. Blockade of TGF-β signaling with SM16 also inhibited 4T1 

cell invasion in vitro. Taken together, these findings show that SM16 is capable of 

blocking several tumor promoting effects of TGF-β in the 4T1 tumor model. 

Having shown that SM16 can effectively inhibit TGF-β signaling in vitro, we next 

wanted to test its in vivo efficacy. We showed that when delivered via daily i.p. injection, 

SM16 failed to inhibit the growth of ~12mm2 established primary 4T1 tumors, but led to 

a marked reduction in the incidence of spontaneous pulmonary metastases at the highest 

dose (40mg/kg) tested. However, this dose of SM16 inhibited tumor growth and 

metastasis formation when tumor burden was slightly smaller (~9mm2) on day 7 post-

tumor injection. This observation suggests that SM16 therapy may be more effective at 

treating disseminated disease, where tumor burden is minimal and is in agreement with 

previous reports by us (71) and others (133,134,149) that the impact of TGF-β inhibition 

on metastasis formation is superior to its effect on established primary tumors.  

The combination of i.p. SM16 with DC vaccination inhibited primary tumor 

growth and metastasis formation compared to controls. However, the anti-tumor activity 

of the combination therapy was not superior to that of i.p. SM16 alone. This suggests that 
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once daily i.p. delivery of SM16 may not be an effective route of administration for use 

with DC-based immunotherapy. Our combination strategy is dependent on the consistent 

blockade of TGF-β-mediated immunosuppression to allow optimal immune priming by 

the transferred DCs. Since SM16 is cleared relatively rapidly from the animals (139), 

once daily injection may not produce stable serum drug levels and therefore, leaves only 

a narrow window for effective vaccination. We hypothesized that a more continuous 

dosing scheme, such as oral delivery through food, that gradually administers SM16 over 

time would achieve stable serum SM16 levels resulting in more sustained inhibition of 

TGF-β signaling. Consistent with what was reported earlier by Suzuki et al. (139), our 

data showed that orally delivered SM16 at a dose of 0.45 g/kg chow was safe and 

resulted in rapid accumulation of SM16 in serum that blocked Smad2 phosphorylation in 

primary tumor tissue. Treatment of mice bearing established 4T1 tumors with p.o. SM16 

delayed primary tumor growth and almost completely inhibited the formation of 

pulmonary metastases. Similar to what was observed with i.p. injection, the efficacy of 

p.o. SM16 therapy against 4T1 metastatic disease was superior to its activity against 

established primary tumors. Even though primary tumors continued to grow, the number 

of metastatic lung nodules was dramatically reduced in the SM16-treated mice compared 

to controls.  

While it is clear that SM16 dramatically reduces the incidence of pulmonary 

metastases in mice bearing established tumors, it is still unclear if the anti-metastatic 

effect is due to inhibition of initial seeding of 4T1 cells into the lung or regression of pre-

established metastases. Further experiments are needed to address this question. In order 
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to determine if SM16 prevents the seeding of metastatic cells into the lungs, SM16 

therapy could be initiated at an earlier time point after tumor challenge, before pulmonary 

metastases have formed. Additionally, an experimental metastasis study could be 

performed in which mice are injected intravenously (i.v.) with 4T1 cells, treated with oral 

SM16, and then assessed for surface lung metastases. This would allow us to determine if 

SM16 affects 4T1 cell extravasation. To determine if SM16 causes a regression of pre-

existing metastases, SM16 therapy could be used to treat residual metastatic disease in 

mice following surgical resection of 14-day established 4T1 tumors. Our laboratory has 

previously determined that significant numbers of metastases are present in the lungs 14 

days after tumor challenge (151). 

The efficacy of SM16 against 4T1 tumors was determined to have an immune 

component as it failed to control primary 4T1 tumor growth and metastasis formation in 

immunodeficient SCID mice. This finding is consistent with reports by Suzuki et al. 

(139) and Ge et al. (133) showing that other small molecule ALK5 kinase inhibitors 

lacked anti-tumor efficacy in immunodeficient animals. Similarly, work in our laboratory 

previously showed that genetic inhibition of TGF-β signaling through the expression of a 

dominant negative TβRII transgene reduced the tumorigenicity of EMT6 mammary 

tumor cells in immunocompetent, but not immunodeficient mice (152).   

In addition to augmenting anti-tumor immunity, TGF-β signaling antagonists 

have also been shown to control tumor growth through tumor cell autonomous 

mechanisms such as blocking EMT and invasion. Although we demonstrated that SM16 

blocked TGF-β-induced 4T1 cell invasion in vitro, this mechanism did not appear to play 
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a major role in its anti-metastatic effect in vivo, as SM16 had no effect on the formation 

of lung metastases in immunodeficient SCID mice.  This finding is consistent with a 

report by Ge et al. (133), who showed that SD-208 had no effect on R3T mammary 

tumor growth and metastasis formation in athymic nude mice despite its ability to inhibit 

R3T EMT and invasion in vitro. However, our data conflict with a report by 

Bandyopadhyay et al. (149) showing that a small molecule ALK5 kinase inhibitor 

reduced the ability of human MDA-MB-435 xenografts to form spontaneous and 

experimental lung metastases. The disparity in these findings may be attributed to the 

different tumor models (mouse versus human) used in both studies.  

