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ABSTRACT
Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death worldwide,
and its incidence has been increasing in the US over the past decades. The high rate of mortality,
recurrence and the limited efficacy of current therapies highlight the urgent need for new
therapeutic approaches. HCC is known to express tumor-specific antigens which are potential
targets for immunotherapy. However, tumor-induced immunotolerance thwarts the effective
immune responses and challenges the development of immune-based therapies. The underlying
mechanisms of HCC-induced immunotolerance have been difficult to study in the absence of
realistic animal models. Recently, we established a unique HCC murine model in our laboratory,
in which hepatocytes reproducibly develop into discrete foci of HCC concomitantly with
progressive hepatic fibrosis in immunocompetent mice. This model approximates the process that
commonly occurs in human, resulting in tumors that are histologically similar to human HCC.
Our unique murine model provides an ideal platform to elucidate the cellular and molecular
mechanisms of tumor antigen-specific immunotolerance associated with HCC. Using this model,
we investigate the use of the FDA-approved chemotherapeutic agent, sunitinib, in modulation of
tumor antigen-specific immunotolerance as well as to determine its efficacy in combination with
T-cell based immunotherapy for established HCC. In this study, we will test our central
hypothesis that sunitinib treatment inhibits tumor-induced immunotolerance in HCC tumorbearing mice by modulating regulatory T cells, which allows the activation of effector CD8 T
cells. Targeting these mechanisms will improve the design of novel therapies for advanced HCC.
In aim 1, we attempt to determine the tumor induced tolerance of antigen-specific CD8 T
cells in HCC. We approach this question by investigating how tumors escape from the attention
of the immune system during tumor initiation and development as well as the involvement of
immune regulatory populations during tumor progression. In aim 2, we define the role of
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sunitinib in preventing tumor antigen-specific CD8 T cell tolerance by comparing the phenotype,
function and interaction of immune cells in tumor-bearing mice with and without sunitinib
treatment. We especially focus on the changes within the regulatory T cells and tumor
microenvironment where limited data are available for HCC. In addition, we evaluate the
therapeutic efficacy of combination strategies including antigen specific T cells transfer and
immunization. We will further examine the molecular pathways involved in sunitinib-mediated
immunomodulation. In this thesis study, we made the critical observation that sunitinib combined
with adoptive transfer of CD8 T cells lead to durable long-term regression of established HCC
tumors. The successful therapeutic effect is associated with changes in TGF-β and IL-10 as well
as a reduction of regulatory T cells and activation of antigen-specific CD8 T cells. Our findings
indicate that sunitinib prevents the development of an immunosuppressive state within the liver,
allowing effective T cell-based immunotherapy.
This study improves our knowledge regarding mechanisms of sunitinib-enhanced
immunity to cancer. Our findings provide important preclinical data for translating chemoimmunotherapeutic approaches into practical strategies to improve clinical outcomes.
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Chapter 1
Introduction
Hepatocellular carcinoma (HCC) is a leading cause of cancer mortality worldwide and
has become the most rapidly increasing cancer in the United States (U.S.) [1-2]. Presently, HCC
accounts for more than 14,000 deaths in the U.S. every year [2]. HCC is refractory to classic
chemotherapy and not suitable for radiation due to liver toxicity. Surgical resection and ablation
offer a small chance for cure. Unfortunately, only 10-20% of patients are eligible for surgery at
the time of diagnosis because of the associated liver diseases [1][3]. Though liver transplantation
is an effective therapy potentially for cure in some cases, scarcity of donor organs and long
waiting periods make it unavailable for most patients [4]. In 2008, a receptor tyrosine kinase
inhibitor (RTKI), sorafenib, approved by the Food and Drug Administration (FDA) to treat
advanced HCC, became the first and only systemically administered therapy for unresectable
HCC. However, despite the statistically significant therapeutic effect, sorafenib treatment only
increased the median overall survival of HCC patients from 7.9 to 10.7 months [5]. As a result of
limited efficacy of current treatments, the majority of patients with HCC succumb to their
diseases. Thus, new therapeutic strategies are urgently needed for this devastating disease.
Increasing numbers of reports have demonstrated that the immune system is capable of
controlling cancers [6-8]. For HCC or any cancer to progress, it must evade immune surveillance
[9]. In humans, allogeneic organ graft recipients with suppressive immune systems have a higher
risk to develop non-Hodgkin lymphoma [10]. In addition, HIV-AIDS (Human immunodeficiency
virus infection/acquired immunodeficiency syndrome) patients have great chance for the
opportunistic growth of virally induced lymphomas and Kaposi’s sarcoma. Further, mouse
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models that are deficient in immunity-related genes (RAG-/-, STAT-/-) are shown to be
susceptible to chemically induced cancers [11-12]. It has been established that the power of
immunity can be harnessed even after the development of cancer [13-14]. Ample evidence
observed in humans and animal models support immunotherapy as a potential therapy for a
variety of cancers [15-18]. The recent approval of cell-based immunotherapy for castrationrefractory prostate cancer supports the translation of immunotherapies for other cancers [19-20].
The induction of systemic antitumor immunity involves the priming of T cells specific
for tumor-associated antigens (TAAs). Cytotoxic CD8 T cells and CD4 T cells producing
Interferon gamma (IFN-γ) function as major anti-tumor immune effector cells [21-22]. Antigen
presenting cells (APCs) are responsible for initiating and directing antigen specific T cell
responses while regulatory T cells (Tregs) maintain peripheral tolerance by suppressing effector T
cells [23-24]. Myeloid-derived suppressive cells (MDSC) may also regulate the immune response
by inducing Tregs and inhibiting tumor-specific T-cell activation [25]. Compelling evidence
shows that tumor growth impairs the function of the immune system and immune effectors [2627]. More than 96% of tumor-infiltrating lymphocytes (TILs) in HCC have been demonstrated to
be quiescent, suggesting the tolerance of effector T cells in the tumor environment [28].
Regulatory T cell is suggested to be a major contributor to tumor associated immunotolerance in
many studies [29-30]. Increased Treg frequency is found in the blood of HCC patients [31]. In
addition, increased intratumoral Tregs are correlated with poor prognosis in HCC patients and
depletion of human Tregs enhances the efficacy of cancer vaccines [32-33]. Nevertheless, a
number of studies have demonstrated that the endogenous immune response can be elicited by
immune-intervention in cancer patients [14][34][17]. A clinical trial using a dendritic cell (DC) based vaccine showed potent immunogenicity in HCC patients [35]. Additionally, adoptive
transfer of pre-activated T cells significantly reduced the risk of HCC recurrence [36]. These
encouraging results support the application of immunotherapy in HCC.
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The liver is an immunologically complex organ with a microenvironment that favors
tolerance. This tolerogenic nature of liver may be important in maintaining oral tolerance to
antigens in food as oral tolerance is lost with ligation of the portal vein [37]. It was suggested that
hepatic DCs are less immunogenic and tend to promote the development of tolerance [38].
Therefore, the immune environment of liver-associated tumor might be more complicated than
that of other solid tumors. Thus, it is important to evaluate immunotherapeutic approaches using
tumors that arise within the liver microenvironment. In this regard, an orthotopic tumor model
with an intact immune system is required.
To unveil the immune regulation in HCC and develop a novel therapeutic approach, we
have established an orthotopic murine model that recapitulates human HCC. Histologically
normal hepatocytes expressing oncogenic SV40 large T antigen (Tag) were transferred into the
spleens of syngeneic immune competent C57BL/6 mice and were incorporated into the liver. To
model tumor growth in a fibrotic environment, liver injury was initiated with carbon tetrachloride
(CCl4), a successfully applied hepatic fibrosis-inducing agent, 3 weeks post inoculation.
Malignant transformation occurs gradually and is limited to the subpopulation of transplanted
hepatocytes rather than the whole liver parenchyma. On average, tumor nodules arose within the
liver concomitant with hepatic fibrosis after 8 weeks. In this model, the oncogenic SV40 T
antigen drives tumorigenesis to eventual tumor mass and also serves as a well-characterized
antigen within the hepatocytes. Tag has well-defined epitopes that can be recognized by CD8 T
cells in C57BL/6 mice. Thus, our present model uniquely approximates HCC tumor initiation,
progression and microenvironment with liver fibrosis. This model facilitates preclinical
evaluation of anticancer agents for established liver tumors and allows investigation of the tumor
antigen-specific immune response.
More recently, an improved understanding of cancer pathogenesis has given rise to new
treatment options that involve both targeted therapies and immunotherapy. Targeted therapies aim
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to inhibit molecular pathways that are important for tumor growth while immunotherapy seeks to
stimulate the immune response to achieve long-lived tumor destruction. As the only effective
chemotherapeutic agent for HCC, sorafenib is shown to be immunosuppressive by reducing T cell
proliferation and impairing dendritic cell function [39-40]. Since the inhibitory regulations of
sorafenib may impede immunotherapeutic strategies, an alternate receptor tyrosine kinase
inhibitor (RTKI) approach to combine with immunotherapy is desirable. One such therapy that
has been shown to be immunostimulant is sunitinib [41-42], a FDA approved RTKI for the
treatment of advanced clear cell renal cell carcinoma (ccRCC) and gastrointestinal stromal tumors
(GIST) [43]. We previously demonstrated that treatment of HCC with sunitinib reduced
immunosuppression via STAT3 inhibition [44]. The results indicated that sunitinib may play a
role in activating the immune response in addition to its role of direct tumor killing. In contrast to
sorafenib, sunitinib decreased the population of regulatory T cells and circulating myeloidderived suppressor cells with no detectable negative effects on DCs [45-47][41]. Though early
analysis of a Phase III trial suggests sorafenib superior to sunitinib as a monotherapy for HCC,
sunitinib may be a preferable agent to use in combination with immunotherapy for improved
therapeutic efficacy [42][44]. Presently, we are well positioned to investigate the tumor antigenspecific immune-regulation of sunitinib treatment in HCC.
In this study, we intend to elucidate the cellular and molecular mechanisms of tumor
antigen-specific immunotolerance associated with HCC by dissecting the immune response seen
in the presence of sunitinib treatment and compare this with the response seen in its absence.
My hypothesis is that sunitinib treatment inhibits tumor-induced immunotolerance
in HCC tumor-bearing mice by modulating regulatory T cells, which allows the activation
of effector CD8 T cells. Targeting these mechanisms will improve the design of novel
therapies for advanced HCC.
I will test my hypothesis through the following two specific aims:
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Aim 1 Define the tumor induced tolerance of antigen-specific CD8 T cells in HCC
We will address how HCCs escape the attention of the immune system during tumor
initiation and development as well as investigate the contribution of immune regulatory
populations following tumor progression.
Aim 2 Define the role of sunitinib in preventing tumor antigen-specific CD8 T-cell
tolerance in vivo.
We will determine the extent to which sunitinib modulates the CD8 T-cell response,
especially focusing on the changes within the regulatory T cells and tumor microenvironment
where limited data are available for HCC. In addition, we will evaluate the therapeutic efficacy
of combination strategies including antigen specific T cells transfer and immunization. We will
further examine the molecular pathway involved in sunitinib-mediated immunomodulation.
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Figure 1-1 Outline of Dissertation
In chapter 4, we show HCC tumor progression induces CD8 T cell
immunotolerance. In Chapter 5, we seek to understand how regulatory T cells
contribute to immunotolerance in HCC. In Chapter 6, we evaluate the role of
sunitinib in preventing tumor antigen-specific CD8 T cell tolerance.
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Chapter 2
Literature Review

2.1 Hepatocellular carcinoma
HCC is diagnosed in more than half a million people in the world, including
approximately 28,720 new cases in the United States in 2012 [48][2]. Many factors contribute to
hepatocarcinogenesis including chronic hepatocyte injury, hepatic regeneration, genomic
instability and inflammatory reactions [49-51] (Figure 2-1). Several lines of evidence confirm a
strong association between hepatitis B virus (HBV), hepatitis C virus (HCV) and HCC [52-53]. In
addition, prolonged alcohol abuse increases the risk of liver cirrhosis, which is the major
predisposing reason for HCC that presents in 80% to 90% of patients with HCC [54]. These risk
factors collaborate to disrupt telomeres and release reactive oxygen species that lead to the
alteration of several regulatory signaling such as transforming growth factor beta (TGF-β), Wnt
pathway and inactivation of p53 and retinoblastoma proteins. These alterations eventually
inactivate cell cycle regulation and promote uncontrolled cellular growth that leads to HCC.

Figure 2-1 Sequential changes in the liver leading to HCC
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Current treatments for HCC
The treatment options for HCC include surgical resection, liver transplantation,
radiofrequency ablation (RFA) and transarterial chemoembolization (TACE). The choice of
therapy mainly depends on the cancer stages based on tumor location, degree of portal
hypertension and presence of medical comorbidities. To qualify for surgical resection, the
patients have to be at very early stage with single HCC mass less than 2 cm in diameter without
vascular metastasis. However, it is currently difficult to diagnose very early stage HCC. Patients
presenting at early stage with solitary HCC less than 3 cm in diameter or up to 3 nodules (each
nodule is less than 3 cm in diameter) with preserved liver function can be considered for liver
transplantation or ablation with potential long-term cure [3][55]. However, a major disadvantage
of liver transplantation is the long waiting period for donor organs and the disease may progress
while awaiting liver transplantation. Radiofrequency ablation that applies thermal energy to the
lesion is an alternative option for patients who do not meet resectability criteria for HCC [3][5556]. For the treatment of large unresectable HCCs that are not amenable to RFA, transarterial
chemoembolization is commonly used. Transarterial chemoembolization involves the injection of
a chemotherapeutic agent into the hepatic artery to eliminate the tumor’s blood supply and
administer cytotoxic chemotherapy directly to the tumors. Unfortunately, the majority of HCC
cases are diagnosed at an advanced stage that are beyond the criteria for these surgical
interventions [3][57]. Patients with advanced stage HCC that present with cancer symptoms, liver
failure and vascular invasion are normally considered for chemotherapy. However, HCC is
notoriously resistant to chemotherapy and other systemic treatment modalities. The only systemic
agent found to be effective on patients with advanced HCC is the multi-targeted kinase inhibitor
sorafenib, which is currently the standard of care for late stage HCC patients [3][56-57]. Though
sorafenib showed a significant improvement of median overall survival compared to placebo, the
survival advantages were only an additional 2.8 months with no measured difference in life
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quality [58-60]. Combined therapy of sorafenib with doxorubicin showed significantly longer
median durations of overall survival compared to doxorubicin alone in a phase II trial [59].
Nevertheless, whether these results are better than sorafenib alone remain undefined. Sunitinib, a
small-molecule, multi-targeted receptor tyrosine kinase (RTK) inhibitor that was approved by the
FDA for the treatment of renal cell carcinoma (RCC) and imatinib-resistant gastrointestinal
stromal tumor (GIST) also show similar effect as sorafenib in HCC [61-63]. However, a phase III
study of sunitinib in comparison with sorafenib did not demonstrate that it was superior to
sorafenib in the survival of patients with advanced HCC [64][62].
Apart from conventional systemic chemotherapy, recent evidence on the presence of
tumor-specific immune responses in HCC patients support the use of immunotherapy as a
potential therapeutic strategy for HCC [6]. The identification of tumor antigen α-fetoprotein
(AFP) which is expressed in up to 80% of HCC but not in normal tissues represents an important
step for the development of HCC vaccines [65-66]. A number of other tumor-associated antigens
including glypican-3, NY-ESO-1, human telomerase reverse transcriptase (hTERT) and MAGE
are also being investigated in HCC patients [67-71]. More importantly, a strong tumor-specific
CD8 T cell response was shown to be correlated with a prolonged tumor-free period of HCC,
indicating the tumor-surveillance function of antigen specific immune response [6]. These
evidences suggest HCC is a potential target for immunotherapy.

2.2 Antigen specific CD8 T cell response
The immune system protects organisms from infection with layered defenses. The first
barrier is the innate immune system which provides an immediate but non-specific response.
Components of the innate immune system include natural killer cells, macrophages, dendritic
cells and neutrophils. Innate immunity serves as the primary defense by preventing pathogens
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such as viruses and bacteria from entering the organism [72]. If the pathogens evade innate
immune surveillance, the adaptive immune system will be activated to augment innate immunity
and respond to pathogen in a specific way. The adaptive immune system includes CD4 T cells,
CD8 T cells and B cells. They bear specific antigen receptors on their surface to recognize
various antigens and generate an antigen-specific immune response [72]. CD4 T cells and CD8 T
cells target infected cells by using specialized T cell receptors (TCRs) while B cells produce
antibodies to eliminate infected cells. CD8 T cells, also known as cytotoxic T lymphocytes
(CTL), are a subset of T cells important for killing cancer cells and damaged cells by directly
lysing cells and indirectly producing anti-tumor cytokines. The innate immune cells and adaptive
immune system work in concert to create an antigen-specific immune response [73].

2.2.1 Antigen processing and presentation
Antigen processing and presentation is the process by which protein is acquired,
degraded into peptides, associated with Major Histocompatibility Complex (MHC) molecules,
and displayed to the surface of cell membrane as peptide-MHC complex, where the complex can
be recognized by the T cell receptor. Antigen-presenting cell (APC) is a group of cells specialized
for sampling their extracellular environment and processing the antigen into peptides. APCs fall
into two categories: professional or non-professional. There are three main types of professional
APCs: dendritic cells (DCs), macrophages and certain B cells. Professional APCs are very
efficient at internalizing antigens by phagocytosis, pinocytosis or endocytosis and displaying
peptide on their membrane. Dendritic cells, which are found in skin and other tissues, are
considered as the most potent APC. They pick up antigens in the periphery and travel to local
lymphoid organs, where they mature into cells that can both present antigen to T cells and
activate them [74]. Another type of antigen presenting cell is macrophage. These cells ingest
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antigens by phagocytosis. Unlike DCs, macrophages are not so efficient in presenting antigen to
naïve T cells in vivo but they are very effective in activating memory T cells [75]. The third type
of antigen presenting cells is the B cell. These cells bind antigens via their surface
immunoglobulin and ingest antigens by pinocytosis. B cells are not as effective as dendritic cells
in presenting antigen to naïve CD4+ or CD8+ T cells. Nonetheless, they are very helpful in
presenting memory T cells under the circumstances that antigen concentration is low, due to the
high affinity of their surface binding of immunoglobulin with antigens [76-77].

2.2.2 Major histocompatibility complex (MHC) molecules
Unlike B-cell receptors on B lymphocytes that are able to directly bind epitopes on
antigens, the T-cell receptors (TCRs) of T lymphocytes can only recognize epitopes on short
chain of amino acid (peptides) bound to MHC molecules [78]. MHC is a cell surface molecule
encoded by a variety of genes in all vertebrates. Each MHC molecule displays an epitope that
allows the recognition by T cells. MHC molecules are categorized as class-I (MHC-I) and classII (MHC-II) subtypes. MHC class I is ubiquitously expressed on most nucleated cells that present
epitopes to CD8 T cells while MHC class II molecules are constitutively expressed on
professional antigen presenting cells (APC). Peptides bind to MHC class I or II are then presented
on the cell surface and recognized by CD4 T cells (MHC-II), which induces the maturation of the
dendritic cells and allow them to better activating CD8 T cells (recognize MHC-I). The path
leading to the peptide-MHC complex association differs for class I and class II MHC. MHC class
I molecules present fragments derived from intracellular (endogenous) proteins in the cytosol
while MHC class II molecules present fragments derived from extracellular (exogenous) proteins
[79]. Dendritic cells can present internalized antigens with either MHC class I (cross-
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presentation) or MHC class II pathway, though the predominant pathway for internalized antigen
is the class II pathway [80].
The low binding affinity of a T-cell receptor to MHC-peptide complex remains a
challenge for antigen detection until the development of tetramer. The MHC tetramer consists of
four units of the MHC molecule each tagged with a biotin molecule. A peptide from the antigen is
bound noncovalently to the MHC molecules. The MHC-peptides are made into a complex by the
addition fluorescently labeled streptavidin, which has extremely high affinity for biotin. The
MHC with its bound peptide will only bind the specific T-cells that respond to that peptide. With
this, tetramer can be customized for the desired antigen to facilitate T cell detection. In this
study, MHC tetramer specifically made for SV40 Tag epitope I and IV are used to detect
the presence of SV40 Tag specific T cells.

2.2.3 Activation of naïve CD8 T cells
Activation of CD8 T cells is initiated by the interaction of the T cell receptor (TCR) and
peptide:MHC class I complex. This process occurs optimally in secondary lymphoid tissues
where naïve T cells interact with dendritic cells. Efficient presentation of peptide:MHC class I
complex to CD8 T cells is achieved by mature dendritic cells that express high levels of MHC
molecules and co-stimulatory molecules. Activation of naïve CD8 T cells to undergo clonal
expansion and exert effector function requires two signals. The first signal is the engagement of T
cell receptor by the peptide-MHC complex. T cells bear T cell receptors on their surface for the
specific recognition of MHC-restricted antigen. To effectively activate CD8 T cells, a second
signal from co-stimulatory molecules is needed on APC (CD80/CD86) to interact with the CD28
receptor on naïve T cells. It has been shown that a third signal such as interleukin 12 (IL-12) or
adjuvant is necessary to promote CD8 effector function when Ag levels are low [81]. Full
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activation and differentiation of CD8 T cells may also be facilitated by IFN-γ and IL-2 secreted
by CD4 helper T cells (Figure 2-2).
Following activation, CD8 T cells alter their phenotypes by expressing CD69 at early
stage followed by up-regulation of CD44 (hyaluronic acid receptor), CD25 (IL-2 receptor) and
CD45 [82]. They also acquire the expression of adhesion molecules such as LFA-1 to migrate to
non-lymphoid tissues. Upon priming, activated CD8 T cells destroy target cells by inducing
perforin, a membrane-disrupting protein and related serine proteases (granzymes) with various
substrates together induce apoptosis of the target cells. In addition, CD8 T cells can trigger the
aggregation of target-cell death receptors FAS or tumor necrosis factor (TNF) receptor in ligation
with their cognate ligands on the membrane to initiate caspase-dependent apoptosis [83]. Further,
CD8 T cells employ non-cytolytic mechanisms by producing interferon-gamma (IFN-γ) to
eliminate target cells [84].
Following pathogen clearance, T cells undergo a contraction phase whereby the majority
of effector T cells die via apoptosis, sparing a small population of long-lived memory cells
[85]. Competition for limited resources by a large number of effector cells has been widely
postulated to be the cause of cell death during the contraction phase [86]. Another hypothesis
proposed that terminally differentiated effector cells are subsequently wiped out during the
contraction phase thus they cannot make functional memory cells, indicating the pre-determined
fate of the effector cells before the onset of contraction [85]. In contrast, recent study have shown
that T cell contraction is more of a stochastic process that is largely depended on extrinsic factors
regulated by antigen availability [87].
Following the effector and death phases, a population of memory T cells is established
and maintained in the absence of antigen. At a second encounter with the same pathogen,
memory T cells can rapidly mount a strong response against the invader. CD4 helper cells are
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necessary for the survival of functional CD8 memory cells [88]. Three distinct memory cell
subpopulations have been described based on the differential expression of chemokine
receptor CCR7 and L-selectin (CD62L). Central memory T cells express CCR7 and L-selectin.
They secrete IL-2 but not IFN-γ or IL-4. Effector memory T cells, however, do not express Lselectin or CCR7 but produce cytokines like IFN-γ and IL-4. Another recently recognized
subpopulation of memory cells expresses co-stimulatory molecules CD27 and CD38 in addition
to CCR7 and L-selectin [89].
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Figure 2-2 Activation of naïve CD8 T cells

Figure 2-2 Activation of naïve CD8 T cells. Successful activation of CD8 T
cells requires three signals by APCs and CD4 T cell help. Signal 1: TCR on CD8
T cells engage cognate peptide-MHC complexes presented on APCs. Signal 2:
The APC provides co-stimulation to the T cell via expression of CD80/CD86
molecules that bind to CD28 on the T cell. Signal 3: Production of IL-12 by APC
after activation with inflammatory mediators or in response to CD40L interactions
with CD4 T cells. CD4 T cells also produce cytokines that provide growth and
differentiation signals to responding CD8 T cells. (Modified from Paul R Walker
et al. Brain Res Rev 2003 volume 42 issue 2, 2003)
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2.3 SV40 Large T Antigen
Simian Virus 40 (SV40) is a DNA tumor virus in the polyomavirus family that was
discovered in 1960 [90]. It was named SV40 because it was the 40th simian virus found in
monkey kidney cells. Subsequent research found that SV40 caused brain tumors in animals in
1960s [91]. In the following decades, numerous reports have detected SV40 sequences in a
variety of human cancers including brain tumors, bone cancers and mesotheliomas [92-94]. Ever
since its discovery, SV40 had become one of the most widely studied and best understood viruses
in the scientific community that revolutionized our understanding of cancer development.
This doubled stranded DNA viral genome is divided into two segments. One segment
encodes non-structural proteins large (T) and small (t) tumor antigens (Tag and tag) which are the
early proteins expressed by the potent SV40 promoter [95]. The other segment encodes the
structural proteins VP1, VP2 and VP3 (Figure 2-3). Tag is a 94kDa 708 amino acid nuclearlocalized protein that is capable of cell immortalization via cellular transformation in various cell
types. The transforming property of Tag is largely attributed to its ability to bind active forms of
tumor suppressor p53 and the retinoblastoma tumor suppressor protein Rb to interrupt the cellcycle regulation [96].
Due to the unique transforming properties of SV40 Tag, Tag transgenic mouse lines have
been extensively utilized for the study of in vivo tumor development. Generally, mouse models
expressing Tag driven by a tissue specific promoter result in the development of tumors. Line
MTD2 mice are transgenic for SV40 T antigen (Tag) driven by the major urinary promoter.
Associated with the androgen stimulation of puberty, male MTD2 mice develop diffuse
hepatocyte dysplasia leading to ubiquitous HCC at a slow pace (20 weeks) [97]. However, they
are not ideal model for immunity study as effector T cell responses are impaired in this model due
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to central tolerance. In Figure 2-12, I apply the characteristics of line MTD2 mice to the
establishment of orthotopic HCC murine model in immunocompetent C57BL/6 mice.

Figure 2-3 Genetic map of polyomavirus SV40

Figure 2-3 Genetic map of polyomavirus SV40. (From Janet Butel and John
Lednicky, JNCI, 1999)
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2.3.1 The CD8 T cell response to SV40 Large T Antigen
The existence of distinct antigenic sites within SV40 T antigen was first discovered in
1983 [98]. Subsequent findings demonstrated SV40 Tag contained four CD8 T cell determinants
referred as site I, II/III, IV and V [98-99]. The immune response against SV40 T antigen is
mediated by CTL that targets multiple antigenic sites simultaneously [98]. Following
immunization with full-length wild type Tag expressing cells, C57BL/6 mice mount a specific
immune response against SV40 Tag for each defined epitope at different CD8 T cell frequencies,
suggesting the existence of an immune hierarchy [100]. The observation of a strong immune
response against epitope IV suggested it was the most dominant epitope. It was later revealed that
the immunodominance hierarchy among the Tag epitopes is IV>I>II/III>V, with epitope IV as
the most immunodominant and epitope V as immunorecessive [101] (Figure 2-4). The
determinants were used to establish cytotoxic T cell clones and engineer transgenic mouse lines
that produce TCR transgenic T cells specific for different sites. Line 416 mice used in this thesis
study are epitope I specific TCR transgenic mice with ∼94% of the CD8 T cells specific for
Tag epitope I [102]. I also applied the specific response against epitope IV and epitope I to
immunotherapy studies in a Tag expressing orthotopic murine model of HCC in this thesis.
Ample evidences suggest that the expression of Tag can lead to the onset of either central
or peripheral CD8 T cell tolerance to the Tag epitopes. In a mouse model of choroid plexus
tumors driven by SV40 Tag (SV11+ mice), primary or secondary immunization with the virus
failed to generate SV40-specific CTLs [103]. Further study demonstrated that CD8 T cells were
functionally tolerant to the Tag epitope IV in this mouse model [104]. Induction of epitope IVspecific CD8 T cells in SV11(+) mice was correlated with increased life span and less tumor
burden [104]. In another report, line 501 mice expressing SV40 Tag under the α-amylase
promoter resulting in the development of osteosarcomas. In this osteosarcomas model, CD8 T
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cells specific for epitope IV were detected in mice from 3 to 14 months of age but not in mice that
had developed tumors [105]. In contrast, loss of responsiveness to the immunorecessive epitope
V was observed in 12-month-old 501 mice which is independent of the presence of tumors [105].
Peripheral CD8 T cell tolerance to Tag epitope I was developed by 6 months of age in 501 mice,
before the appearance of tumors. Naïve epitope I-specific TCR transgenic T cells encountered the
endogenous Tag but failed to acquire effector function following adoptive transfer into 501 mice
[102]. Importantly, TCR-I T cells disappeared from the lymphoid organs of 501 mice but not
C57BL/6 mice 4 weeks post-adoptive transfer. CD8 T cells specific for Tag epitope II/III were
not detected in 3-4-month-old 501 mice following immunization with either Tag-transformed
cells or recombinant vaccinia virus (rVVs) expressing full-length Tag, suggesting the absence of
epitope II/III-specific CD8 T cells repertoire in 501 mice [105].

20

Figure 2-4 CTL (H-2b) Epitopes in SV40 Tag

Figure 2-4 CTL (H-2b) Epitopes in SV40 Tag. SV40 Tag has four defined
epitopes: I, II/III, IV and V. Listed are the cytotoxic T cell clones isolated from
each of the determinants. TCR α and β chain sequences were cloned for the
generation of transgenic mice as indicated. (Modified from Mylin LM et al J
Virol. 1995)
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2.4 Tumor immunology and immunotherapy

2.4.1 The CD8 T cell response to cancer
In 1990, a study showed that tumor rejection can be detected in immunocompetent mice
but not in CD8 T cell deficient mice, suggesting the critical role of CD8 T cells in anti-tumor
immunity [106]. However, little was known about the tumor antigen recognition. Later studies
showed that tumor infiltrating lymphocytes specifically recognize individual tumor, indicating the
existence of particular tumor antigens and specific CD8 T cell recognition [8]. The identification
of lymphocytes recognizing tumor antigen was characterized in various cancers in the following
decades [107-109]. It became critical to define the tumor antigens and to understand the CD8 T
cell response to tumor antigen.
Tumor associated antigens
Cytotoxic T lymphocyte reactivity has been found in several types of tumor associated
antigens. Tumor antigens have been classified into multiple categories, including cancer testis
antigens, differentiation antigens, over-expressed proteins, mutated proteins and tumor viruses. A
well-studied cancer testis antigen is MAGE, which is expressed in several tumors that can be
recognized by CD8 T cells [108][110]. Differentiation antigens, such as gp100, MART-1 and
tyrosinase, are typically associated with the differentiation of melanocytes in melanoma patients
[111]. MUC-11, CEA and PSA are often found as over-expressed antigens in variety of cancers
including breast, colon and pancreatic cancers that may be targeted for immune therapy [112113]. Mutated proteins are somatic mutation produced only by tumor cells, such as p53 and
caspase-8 [114]. Another subset of tumor antigens includes proteins expressed by DNA tumor
viruses. These antigens include SV40 T antigen, human papillomaviruses and Epstein-Barr virus
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[115-117]. Defining tumor antigens will enhance immune-mediated rejection of cancer by
generating tumor antigen-specific CD8 T cell.
Generation of anti-tumor CD8 T cell response
The anti-tumor response occurs in sequential phases that usually happen in the regional
lymph node. Alternatively, tumor cells themselves may migrate to the draining lymph node to
prime naïve CD8 T cells. Both direct-priming and cross-priming induce tumor-specific CD8 T
cell responses (Figure 2-5). To generate potent anti-tumor immunity, antigen presenting cells
must capture tumor antigen, process them into MHC class I and II molecules and present the
peptide epitopes to stimulate CD8 T cells and CD4 T cells. Dendritic cells are potent antigen
presenting cells that are crucial for the induction of anti-tumor T cell responses. Immature DCs,
which are located in peripheral tissues, constantly monitor the environment to capture and process
antigens. These immature DCs express low level of MHC molecules and co-stimulatory
molecules that display poor T cell-activating capacity. They have been shown to induce T cell
tolerance through various ways [118-120]. In addition, tumor-specific T cells must differentiate
into effector T cells which require both TCR and co-stimulatory molecules. Although some tumor
cells are capable of directly priming a T cell response, most tumors lack co-stimulatory
molecules. Agonistic antibodies to co-stimulatory molecules can enhance co-stimulation to
augment anti-tumor immunity [121-122]. Once activated, antigen-specific T cells must respond
by clonal expansion and circulate into the tumor. Upon gaining entry to the tumor, the antigenspecific T cells must overcome the local suppressive environments in order to eliminate target
tumor cells. In the meanwhile, a population of memory T cells should be generated. Failure in
any of these steps may lead to the tumor escape from immunosurveillance (Figure 2-6).
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Figure 2-5 Cross-presentation of Tumor Antigen to CD8 T cells

Figure 2-5 Cross-presentation of tumor antigen to CD8 T cells. Cross
presentation allows APCs to induce CD8 T cells specific for antigens that are not
expressed by the APC, such as tumor antigens. These extracellular antigens are
taken up and shuttled into MHC I pathway for presentation to CD8 T cells.
Tumor-specific effector CTLs then need to traffic into tumor site to attack the
tumor. (From Christian Kurts et al, nature reviews, Vol 10, June 2010)
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Figure 2-6 Six steps for an effective anti-tumor CD8 T cell response

Figure 2-6 Six necessary steps for an effective anti-tumor CD8 T cell
response. a. Tumor antigens must be present. b. Tumor antigens must meet and
engage with antigen-presenting cells in the draining lymph node. c. Antigenspecific T cells must respond by clonal expansion. d. Antigen-specific activated T
cells must circulate into the tumor. e. Once upon the entry into the tumor, the T
cells must overcome the local suppressive environments to eliminate target cells.
f. A population of memory T cells should be generated. Failure in any of these
steps may lead to tumor escape. (Modified from Richard Lake et al. Nature
review 2005)
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2.4.2 Tolerance and regulatory T cells
Tolerance
Immunological tolerance implies unresponsiveness to a particular antigen while
responses to other antigens are preserved. Referred to as the “holy grail” of immunology,
tolerance has been extensively studied regarding how the immune system discriminates between
self and foreign antigens to avoid autoimmunity. Tolerance is generally divided into two
categories: central tolerance and peripheral tolerance. Central tolerance refers to a process that
highly self-reactive CD8 T cells are deleted to avoid autoimmune responses. Central tolerance
occurs when lymphocytes are present in the primary lymphoid organs (thymus and bone-marrow)
as an “immature” status. The main mechanism of inducing central tolerance is clonal deletion.
Developing CD8 T cells in the thymus undergo a process called negative selection that deletes
immature CD8 T cells which react with self-antigen presented on MHC I molecules in the
thymus. As a result, CD8 T cells that are highly reactive to self-antigens do not enter the
periphery [123]. In case auto-reactive T cells escape negative selection in the thymus, these cells
can be tolerized once they mature and exit primary lymphoid organs and reach the periphery. The
mechanisms of peripheral tolerance include anergy, deletion and suppression [13]. Growing
evidence suggests that regulatory T cells are responsible for the induction and maintenance of
peripheral tolerance by suppressing immune effectors [24][13].
When a pathogen invades the human body, the immune system generally responds with
great force to eliminate the foreign entity. In contrast, when cancer cells occur, they appear to be
“self” as tumors usually arise from the organism’s own tissue. Therefore, the self-antigen
expressing cancer cells won’t be recognized or destroyed by the host’s immune system. As a
result, the individual’s T cells are tolerized to limit their cytotoxic function in order to protect
“self” in the tumor-bearing host. In addition, the deletion or mutation of tumor antigen and loss or
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down-regulation of MHC expression contribute to tumor immune-escape [124-125].
Nevertheless, evidence supporting the existence of tumor reactive T cells in cancer patients
emerged since 1999 [126-127]. However, the fact that tumor progression in the presence of tumor
reactive T cells indicates that tumor-associated T cells may not be competent to reject the tumors.
T cells response to tumor antigens may be further down-regulated by tumor-induced tolerance.
We have previously found that tumor antigen-specific naïve T cells were rapidly anergized once
they were transferred into tumor host, suggesting the lack of co-stimulation in the tumor [128].
The mechanisms inducing this T cell tolerance involves the immature status of DCs that fail to
provide adequate co-stimulation, over-expression of immunosuppressive cytokines [129-131] and
the expression of apoptosis-inducing Fas ligand which results in direct deletion of T cells [132133]. In addition, immune checkpoints, a group of molecules that deliver inhibitory signals, are
being increasingly studied as a mechanism contributing to immune tolerance in cancer [134].
Furthermore, tumor development and progression may result from T cell ignorance in
circumstances where tumors are localized and are not accessible to circulating T cells. Thus, host
T cells are ignorant of the presence of tumor antigens which might result in tumor development.
This also suggested that the ability of tumor cells to migrate from tumor site to secondary
lymphoid organs is important to the development of tumor antigen-specific CTL response. Figure
2-7 presents the major mechanisms that have been proposed for tumor-induced tolerance.
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Figure 2-7 Mechanisms of tumor-mediated immune evasion

Figure 2-7 Mechanisms of tumor-mediated immune evasion.
(A) Direct deletion of effector cell by inducing the expression of Fas ligand.
(B) Direct tolerization of tumor-reactive T cells by producing suppressive
cytokines.
(C) Suppression of tumor-reactive T cells by accumulation of regulatory T cells.
(D) Ignorance of tumor as a result of spatial separation of T cells and tumor cells.
(E) Tolerization of host T cells by cross-presentation of tumor-derived antigens.
(Modified from Markus et al. Journal of clinical oncology 2004).
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Regulatory T cells
Another mechanism responsible for the tolerization of T cells against tumors is the
prevalence of regulatory T cells in the tumor-bearing host. Regulatory T cells were initially
described as a T cell population that suppresses immune response by Gershon et al in 1970s [135136]. They were later found to be associated with tumor growth in 1975 by Sehon et al [137].
This population of cells was characterized as T cells that suppress tumor rejection by North et al
in 1980s [138]. It wasn’t until 1995 that the interleukin-2 (IL-2) receptor α chain, CD25, was
demonstrated as a phenotypic maker for CD4+ regulatory T cells [139]. The following studies
have shown that the transcription factor forkhead box P3 (FOXP3) is a crucial developmental and
functional factor for CD4+CD25+ regulatory T cells [140-141]. Mutations in the foxp3 gene result
in multiple autoimmune disorders [142]. Thereafter, the phenotypic marker for regulatory T cells
(Tregs) was generally characterized as CD4+CD25+Foxp3+ T cells and the role of Tregs have
been extensively studied.
Sources of regulatory T cells in tumor setting
Treg cells constitute 4-10% of peripheral CD4+ T cells in humans and normal mice [143].
Recent evidence has suggested that the involvement of Tregs in thwarting the T cell response
against tumor might be one of the crucial mechanisms of tumor immune-evasion [143-144].
Tregs, especially Tregs in tumor, are highly heterogeneous populations. Functional Tregs in the
tumor microenvironment arise through disparate ways, which include thymus-derived ‘natural’
Treg and locally ‘induced’ Treg. It has been suggested that tumor environmental factors, such as
vascular endothelial growth factor (VEGF), IL-10 and transforming growth factor-β (TGF-β),
suppress the function and differentiation of DCs which lead to immature DCs. These
dysfunctional immature DCs are capable of promoting Treg proliferation as well as inducing
thymic Treg expansion [145-146]. In addition, recruitment of Tregs from thymus, lymph nodes
and peripheral blood to the tumor site by CC-chemokine receptors also contributes to the Treg
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accumulation in tumor [147-148]. Further, tumor cells can trick the immune system by secreting
cytokines to convert CD4+ T cells into CD4+CD25+Foxp3+ Tregs [149-150]. (Figure 2-8)
Regulatory T cell mediated suppression in tumor
Several potential mechanisms of Treg suppression in the setting of tumor have been
proposed. It has been suggested that the expression of suppressive cytokines IL-10 and TGF-β is
crucial for Treg mediated suppression [151-153]. IL-10 exerts mainly immunosuppressive effects
on various cell types [154]. It has been proposed that Tregs can mediate suppression through
conditioning DCs and macrophages to locally produce APC-derived IL-10 within the tumor
environment [155-156]. In addition to T cells and APCs, several studies have shown that the
function of natural killer (NK) cells can be inhibited by Treg in a TGF-β-dependent way in mouse
tumor model [157][29]. These reports suggest that Tregs can dampen innate immunity [158160][29]. Another possible suppression mechanism employed by Tregs is competitive IL-2
consumption. IL-2 plays an important role in promoting effector T cells by supporting the growth,
proliferation and differentiation of T cells. The interaction between IL-2 and IL-2 receptor (IL2R) expressed by APCs stimulates the differentiation of antigen specific CD4 and CD8 T cells
[161-162]. The IL-2 receptor consists of a heterotrimeric receptor complex that is made of CD25
(α-chain), CD122 (β-chain) and CD132 (γ-chain). Tregs express IL-2 receptor with significantly
higher affinity for IL-2 than CD122 or CD132. Hence, Tregs competition with conventional T
cells for IL-2 was suggested as a mechanism for Treg suppression [163-165][152]. Another
efficient way for Tregs to suppress immune responses is direct killing of the effector cells. Upon
CD3/CD46 activation, human Tregs express the serine protease granzyme A and kill CD4 T cells
as well as APCs in a perforin-dependent way [166]. In another report, contact-dependent killing
of CD8 T cells by Tregs in cancer patients was mediated via Fas-FasL apoptosis [167]. Granzyme
B was also shown to be involved in Treg mediated effector-killing process in mouse tumor
models [148][168]. Further, the involvement of indoleamine 2,3-idoxygenase (IDO) has also been
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postulated as another Treg mediated suppression mechanism. IDO is an enzyme that degrades
the essential amino acid tryptophan. It contributes to the tolerance in the tumor microenvironment
by reducing tryptophan and suppressing T cell activation [169]. APCs that express IDO have
been found in both tumor site and tumor-draining lymph nodes in cancer patients [170]. Several
studies have reported that tumor-associated Tregs have a higher expression of cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4) that mediate their suppressive effect by inducing the
expression of IDO in APCs via CTLA-4 [171-173]. Of note, CTLA-4 deficient Tregs still showed
suppressive function through compensatory mechanisms that involve IL-10 and TGF-β [174175]. Negative regulators such as programmed cell death-1 (PD-1) and B7-H4 are also suggested
to be involved in Treg mediated suppression [155]. (Figure 2-9)
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Figure 2-8 Sources of regulatory T cells in the tumor