Data from studies in several human tumor xenograft models have shown that the 

efficacy of a number of TGF-β inhibitors, including the pan-TGF-β neutralizing antibody 

1D11, a soluble TGF-β receptor type III, and a dominant negative TGF-β receptor type II, 

also involve inhibition of angiogenesis (153-156). However, the failure of SM16 to 

inhibit 4T1 tumor growth in immunodeficient mice in our studies suggests that 

suppression of angiogenesis may not play a major role in the efficacy of SM16 in the 4T1 

tumor model. Similarly, Uhl et al. (134) were unable to demonstrate a significant 

difference in microvessel density in SMA-560 gliomas treated with SD-208. 

Interestingly, Ge et al. (133) showed that SD-208 treatment caused a reduction in 

microvessel density in R3T mammary tumors. The importance of this finding is unclear 

as SD-208 had no effect on the growth of R3T tumors in athymic nude mice lacking 

functional T cell immunity in those studies. Ultimately, these discrepancies may be due 
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to differences in the tumor models and TGF-β inhibition strategies employed in each of 

these studies. 

Having shown that p.o. SM16 as a single agent is safe and effective in the 4T1 

tumor model, we wanted to determine if oral delivery of this drug could enhance the anti-

tumor activity of DC vaccines. To this end, tumor-bearing mice on SM16 diet (0.45g/kg 

food) were vaccinated with 4T1 lysate-pulsed, TNF-α matured DCs. The data show that 

there was no difference in average primary tumor growth between the p.o. SM16 alone 

and DC+p.o. SM16 groups. Both groups had similar numbers of animals that responded 

to therapy. However among the responders, p.o. SM16 plus DC vaccination resulted in an 

increased frequency of primary tumor regression than p.o. SM16 alone.  

The fact that some animals responded to the combination therapy and some 

animals did not suggests that heterogeneity exists in the tumors in these animals. One 

possible explanation for this observation is that tumors that grew progressively in mice 

that did not respond to combination DC+SM16 therapy may have lost the expression of 

one or more immunodominant antigens necessary for immune-mediated destruction. In 

order to determine if heterogeneity due to antigen loss exists in these tumors 

transplantation experiments could be performed in which tumors from nonresponder 

animals could be transplanted into responder animals and vice versa and tumor growth 

could be followed.  

The superior anti-tumor activity of DC+p.o. SM16 combination therapy 

correlated with enhanced in vitro 4T1-specific cytolytic activity and IFN-γ production by 

splenocytes isolated from these animals. These findings corroborate those of Wallace et 
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al. who also showed enhanced anti-tumor T cell activity against an ovalbumin-expressing 

thymoma following combination therapy with adoptive T cell transfer and p.o. SM16 

(146).  

Tumors from animals receiving DC+p.o. SM16 in our study also displayed 

increased infiltration of CD3+ and CD4+ T cells compared to all other treatment groups. 

Interestingly, CD8+ T cells were rare in all groups and the combination of p.o. SM16 and 

DC vaccination did not substantially alter CD8+ T cell infiltration. This observation 

suggests that the enhanced efficacy of DC+p.o. SM16 combination therapy is more 

dependent on the quality of infiltrating cytotoxic T cells than on their overall quantity 

within the tumor. This conclusion is supported by the in vitro data which showed 

enhanced CTL activity of splenocytes taken from mice in the DC+p.o. SM16 group 

compared to the other treatment groups. To confirm this, tumor sections could be stained 

for markers of cytolytic activity such as perforin or granzymes. While Wallace et al. also 

noted low absolute numbers of CD8+ T cells within primary tumors of animals in their 

study, combination of adoptive T cell therapy with SM16 did induce a statistically 

significant increase in CD8+ infiltration (146). The discrepancy between these data and 

our findings may be related to differences in the tumor models and the immune-based 

approaches (adoptive T cell transfer versus active DC vaccination) used in both studies. 

Adoptive T cell therapy typically results in substantially higher T cell infiltration of 

tumors than DC vaccination. In addition, our analysis of immune cell infiltration into 

primary tumor tissue was limited in that animals that underwent complete tumor 

regression were not included since these animals lacked tumor tissue when samples were 
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collected at the end of the study. In the future it may be helpful to collect tumor samples 

for IHC analysis earlier in the course of therapy (possibly after the first or second DC 

injection) to account for those animals undergoing complete tumor rejection. This may 

give us a more accurate picture of the immune response following combination therapy. 