Figure 2-8 Sources of regulatory T cells in the tumor. There are four potential
sources for Tregs in the tumor microenvironment. A. Tregs infiltrated to tumor
environment from lymph node, thymus, bone marrow and peripheral blood by
chemoattractants. B. The tumor microenvironment secrets molecules that suppress
APC differentiation and function. The dysfunctional APCs can induce the
differentiation of Tregs. C. Dysfunctional dendritic cells in the tumor
environment and draining lymph nodes might also stimulate Treg expansion. D.
CD4+CD25- T cells can be converted to CD4+CD25+Foxp3+ Tregs by TGF-β
produced in the tumor environment. (Adapted from Zou Nature Reviews
Immunology 6, 295–307 April 2006)
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Figure 2-9 Possible suppressive mechanisms of tumor-associated Tregs

Figure 2-9 Possible suppressive mechanisms of tumor-associated Tregs.
Multiple suppressive mechanisms rather than a single action are proposed for
Treg mediated immunosuppression. Tregs could directly kill effector T cells and
APCs through perforin-granzyme B pathway. Tregs could also release IL-10 and
TGF-β to inhibit the activation of T cells, and down-regulate the expression of
MHC molecules, co-stimulatory molecules and IL-12 on APCs. Additionally,
Tregs induce IDO expression by acquiring CTLA4 to suppress T cell activation.
(Adapted from Zou Nature Reviews Immunology 6, 295–307 April 2006)
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2.4.3 Immunotolerance in the liver
The liver is an organ that is continuously exposed to food and microbial antigens from
the intestine. As the primary metabolic organ, liver also produces neo-antigens. To accommodate
this potential immune activated environment, the liver has acquired unique mechanisms of
immune tolerance to avoid the over-activation of immune responses. The liver tolerance was first
described in 1969 by demonstrating that liver allografts were well accepted in immunologically
mature pig without immunosuppression [176]. Later studies showed that the rejection of kidney
or lung allografts could be prevented when they were transferred together with liver allografts
from the same donor [177]. In addition, chronic infection with hepatitis B or C despite the
presence of immune response is also considered to be related to the tolerogenic properties of the
liver. These observations suggest that the liver exhibits a distinctive form of immune tolerance
that might be mediated by specialized cells. Understanding these mechanisms will give us a
perspective on the development of liver-specific immunotherapy.
The normal liver contains a large amount of resident lymphocytes that are different from
those in the blood. NK cells make up 50% of all liver lymphocytes in both C57BL/6 mice and
humans [178]. The liver lymphocytes are also enriched in natural killer T cells and classical CD4
and CD8 T cells, where CD8 T cells are generally more abundant than CD4 T cells [179].
Though tolerance in the liver is presented, multiple subsets of antigen-presenting cells exist in
liver. Dendritic cells take up antigens in an immature stage and mature to a stage where they no
longer pick up antigens. When DCs are arrested at a “semi-mature” stage, they are able to present
antigen but they do not express co-stimulatory molecules that resulting in T cell tolerance. An
alternative mechanism is that unlike myeloid derived DCs, DCs arise from lymphoid precursors
may promote abortive T cell activation that leads to tolerance. It has been demonstrated that liver
resident DCs exhibit an immature phenotype that express low level of MHC II molecules and co-
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stimulatory molecules such as CD40, CD80 and CD86 [180-181]. In addition, liver DCs produce
IL-10 that stimulate a Th2 cytokine response and generate regulatory T cells [182-183].
Meanwhile, IL-10 enhances the expression of CCR5 but down-regulates CCR7 expression by
DCs thus preventing DCs traffic to lymph nodes [184]. Unique to the liver is that there are also
several “semiprofessional” antigen presenting cells reside in the liver, such as liver’s vascular
spaces (LSECs), kupffer cells and hepatic stellate cells. However, unlike DCs, these liver resident
cells are not optimized to induce an immune response. LSECs express MHC molecules and costimulatory molecules, but the LSEC primed CD8 T cells lack cytotoxic function [185]. In
addition, The LSECs primed CD4 T cells are Th0 like cells that they synthesize IFN-γ but also
IL-4 and IL-10 [186]. Kupffer cells, a group of specialized macrophages located in the liver, are
able to produce IL-10 that further act on LSECs to suppress their APC functions [187]. In vivo
depletion of kupffer cells impairs the generation of portal venous tolerance in response to portal
inoculation of alloantigenic leukocytes [188]. An ex vivo study showed that kupffer cells were
able to inhibit the antigen-specific T cell activation [189]. Hepatic stellate cells are shown to
produce TGF-β in response to inflammation that might contribute to the tolerance [190]. A study
on transgenic mice expressing a dominant-negative TGF-β receptor under the control of CD4
promoter resulting in primary biliary cirrhosis suggests that blockade TGFβ signaling in T helper
cells contribute to a loss of self-tolerance to liver autoantigens [191]. Moreover, hepatic stellate
cells

also

express

PD-L1

that

negatively

regulates

the

immune

response

[192].

CD4+CD25+Foxp3+ Tregs are also considered as the contributors to liver tolerance. The
frequency of CD4+CD25highTregs in chronic hepatitis B patients was significantly increased
compare to healthy donors, while in acute hepatitis B patients, Treg frequency was comparable to
that in healthy donors [193]. In patients with chronic hepatitis C, HCV can prime virus-specific
FoxP3+ Tregs expansion and suppression of HCV-specific CD8 T cells [194]. These results
suggest that the tolerogenic environment of liver impairs the efficient clearance of hepatitis B and
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hepatitis C virus. In addition, CD4 T cell proliferation in response to liver APCs can be
suppressed by Tregs [195]. In an experiment with diabetes mellitus model, co-transfer of donor
type CD4+CD25+ Tregs into hepatic parenchyma of recipient showed a benefit for allogeneic
pancreatic islets transplantation [196]. Regulatory T cells were also indentified as an important
source of IL-10. In a mouse model of concanavalin A (ConA) induced liver injury, the animals
developed long-term tolerance to ConA restimulation. In vivo depletion of CD4+CD25+ Tregs
from these ConA-tolerant mice prior to restimulation led to reduced tolerogenic effects [197].
Moreover, IL-10 produced by CD4+CD25+Foxp3+ Tregs from ConA-tolerant mice was
significantly higher than that of non-tolerant mice, indicating a higher immunosuppressive
potential [197]. Further, with respect to liver transplantation, in vivo depletion of Tregs induced
acute liver allograft rejection [198]. Taken together, these findings suggest that the liver has
acquired a range of mechanisms of inducing immunotolerance. The immune responses during the
course of viral infection and tumor progression in the liver require an organ-specific study.

2.4.4 Immunotherapy of cancer
Despite the many mechanisms by which tumors utilize to evade or subvert immune
response, multiple immunotherapeutic strategies can be employed to enhance the anti-tumor
response. These approaches can be categorized into three strategies: enhance the host’s own
immune response against tumors, use donor T cells from non-tumor syngeneic host and break the
tolerance environment around tumors.
Vaccination
For the purpose of enhancing the host’s own immune response against tumors,
vaccination and cytotoxic T cell targeting are the most commonly used strategies. Tumor cells are
often poor APCs lack of co-stimulatory molecules and cytokines which results in a nonresponsive
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state of T cells [199-200]. As addressed above, DCs as the most potent APCs are crucial for
priming tumor-specific T cells. Targeting DCs provides a potential approach for vaccine
development. Studies have shown promising results that anti-tumor immune response was elicited
by treating patients with idiotype (Id) protein-pulsed DC [34][201]. Besides DC-based vaccines,
many other vaccination approaches, such as DC fused tumor cells or gene-modified tumor cells,
are currently being evaluated in a variety of cancers in clinical trials [202-205]. A number of
studies have shown that vaccination in cancer patients is capable of inducing anti-tumor T cell
response. However, clinical benefits were limited as the vaccines were unable to prevent tumor
progression in patients.
Adoptive transfer
Adoptive immunotherapy normally refers to the transfer of lymphocytes with anti-tumor
activity into the tumor-bearing host to assist immune attack. Initially, the whole population of
lymphocytes was used for transfer therapy because the unavailable techniques for isolating
specific cell populations. With the advance of MHC tetramer development, these donor T cells
can now be specifically selected and enriched. Significant antitumor responses have been
observed with adoptive transfer of antigen-specific T cells into a variety of cancer patients and
animal tumor models [206-209]. Another major concern of the adoptive transfer therapy has been
the poor survival of the cells. IL-2, a necessary cytokine for T cell expansion, has been envisaged
to circumvent this issue. Regression of established tumors has been induced in melanoma patients
by administration of IL-2 along with in vitro activated antigen-specific lymphocytes [210].
However, one potential problem of this approach is the toxicity associated with high dose of IL-2
and activation-induced cell death. In line with these observations, a study in a mouse melanoma
model found that the anti-tumor effects of adoptively transferred CD8+ T cells are inversely
proportional to the length of time they were in culture [211]. On the other hand, by transferring
naïve Tag-specific T cells, a better proliferative capacity will be acquired in vivo which may lead
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to a better anti-tumor response [212][14]. A study by Gattinoni et al has shown that the in vivo
antitumor efficacy of adoptively transferred CD8+ T was impaired by in vitro fully activation
[212]. In contrast, a study conducted on SV11 mouse model demonstrated that donor cells
derived from Tag immunized mice were more effective in mediating tumor regression than naïve
donor cells, due to their early accumulation at the tumor site [213]. Taken together, though
immunotherapeutic approaches can mediate regression of early stage tumors, immunotherapy
alone shows limited success in well established tumors. The strong suppressive environment of
advanced tumors rapidly tolerize transferred T cells that render them ineffective against tumor
antigens [44]. To achieve both activate anti-tumor immune response and clinical benefits for
patients, combined therapy that includes immunotherapy and target-killing therapies need to be
considered. Targeted approaches are currently considered as the backbone of treatment for
cancers. They aim to inhibit molecular pathways that are vital for tumor growth and maintenance.
Recent studies showed that targeted therapies also modulate immune populations [44][214][41],
which envisage the possibility that these treatment strategies might be combined with
immunotherapy to improve clinical outcomes. In this study, we will address the potential
cancer-cure therapeutic strategy of combining chemotherapeutic agent sunitinib with
immunotherapy on HCC.

Break immunosuppression
Another evolving approach aiming to enhance anti-tumor immunity is to dampen tumorinduced immunosuppression. Blocking CTLA4, PD-1 and depletion of CD25+ T cells has been
evaluated in both cancer patients and tumor models [215][119]. Human CTLA4-specific antibody
has been used in melanoma and ovarian carcinoma patients for clinical trials [215-216]. Tumor
regression has been observed in some CTLA4-specific antibody treated melanoma patients.
Ipilimumab, a Food and Drug Administration (FDA) approved human monoclonal antibody
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works by activating the immune system via targeting CTLA-4, improves overall survival in
patients with metastatic melanoma for additional 4 months when used with gp100 peptide
vaccine, as compared with gp100 alone [217]. Denileukin diftitox (Ontak) is an engineered
protein combining IL-2 and diphtheria toxin that approved by FDA in 2008 for treatment of
CD25+ cutaneous T cell leukemia and lymphoma. It can bind to IL-2 receptors and introduce the
depletion of Treg in patients with cancer. Treatment of lung, ovarian and breast cancer patients
with denileukin diftitox significantly increase T cell numbers [218-219]. It was also reported that
using denileukin diftitox in renal cancer patients followed by DC vaccination led to reduced
Tregs which is correlated with improved stimulation of tumor-specific effector T cells. However,
the potential CD25+ effector T cells depletion caused by denileukin diftitox administration reveals
the need for further studies to optimize this treatment.

2.5 Tumor models of hepatocellular carcinoma

2.5.1 Orthotopic murine model of hepatocellular carcinoma
Besides line MTD2 mice described above that develop liver cancer under the liverspecific promoter with impaired effectors, a number of other animal models have also been
developed to illustrate the pathogens of HCC that have contributed to our current knowledge.
Chemically induced models are similar to the injury-fibrosis-malignancy cycle seen in humans
while Xenograft models facilitate drug screening. But Xenograft models are generally developed
in immune-deficient mice such as nude or severe combined immunodeficiency (SCID) mice
[220-222]. In a non-inflammatory diethylnitrosamine (DEN)-induced liver cancer mouse model,
Carlo and her colleagues demonstrated that distinct axes of the adaptive immune system actively
control the tumor formation and progression [223]. Genetically modified models allow the
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assessment of oncogenes as well as molecular features of HCC [220][224-226]. Nevertheless,
there were no animal models suitable for the systematic study of immune response to HCC as the
approaches discussed above fail to meet the requirements for both an orthotopic and a competent
immune system model.
To establish a model with intact primary and secondary lymphoid structures, we
developed an orthotopic murine model of HCC by seeding histologically normal transgenic
hepatocytes from MTD2 transgenic mice into the livers of syngeneic wild type C57BL/6 mice.
C57BL/6 mice were administered two different doses of Tag tumorigenic hepatocytes via four
distinct routes including intravenous (i.v), subcutaneous (s.c), intraperitoneal (i.p), and intrasplenic (ISPL) inoculation (Figure 2-10). As shown in Table 1, only mice receiving ISPL
inoculation with lower dose of Tag tumorigenic hepatocytes developed tumors in the liver with
100% penetrance. The mice from other various groups survived and did not have signs of tumor.
Similar results were also found in mice inoculated with cultured Tag tumorigenic hepatocytes
[44]. Further examination on CD8+ T-cell response against Tag epitope-I or -IV shown that Tagspecific IFN-γ-producing CD8+ T cells were absent from mice inoculated with 5 × 105
tumorigenic hepatocytes but were detected in mice received higher dose of hepatocytes. Similar
results were found for the expression of tumor necrosis factor alpha (TNF-α), perforin, and
granzyme B, whereas no IL-2-producing CD8+ T cells were detected in any mice (Supplementary
figure 1). These results indicate that ISPL inoculation of Tag tumorigenic hepatocytes at a low
dose (5 × 105 cells) failed to induce CD8 T cell-mediated immune response in immune competent
mice which allows tumor progression.

40

Figure 2-10 The procedure of intra-splenic inoculation (ISPL)

Figure 2-10 The procedure of intrasplenic inoculation (ISPL). C57BL/6 mice
under general anesthesia undergo a ½ cm flank incision. (A) After spleen
exposure and vascular pedicle dissection, two 10mm titanium clips are placed
between the upper and lower branch of the splenic vasculature. (B) Spleen is cut
between the two clips. (C) Hepatocytes are injected into the lower pole of the
spleen. (D) A third titanium clip is placed on the lower branch of the vascular
pedicle and the lower pole of the spleen is removed. Abdominal wall is sutured
with 4-0 Vicryl suture.
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Table 1 The number and mean life span of tumor-bearing mice after tumorigenic
hepatocytes inoculation.

From Diego et al. Hepatology 2012
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In our model, hepatocytes traffic to the liver and are incorporated as hepatocytes that
express Tag as a tissue antigen. Malignant transformation occurs gradually and is limited to the
subpopulation of transplanted hepatocytes rather than the whole liver parenchyma. Eventually,
these transplanted hepatocytes develop into tumor nodules in the liver (Figure 2-11).

Figure 2-11 Orthotopic murine model of HCC

Figure 2-11 Orthotopic murine model of HCC. Intrasplenic (ISPL) injection of
histologically-normal hepatocytes from young male MTD2 transgenic mice into
syngeneic recipient C57BL/6J mice results in the appearance of tumors in the
liver parenchyma which can be detected by MRI at 8-10 weeks post-inoculation.
Clinically, 90% of HCCs occur in the setting of fibrosis as chronic liver injury
predisposes the affected liver to oncogenic mutations. Chemokine signaling is implicated in the
pathogenesis of hepatic fibrosis. The C-C chemokine signaling receptors CCR1 and CCR5 are
both fibrogenic that CCR1 is derived from bone marrow cells while CCR5 is derived from
resident liver cells. CCR5 is implicated in the Treg recruitment and TGF-β-mediated killing
[227]. Compelling evidence has demonstrated the contribution of innate immunity to hepatic
fibrosis including NK cells, NKT cells, B cells, dendritic cells and mast cells [228-230]. These
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observations highlight the critical role of immune cell subsets in modulating fibrosis and liver
injury. In addition, a recent study demonstrated that fibrosis promotes HCC via a mechanism that
involves activation of liver stem cells [231]. To model tumor growth in a fibrotic environment
and better mimic the human HCC, carbon tetrachloride (CCl4) [220][232], a widely and
successfully applied hepatic fibrosis-inducing agent, was used to treat mice after ISPL inoculation
(Figure 2-12). On average, 2-3 tumor nodules arose spontaneously within the liver concomitant
with hepatic fibrosis. Thus, our present model uniquely approximates HCC tumor progression in
a microenvironment of liver fibrosis. In the meantime, MHC expression and effector T cell
response to tumor antigen remain in this model. This model recapitulates human HCC initiation
and progression histologically, biologically and immunologically. As such, we uncover the
animal model for the study of HCC tumor antigen presentation and provide an opportunity for
preclinical anticancer immunotherapy evaluation.

Figure 2-12 Diagram of the establishment of fibrotic HCC murine model

Figure 2-12 Diagram of the establishment of fibrotic HCC murine model.
Histologically-normal hepatocytes were isolated from young donor MTD2
transgenic mice and were injected into the spleen of syngeneic recipient
C57BL/6J mice via intrasplenic (ISPL) inoculation at 5×105 cells per mouse. At
the beginning of week 4 post-inoculation, the recipient mice without detectable
tumors were treated with vehicle corn oil, or with a 10% CCl4 solution at a dose
of 8.0 ml/kg body weight twice a week for 3 or 6 weeks.
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2.6 Chemotherapeutic agent sunitinib
Sunitinib, previously known as SU11248 or sutent, is an oral small-molecule, multitargeted receptor tyrosine kinase (RTK) inhibitor that was approved by the FDA for the treatment
of renal cell carcinoma (RCC) and gastrointestinal stromal tumor (GIST) on 2006. It was the first
cancer drug simultaneously approved for two different indications. In 2011, sunitinib was
approved for the treatment of rare type of pancreatic cancer by FDA. Sunitinib works by blocking
platelet-derived growth factor (PDGF-Rs) and vascular endothelial growth factor receptors
(VEGFRs), both of which are expressed by many types of solid tumors and are crucial for
tumor angiogenesis and proliferation [233-234]. The simultaneous inhibition of these targets
leads to reduced tumor vascularization and cancer cell death. Other targets that are important for
tumor growth including KIT (CD117), Fms-related tyrosine kinase 3 (FLT3) and Rearranged
during Transfection (RET) are also regulated by sunitinib.
Besides the treatment of RCC and GIST, sunitinib is also being studied on treatment
of meningioma [235], non-small cell lung Cancer [236], breast cancer [237-238] and
hepatocellular carcinoma [239]. In 2010, Pfizer discontinued the Phase III open-study of sunitinib
in advanced hepatocellular carcinoma due to the fact that sunitinib “did not meet the criteria to
demonstrate that it was either superior or non-inferior to sorafenib in the survival of patients with
advanced HCC”. Though the clinical response for the treatment of sunitinib was unfavorable in
HCC, potential immune-activation effects induced by sunitinib have been found in various solid
tumors [41][240-241]. In addition to its anti-angiogenic effects that have been extensively studied
in both clinical and animal models, sunitinib also acts as a potent immune modulator which
makes it a suitable adjuvant to immunotherapy. In contrast, another similar RTK sorafenib, is
demonstrated to be an immunosuppressive agent that down-regulates the immune system
[39][40]. To date, neither the immune-regulation nor the therapeutic efficacy of sunitinib
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combined with immunotherapy on HCC has been studied by others. We are uniquely positioned
to investigate the immune-regulating effect of sunitinib in combined with the therapeutic efficacy
in HCC for future application in clinical scenario.

Figure 2-13 The chemical structure of sunitinib

Figure 2-13 Sunitinib malate is described chemically as Butanedioic acid,
hydroxy-, (2S)-, compound with N-[2-(diethylamino)ethyl]-5-[(Z)-(5-fluoro- 1,2dihydro-2-oxo-3H-indol-3-ylidine)methyl]-2,4-dimethyl-1H-pyrrole-3carboxamide (1:1). The molecular formula is C22H27FN4O2 • C4H6O5 and the
molecular weight is 532.6 Daltons. (Figure modified from Michael et al, 2006
(14))
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Chapter 3
Material and Methods

Cells
Human HCC cell lines Sk Hep1 and Hep G2 were obtained from American Type
Culture Collection (Manassas, VA, USA) and maintained in our laboratory. These two cell lines
were grown at 37°C, and 5% CO2 in a humidified atmosphere in MEM supplemented with 10%
FBS,100 μg/ml streptomycin, and 100 IU/ml penicillin. The B6/WT-19 cell line was derived by
the transformation of primary C57BL/6 mouse embryonic fibroblasts with the wild-type SV40
strain VA45-54 that expresses full length Tag [242].

Mice
Male C57BL/6 (H-2b) mice (4–6week old) were purchased from The Jackson
Laboratory (Bar Harbor, ME), maintained in isolator cubicles at the animal facility of the Milton
S. Hershey Medical Center (Hershey, PA) and routinely used between the ages of 7 and 12 week.
Male MTD2 mice that express full-length SV40 Tag as a transgene from the major urinary protein
(MUP) promoter have been previously described [243]. The MTD2 mice were bred and
maintained at the animal research facility of Milton S. Hershey Medical Center and served as the
source of tumorigenic hepatocytes. Male B6.SJL 45.1+ mice were obtained from Taconic Farms.
Line 416 (TCR-I) mice which express a TCR α and β chain pair specific for Tag epitope I/Db
were bred and screened by identifying the presence of the transgene using PCR analysis as
previously described [122] and served as the source of TCR-I T cells. All animal studies were
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performed in accordance with guidelines established by the Pennsylvania State University College
of Medicine Animal Care and Use Committee under an approved protocol.

Reagents, peptides and antibodies
Sunitinib (SU11248) was purchased from Pfizer Global Pharmaceuticals, and prepared
as a 20 mM stock solution in DMSO (Sigma) for in vitro studies. For in vivo studies, Sunitinib
was suspended in a viscous liquid solution (Vehicle; 0.5% Polysorbate 80, 10% polyethylene
glycol 300 and 19.2%(V/V) 0.1N hydrocloric acid) at a concentration of 1% (w/v). Sunitinib was
administrated at 40mg/kg per animal [40]. Peptides were synthesized at the Macromolecular Core
Facility of Penn state college of medicine by Fmoc chemistry using an automated peptide
synthesizer (9050 MilliGen PepSynthesizer, Millipore), and solubilized in DMSO and diluted to
the appropriate concentration with RPMI 1640 medium. Peptides used in these experiments
correspond to the SV40 T-Ag epitope I (SAINNYAQKL), SV40 T-ag epitope IV/411L
(VVYDFLKL) and influenza virus (Flu) nucleoprotein (NP) 366–374 (ASNENMETM). CCl4 and
corn oil were purchased from Sigma. Anti-TGFβ1 was purchased from R&D system, antipSmad2, anti-β-actin, anti-mouse IgG HRP-linked antibody, and anti-rabbit IgG HRP-linked
antibody were purchased from Cell Signaling.

Proliferation assay
Cells were seeded into 96-well plates (5,000 cells per well) in complete medium with
10% FBS and allowed to attach overnight. Vehicle (DMSO) or sunitinib was added at the
indicated concentrations the following day. After 24 or 48 hours of treatment, cell proliferation
assays were performed using CellTiter 96 Aqueous One Solution Cell Proliferation Assay Kit
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(Promega) according to the manufacturer’s instructions. Absorbance was measured at 490 nm
using SpectraMax Plus384 from Molecular Devices. Experiments were performed in triplicate with
at least three independent experiments performed.

Apoptosis assay
Cells were seeded into 96-well opaque plates (2×104 cells per well) in complete
medium with 10% FBS and allowed to attach overnight. Vehicle (DMSO) or sunitinib was added
at different concentrations the following day. After 24 hours of treatment, cell apoptosis assays
were performed using the Apo-one Homogeneous Caspase-3/7 Assay kit (Promega) according to
the manufacturer’s instructions. Absorbance was measured at 499 nm using SpectraMax Plus 384
from Molecular Devices. Experiments were performed in triplicate and repeated at a minimum of
three times.

Colony formation assay
To determine the effect of sunitinib on the colony formation by human HCC cell, cells
were seeded into 6-well plates at a concentration of 200 cells/well in complete medium with 10%
FBS and treated with the indicated concentrations of sunitinib or vehicle control. Two weeks
later, cells were rinsed with PBS and stained with 0.05% crystal violet (w/v in methanol), dried,
and used for photography and colony counting.
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Western blot analysis
The preparation of tissue extracts and western blot was performed as previously
described [44]. Briefly, tissues were harvested and diced into small pieces. RIPA buffer (Thermo
Fisher Scientific, Inc.) supplemented with protease inhibitors (Thermo Fisher Scientific, Inc.)
were added followed by vortex mixing. Samples were sonicated on ice and centrifuged at
14,000xg for 15 minutes to remove insoluble material. Samples were separated by SDS-PAGE
and electro transferred onto polyvinylidene difluoride membranes (Millipore). After blocking,
blots were incubated overnight at 4 °C with the primary antibodies. Followed by three times
washing in 0.05% Tween-20 in Tris-buffered saline, primary antibodies were detected with the
appropriate horseradish peroxidase-labeled secondary antibodies for 2 h at room temperature.
Signal was visualized using the Western Lightning Chemiluminescent reagent (Perkin-Elmer),
and image was taken using a LAS-300 image system from Fujifilm.

Polymerase chain reaction (PCR)
DNA was extracted from lymph nodes using Wizard SV Genomic DNA Purification
System (Promega). Positive control DNA was obtained from lymph nodes of Tag transgenic
MTD2 mice. The reaction cycling conditions for PCR were 94°C for 30 sec, 59°C for 30 sec, and
72°C for 1 min. Sequences of primers for Tag are: 5’-gctcatcaacctgactttggaggct-3’ and 5’gtagcctcatcatcactagatggca-3’ ; for control P53 are: 5’-acagcgtggtggtaccttat-3’ and 5’tatactgagagccggcct-3’.
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Generation of murine model of hepatocellular carcinoma
Hepatocytes were isolated by a two-step collagenase IV (Sigma-Aldrich. St Louis.
MO) perfusion of liver fragments and were further subjected to serial centrifugations as described
previously [244]. Before inoculation, hepatocytes were counted and cell viability was assessed by
trypan blue exclusion staining. Normal male C57BL/6J mice were inoculated with 0.5x106
hepatocytes by intrasplenic injection after receiving anesthesia induced by injection of a mixture
of xylazine (0.2 mg/mouse) and ketamine (3 mg/mouse). The spleen was exposed and a vascular
pedicle dissection was performed. Two 10mm titanium clips were placed between the upper and
lower branch of the splenic vasculature. The spleen was cut between the two clips. Tumorigenic
hepatocytes were injected into the lower pole of the spleen. A third titanium clip was placed on
the lower branch of the vascular pedicle and the lower pole of the spleen was removed. The
abdominal wall was sutured with 4-0 vicryl sutures and the animals monitored until fully
recovered. To generate liver fibrosis in the recipient C57BL/6J mice, ten milliliters of 10% CCl 4
(v/v) solution in corn oil per kilogram body weight were I.P. injected into C57BL/6J mice twice a
week from the beginning of week 4 post ISPL inoculation for 4 weeks (8 injections). Tumor
detection in mice was conducted with Magnetic Resonance Imaging (MRI), and started as early
as 1 week post CCl4 treatment.

Immunization
Immunization was performed by I.P. injection of 3×107 B6/WT-19 cells in 200µl Hank's
Buffered Salt Solution (HBSS).
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Tumor histology
Liver biopsies were fixed with 10% formalin and embedded in paraffin. Tissue
sections were used to visualize general tissue morphology by haematoxylin–eosin (H&E)
staining, and collagen was visualized by Masson’s trichrome and Sirius red staining according to
standard procedures. Some sections were used to perform IHC for a-SMA detection as previously
described previously [245].

In vivo proliferation assay (CFSE)
RBC-depleted lymphocytes derived from spleens and LNs of TCR-I transgenic mice 416
were re-suspended at 1×107 cells/ml in PBS with 0.1% bovine serum albumin (BSA) and labeled
with 5 μM carboxyfluorescein succinimidyl ester (CFSE) (Molecular Probes) for 10 minutes at
37°C. Cells were washed three times with complete culture medium (RPMI), then re-suspended
in Hank’s balanced salt solution (HBSS) and i.v.injected into mice at a dose of 1×107 TCR-I cells
per mouse in 0.2 ml. After 7 days, the dilution of CFSE in TCR-I cells was determined by Tag-I
tetramer and fluorescent conjugated anti-CD8 antibody staining.

Lymphocyte isolation and flow cytometric analysis
Lymphocyte populations were isolated from spleens and lymph nodes after mechanical
disruption and RBC depletion as previously described [44]. To isolate lymphocytes from liver
tissue or tumor tissue, a liver perfusion was performed with 25 ml PBS and 25 ml collagenase
(Sigma) at 1 mg/ml via portal vein. Liver fragments were then pressed through 70 μm cell
strainer (BD Falcon) and re-suspended in RPMI 1640 with 10% FBS. Harvest supernatant
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by centrifugation at 100g for 1 min and then re-suspended in 3 ml of RPMI overlayed with 5 ml
of 15% Histodenz solution (sigma). The gradient was spun for 25 min at 800 x g and
mononuclear cells were harvested at the interface followed by two times wash with RPMI
supplemented with 10% FBS.
Ex vivo staining of lymphocytes with primary Abs were performed on single-cell
suspensions as previously described [44]. For intracellular IFN-γ and TNF-α staining, one million
splenocytes isolated from immunized mice were stimulated ex vivo with 1μM of the indicated
synthetic peptide. Cultures were incubated at 37°C, 5% CO2 for 5 hours, with 1μg/ml brefeldin A
(eBioscience) added into each culture after 1 hour. Cells were then surface and intracellular
stained using Fixation & Permeabilization Buffer Set (eBioscience) according to the
manufacturer’s instructions. Intracellular Foxp3 staining was performed with Foxp3 Staining
Buffer Set (eBioscience) as previously described [44]. Fluorescent-labeled antibodies were
purchased from eBioscience. Stained cells were analyzed using a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA). Data were analyzed using FlowJo software (Tree Star, Ashland,
OR). Unlabeled rat anti-mouse CD16/CD3 (clone 93) and fluorescent conjugated antibodies
against CD3 (clone 17A2), CD8a (clone 53-6.7), CD4 (clone GK1.5), CD25 (clone PC61.5),
CD11b (clone M1/70), Gr-1 (clone RB6-8C5), FoxP3 (clone FJK-16s), CD45.1 (clone A20),
CD62L (clone MEL-14), CD44 (clone IM7), TNF-α (clone TN3-19) and IFN-γ (clone XMG1.2)
were purchased from ebioscience.

Lymphocytes enrichment and culture
TCR-I cells were enriched from spleen of TCR-I mice by MACS sorting using CD8+
microbeads (Miltenyi Biotech, Auburn, CA) per the manufacturer’s instructions. T cells
subpopulation were isolated from spleen of C57BL/6J mice, tumor-bearing mice and sunitinib
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treated tumor-bearing mice. CD4+CD25- T cells, CD4+CD25+ Treg and CD8+ T cells were
enriched by using the corresponding isolation kit from Miltenyi Biotech according to the
manufacturer’s instructions. Bone marrow-derived dendritic cells were generated from the femurs
and tibias of C57BL/6 mice and red blood corpuscles were lysed with RBC lysis buffer
(ebioscience). Bone marrow cells were then plated at 3x106 cells/well in a 100 mm petri dish in
DMEM medium (cellgro) supplemented with 10% FBS, HEPES, non-essential amino acid
(Sigma), sodium pyruvate (Sigma) and cultured for 7 days in the presence of

20ng/ml

granulocyte-macrophage colony-stimulating factor (Sigma). Every 2 days, the culture medium
was removed followed by the addition of fresh medium with 20ng/ml granulocyte-macrophage
colony-stimulating factor.

In-vitro Treg depletion and proliferation assays
Splenocytes isolated from normal mice and tumor-bearing mice were labeled with
antibodies and microbeads then separated through magnetic column selection per manufacturer’s
instructions (Miltenyi Biotech). The RBC-lysed whole splenocytes were used as “before Treg
depletion” population. The CD4- T cells combined with CD4+CD25- T cells were used as the
“after Treg depletion” population. 1x105 cells of each population were seeded on anti-CD3coated flat bottom 96 wells plate. Proliferation assays were performed using CellTiter 96
Aqueous One Solution Cell Proliferation Assay Kit (Promega) according to the manufacturer’s
instructions. Absorbance was measured at 490 nm using SpectraMax Plus384 from Molecular
Devices. Experiments were performed in triplicate with at least three independent experiments
performed.
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In-vitro suppression assays
CD4+CD25- T cells, CD8+ T cells and TCR-I cells were isolated as described above
and labeled with 1 μM carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen) according to
the manufacturer’s instructions. CD4+CD25+ Treg isolated from different mice were cultured with
CD4+CD25- T cells, CD8+ T cells and TCR-I cells at different ratios.
For CD4+CD25- T cells and CD8+ T cells proliferation assays, freshly isolated cells
were cultured in the presence of 0.5 μg/ml anti-CD3 and 2 μg/ml anti-CD28 in 96-well roundbottom plates at 37°C in complete RPMI. For TCR-I cells proliferation assay, 5x104 freshly
isolated cells were cultured in 96-well round-bottom plates with peptide-I (1 μM) pulsed BMDC
(TCR-I : BMDC at 10:1 ratio) for 72 h at 37°C in complete RPMI. Tregs were added into some
culture wells as the inhibitors at 1:1 or 5:1 ratio (responder cells : Tregs). The dilution of CFSE
was determined by flow cytometry.
For cytokine production, supernatants were taken at 72 h, and the production of IFN-γ,
TGF-β and IL-10 was measured using ELISA kit according to the manufacture’s instruction
(R&D systems).

In-vivo cytotoxicity assay
Splenocytes from sex-matched B6.SJL (CD45.1+) mice were incubated with 1 μM
peptide flu, peptide I or peptide IV for 1 hour at 37°C in complete RPMI medium. Cells were
then washed and re-suspended in PBS containing 0.1% BSA. Peptide pulsed targets were
differentially labeled with the following concentrations of CFSE (Invitrogen) for 10 min at 37°C:
Flu NP pulsed (0.25 μM), site I-pulsed (0.5 μM) and site IV-pulsed (5 μM) as previously
described [246]. Cells were then washed twice and re-suspended in PBS. Each mouse received
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1×106 cells of each target group by intravenously injection followed by immunization with
B6/WT-19 cells. The percentage of targets elimination was assessed at 16 hours post
immunization by gating on CD45.1+ cells. Percent in vivo cytotoxicity was determined using the
following formula: [ratio of CFSEhi(site IV) or CFSEmed(site I) cells to CFSElowcells in control
unimmunized mice – ratio of CFSEhi(site IV) or CFSEmed(site I) cells to CFSElowcells in
experimental mice]/[ratio of CFSEhi(site IV) or CFSEmed(site I) cells to CFSElowcells in control
unimmunized [246].

Sunitinib administration and adoptive transfers
Mice were orally administrated 200 µl of Sunitinib solution every other day at 40
mg/kg for two weeks without anesthesia. Adoptive transfers was performed by i.v. injection (tail
vein) of 5x106 clonotypic TCR-I cells derived from spleens and LNs of mice line 416 in a volume
of 200 µl HBSS. Seven days later, immunizations were performed by i.p. injection of 3x 107
B6/WT-19 cells, and 7 days later the splenocytes were isolated for each experiment.

Tumor size detection
Under general inhaled anesthesia with isofluorane and utilizing a Tesla 7.0 magnet, 1mm
thick image slices were taken across the thorax and abdomen of C57BL/6 mice for tumor
detection and size calculation. Tumor survey started as early as two weeks after the hemi-splenic
inoculation with tumorigenic hepatocytes. In brief, a lateral tail intravenous injection of a MR
contrast agent (Magnevist) was used to enhance the tumor boundary inside the liver tissue prior to
MRI. Total scan time was 12 minutes on average for thirty 1mm-thick slices. To measure the
tumor size, we use the "Region-of-Interest Tool" found on the Paravision4.0 software (Bruker
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Biospin, Ettlingen, Germany) to first trace the tumor boundary and then measure the tumor
diameter.

Lifespan analysis
Mice were monitored for the development of ascites, impairment of gait and breathing
as well as abdominal mass indicating the end-stage liver tumors. Mice were sacrificed when they
exhibited symptoms of distress or their abdominal masses grow larger than 2.0 cm in diameter.
Survival curves were constructed by the Kaplan-Meier method using GraphPad Prism software
(GraphPad Software Inc).

Statistical analysis
Significance between different groups was determined using student’s T test with a P
value <0.05 considered significant.
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Chapter 4
Tumor-induced Immune Tolerance of Antigen-specific CD8 T cell in HCC

Collaboration statement: The experiment in Figure 4-3 was performed and analyzed by
Dr. Timothy Cooper. The experiment in Figure 4-4 and Figure 4-9 was performed and analyzed
by Dr. Guangfu Li.

4.1 Introduction
The ability of immunotherapy to elicit nontoxic, systemic, long-term anti-tumor activity
makes it a particular well-suited approach for the treatment of HCC. A number of tumorassociated antigens for HCC have been identified. In addition, tumor lymphocyte infiltration was
correlated with longer survival and lower recurrence in HCC patients [247]. Harnessing immunity
provides a potential therapeutic strategy for HCC. However, the aggressive nature of HCC
coupled with the difficulty in early diagnosis hinder the study of immune regulation in liver
cancer. Further, the lack of a suitable animal model limits our understanding of the immune
dynamics during the course of HCC.
The inherently tolerogenic character of the liver requires an organ-specific study of the
immune microenvironment in HCC. In this regard, laboratory mice remain as the best candidate
for their similarities to human anatomy, physiology and genetics with the fact that they have all
necessary immune components for “proof of principle” [248]. Ideally, this model should
recapitulate human HCC with a spontaneously developed tumor arising from fibrotic liver
parenchyma in an immune competent host. Due to the limitations in model design and technology
development, none of the current murine models meet these criteria. We have previously
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established an orthotopic murine model of HCC by seeding tumorigenic hepatocytes from SV40
T antigen (Tag) transgenic MTD2 mice into the livers of syngeneic C57BL/6J mice [44].
However, liver fibrosis or cirrhosis presents in 90% of HCC patients. Ample evidence has
demonstrated the contribution of immune cells to hepatic fibrosis [228-230]. The lack of liver
fibrosis or cirrhosis in that model might limit its potential value in HCC investigation. In this
chapter, we report a novel murine model which mimics initiation and progression as well as
clinical features of human HCC.
Recent studies have highlighted the contribution of the immune system in modulating
cancer development. An evolving field of research focuses on the functioning of different
immune-cell populations in the tumor microenvironment. The cytotoxic T-lymphocyte has been
identified as the most powerful and effective anti-tumor effector while myeloid-derived
suppressive cells (MDSC) may down-regulate the immune response by inducing regulatory T
cells (Tregs) and inhibiting tumor-specific T-cell activation. Studies have demonstrated that Tregs
are increased in the blood of HCC patients [249] and the increased intra-tumoral Tregs are
associated with poor prognosis in HCC patients [250]. Meanwhile, more than 96% of tumorinfiltrating lymphocytes (TILs) in HCC have been proved to be quiescent [251], suggesting the
incapacity of TILs in HCC. While these mechanisms are postulated in many different cancers,
their roles in regulating HCC progression and drug-resistance are unknown. Investigating the
complex immune interactions in the development of HCC will lead to potential
immunotherapeutic strategies for this deadly disease.
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4.2 Results

4.2.1 Establishment of a novel murine model that recapitulates human HCC
To model spontaneous tumor growth in an immunocompetent host with hepatic fibrosis,
we utilized carbon tetrachloride (CCl4) to induce liver injury. We have previously demonstrated
that intrasplenic (ISPL) injection of histologically-normal hepatocytes from young male MTD2
transgenic mice into syngeneic recipient C57BL/6J mice results in the appearance of tumors in
the liver parenchyma within 7 weeks. In the current study, liver injury was induced by repeated
administration of 10% CCl4 solution at a dose of 8.0 ml/kg body weight twice a week for 3 or 6
weeks, beginning four weeks post ISPL inoculation (Figure 4-1). An additional cohort only
received corn oil vehicle for control. Macroscopic examination showed hepatic tumor masses in
the mice from all three cohorts while typical features of liver fibrosis including yellow
discoloration and white coarse parenchymal nodules were only detected in CCl 4-treated mice. In
addition, the extent of hepatic discoloration and peritoneal adhesion between intestine and
parietal peritoneum was greater in animals treated with CCl4 for 6 weeks than that of the cohort
receiving 3 weeks of CCl4 treatment (Figure 4-2). These changes were not observed in tumorbearing mice treated with corn oil vehicle. Furthermore, at the time of sacrifice, some of the CCl4
treated-mice were found to have ascites which was absent in vehicle treated control mice (data
not shown).
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Figure 4-1 Diagram for the development of fibrotic HCC murine model

Figure 4-1 Diagram for the development of fibrotic HCC murine model.
Histologically-normal hepatocytes were isolated from young MTD2 transgenic
mice (donor) expressing oncogenic SV40 Tag and injected into the spleen of
syngeneic C57BL/6J mice (recipient) via intra-splenic (ISPL) inoculation at
5×105 cells per mouse. At the beginning of week 4, the recipient mice without
detectable tumors were treated with vehicle corn oil, or with a 10% CCl 4 solution
at 8.0 ml/kg body weight twice a week for 3 or 6 weeks.