While our data demonstrate that T cell immunity clearly plays a role in anti-tumor 

mechanism of DC+ p.o.SM16 therapy, our work does not definitively identify the 

specific T cell subsets involved in this response. In order to address this question, these 

experiments could be repeated in mice depleted of either CD4+, CD8+, or both CD4+ and 

CD8+ T cells prior to therapy. In addition, the presence of CD4+CD25+FoxP3+ T cells 

could be analyzed in lymphoid tissue from treated animals to determine if SM16 therapy 

impacts regulatory T cell numbers. 
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CHAPTER 4 

CONCLUSION 

 

The ability of DCs to prime naïve T lymphocytes to initiate immune responses 

has made them an attractive platform for the design of cancer vaccines (22-24). DC-based 

immunotherapy for cancer has demonstrated great promise in a number of pre-clinical 

animal models (25-27), but has not yet lived up to its full potential in the clinic. While 

antigen-loaded DCs are able to elicit measurable cellular immune responses in many 

patients, complete tumor regression is rare and the therapeutic benefit of DC vaccination 

is often short lived (43,47,48). One potential explanation for the limited efficacy of DC-

based immunotherapy is that tumor-derived immunosuppressive factors, such as TGF-β, 

promote immune escape by impairing DC function (89,90,106-110). This hypothesis is 

supported by studies showing that TGF-β can suppress the immunostimulatory capacity 

of DCs and that blockade of TGF-β can restore DC function (106,118-122,126). Taken 

together, these studies provide compelling evidence to suggest that combining DC-based 

immunotherapy with TGF-β signaling antagonists may lead to more robust anti-tumor 

immune responses. 

In these studies we used two different small molecule ALK5 kinase inhibitors, 

HTS466284 and SM16, that interfere with TGF-β signaling in combination with DC 

vaccination to treat a highly metastatic, TGF-β-producing murine mammary tumor. We 

hypothesized that the ALK5 kinase inhibitors would render DCs resistant to TGF-β-

mediated immunosuppression allowing them to stimulate more effective anti-tumor 
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immunity.  Small molecule ALK5 kinase inhibitors offer a number of advantages over 

other TGF-β antagonists, including superior ease of delivery, biodistribution, and ability 

to cross the blood brain barrier (114,115). While numerous studies have demonstrated the 

potential of small molecule ALK5 kinase inhibitors to treat several murine models of 

cancer through immune-mediated mechanisms (133,134,139), the ability of these drugs 

to augment active immunization has not been addressed. To our knowledge, this is the 

first study to evaluate the ability of small molecule ALK5 kinase inhibitors to enhance 

the efficacy of adoptively transferred DC vaccines in the treatment of established tumors.  

Systemic blockade of TGF-β by SM16 in the context of DC-based 

immunotherapy resulted in enhanced T cell-mediated anti-tumor activity that 

recapitulates the anti-tumor responses seen when TGF-β signaling is inhibited genetically 

in DC or T cells through the expression of a dominant negative TβRII transgene (141-

145). However, pharmacological inhibition of TGF-β signaling with orally administered 

SM16 appears to be a safer and less complex approach that does not result in the fatal 

autoimmune inflammatory disease seen when TGF-β signaling is inhibited genetically in 

T cells (140).  Taken together with the findings of Wallace et al. (146), our data suggest 

that ALK5 kinase antagonists like SM16 can augment the efficacy of both active (ie. DC-

based vaccines) and passive forms of immunotherapy (ie. adoptive T cell transfer). 

The safety profile of the small molecule ALK5 kinase inhibitors currently under 

clinical development is yet to be determined in human patients. Transgenic mice in which 

the TGF-β signaling pathway has been disrupted often develop lethal inflammatory 

disorders (126,157-159). These findings led many to speculate that TGF-β antagonists 
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would induce severe inflammation or autoimmunity in patients. However, it appears that 

these concerns may be unfounded as this study as well as numerous other preclinical 

animal studies and early clinical trials have demonstrated that most TGF-β antagonists 

currently under development are well tolerated (127,129,130,133,134,139,160,161).  

Another fear surrounding the use of TGF-β signaling antagonists in cancer 

therapy is the possibility that these agents may promote tumorigenesis in preneoplastic 

lesions due the role of TGF-β as a tumor suppressor. Recent studies have shown that 

defective TGF-β signaling can accelerate tumorigenesis in a number of genetic and chemically 

induced murine tumor models (162-164). However, to date disruption of TGF-β signaling has 

never been shown to induce spontaneous tumor development (115). Nevertheless, until more 

safety data in humans emerges, caution must be taken to exclude patients at high risk for cancer 

development from future studies involving TGF-β antagonists. 

Given the critical importance of TGF-β in a number of normal cellular processes 

(58), it is likely that dose limiting toxicities may emerge that will ultimately impede the 

use of these agents in the clinic.  Our data indicate that a lower dose of SM16 (0.3 g 

SM16/kg chow) that is non-toxic and does not display therapeutic efficacy against 

established tumors on its own can also augment the anti-tumor activity of DC 

vaccination. Therefore, even if side effects limit the use of ALK5 kinase inhibitors to 

suboptimal doses in future human trials, combination strategies with DC-based 

immunotherapy may offer one potentially useful approach to improve efficacy. 
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