Figure 4-2 Novel murine model with typical characteristics of human HCC

Figure 4-2 Novel murine HCC model with typical features of human HCC.
Gross images of liver tumors in recipient mice with or without CCl4 treatment
were shown. Liver injury was induced by repeated administration of 10% CCl4
solution. Yellow discoloration, white coarse parenchymal nodules on the capsular
surface of liver were shown in CCl4 treated mice but not vehicle treated control
mice. The extent of hepatic discoloration and peritoneal adhesion between
intestine and parietal peritoneum was greater in mice treated with CCl4 for 6
weeks compared to the cohort receiving 3 weeks of CCl4 treatment.
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To further evaluate histopathologic changes and hepatic fibrosis after CCl 4 treatment,
histological examination was performed. Hematoxylin and eosin (H&E) staining of liver tissue
from mice treated with vehicle presented normal architecture (Figure 4-3). Liver tissue from mice
with 6 weeks of CCl4 treatment showed a markedly distorted hepatic architectural pattern,
regenerative nodules, with bridging portal fibrous septa, and significant portal ductal proliferation
(Figure 4-3). In addition, we found that approximately 5-10% of the liver was infiltrated with
multiple random discrete mixed inflammatory cells consisting of variable proportions of
macrophages and occasionally degenerate neutrophils with few lymphocytes and rare plasma
cells. Within the hepatic lobule, these infiltrates are often mixed with low numbers of degenerate
or necrotic hepatocytes (data not shown). To further assess the extent of fibrosis after CCl 4
treatment, Picric acid–Sirius red staining was performed. The results demonstrated that CCl4treated mice developed wavy fibril collagen, either as single or fused bundles, forming networks
surrounding and bridging the hepatic portal triads. In contrast, mice receiving vehicle did not
develop these pathologic changes (Figure 4-3), these results were confirmed by Masson’s
Trichrome staining (Figure 4-3). Immunohistochemistry assay for detecting α-SMA expression,
one of the main fibrosis markers, indicate that the expression of α-SMA was markedly increased
in liver samples from tumor-bearing mice treated with CCl4 when compared to those treated with
vehicle only (Figure 4-3). Macroscopic and IHC evaluation of spleens, lungs and kidneys did not
reveal the presence of tumor (data not shown), indicating that tumor seeding and progression is
liver-specific. Collectively, CCl4 treatment reliably induces hepatic fibrosis (100%) in mice
without affecting the growth of hepatic tumors and their survival (Table 2).
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Figure 4-3 Liver fibrosis was induced by CCl4 treatment

Figure 4-3 Liver fibrosis was induced by CCl4 treatment. Histological
examination of liver with the indicated staining. Hematoxylin and eosin (×100
H&E) staining (upper panel) shows normal lobular architecture in control vehicletreated mice, in contrast to a markedly distorted hepatic architectural pattern in
the CCl4-treated mice. Regenerative nodules were present (asterisks) in CCl4treated livers, with bridging portal fibrous septa (arrows). Increased portal ductal
proliferation (arrowheads) was also presented. Picric acid–Sirius red staining
(Upper-middle panel) highlighted the collagen network (red line) surrounding and
bridging the portal triads in livers from the CCl4-treated mice, as compared to
control vehicle-treated mice. Masson’s trichrome staining (Lower-middle panel)
further confirmed the collagen network (blue line) surrounds the portal triads in
liver sample from the CCl4-treated mice. Detection of α-SMA expression
indicates the markedly increased expression of α-SMA (brown color) in liver
sample from the CCl4-treated mice compared to that in control vehicle-treated
mice.
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Table 2 Tumor growth, survival and liver fibrosis in the indicated groups of mice
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Alpha-Fetoprotein (AFP), generally over-expressed in majority of HCC patients, has
been used as a diagnostic biomarker for HCC and represents a potential immune target for
immunotherapy [252-253]. Western-blot analysis showed the expression of AFP was increased in
the liver tissue from fibrotic tumor-bearing mice compared to that from normal C57BL/6 mice
(Supplementary figure 2), further confirming the similarities of our model to human HCC.
To investigate the effect of CCl4 treatment on tumor initiation and progression, a series of
12 week MRI scans were used to detect the kinetics of tumor growth from the beginning of week
3 post ISPL inoculations (Figure 4-4 a). The results pooled from 3 cohorts indicated that no
significant difference in tumor size was found within 8 weeks post-inoculation. However, tumors
grew significantly faster in CCl4-treatment cohorts at later time points (Figure 4-4 b). In addition,
mice that received 6 weeks of CCl4 treatment exhibited a significantly accelerated tumor growth
when compared to the mice that received 3 weeks of treatment (Figure 4-4 b). No significant
differences were observed in total body weight among the three cohorts (Figure 4-4 c).
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Figure 4-4 CCl4 treatment accelerates tumor growth

Figure 4-4 CCl4 treatment accelerates tumor growth. Tumor sizes were
detected by MRI scans every week from the beginning of week 3 post ISPL
inoculations. Mice from different cohorts were weighed twice a week. Average
tumor volume and body weights versus time for C57BL/6 mice receiving ISPL
inoculation was shown (n=5, error bars represent mean +/- S.D).
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4.2.2 Immune responses of CD8 T cells can be elicited in early stage but not advanced stage
tumor-bearing mice
To define the dynamics and characteristics of anti-tumor CD8 T cells during HCC
progression, we evaluated the response of endogenous Tag-specific CD8 T cells to Tag-specific
immunization. We first examined in vivo proliferation of endogenous CD8 T cells in response to
Tag immunization in tumor-bearing mice. Mice with no tumors, early-stage tumors (tumor
volume<120 mm3) or advanced-stage tumors (tumor volume>120 mm3) were divided into two
treatment groups that received either intraperitoneal immunization with Tag-transformed B6/WT19 cells or no immunization (Figure 4-5 a). MHC tetramer staining was used for detection of
tumor antigen-specific CD8 T-cell accumulation regardless of T-cell function. Immunization of
mice bearing early-stage tumors resulted in accumulation of epitope I and epitope IV-specific
CD8 T cells in the spleens at levels similar to that obtained in tumor-free mice (Figure 4-5 b and
4-5 c). These accumulated cells were capable of producing IFN-γ and TNF-α, two important antitumor cytokines, following a short time of in vitro incubation with specific peptide (Figure 4-5 d
and 4-5 e). In contrast, limited tumor antigen-specific cells accumulated in the spleens of mice
bearing advanced-stage tumors (Figure 4-5 b and 4-5 c). More importantly, both peptide I- and
peptide IV-specific stimulation failed to induce IFN-γ or TNF-α production by CD8 T cells in
mice bearing advanced tumors, suggesting the immune tolerance of endogenous effectors at late
stage of tumor development but not at early stage (Figure 4-5 d and 4-5 e).
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Figure 4-5 Immune responses of endogenous CD8 T cells in tumor-bearing mice

Figure 4-5 Immune responses of endogenous CD8 T cells in tumor-bearing
mice. The progression of tumors was monitored by MRI. Tumor-bearing mice at early
and advanced stage received intraperitoneal immunization with 3×107 B6/WT-19 cells
respectively. Normal mice were used for control. 9 days post-immunization, splenocytes
were stained before or after peptide stimulation. Accumulation and activation were
detected by flow cytometry. (a) Representative gross image of liver tumors in tumorbearing mice at early and advanced stages. Red arrow shows the tumors and tumor sizes
are indicated. Upper: liver tumor masses in mice without B6/WT-19 immunization;
lower: liver tumor masses in mice with B6/WT-19 cell immunization. From left to right:
wild type C57BL/6J mice; tumor-bearing mice at early stage (tumor size<120 mm3);
tumor-bearing mice at advanced stage (tumor size>120 mm3). (b) The frequency of Tag
epitope I-specific or epitope IV-specific (c) CD8 T cells in tumor-bearing mice at early or
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advanced stage were measured through staining with MHC Db/I tetramer and anti-CD8
antibody. (d) The frequency of Tag peptide I-specific CD8 T cell producing both IFN-γ
and TNF-α. Upper panel: mice without B6/WT-19 immunization. Lower panel: mice
with B6/WT-19 immunization. (e) The frequency of Tag peptide IV-specific CD8 T cell
producing both IFN-γ and TNF-α. Upper panel: mice without B6/WT-19 immunization.
Lower panel: mice with B6/WT-19 immunization.

4.2.3 Tolerization of naïve TCR-I T cells in advanced stage tumor-bearing mice
With the observation of tolerized endogenous CD8 T cells in mice bearing advanced
tumors, we further investigated how tumor environment affects the activation and proliferation of
exogenous antigen-specific T cells. Naïve TCR-I cells, which are Tag peptide I-specific and
MHC class I-restricted (H2-Db) CD8 T cells [122], were isolated from the spleen of TCR-I
transgenic 416 mice and transferred into C57BL/6 tumor-free or tumor-bearing mice. Half of
mice in each group received immunization one day after adoptive transfer (Figure 4-6). The
proliferation of TCR-I cells was evaluated by analyzing CFSE dilution. In the groups without
immunization, a small fraction of transferred TCR-I cells (~15.8% CSFE+ TCR-I T cells) showed
a dilution in fluorescent intensity, indicating the proliferation of T cells in early stage tumorbearing mice. In contrast, no significant proliferation was observed among T cells recovered from
mice bearing advanced-stage tumors (Figure 4-7 b) or tumor-free mice (Figure 4-7 a).
Immunization at one day post-T cell transfer led to strong proliferation of T cells in both tumorfree mice (88.3% and 92.7% CSFE+ TCR-I T cells) and early-stage tumor-bearing mice (~72.5%
CSFE+ TCR-I T cells), but did not induce further proliferation of T cells in mice with advancedstage tumors (Figure 4-7 b). These results suggest that the presence of large HCC rapidly tolerizes
tumor-specific CD8 T cells and blocks their response to immunization while T cells remain
sensitive to immunization in the presence of small tumors.

69

Figure 4-6 Scheme of immunization and adoptive transfer
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Figure 4-7 In vivo proliferation of TCR I T cells in tumor-bearing mice at
early stage and advanced stage
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Figure 4-7 In vivo proliferation of TCR I T cells in tumor-bearing mice at early
stage and advanced stage. The tumor-bearing mice at early (a) and advanced (b) stage
received adoptive transfer of 1×106 naïve CSFE-labeled TCR-I T cells and immunized
with 3×107 B6/WT-19 cells one day after adoptive transfer. Six days after immunization,
the lymphocytes were isolated from spleen, and stained with anti-CD8 antibody. The
number of CSFE+CD8 T cells was detected by flow cytometry. The percentage of
CSFE+CD8 T cells is indicated. Normal C57BL/6J mice were used for control.

We further evaluated the phenotype of those transferred TCR-I cells to determine
whether they were sensitized to the endogenous tumor antigen. Consistent with what we observed
in the expansion of transferred cells, TCR-I T cells transferred into mice in the absence of
immunization had low levels of CD44 expression, an activation marker for T cells, regardless of
tumor size (Figure 4-8 a). Following immunization, CD44 expression on TCR-I cells in tumorfree mice and mice bearing early-stage tumors was significantly increased, while it remains
unchanged on T cells recovered from mice with advanced-stage tumors (Figure 4-8 a). Consistent
with the lack of change in CD44 expression, no IFN-γ-producing cell in response to Tag epitope I
was detected in mice with advanced-stage tumors (Figure 4-8 c), while a distinct population of
IFN-γ-producing TCR-I T cells presented in both tumor-free mice and mice bearing early-stage
tumors following immunization (Figure 4-8 b). These results suggest that the transferred T cells
do not effectively engage their antigen in mice bearing advanced-stage HCCs but rather become
profoundly tolerant, despite the presence of a large amount of tumor antigens. In contrast, T cells
in mice with early-stage tumors remain largely ignorant of the tumor antigen but maintain full
responsiveness to antigen challenge. Collectively, these results strongly suggest that tumor
antigen-specific TCR-I T cells are immunological ignorant to tumor antigen after transferred into
mice bearing early stage tumors whereas they became immunologically tolerant after transfer into
mice bearing advanced stage tumors.
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Figure 4-8 Activation of TCR-I T cells in tumor-bearing mice at early stage
and advanced stage

Figure 4-8 Activation of TCR-I T cells in tumor-bearing mice at early stage
and advanced stage. The tumor-bearing mice at early and advanced stage
received adoptive transfer of 1×106 naïve CSFE-labeled TCR-I T cells and
immunized with 3×107 B6/WT-19 cells one day after adoptive transfer. Six days
after immunization, the lymphocytes were isolated from spleen, and used to
perform flow cytometry assay after staining with tetramer I, IV, anti-CD8 and
anti-CD44 antibodies. Normal C57BL/6J mice were used for control. (a) The
proportion of Tet-I+CD44+ T cells in pre-gated CD8 T cells. Upper panel: mice
without B6/WT-19 immunization. Lower panel: mice with B6/WT-19
immunization. (b) The frequency of IFN-γ-producing TCR-I T cells in tumorbearing mice at early stage. (c) The frequency of IFN-γ-producing TCR-I T cells
in tumor-bearing mice at advanced stage.
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4.2.4 Presence of tumor cells in draining lymph nodes of mice with advanced-stage

tumors, but not early-stage tumors
Multiple mechanisms of tumor evading immune control have been identified [26]. One
strategy to escape from adaptive immunity is the spatial separation of T cells and tumor cells. Our
recent study indicated that only intrasplenical inoculation of a lower dose of tumorigenic
hepatocytes induced liver tumor growth in immunocompetent mice [44]. To investigate whether
immunological ignorance and tolerance was a consequence of the failure of tumor cell migration,
we screened for the presence of tumor cells in both draining lymph nodes and tumors. Genomic
DNA was harvested from the inguinal lymph nodes and liver cells of tumor-bearing mice at early
and advanced stages for Tag detection by PCR. As few as 5 tumor cells could be detected in
mixtures of tumor and lymph nodes cells (Figure 4-9 a). The results showed a specific and strong
signal generated in liver cells from tumor-bearing mice at both early stage and advanced stage
(Figure 4-9 b). Tag was only detected in mice bearing advanced-stage tumors, but not in mice
with early-stage tumor (Figure 4-9 b). The absence of tumor cells in draining lymph nodes
indicates the failure of tumor cells to localize in lymph nodes which may contribute to the
immunological ignorance observed in early-stage tumor-bearing mice. But this may not be the
mechanism for the development of immunological tolerance exhibited in advanced-stage tumor
mice. Taken together, localization of tumor cells to the draining lymph nodes is associated with
immunological tolerance as their absence from lymph nodes in mice bearing early-stage tumors is
associated with immune unresponsiveness.
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Figure 4-9 Draining of HCC tumor cells into local lymph nodes

Figure 4-9 Draining of HCC tumor cells into local lymph nodes. DNA was
extracted from draining inguinal lymph nodes of normal C57BL/6J mice and
tumor cells from tumor-bearing mice. (a) The sensitivity of the assay was
determined in vitro by mixing tumor cells from tumor-bearing mice with a
constant number of lymph node cells from wild type C57BL/6J mice. (b)
Detection of Tag genome in liver and lymph node from the indicated mice.

4.3 Conclusions and discussion
In this study, we overcame the limitations in model design and technology development
to establish an orthotopic murine model of HCC with immunocompetent mice in the setting of
liver fibrosis. We found that inoculated transgenic hepatocytes traffic to the liver and incorporate
into the parenchyma. Malignant transformation occurs gradually and is limited to the
subpopulation of transplanted tumorigenic hepatocytes. The simultaneous addition of CCl4
induces hepatic fibrosis. These properties reveal the resulting model highly resembles human
HCC in regards to the initiation and progression as well as microenvironment. The results of this
study showed that transgenic SV40 Tag serves as a tumor-specific antigen and can be used to
evaluate anti-tumor immune response over tumor growth and potentially can be used for
evaluation of immunotherapeutic strategies.

75
Over 80% - 90% of human HCCs arise in a setting of chronic inflammation and liver
fibrosis or cirrhosis [254]. However, the interplay of fibrosis and HCC is only partially
understood due to the unavailable fibrotic HCC models. This study indicates that administration
of CCl4 beginning at week 4 post-ISPL inoculation successfully results in malignant
transformation in the context of liver fibrosis. In accord with clinic findings, we demonstrated
that CCl4 treatment significantly accelerates tumor growth. These results might be explained with
the alterations of cellular and molecular mechanisms of hepatic fibrogenesis. Studies on chronic
liver injury models have revealed that cytokines and growth factor are critical in hepatic
fibrogenesis [255-256]. TGF-β is the major fibrogenic cytokine in the liver that also plays an
important role in promoting tumor progression [257]. TGF-β levels in HCC increase in line with
connective tissue growth factor (CTGF) which was suggested to promote tumor growth and
invasion [258]. In addition, the promotion of liver fibrosis and carcinogenesis are also related to
the involvement of NF-κB transcription factors which are the key regulators of innate and
adaptive immune responses [259]. Moreover, mice deficient in toll-like-receptor 4 (TLR4) and
MyD88 exhibiting reduced DEN-inducing liver cancer incidence indicates the contribution of
TLR to hepatocarcinogenesis [260]. Further, epithelial to mesenchmal transition (EMT) was
observed in response to bile duct ligation (BDL)-induced injury which causes the growth of
fibrosis [261]. This EMT process is also relevant to the development of HCC. Approaches to the
development of HCC treatments should therefore consider the involvement of liver fibrosis. This
animal system provides a suitable platform to study the interaction of tumors and liver fibrosis
and the underlying mechanisms.
Another advantage of this animal system is that this model can be used to characterize the
dynamics of anti-tumor immunity during HCC progression. The results of this study demonstrate
that immunization with Tag-transformed cells stimulates the proliferation of tumor antigenspecific endogenous and adoptively transferred exogenous CD8 T cells in early-stage tumor
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bearing mice. This proliferation is associated with increased effector T-cell activation, including
the production of IFN-γ and TNF-α of CD8 T cells in response to Tag immunization. However,
these findings failed to be produced at advanced stage of tumor development, suggesting the
unresponsiveness state of the immune system in advanced tumors. The further investigation on
tumor cells migration demonstrated that no tumor cells were drained to local lymph nodes in
early stage of tumor development, evidenced by no detectable signal of Tag gene, suggesting the
ignorant of T cells to tumor antigen at the early phase of tumor growth.
Our findings suggest that there are two different mechanisms that allow tumors to escape
immune detection and destruction. Initially, the immune system remains ignorant to early-stage
tumors, as tumor cells don’t migrate into draining lymph nodes. As the tumors become larger and
enter the lymphatics, the immune microenvironment promotes a tumor antigen-specific
immunologic tolerance, which might be associated with alterations of various cells such as
regulatory T cells, MDSCs and cytokines in tumor microenvironments.
While the Tag provides a convenient and well-characterized target for understanding
immunological mechanisms, SV40 Tag itself is more immunogenic than some tumor-associated
self-antigens. We were surprised to find that our strategy induces a noteworthy over-expression of
AFP, a classic human HCC-associated antigen which is recognized as a tumor marker in clinic.
Over-expressed AFP in this model offers an attractive target for immunotherapeutic translational
studies for HCC.
In summary, the fibrotic murine model reflects the typical histological, immunological
and biological features of human HCC. The results suggest that this animal system can be
exploited to address various issues regarding the immune system over the course of HCC. The
interplay of tumor growth and liver fibrosis may also be investigated based on this system.
Moreover, this reproducible system can be utilized to analyze treatment options for HCC
including the use of chemotherapy, immunotherapy and combined regimens. The alterations in
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tumor microenvironments that contribute to the immunologic tolerance in advanced-stage
tumors will be discussed in Chapter 5.

78

Chapter 5
Regulatory T cells Contribute to Immunotolerance in HCC

5.1 Introduction
In Chapter 4, using our fibrotic HCC murine model, we found that in the early stage of
tumor development, tumor cells fail to migrate to local lymphatics that lead to T cell ignorance of
Tumor antigen. As tumors progress, tumors cells enter the lymphatics but they fail to induce an
anti-tumor immune response, which accounts for the immunotolerance. This tolerance of T cells
might be induced by the immunosuppressive microenvironment associated with the tumor
progression. These findings prompt of further studies of the immunosuppressive environment of
HCC. As a major type of immune suppressor, regulatory T cells (Tregs) are proposed to
contribute to this tumor induced immunotolerance in this study.
Regulatory T cells play a critical role in the maintenance of peripheral tolerance and in
control of excessive immune response [24][30]. Tregs expansion is associated with poor
prognosis in a variety of cancers [262-264]. Depletion of Tregs has been shown to enhance the
antitumor immune responses in both cancer patients and mouse tumor models [265-266]. Further,
the function of tumor Tregs has been reported to be reduced, equivalent or enhanced when
compared with naïve Treg in various cancer patients and tumor models [267-269]. All these
evidences suggest that the existence of tumor associated Tregs may be a major obstacle for
effective cancer immunotherapy. For HCC, increased number of CD4+CD25+FoxP3+ Treg has
been found in blood, tumor and tumor-infiltrating lymphocytes in patients and correlated with
impaired CD8+ T cells [270]. In our orthotopic HCC murine model, we also demonstrated that the
frequency of Tregs increased in the splenocytes of tumor-bearing mice [44]. These findings
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highlight the importance of Tregs in HCC. However, the regulatory role and mechanisms of
action of Tregs in HCC is not well defined.

5.2 Results

5.2.1 Increase of Tregs and tolerization of CD8 T cells in HCC patients and HCC-bearing
mice.
Frequency variation in different T cell populations has been demonstrated to be involved
in tumor-induced immunotolerance [271][44]. We measured the frequency of three critical T-cell
populations including CD4, CD8 and CD4+CD25+FoxP3+ Tregs in HCC patients and HCCbearing mice. We observed a 1.5-fold increase in CD8 T cells, 2.5-fold increase in
CD4+CD25+Foxp3+ Tregs, and 0.3-fold decrease in CD4 T cells in the blood of human HCC
patients compared to that in normal healthy donors (Figure 5-1 A and 5-1 E). Similar with what
we observed in HCC patient, in HCC-bearing mice, the level of CD4 T cells expression was
significantly declined in spleen and slight decreased in draining lymph nodes and liver tissue
without statistical significance. Meanwhile, the significant increase of CD8 T cells was only
found in draining lymph nodes (p<0.05) and the frequency was slightly increased in spleen and
liver without statistical significance (Figure 5-1 F). Importantly, the frequency of
CD4+CD25+Foxp3+ Tregs was significantly increased in spleen, draining lymph nodes and liver
tissues of tumor-bearing mice compared to that in tumor-free mice, despite the decreased total
CD4 T cell percentage in tumor-bearing mice (Figure 5-1 C and Figure 5-1 F). Aside from the
dramatic changes of Treg population between healthy and tumor-bearing host, we measured their
frequency in tumor-bearing mice at different stages during tumor progression. As shown in
Figure 5-1 G, the populations of CD4+CD25+FoxP3+ Tregs were increased in the spleens of
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tumor-bearing mice at advanced stages while mice bearing early stage HCC had cell populations
equivalent to those in normal C57BL/6J mice (Figure 5-1 G). These results indicate that tumor
progression to the advanced stage HCC is associated with an increased Treg population.
To evaluate the immune response following the appearance of tumors, the production of
IFN-γ in CD8 T cells was measured. As shown in Figure 5-1 B, ex vivo stimulation with PMA
plus ionomycin effectively induced the differentiation of CD8 T cells from the healthy donors
compare to no stimulation control group. In contrast, PMA stimulation failed to induce IFN-γ
production of CD8 in HCC patients group (Figure 5-1 D). Similarly, we found that anti-CD3 and
anti-CD28 stimulation were able to increase CD8 T cells producing IFN-γ in the spleen of tumorfree mice, but not in tumor-bearing mice (data not shown). In vivo studies demonstrate that Tag
peptide I failed to stimulate the activation of endogenous CD8 T cells from the spleen of the
tumor-bearing mice immunized with Tag-transformed B6/WT-19 cells (Figure 5-1 D). Contrary,
peptide I markedly stimulated the expression of IFN-γ by endogenous CD8 T cell from the spleen
of the wild type mice upon immunization (Figure 5-1 D). These results confirm the tumorinduced immunotolerance of CD8 T cells in advanced stage tumor-bearing mice, which
resembles the dynamic characters of HCC patients.
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Figure 5-1 The increase of Tregs and tolerance of CD8 T cells in patients and mice
with HCC
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Figure 5-1 The increase of Tregs and tolerance of CD8 T cells in patients and mice
with HCC. (A) Treg frequency in patient with HCC. The isolated PBMCs from HCC
patients and healthy donors were stained with fluorochrome-conjugated antibodies
against CD3, CD8, CD4, CD25 and FoxP3 and analyzed with flow cytometry. The cells
were pre-gated on CD3+ T cells. The percentage of CD4+CD25+FoxP3+ Tregs in the
gated CD4+ T cells was determined. (B) The frequency of IFN-γ producing CD8 T
cells in response to non-specific stimulation in HCC patient. Freshly isolated PBMC
from HCC patients and healthy donors were stimulated with 20 ng/ml of PMA plus 1
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μg/ml of ionomycin for 4 hours, followed by staining with flurochrome-conjugated
antibodies for CD8 and IFN-γ. The percentage of IFN-γ producing CD8 T cells were
measured by flow cytometry. (C) Treg frequency in tumor-bearing mice. Lymphocytes
were isolated from the spleen of tumor-free and tumor-bearing mice and stained with
flurochrome-conjugated antibodies for CD3, CD8, CD4, CD25 and FoxP3. The cells
were pre-gated on CD3+ T cells. The frequency of CD4+CD25+FoxP3+Tregs in the gated
CD4 T cells was measured by flow cytometry. (D) The frequency of IFN-γ producing
CD8 T cells in response to tumor antigen-specific stimulation. The lymphocytes were
isolated from the spleen of tumor-free and tumor-bearing mice immunized with B6/WT19 cells, and followed by stimulation with 2 μM of peptide I for 4 hours. These cells were
stained with fluorochrome-conjugated antibodies for CD8 and IFN-γ. The frequency of
IFN-γ producing CD8 T cells were determined by flow cytometry. (E) The frequency of
CD4, CD8 T cell and CD4+CD25+FoxP3+ Tregs in patients with HCC. As performed
in (A), the accumulated results for the frequency of CD4, CD8 T in CD3+ T cells and
CD4+CD25+FoxP3+ Tregs cell in CD3+CD4+ T cells were shown as mean±SD, n=3. (F)
The frequency of CD4, CD8 T cell and CD4+CD25+FoxP3+ Tregs in tumor-bearing
mice. As performed in (C), The accumulated results for the frequency of CD4, CD8 T in
CD3+ T cells and CD4+CD25+FoxP3+ Tregs in CD4+ T cells were shown as mean±SD,
n=3. (G) Splenocytes were isolated from wild type C57BL/6J mice, tumor-bearing mice
at early stage (tumor size<120 mm3) and tumor-bearing mice at advanced stage (tumor
size>120 mm3) and stained for CD4, CD25, Foxp3 as in (C). The data represent three
independent experiments.

5.2.2 Tregs in tumor-bearing mice exhibit stronger suppressive function.
To determine the impact of Tregs on other T cells, CD4+CD25+Tregs were depleted from
the splenocytes in tumor-free and tumor-bearing mice in vitro, respectively. As shown in Figure
5-2 A, before Treg depletion, the splenocytes from tumor-bearing mice showed decreased
proliferation capability compared to that from normal mice in response to plate-bound anti-CD3
stimulation. Treg depletion induced significant increase of cell proliferation in both tumor-free
and tumor-bearing mice, while the cells from tumor mice exhibited similar proliferative activity
to cells from normal mice in response to anti-CD3 stimulation after Treg depletion (Fig 5-2 A).
Cytokine production in the culture supernatant suggested that plate-bound anti-CD3 stimulated
limited IFN-γ production in the cells obtained from tumor-bearing mice with the presence of
Tregs. After CD4+CD25+ Tregs depletion, the IFN-γ production in the cells from tumor-bearing
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mice was dramatically increased by 20-fold (Fig 5-2 B). CD4+CD25+ Tregs depletion induced
2.2-fold increase of IFN-γ in tumor-free mice (Fig 5-2 B).
To further study the direct suppressive function of Tregs on effector cells, the CSFElabeled CD4+CD25- T cells were co-cultured with CD4+CD25+ Tregs obtained from the spleen of
normal mice or tumor-bearing mice. The extent of proliferation inhibition by Tregs is measured
by CFSE dye dilution in CD4+CD25- populations. As shown in Figure 5-3 A, soluble anti-CD3
and anti-CD-28 stimulated 75.5% of CD4+CD25- T cell of CSFE dilution in the absence of
CD4+CD25+ Tregs, indicating the strong proliferation. In a co-culture established with normal
CD4+CD25-T cells, Tregs obtained from normal mice mediated moderate suppression (47.4%) of
CD4 proliferation. In contrast, CD4+CD25+ Tregs obtained from tumor-bearing mice showed
significantly stronger suppression of CD4 T cell proliferation compared to Tregs from normal
mice (Figure 5-3 A). A similar proliferation pattern was demonstrated in CD4+CD25- T cells
from tumor-bearing mice (Figure 5-3 B). Cytokine production in the culture supernatant
suggested that CD4+CD25+ Tregs effectively suppress the IFN-γ production, and promote IL-10
levels in the CD4+CD25- T cells in response to the stimulation with soluble anti-CD3 and antiCD28 in a dose-dependent manner (Fig 5-3 C and 5-3 D). Taken together, these results suggest
that the CD4+CD25+ Tregs from tumor-bearing mice confer stronger suppressive effect on the
proliferation and cytokine production in CD4+CD25- T cells compared to that from normal mice.
Our results suggest that highly accumulated Treg populations in tumor environment and
lymphatics in addition to the excessive suppressive effects acquired by tumor-associated Tregs
work in concert to induce and maintain the immunotolerance seen in tumor host.
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Figure 5-2 In vitro depletion of CD4+CD25+ T cells restores the proliferation and
activation of splenoctyes in tumor-bearing mice

Figure 5-2 In vitro depletion of CD4+CD25+ T cells restores the proliferation and
activation of splenocytes in tumor-bearing mice. To deplete CD4+CD25+Tregs, the
splenocytes isolated from tumor-free and tumor-bearing mice were first performed
negative selection with microbeads conjugated to biotin-antibody cocktail labeling nonCD4 cells followed by positive selection with microbeads conjugated to anti-CD25
antibody. The CD4+CD25+Tregs-depleted splenocytes were seeded in anti-CD3 coated
96-well plates and cultured for 3 days. (A) The proliferation of splenocytes with and
without CD4+CD25+Tregs-depletion. Splenocyte proliferations with or without
CD4+CD25+ T cells-depletion were analyzed with Cell'Titer 96 Aqueous One Solution
Cell Proliferation Assay Kit (Promega) according to the manufacturer's instructions. The
accumulated results were shown. n = 3; error bars represent means ± SD. * represents
significant difference (p<0.05). (B) IFN-γ production in splenocytes with and without
CD4+CD25+Tregs. The culture supernatant was harvested and IFN-γ expression level
was measured by ELISA. The accumulated results were shown. n = 3; error bars
represent means ±SD. * represents significant difference (p<0.05).
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Figure 5-3 Tregs in tumor-bearing mice exhibit stronger suppressive function on
CD4+ CD25- T cells

Figure 5-3 Tregs in tumor-bearing mice exhibit stronger suppressive function on
CD4+CD25- T cells. To isolate CD4+CD25- T cells, the splenocytes isolated from tumorfree and tumor-bearing mice were first performed negative selection with microbeads
conjugated to biotin-antibody cocktail labeling non-CD4 cells followed by positive
selection with microbeads conjugated to anti-CD25 antibody. The isolated CD4+CD25- T
cells from normal and tumor mice were named normal response cells (nRC) and tumor
response cells (tRC), CD4+CD25+T cells isolated from normal and tumor mice were
named as normal Treg (nTreg) and tumor Treg (tTreg), respectively. (A) and (B) Tregs
suppress CD4 T cell proliferation. The isolated nRCs or tRCs were labeled with 1µM
of CFSE, then cultured with nTregs and tTreg at a ratio of 1:1 in the presence of 1µg/ml
of anti-CD3 mAb plus 1µg/ml of anti-CD28 mAb for 72 hours. The cells were then
stained with anti-CD4 antibody and performed flow cytometry. (A) Representative
histograms depicting the CFSE profile of CD4+ T cells from normal C57BL/6 mice. (B)
Representative histograms depicting the CFSE profile of CD4+ T cells from tumorbearing mice. (C) Tregs suppress IFN-γ production in normal CD4+ CD25- T cells.
CD4+ CD25- T cells from normal C57BL/6 mice (nRC) were cultured with nTreg, or
tTreg at different ratios (1:1 and 5:1). IFN-γ production in the culture supernatant was
determined by ELISA. The pooled results from three independent experiments are
shown. * represents significant difference (p<0.05). (D) Tregs in tumor-bearing mice
promote the IL-10 expression in normal CD4+ CD25- T cells. Normal CD4+CD25- T
cells (nRCs) were cultured with nTreg or tTreg at different ratios (1:1 and 5:1). IL-10 in
the culture supernatant was determined by ELISA. The pooled results from three
independent experiments are shown. * represents significant difference (p<0.05).
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Chapter 6
Sunitinib Prevents Tumor-induced Immunotolerance in HCC
Collaboration statement: The experiment in Figure 6-1 was performed and analyzed by
Dr. Guangfu Li.

6.1 Introduction
Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death worldwide
without effective therapies. Immunotherapeutic interventions have been demonstrated to hold
some promises for HCC [14]. However, tumors generate immunotolerance that thwarts the
effective immune responses as we show in Chapter 4 and Chapter 5. Uncovering the innovative
approaches to overcome immune tolerance and to understand the underlying mechanism is
critical for the development of effective therapeutic strategies for HCC.
Sunitinib is a multi-targeted inhibitor of receptor tyrosine kinases (RTK) approved by the
FDA as standard care for clear cell renal cell carcinoma (ccRCC) and gastrointestinal stromal
tumors (GIST). The drug is also being investigated on various cancers, including breast cancer
[237], non-small cell lung cancer [236] as well as liver cancer [239] and its extensive therapeutic
efficacy has been reported. Using our orthotopic murine model of HCC, we have recently
demonstrated that sunitinib treatment alone promoted a transient reduction in tumor size [44]. In
vitro studies revealed that sunitinib inhibited HCC growth through suppression of STAT3
signaling. In vivo studies indicated sunitinib treatment not only represses tumor growth, but also
prevents tumor-induced immunotolerance by activating tumor antigen-specific CD8 T cells
(TCR-I) [44]. The synergistic effect of sunitinib in combination with immunotherapy could be a
candidate for the treatment of advanced HCC. Unveiling the underlying mechanisms has
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important implications for the improved treatment of advanced HCC and perhaps other cancers as
well.
In the clinic, 90% of HCC occurs in the setting of liver fibrosis/cirrhosis. More
importantly, this exuberant fibrotic response in the tumor microenvironment severely
compromises therapies. We currently developed a novel fibrotic/cirrhotic murine model of HCC
in which immunocompetent mice develop tumors in situ within the fibrotic liver parenchyma.
This novel model not only mimics initiation and progression of human HCC, but also reflects
typical histological, biological, and immunological features of human HCC. Using this model, we
investigated the effect of sunitinib on tumor growth, tumor-induced immune tolerance and the
underlying cellular and molecular mechanisms. In addition, we evaluated the therapeutic effect of
combination therapy with sunitinib and adoptive transfer of tumor antigen-specific CD8 T cells.

6.2 Results

6.2.1 Sunitinib treatment inhibits HCC growth in vitro
As the efficacy of sunitinib in HCC is not well documented, we first utilized cellular
proliferation, apoptosis, and colony formation assay to assess its effect on human cancer cell
lines. Sunitinib treatment inhibited the proliferation of two human cancer cell lines in a dose- and
time-dependent manner. After treatment with 1.25 or 5.0 μM of sunitinib for 24 hours, the
viability of HepG2 cells was reduced to 45% and 25% of control (Figure 6-1 A). Treatment for 48
hours resulted in a further reduction. Similar results were observed in SkHep1 cells.

Next, we investigated the effect of sunitinib in inducing apoptosis by measuring the
activity of caspase-3/7. Treatment of HepG2 cells with 7.5 and 30 μM of sunitinib for 24 hours
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increased the caspase-3/7 activities by 1.4- and 6-fold, respectively, compared to control (Figure
6-1 B). Similar results were also found in SkHep1 cells (Figure 6-1 B). These results indicate that
higher concentrations of sunitinib induced apoptosis of HCC cells in a dose-dependent manner,
whereas low doses of sunitinib inhibited cellular proliferation. To further confirm increased
caspase-3/7 activity, the presence of cleaved PARP was detected by western blot. A band
corresponding to cleaved PARP was detected in sunitinib-treated cells but not in controls (Figure
6-1 C). This band became more prominent with increasing concentrations of sunitinib along with
a corresponding decrease in full-length PARP (Figure 6-1 C). Colony formation assays
demonstrated near complete growth inhibition in both cancer cell lines treated with low dose (0.1
μM) sunitinib (Figure 6-1 D). These results together indicate that sunitinib inhibits HCC growth
and survival in vitro.
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Figure 6-1 Sunitinib treatment inhibits HCC growth in vitro

Figure 6-1 Sunitinib treatment inhibits HCC growth in vitro. (A) Sunitinib inhibits
the proliferation of HCC cell lines in a time- and dose-dependent manner. SkHep 1 (left
panel) and HepG2 (right panel) cells were seeded into 96-well plates (5,000 per well) in
MEM with 10% FBS and allowed to adhere overnight. Vehicle (DMSO) or sunitinib was
added at the indicated concentrations the following day. After 24 or 48 hours of treatment,
cell proliferation assays were performed using Cell'Titer 96 Aqueous One Solution Cell
Proliferation Assay Kit (Promega) according to the manufacturer's instructions. n = 3;
error bars represent means ± SD. (B) Sunitinib induces the apoptosis of HCC cell lines in
a dose-dependent manner. SkHep1 (left panel) or HepG2 (right panel) cells were seeded
into 96-well plates (2 × 104/well) in MEM with 1% FBS and allowed to attach overnight.
Vehicle (DMSO) or sunitinib was added at different concentrations the following day.
After 24 hours of treatment, cell apoptosis assays were performed using Apo-one
Homogeneous Caspase-3/7 Assay (Promega) according to the manufacturer's instructions.
n = 3; error bars represent means ± SD. (C) A representative western blot of cleaved
PARP from cells treated with sunitinib is shown. SkHep 1 (left panel) or HepG2 (right
panel) cells were seeded into 6-well plates at a concentration of 1 × 106/well and then
treated with sunitinib at the indicated concentrations for 24 hours. The cells were lysed
and proteins were extracted, quantified, and analyzed by western blotting with antibodies
to cleaved PARP and β-actin. (D) Sunitinib inhibits the colony formation of HCC cell

91
lines. SkHep 1 and HepG2 cells were plated at a density of 200 cells/well in a 6-well
plate. and then treated with vehicle (DMSO) or the indicated concentration of Sunitinib
the following day. After 2 weeks the cells were stained with 0.05% crystal violet. A
representative picture of colony staining is shown (left panel). Colonies were counted and
the actual number of colonies in each well was plotted (right panels). n = 3, error bars
represent means ±SD. (Figure adapted from Diego et al. Hepatology Jan 2012)

6.2.2 Sunitinib prevents tumor-induced CD8 T cell tolerance
We and others have demonstrated that sunitinib treatment effectively prevents tumorinduced immunotolerance [44][41]. To investigate the effect of sunitinib on the tumor-specific
immune response in the setting of a fibrotic tumor, mice were orally administered sunitinib for
two weeks followed by immunization with SV40 Tag-transformed B6/WT-19 cells. 7-9 days
after immunization, the isolated splenocytes from the vehicle or sunitinib treated tumor-bearing
mice were stimulated with peptide I, IV or control flu peptide. As shown in Figure 6-2, Tagspecific peptides effectively stimulated the differentiation of endogenous antigen-specific CD8 T
cells in sunitinib treated tumor-bearing mice, evidenced by the IFN-γ and TNF-α production of
endogenous CD8 T cells. The proportions of IFN-γ producing endogenous CD8 T cells were
significantly increased from 0.03% to 0.98% and 0.04% to 4.15% in response to peptide I and
peptide IV stimulation, respectively. Similarly, the proportions of endogenous CD8 T cells
producing TNF-α were increased from 0.12% to 0.8% and 0.2% to 1.7% in response to peptide I
or IV stimulation.
To evaluate the ability of endogenous CD8 T cells in eliminating target cells, the fate of
peptide I- and IV-pulsed target cells was monitored following injection into tumor-bearing mice.
In vivo elimination of peptide-pulsed target cells was used to evaluate the presence of Tagspecific T cells. The obtained target cells from congenic B6/SJL mice expressing CD45.1
molecule allow the donor cells to be distinguished from the recipient CD45.2-expressing
lymphocytes. SJL (CD45.1+)-derived splenocytes pulsed with peptides corresponding to site I,
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site IV or control Flu NP were differentially labeled with different concentrations of CFSE. These
cells were subsequently mixed in equal proportions and injected into normal mice, tumor-bearing
mice and sunitinib treated tumor-bearing mice followed by immunization with B6/WT-19 cells.
The presence of CD45.1+ target cells in spleens was assessed after 16 hours. The normal C57BL/6
mice and tumor-bearing mice without sunitinib treatment were used for control. As shown in
Figure 6-2 C, compared to normal mice that received target cells without immunization (negative
control), we observed 52% (Figure 6-2 C and 6-2 D) elimination of site I-pulsed target cells and
almost complete elimination (93%) of site IV-pulsed targets in normal mice that received
immunization (positive control). In contrast, no site-I-pulsed targets elimination was seen in
tumor-bearing mice and their site-IV elimination was only half of that to normal mice (55%,
Figure 6-2 C and 6-2 D). Importantly, both site-I and site-IV pulsed targets elimination increased
to same level as seen in normal mice in sunitinib treated tumor-bearing mice (Figure 6-2 C and 62 D). Collectively, these results demonstrate that sunitinib treatment prevents the tumor-induced
antigen-specific CD8+ T cell tolerance and effectively enhance in vivo cytotoxic effect in wellestablished tumors.
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Figure 6-2 Sunitinib treatment prevents endogenous CD8 T cell tolerance

Figure 6-2 Sunitinib treatment prevents endogenous CD8 T cell tolerance. The
tumor-bearing mice were treated with sunitinib or vehicle control for consecutive 2
weeks, followed by immunization with Tag-transformed B6/WT-19 cells for 9 days. (A)
Expression of IFN-γ in CD8 T cells. 9 days after immunization, splenocytes were
isolated from sunitinib or vehicle treated tumor-bearing mice and incubated in the
presence of peptide I, IV or Flu for 5 hours. The splenocytes were then harvested and
surface stained for CD8 T cells and intracellular stained for IFN-γ and TNF-α followed
by flow cytometric detection. The representative result for the frequency of IFN-γ
producing CD8 T cells was shown. (B) Expression of TNF-α in CD8 T cells. As
performed in (A), the representative result for the frequency of TNF-α producing CD8 T
cells was shown. (C) Sunitinib treatment induces peptides-pulsed target cell
elimination. The CD45.1+ splenocytes were harvested from B6.SJL mice, and pulsed
with peptide I, IV or Flu, respectively. The peptide-pulsed CD45.1+ splenocytes were
labeled with different concentrations of CSFE, and then mixed at equal cell proportions.
The cell mixture was injected intravenously into the immunized tumor-bearing mice
treated with or without sunitinib. Normal mice immunized with B6/WT-19 cells were
used for control. 16 hours later, the splenocytes were isolated from these mice and stained
with anti-CD45.1 for flow cytometric detection. The representative frequency for the
remaining CD45.1+ splenocytes pulsed with peptide I, IV or Flu were shown. (D) The
accumulated results for the frequency of CD45.1+ splenocytes elimination in tumorbearing mice treated with or without sunitinib. n = 3; error bars represent means ±SD.
* represents significant difference (p<0.05).
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6.2.3 Sunitinib treatment reduces Tregs proportion and suppresses Treg function
To determine how sunitinib treatment regulates immune cells that result in the prevention
of immune tolerance, tumor-bearing mice were orally administrated sunitinib as described above
and the immune profile was detected. Sunitinib treatment was shown to change the proportion of
CD4 and CD8 T cells in the spleen, lymph nodes and liver of tumor-bearing mice to similar levels
of that in normal mice (Figure 6-3 A and 6-3 B). However, these changes were not statistically
significant (Figure 6-3 D). In contrast, we found that sunitinib treatment remarkably reduced Treg
frequency in tumor-bearing mice to the equivalent level of that in normal C57BL/6 mice in lymph
nodes and spleen (Figure 6-3 C). This observation was highly reproducible, and the assay from
collective data indicated the change was statistically significant (P<0.01) (Fig 6-3 D).
We further determined whether sunitinib treatment directly impacted the function of Treg
in addition to reducing their frequency. Using magnetic column isolation as described above, the
CD4 or CD8 T cells were isolated from the spleen of normal C57BL/6 mice and labeled with
CSFE. CD4+CD25+Tregs were isolated from tumor-bearing mice with or without sunitinib
treatment. CSFE-labeled CD4 or CD8 T cells were cultured with Tregs at a ratio of 1:1. As
shown in Figure 6-4 A, soluble anti-CD3 and anti-CD28 stimulated 50.3% CD8 T cell
proliferation, shown as the dilution of CFSE. In co-culturing setting with Tregs, Tregs obtained
from normal mice showed weak suppression (46.9%) while Tregs from tumor-bearing mice
exhibited stronger suppression on CD8 proliferation (31.7%) (Figure 6-4 A). Contrary, in coculturing setting with Tregs from sunitinib-treated tumor-bearing mice, the proliferation of CD8
T cells is close to the level observed in CD8 T cells cultured in the absence of Tregs (47.7%).
These results suggest that sunitinib treatment effectively reduced the suppressive effect of Tregs
on CD8 T cell proliferation. Similarly, in consistent with our previous reported data (Figure 5-3),
Tregs from tumor-bearing mice showed stronger inhibition on CD4 T cell proliferation. Here,
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sunitinib is found to reduce the suppressive effect of Treg on CD4 T cells proliferation as well
(Figure 6-4 B). The pooled results in Figure 6-4 C and 6-4 D show that sunitinib reduced the
suppressive function of Tregs.
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Figure 6-3 Sunitinib treatment reduces the Treg frequency in tumor-bearing
mice to normal level

Figure 6-3 Sunitinib treatment reduces the Treg frequency in tumor-bearing mice to
normal level. The tumor-bearing mice were treated with sunitinib for consecutive 2
weeks. Lymphocytes were isolated from DLN, spleen and tumor site. Normal C57BL/6J
mice and tumor-bearing mice treated with vehicle were used as control. Lymphocytes
were surface stained with anti-CD3, anti-CD4, anti-CD8, anti-CD25, and intracellular
stained with anti-Foxp3 antibodies, followed by flow cytometric detection. The cells
were first gated on CD3+ T cells. (A) The representative result for the frequency of
CD4 T cells in the spleen of indicated mice. (B) The representative result for the
frequency of CD8 T cells in the spleen of the indicated mice. (C) The representative
results for the frequency of CD4+CD25+FoxP3+ Tregs in the DLN, spleen and liver
of the indicated mice. The cells were first gated on CD4+ T cells, then CD25+FoxP3+
population was calculated. (D) The accumulated results for the frequency of various
T cells. The pooled results for the frequency of CD4, CD8 T cells in CD3+ T cells and
CD4+CD25+FoxP3+ Tregs cell in CD3+CD4+ T cells were shown as mean±SD, n=3.
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Figure 6-4 Sunitinib treatment reduces the suppressive function of Tregs in
tumor-bearing mice

Figure 6-4 Sunitinib treatment reduces the suppressive function of Tregs in tumorbearing mice. The tumor-bearing mice were treated with sunitinib for consecutive 2
weeks. CD4+CD25+ Tregs were isolated from the spleen first by negative selection with
microbeads conjugated to biotin-antibody cocktail labeling non-CD4 cells followed by
positive selection with microbeads conjugated to anti-CD25 antibody. CD8+ and CD4+ T
cells were isolated from normal mice with positive magnetic cell isolation and labeled
with 1 µM of CFSE, respectively. The labeled CD8+ or CD4+ T cells were cultured at a
ratio of 1:1 with CD4+CD25+Tregs from sunitinib treated tumor-bearing mice for 48
hours in the presence of anti-CD3 and anti-CD28 antibodies. The CD4+CD25+Tregs from
normal mice and tumor-bearing mice without sunitinib treatment were used for control.
(A) Representative histograms depicting the CFSE profile of CD8+ T cells. (B)
Representative histograms depicting the CFSE profile of CD4+ T cells. (C) The
accumulated results for CD8 T cell proliferation. n = 3; error bars represent means ±
SD. * represents significant difference (p<0.05). (D) The accumulated results for CD4
T cell proliferation. n = 3; error bars represent means ± SD. * represents significant
difference (p<0.05).
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6.2.4 Sunitinib treatment reduces the suppressive function of Tregs in an antigen-specific
way
To determine whether sunitinib treatment-mediated Treg alteration affects tumor antigenspecific CD8 T cells, the proliferation of TCR-I T cells in the presence of Tregs was analyzed.
TCR-I cells were enriched with magnetic column selection and stained with CSFE. Bone
marrow-derived dendritic cells (BMDCs) were derived from normal C57BL/6 mice and served as
antigen presenting cells. CSFE-labeled TCR-I cells were co-cultured with Tregs at a ratio of 1:1
in the presence of BMDCs and stimulated with peptide I for 72 hours. As shown in Figure 6-5 A,
Tregs from tumor-bearing mice mediated stronger suppression (38.1%) of TCR-I proliferation
than Tregs from normal mice (55.3%). In contrast, in the co-culture setting with Tregs from
sunitinib-treated tumor-bearing mice, the proliferation of TCR-I T cells was equal to that with
Tregs from normal mice (53.9%). The accumulated results demonstrated that the variations of
TCR-I proliferation in the presence with different sources of Tregs are statistically significant
(Figure 6-5 B). Cytokine production in the above culture supernatant showed that CD4+CD25+
Tregs from tumor-bearing mice effectively suppressed the IFN-γ production in TCR-I T cells
(1,900pg/ml), compared to TCR-I in cultured without Tregs (3,400pg/ml) or with normal Tregs
(2,600pg/ml). In line with our observations, IFN-γ detected in culture supernatant with Tregs
from sunitinib-treated tumor-bearing mice was significantly higher than that in culture with Tregs
from tumor-bearing mice and equal to that with Tregs from normal mice (Figure 6-5 C). Taken
together, our results showed that sunitinib treatment reduces the suppressive effect of splenic
Tregs from tumor-bearing mice to the equivalent level of Tregs from normal mice in an antigenspecific way (Figure 6-5 C).
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Figure 6-5 Sunitinib treatment reduces the suppressive function of Tregs in an
antigen-specific way

Figure 6-5 Sunitinib treatment reduces the suppressive function of Tregs in an
antigen-specific way. The tumor-bearing mice were treated with sunitinib for
consecutive 2 weeks. CD4+CD25+ Tregs were isolated from the spleen first by negative
selection with microbeads conjugated to biotin-antibody cocktail labeling non-CD4 cells
followed by positive selection with microbeads conjugated to anti-CD25 antibody. TCR-I
T cells were isolated from the spleen of TCR-I transgenic 416 mice by positive selection
with microbeads conjugated to anti-CD8 antibody. 5x104 TCR-I T cells were labeled with
1 µM CFSE and co-cultured with 5x103 peptide-I-pulsed BMDC in the presence of Tregs
from sunitinib treated tumor-bearing mice at 1:1 for 48 hours. The Tregs from normal
mice and tumor-bearing mice without sunitinib treatment were used for control. (A)
Representative histograms depicting the CFSE profile of TCR-I T cells. (B) The
accumulated results for TCR-I T cell proliferation. n = 3; error bars represent means ±
SD. * represents significant difference (p<0.05). (C) IFN-γ production in TCR-I T
cells. The supernatant was harvested from the above culture settings and the
concentrations of IFN-γ were determined by ELISA. The accumulated results were
shown. n = 3; error bars represent means ± SD. * represents significant difference
(p<0.05).
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6.2.5 Sunitinib reduces the production of suppressive cytokines in Tregs
To determine why sunitinib reduces the suppressive function of Tregs, the suppressive
cytokines produced by Tregs were analyzed by ELISA. As described above, tumor-bearing mice
were orally administrated sunitinib and the CD4+CD25+Tregs from tumor-bearing mice treated
with sunitinib or control vehicle were isolated with magnetic column selection. 1x105 Tregs were
seeded on anti-CD3-coated plates and stimulated with soluble anti-CD28 in the presence of rIL-2
(100U/ml) (eBioscience) for 72h. The levels of TGF-β and IL-10 in the culture supernatant were
measured. As shown in Figure 6-6 A, close to 2,000pg/ml of TGF-β was detected in Tregs from
tumor-bearing mice, which is significantly higher than that from normal mice (1,250 pg/ml).
Sunitinib treatment significantly reduced TGF-β expression to a lower level (1,500pg/ml) (Figure
6-6 A). The accumulated data indicate that the changes in TGF-β expression are statistically
significant (P<0.05). In addition, we found that sunitinib treatment dramatically reduced IL-10
expression in Tregs, similar to our observation for TGF-β production (Figure 6-6 B).
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Figure 6-6 Sunitinib treatment reduces secretion of TGF-β and IL-10 in
Tregs from tumor-bearing mice

Figure 6-6 Sunitinib treatment reduces secretion of TGF-β and IL-10 in Tregs from
tumor-bearing mice. The tumor-bearing mice were treated with sunitinib for
consecutive 2 weeks. CD4+CD25+ Tregs were isolated from the spleen first by negative
selection with microbeads conjugated to biotin-antibody cocktail labeling non-CD4 cells
followed by positive selection with microbeads conjugated to anti-CD25 antibody. The
isolated Tregs were seeded into anti-CD3 coated 96-well plates in the presence with antiCD28 antibody and IL-2 for 72 hours. The supernatant was harvested and used to
perform ELISA. Tregs from normal mice and tumor-bearing mice without sunitinib
treatment were used for control. (A) The accumulated results for TGF-β production. n
= 3; error bars represent means ± SD. * represents significant difference (p<0.05). (B)
The accumulated results for IL-10 production. n = 3; error bars represent means ±SD.
* represents significant difference (p<0.05).
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6.2.6 Combination of sunitinib with adoptive TCR-I T cell therapy eradicate established
tumors without recurrence
The strong effect of sunitinib in preventing tumor-induced immunotolerance encouraged
us to design a novel therapeutic strategy using sunitinib treatment combined with adoptive TCR-I
T cell therapy. Cohorts of tumor-bearing mice received one of the following treatment regimens:
vehicle administration; adoptive transfer of naïve TCR-I T cells; sunitinib administration;
sunitinib administration plus adoptive transfer of naive TCR-I T cells. Each group received
immunization with B6/WT-19 cells following the indicated treatment. As shown in Figure 6-7 A
and B, adoptive transfer alone had no effect on tumor growth, evidenced by the progressive
growth of tumors and similar tumor volumes to that of vehicle-treated tumor-bearing mice at the
indicated time points. In contrast, mice treated with sunitinib without TCR-I T cell transfer
showed significantly reduced tumor burden. Importantly, sunitinib and subsequent TCR-I T cell
transfer induced persistent tumor regression in mice from 3 weeks after sunitinib treatment, and
tumors were completely eradicated by 10 weeks after sunitinib treatment. Importantly, tumors
failed to recur in sunitinib plus TCR-I combination therapy treated mice up to 4 months after
treatment.
Consistently, survival analysis revealed 100% mortality in tumor-bearing mice treated
with vehicle or TCR-I transfer plus immunization within 2 months after tumor appeared (Figure
6-7 B). Sunitinib plus immunization slowed tumor progression, resulting in 60% of sunitinib
treated tumor-bearing mice surviving up to 4 months after treatment. Mice treated with sunitinib
and subsequent TCR-I T cell transfer plus immunization led to a 100% survival rate over 4
months after sunitinib treatment.
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Figure 6-7 Sunitinib treatment plus adoptive transfer of TCR-I T cells induce
regression of the established tumors

Figure 6-7 Sunitinib treatment plus adoptive transfer of TCR-I T cells induce
regression of the established tumors. The tumor-bearing mice were treated with
sunitinib or vehicle control every other day for consecutive 2 weeks followed by
immunization with B6/WT-19 cells. Half of sunitinib treated mice and a group of nontreated tumor-bearing mice were given adoptive transfer of TCR-I T cells, followed by
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immunization. Tumor sizes were monitored by MRI. The number of survived mice was
calculated over time after sunitinib treatment. (A) Representative MRI imaging of
tumors in each group. (B) Mean tumor volume versus time for four groups of mice
by MRI weekly. (C) The number of surviving mice versus time in each group.

6.2.7 TGF-β is involved in sunitinib mediated anti-tumor immune response
Transforming growth factor-β (TGF-β) is a major pluripotential cytokine with a
pronounced immunosuppressive effect that regulates a diverse set of cellular processes including
cell proliferation, differentiation and apoptosis [272]. Here in our study, western blot revealed
decreased levels of TGF-β in the tumors from sunitinib-treated tumor-bearing mice compared to
vehicle-treated tumor-bearing mice (Figure 6-8). Phospho-smad2 (pSmad2), a direct downstream
target of TGF-β, was also reduced in the sunitinib-treated tumors (Figure 6-8). This result
encourages us to further study the association of TGF-β in sunitinib treatment mediated immune
regulation.
We observed that the soluble TGF-β level was increased in tumor Tregs compared to
normal Tregs and the expression level was found to be reduced in Tregs obtained from sunitinib
treated tumor-bearing mice (Figure 6-6). We asked whether the high level of TGF-β might be in
part responsible for the suppression of effector cells proliferation. For this, Tregs obtained from
spleen of tumor-bearing mice and sunitinib treated tumor-bearing mice were co-cultured with
CFSE-labeled normal CD8+ or CD4+ T cells. Half of the Tregs isolated from tumor-bearing mice
were incubated with anti-TGFβ neutralizing antibody for two hours before co-culture.
Proliferation of the CFSE-labeled CD4 and CD8 populations were analyzed by flow cytometry.
The accumulated results were shown in Figure 6-9. As expected, Tregs isolated from normal mice
weakly suppressed the proliferation of CD4+ and CD8+ T cells while Tregs obtained from tumorbearing mice showed stronger suppressive function. Interestingly, when Tregs obtained from
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tumor-bearing mice were co-cultured with CD4+ and CD8+ T cells in the presence of anti-TGFβ
neutralizing antibody, their suppression of responder cell proliferation was partially relieved to a
level comparable to sunitinib treatment (Figure 6-9). Our results suggest that the enhanced
suppressive function of tumor-associated Tregs can be partially blocked by anti-TGF-β
neutralizing Ab and the effect was comparable to our observation on sunitinib treatment.

.

Figure 6-8 Sunitinib treatment leads to TGF-β reduction within the tumor

Figure 6-8 Sunitinib treatment leads to TGF-β reduction within the tumor. Groups of tumorbearing mice with tumor volume>120 mm3 were administered either sunitinib or vehicle every
other day for 2 weeks. Tumor tissues were harvested from tumor sites and the proteins were
extracted, quantified and analyzed by western blotting with antibodies specific for the indicated
proteins. β-actin served as an internal control. Result is shown as a representative picture of three
experiments performed.
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Figure 6-9 Treg suppression is reduced by neutralizing TGF-β in vitro

Figure 6-9 Treg suppression is reduced by neutralizing TGF-β in vitro. The
tumor-bearing mice were treated with sunitinib for consecutive 2 weeks. CD4 +CD25+
Tregs were isolated from the spleen first by negative selection with microbeads
conjugated to biotin-antibody cocktail labeling non-CD4 cells followed by positive
selection with microbeads conjugated to anti-CD25 antibody. CD8+ and CD4+ T cells
isolated from normal mice with positive magnetic cell isolation were labeled with 1 µM
of CFSE, respectively. The labeled CD8+ or CD4+ T cells were cultured at a ratio of 1:1
with CD4+CD25+Tregs from tumor-bearing mice with or without sunitinib treatment and
normal mice for 48 hours in the presence of anti-CD3 and anti-CD28 antibodies. Half of
the CD4+CD25+Tregs from tumor-bearing mice without sunitinib treatment were
incubated with anti-TGF-β-neutralizing Ab at 4µg/ml for 2 hours at 37°C before the 48
hours co-culture with responder cells. (A) The accumulated results for CD8 T cell
proliferation. n = 3; error bars represent means ± SD. * represents significant difference
(p<0.05). (B) The accumulated results for CD4 T cell proliferation. n = 3; error bars
represent means ±SD. * represents significant difference (p<0.05).
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6.3 Conclusions and discussion
Our findings indicate that sunitinib plus immunization effectively delays tumor growth,
but is unable to eradicate the established advanced-stage tumors. The combination of targeted
therapy (sunitinib) with tumor-specific immune T cell transfer followed by immunization led to
the regression of established tumors within one week of T cell transfer and eventually eradicated
tumors within 10 weeks. We demonstrate that this potent synergistic effect is implicated with the
sunitinib-mediated modulation of tumor-associated immune suppression. Our findings suggest
that tumor-induced immunotolerance can be prevented by sunitinib and the powerful cytotoxic
effect of tumor antigen-specific T cells can be elicited by sunitinib treatment. This effective
chemo-immunotherapy represents a promising treatment strategy for patients with advanced
HCC.
Using the orthotopic murine model of HCC without liver fibrosis, we have demonstrated
that sunitinib treatment plus immunization promoted the transient reduction in tumor size and
significantly prolonged the survival of tumor-bearing mice [44]. Currently, we use our improved
fibrotic model to conduct similar experiments. The results suggest that sunitinib restrains tumor
growth but is unable to reduce the established tumors with CCl4-induced liver fibrosis/cirrhosis.
This treatment effect is similar to the observation from clinical trials, but differs from the finding
in the previous orthotopic model. Therefore, we believe that the environment of liver fibrosis
compromises the therapeutic efficacy of sunitinib on HCC. This might also explain the
discrepancy observed in clinic that sunitinib showed benefits on other solid tumors but not HCC
[273-274][64], as 90% of HCCs occur in the setting of fibrosis due to the chronic liver injury. In
addition, in patients with HCC, the frequency of CD8 T cells and Tregs are increased in the
periphery while CD4 T cells are decreased compared to that in health donors (Figure 6-1 A and 61 E). The effector CD8 T cells show decreased differentiation in response to non-specific
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stimulation. Similar changes and responses are found in our tumor-bearing mice with the liver
fibrosis (Figure 6-1). These results further demonstrate that this novel murine model of HCC
recapitulates human HCC in many aspects.
We provide strong evidence that sunitinib alters the number of Treg, suppressive activity
of Treg and tumor microenvironment. More importantly, the results from present studies also
confirm that sunitinib treatment activates effector T cells from the fibrotic tumor-bearing mice
(Figure 6-2 A and 6-2 B) and enhance their CD8 cytotoxic function (Figure 6-2 C). These results
suggest that the setting of liver fibrosis doesn’t influence the effect of sunitinib on the immune
system while it might negatively impact sunitinib-mediated anti-tumor effect. Further studies
demonstrate that sunitinib treatment impacts the immune profile including various T cell
populations such as CD4 T cells, CD8 T cells, Tregs and restore them to normal level (Figure 63). In addition, we found that sunitinib directly affects Tregs as the in vitro suppressive function
of Tregs is blocked with sunitinib treatment in tumor antigen-specific and non-specific ways
(Figure 6-4 and 6-5). The regulation of sunitinib on Tregs is implicated in the reduction of
immune suppressive cytokines including IL-10 and TGF-β (Figure 6-6).
Various strategies to modulate the suppressive function of Treg in vivo have been
investigated, including blockade of CTLA4 with CTLA-4 specific antibodies [216], depletion of
CD25 with denileukin diftitox (Ontak) [275] or CD25-specific antibody and blocking Treg
trafficking with CCL22-specific antibody [276]. Treatment with denileukin diftitox led to reduced
Tregs and increased effector T cell activation in patients [277]. However, depletion of Tregs did
not induce meaningful tumor regression in most cases [278] and long-term treatment of
denileukin diftitox might lead to depletion of CD25+ effector T cells [279]. Chemotherapeutic
agents have also been considered, including cyclophosphamide [280-281] and cyclosporine
(Sandimmune) [282]. Administration of cyclosporine might reduce Tregs by suppressing IL-2,
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which is crucial for Treg expansion and function. However, further pre-clinical studies are needed
to evaluate their potential for promoting anti-tumor immunity.
In this report, we found that sunitinib decreases the number and percentage of Treg and
MDSC (data not shown) thereby abrogating tumor-associated suppression. Surprisingly, sunitinib
treatment combined with adoptive transfer of tumor antigen-specific CD8 T cells plus
immunization led to the elimination of established tumors without recurrence in the fibrotic
model (Figure 6-9) and showed significant improvement in the outcome of lifespan, despite the
reduced efficacy of sunitinib on this fibrotic model. This unexpected but encouraging therapeutic
efficacy might largely due to the sunitinib-mediated activation of anti-tumor immune response,
and partly owing to sunitinib’s direct tumor-killing function.
In conclusion, the setting of liver fibrosis undermines the sunitinib-mediated therapeutic
effect in HCC, but doesn’t affect sunitinib-mediated prevention of tumor-induced
immunotolerance. The combination of sunitinib and T cell immunotherapy represent a novel
modality of more efficacious immune therapy protocol, regardless of the limited efficacy of
sunitinib as a single agent on advanced HCC. The powerful immunomodulatory effect makes
sunitinib a potential portion of integrative therapies in HCC and perhaps other cancers.
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Chapter 7
Overall Conclusions and Discussion
Over the past three decades, the incidence of HCC has doubled in the USA, due to the
increasing rate of hepatitis C [283]. More importantly, the mortality rates have increased faster in
HCC than any other cancer with less than 10% 5-year survival [284]. In addition, the shift in
HCC toward younger age groups has occurred in all races [285]. Current treatment doesn’t offer
benefits to the majority of HCC patients. Thus, it is important to better understand the underlying
mechanisms of this deadly disease in order to develop novel therapeutic strategies for better
clinical outcomes.
To improve our understanding of anti-tumor immune mechanisms and advance clinical
application of cancer therapy, an appropriate, practical and reproducible murine model is needed.
In Chapter 4 of this dissertation research, we established an orthotopic murine model to facilitate
our study of HCC. Histologically-normal hepatocytes from transgenic MTD2 mice were injected
into the liver of wild type C57BL/6J mice via ISPL inoculation. The inoculated hepatocytes
traffic to the liver and are incorporated as hepatocytes that express Tag as a tissue antigen.
Malignant transformation occurs gradually and is limited to the subpopulation of transplanted
hepatocytes rather than the whole liver parenchyma. Eventually, these transplanted hepatocytes
develop into tumor nodules in the liver. Since HCC predominantly develops in damaged fibrotic
liver tissues in human, it is desirable to combine tumor growth and chronic liver damage in order
to imitate the course of HCC in human. In this regard, CCl4-induced liver injury was introduced
to generate liver fibrosis. Characterization of this novel model demonstrated that the tumors
spontaneously and gradually grow within the parenchymal cells in the setting of liver fibrosis.
Transgenic SV40 Tag serves as tumor-specific antigen while wild type mice used as recipient
possess intact immunocompetence against tumor-specific antigen (Tag). Jointly, the established

111
novel model not only mimics the tumor initiation and progression, but also owns the most
biological and immunological features of human HCC. This unique model, along with the
established TCR-I transgenic mice (mice line 416) [100] and Tag-expressing cells (B6/WT19
cells) provide us an ideal platform to explore the immune response against tumor antigen over the
course of HCC development.
Using this unique model, we characterized the dynamics of anti-tumor immunity during
HCC progression. In our model, tumor cells express a considerable amount of tumor antigen
(Tag) with high immunogenicity. However, the fact that antigenic tumors successfully grow and
maintain within a host with intact and fully functioning immune system suggested that tumors are
capable of evading the immune control. One of the most popular mechanisms postulated for this
tumor immune evasion is the inactivation of tumor-specific immune response. Given the critical
role of cytotoxic CD8 T cells in anti-tumor immunity, we first examined their state in the context
of tumor at different time points. In agreement with other’s findings on various cancers, no tumor
antigen-specific CD8 T cell activation was detected in HCC tumor-bearing mice. In vivo and in
vitro studies showed that the tumor progression failed to activate endogenous (Tag epitope I or
epitope IV-specific CD8 T cells) or exogenous tumor-specific CD8 T cells (TCR-I T cells) in
tumor-bearing mice at advanced stage. These results were verified by the limited proliferation and
differentiation of antigen-specific CD8 T cells in the tumor-bearing host, as well as the downregulation of activation markers in response to Tag-specific immunization.
Ochsenbein et al has demonstrated that a protective cytotoxic T cell response against
tumors can be detected if the tumors were transplanted as a single-cell suspension. Contrary, if
they were transplanted as small tumor pieces, tumors escaped immune control and started to grow
[286]. Their study suggested that tumor growth is correlated with failure of T cell localization. In
our study, tumorigenic cells transferred as a single-cell suspension at 5x105/animal via ISPL
inoculation successfully result in tumor growth in immunocompetent mice. Further studies
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demonstrated that immunization with Tag-expressing cells (B6/WT19) drove the proliferation
and differentiation of endogenous Tag-specific CD8 T cells and exogenous tumor-specific T cells
at the early stage, rather than at advanced stage. Absence of Tag in draining lymph nodes
indicated that no tumor cell migrates to draining lymph nodes at the early stage of tumor
development. In contrast, Tag gene was easily detected in tumor-bearing mice at advanced stage.
Our results suggested that HCC tumor cells failed to localize to draining lymph nodes to evade
immune surveillance at early stage, which could be accounted for by immuno-ignorance. In
contrast, the anti-tumor immune response in tumor-bearing mice at advanced stage is not
analogous to that at early stage. Immunization with Tag could not induce anti-tumor immune
response in tumor-bearing mice at advanced stage, evidenced by the lack of proliferation and
activation for endogenous antigen-specific CD8 T cells as well as adoptive transferred TCR-I T
cells. However, tumor antigens are readily presented in the local lymphatics. Collectively, our
results demonstrated that the unresponsiveness of CD8 T cell was correlated with immune
ignorance at early stage tumors and immune tolerance at advanced stage tumors. This mechanism
might also be used to explain why only low dose of tumorigenic cells via ISPL inoculation led to
the development of HCC tumors while all other ways failed to form tumors at either low or high
dose.
Increasing evidence demonstrates that immune tolerization is the result of imbalances of
effector T cells and regulatory T cells in the context of tumor [30]. In Chapter 5 of this study, we
investigated the alteration of CD4+CD25+FOXP3+ Tregs in tumor-bearing host in comparison to
healthy host. Our results indicated that the frequency of CD4+CD25+FOXP3+ Tregs was
markedly increased in tumor-bearing mice at advanced stage compare to that at early stage or in
normal mice. In addition, Tregs from tumor-bearing host show enhanced suppressive effects than
that from normal mice, evidenced by their strong ability to arrest the proliferation of CD4 and
CD8 T cells. It has been proposed that Treg can engage many different mechanisms to regulate
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the effectors, depending on the environment in which they operate. A range of soluble factors are
shown to be able to mediate Treg suppression and effector cell death including Fas, inducible costimulatory receptor (ICOS) and CD46 [167][287]. Prominent among these factors are immunoinhibitory cytokines IL-10 and TGF-β. High IL-10 expressing Tregs are found in tumor-bearing
mice in our system which is in agree with most of others observations in both murine models and
cancer patients [24][288]. Alternatively, several factors secreted by HCC could induce the
accumulation of immature myeloid dendritic cells such as VEGF, IL-6 and GM-CSF. Tregs may
be induced from the CD4+CD25- T cells population by interacting with immature myeloid
dendritic cells. Our results suggest the involvement of sunitinib mediated Treg downregulation as
a potential mechanism responsible for the enhanced anti-tumor immune response. However, in
vivo depletion of Foxp3 is needed to confirm our findings.
The chemotherapeutic activities of sunitinib to inhibit tumor angiogenesis and growth
have been well documented experimentally and clinically on several types of cancers [234-236].
The antiangiogenic activities of sunitinib have been associated with a range of targets such as
VEGFR1, VEGFR2, PFGFRα and PDGFRβ [289][234]. However, the roles and mechanisms of
sunitinib-mediated anti-tumor effects remain incompletely defined. A report on GIST showed
sunitinib induces tumor responses in the form of inducing tumor cell necrosis rather than reducing
tumor vasculation [290]. We and others have also shown that sunitinib inhibited the STAT3
pathway and induced direct tumor cell apoptosis, independent of tumor vasculature destruction
[44][291]. In Chapter 6 of this thesis study, we found that after sunitinib treatment, both the
proliferation and colony formation of cancer cell lines are inhibited and HCC cell apoptosis is
induced in vitro. Using our improved fibrotic HCC model, we found that sunitinib plus
immunization inhibit tumor growth and prevent tolerance of endogenous CD8 T cells, evidenced
by the recovery of cytotoxic function of endogenous CD8 T cells in tumor-bearing mice that
received treatment. The most striking observation we made is that the combination of sunitinib
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with antigen-specific T cells transfer plus immunization further promote the inhibition of
established tumor growth to a total elimination.
To obtain a better understanding of how chemotherapy synergizes with immunotherapy,
we further explored the underlying mechanisms of a combined approach. Several mechanisms
account for these reciprocal effects [292]. A number of targeted therapies against tumors affect
pathways that are also crucial for immune development and function, such as STAT3 [44].
Meanwhile, chemotherapy could promote effective dendritic cell maturation which leads to T cell
priming, activation and differentiation into long-lived memory T cells [293]. This might also
boost the efficacy of cancer vaccines for better clinic outcomes. In our current study, we revealed
that sunitinib treatment leads to reduced accumulation of regulatory T cells in secondary
lymphoid organs as well as in tumor sites. In addition, we found that sunitinib treatment diminish
tumor-associated Tregs’ suppressive function on effectors, possibly through abrogating the
production of immunosuppressive cytokines. Impairing immunosuppression in our system by
sunitinib allows the improvement of effector T cell function, evidenced by high level of target
cell elimination and increased production of IFN-γ and TNF-α in response to tumor antigen.
These results suggest that sunitinib may modulate the tumor microenvironment not only by
decreasing Tregs in the tumor but also by down-regulating cytokines, such as IL-10 and TGF-β.
As a result, sunitinib abrogates tumor-associated suppression and works in a synergistic manner
with adoptive immune therapy in large tumor-bearing mice.
It is still possible that the therapeutic effects of sunitinib observed in our murine model
are due to its interactions with receptors on tumor cells. Conducting CD8 or CD4 T cells
depletion experiments prior to the treatment of sunitinib would allow the assessment of tumor
burden following sunitinib administration in the absence of these immune effectors. However,
sunitinib treated tumor-bearing mice exhibited decreased Tregs while tumor progression,
suggesting sunitinib has direct effects on immune cells. Even those mice whose tumors
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progressed during the course of sunitinib treatment saw a decline in Tregs. This observation
indicates that sunitinib has direct effects on immune cells which are independently of their direct
anti-tumor effect. In the meanwhile, we and others have found that sunitinib reduces Treg
frequency in tumor free mice, suggests the direct effect of sunitinib on immune cells. We have
reported that sunitinib directly affect tumor burden through STAT3 pathway in non-fibrotic
model [44], but fibrosis might affect this anti-tumor function since the therapeutic efficacy of
sunitinib is reduced on the fibrotic tumor model. Though Finke et al reported that sunitinib
treatment in vitro does not affect the expansion of either Tregs nor effector T cells [42], several
mechanisms could account for the reduced Tregs seen in sunitinib treated tumor-bearing host.
It has been shown that several tumor-produced growth factors targeted by sunitinib are
implicated in Treg accumulation. The interaction of CD4+CD25- T cells with tumor cells results
in the development of Treg cells. We have found that incubation of purified CD4 +CD25- T cells
with HCC tumor lysate in the presence of anti-CD3 stimulation induced Foxp3 expression. The
expression level of Foxp3 could be reduced by incubation with sunitinib treated HCC tumor
lysate to an equivalent level of control group (co-incubation with normal liver lysate). Also, coincubation of CD4+CD25- T cells with two different HCC cell lines in the presence and absence
of sunitinib shows the similar results. We are currently testing whether addition of sunitinib to the
culture has the similar effects. Of note, though the frequency of Tregs in tumor site reduced after
sunitinib treatment, there was no statistical significance observed when compared to vehicle
treated tumor-bearing mice, suggest that tumor microenvironment impairs the effects of sunitinib
on Tregs. In addition, we have found that the frequency of MDSC significantly reduced in the
spleen and liver in sunitinib treated tumor-bearing mice, compared to non-treated tumor mice.
MDSC accumulation in human plays a critical role in the general process of angiogenesis via
STAT3 signaling [294]. Continuous VEGF infusion in naïve mice was shown to induce MDSC
formation via VEGFR2 signaling and MDSC can regulate VEGF bioavailability in tumors by the
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expression of MMP-9 [295]. Therefore, it is not a surprise to see the decline of MDSC in
sunitinib treated group since sunitinib targets many VEGFR signalings and decreases the blood
vessel formation in tumors [296]. In the meanwhile, MDSC was shown to be able to induce Tregs
in HCC [297]. It is possible that the effects of sunitinib on Tregs are partially due to the influence
of MDSC or a common target shared by MDSC and Tregs that works as a double hit. Though we
failed to see tumor shrinkage in sunitinib treated group, sunitinib may induce functional changes
in tumor makeup which in turn affect Tregs or MDSCs. Interestingly, a study showed that using
GM-CSF could induce the MDSC resistance to sunitinib through the regulation of STAT5
signaling [298]. STAT5ab (null/null) MDSCs were sensitive to sunitinib in the presence of GMCSF [298]. However, in our system, we didn’t find the difference of STAT5 expression between
sunitinib and vehicle treated tumor-bearing mice.
In our study, we have found a strong activation of CD8 T cells in tumor-bearing mice
after the treatment of sunitinib. However, the statistical difference of CD8 T cells frequency in
sunitinib and vehicle treated tumor-bearing mice was not presented. The improved CD8 T cell
response could be associated with less Treg suppression on CD8 T cells proliferation.
Alternatively, Tregs contribute to the suppression of type I cytokines expression that sunitinib
reduced Tregs frequency allows for a recovery of type-I responses. The direct effect of sunitinib
on CD8 and CD4 T cells are being investigated in vitro. In addition, pre-treating 416 mice or
TCR-I cells with sunitinib and transfer the treated TCR-I cells into tumor-bearing mice would
allow direct conclusion of the effect of sunitinib on preventing CD8 T cell tolerance. If the pretreated TCR-I cells were not tolerized after they were transferred into the advanced stage tumorbearing mice, it would prove that sunitinib can prevent antigen-specific CD8 T cell tolerance
through a direct effect on T cells prior to antigenic stimulation.
Finke et al observed a significant increase in Th1 response and reduced Th2 cytokine
expression on metastatic RCC patients after 4 weeks treatment of sunitinib [42]. A decrease in
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MDSC population and function was observed in treated renal cancer patients and colon cancer
mice model [46][41]. In contrast, a report comparing two tyrosine kinase inhibitors, sorafenib and
sunitinib found that sorafenib exerts a negative effect on dendritic cells and T cell response which
significantly reduced the induction of antigen-specific T cells [39][40]. In line with these
observations, sunitinib was also reported to facilitate the lymphocytes tumor infiltrating which
enhances the effect of vaccination [240]. The number of Tregs was also found to be reduced in
the peripheral blood of colon cancer-bearing mice treated with sunitinib, consistent with our
findings [41].
Therapeutic cancer vaccines have entered the realm of cancer research for more than 60
years [299]. Though there are currently no FDA-approved adoptive T cell therapies for cancer,
the increasing knowledge in the field of cancer immunology has enabled new approaches that
might bring adoptive T cell transfer to the routine practice in clinic. An adoptive transfer trial
conducted on a patient with metastatic melanoma by infusion of autologous melanoma-associated
antigen recognized by T cell 1-specific (MART-1-specific) CD8 T cells led to effective T cell
infiltration to both tumor tissues and the skin [300]. This encouraging preliminary result indicates
the promising vaccine-like effect of CTL adoptive transfer therapy and its potential effects in
inducing epitope spreading. The satisfying outcome of this trial also highlights the significance of
our work for potential translation to clinical study.
Our studies provide evidence in an in vivo animal model that targeting tyrosine kinase
inhibitors can be used in a novel synergistic way to enhance the therapeutic efficacy of immunebased therapies for cancer patients. There remain several unanswered questions. These include
the underlying mechanisms by which fibrosis/cirrhosis compromises the effect of sunitinib on
advanced HCC; whether sunitinib reducing Tregs by directly killing or indirectly modulating
CD4 T cell differentiation and the involvement of DCs and MDSCs in sunitinib-mediated
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immune regulations. The answers to these questions will lead to the discovery of new molecular
targets and better therapeutic approaches.
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Appendix
Supplementary Data

Supplementary figure 1
Polyfunctional response of Tag-specific CD8 T cells from C57BL/6 mice.

Supplementary Figure 1. Polyfunctional response of Tag-specific CD8 T cells
from C57BL/6 mice. Splenic lymphocytes were isolated from mice inoculated
with two different doses of SV40 Tag transgenic hepatocytes via ISPL injection,
or immunized i.p. with B6/WT-19 cells or HBSS. The isolated cells were cultured
with peptide I and IV for 6 h and stained for surface CD8 and intracellular TNF-α,
perforin, and IL-2 and granzyme B expression. (Modified from Diego et al
Hepatology 2012)
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Supplementary figure 2

Supplementary Figure 2. Increased expression of AFP in tumor-bearing
mice. Liver tissues were isolated from both normal mice and fibrotic tumorbearing mice. Western blot shows the increased expression of AFP in tumorbearing mice in contrast to that in normal mice. β-actin was used as internal
control.
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