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ABSTRACT 
As cancer progresses toward the leading cause of death in the United States, 

biomedical research has become increasingly invested in the study of vaccines as 

potentiators of tumor immunity.  Unlike current treatments for malignant disease, 

active immunotherapy has the potential to establish a specific, long-lasting anti-tumor 

response in the absence of debilitating side effects.  The efficacy of various vaccine 

modalities, including protein/peptide vaccines, DNA vaccines, and novel prime-boost 

strategies has been investigated across a range of animal models, and these vaccination 

approaches are presently progressing in human clinical trials.  In this study, we aim to 

characterize the immunological mechanisms of tumor immunity in BALB/c mice 

following vaccination with plasmid DNA, designated pCMV-Tag, that expresses as a 

transgene, a tumor-specific antigen (Tag) from simian virus 40 (SV40).  Briefly, 

BALB/c mice were immunized with pCMV-Tag or a control plasmid DNA 

preparation and subsequently challenged with a syngeneic murine fibroblast tumor cell 

line that expresses SV40 Tag in an experimental pulmonary metastasis model of 

malignant disease.  Induction phase and effector phase-depletions of T lymphocytes 

and NK cells were performed in vivo to assess the relative importance of these cell 

types in the elicitation of tumor immunity.  Additionally, gamma interferon (IFN-γ) 

neutralization experiments were conducted in vivo to examine the required activity of 

this cytokine at different stages of the immune response.  An evaluation of anti-tumor 

immunity was carried out by monitoring the formation of lung tumor foci within the 

experimental pulmonary metastasis scenario followed by the evaluation of SV40 Tag 
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specific immune responses.  Our results indicate CD4+ T cells are critical mediators of 

the anti-tumor immune response, while CD8+ T cells and NK cells execute an 

important overlapping function within the immune effector phase.  Studies of the 

specific cytokine environment show that vaccination with pCMV-Tag generates T 

cells that produce IFN-γ in vitro, which is a required component of the induction phase 

of the anti-tumor immune response.  Of note, studies of the humoral immune response 

indicate that complete protection from tumor development precedes antibody 

production, and that the distribution of SV40 Tag-specific IgG sub-isotypes is 

consistent with a mixed Th1/Th2 immune response.  Our findings provide insight into 

the general mechanisms of DNA vaccine-induced immunity against tumor-associated 

antigens, and have implications for the development of novel strategies to treat 

malignancies that express definable antigens that can be targeted through active 

vaccination. 
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CHAPTER I 

INTRODUCTION 
According to recent estimates, 1,638,910 new cancer cases and 577,190 

cancer-related deaths are projected to occur in the United States in the year 2012 

(Siegel, Naishadham et al. 2012).  Despite substantial improvements in standard 

treatment approaches (e.g., surgery, chemotherapy, and radiation), the overall cancer 

mortality rate in the USA has declined only marginally since 1975, and worldwide 

cancer incidence and mortality rates have increased (Jemal, Bray et al. 2011).  Given 

the global impact of cancer within the medical field, new technologies for cancer 

treatment and prevention are necessary to aid in controlling this impervious and 

widespread disease.  Within the past decade, the employment of both active and 

passive immunotherapeutic strategies has strengthened the corpus of cancer treatment 

options available to clinicians.  Numerous monoclonal antibodies (MAb) and 

antibody-conjugates have been approved for the treatment of cancer, as well as 

Proleukin® (a recombinant cytokine-based therapy) and Provenge® (an autologous 

antigen-presenting cell-based vaccine).  In addition, prophylactic vaccines against 

hepatitis B virus and human papilloma viruses have helped reduce the risk of cancer 

associated with infection by these microbes.  As novel approaches to cancer treatment 

and prevention continue to be explored, vaccines and immunotherapeutics are well 

positioned to comprise an important focus of both basic and applied scientific 

investigations. 
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Given the historic achievements of vaccination in controlling the incidence of 

infectious disease, the application of active immunity to treat malignant disease has 

generated considerable interest among clinicians and biomedical scientists. The ability 

of vaccines to potentiate specific and long-lasting anti-tumor responses has imparted a 

certain promise on this therapeutic strategy over standard treatment approaches, which 

may be limited in specificity and duration.  Additionally, the autologous nature of the 

active immune response endows a notable benefit over passive immunization schemes 

with MAbs and modified effector cells, which may be limited by host neutralizing 

responses and other factors (Christiansen and Rajasekaran 2004; Davis, Theoret et al. 

2010).  Although traditional vaccine formulations have typically consisted of killed or 

inactivated microorganisms and/or their purified antigens, the utilization of innovative 

vaccine strategies may prove particularly important for gleaning the full potential of 

active immunization against malignant disease.  For example, the aforementioned 

Provenge® (Sipuleucel-T immunotherapy) uses a novel ex vivo antigen-presenting cell 

(APC) activation and expansion program based on the culturing of a patient’s own 

peripheral blood mononuclear cells in the presence of an immunostimulatory antigen-

cytokine fusion molecule (Sims 2011).  Aside from establishing the efficacy of tumor 

vaccination protocols within the clinical arena, FDA approval of Provenge® has 

opened a gateway to the progression of other experimental vaccine modalities 

targeting established malignant disease, such as DNA vaccines (Alam and McNeel 

2010).  Although no DNA vaccines have yet been approved for human use, the recent 

licensure of Oncept™ (a xenogenic DNA vaccine encoding human tyrosinase for the 
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treatment of oral melanoma in dogs) has demonstrated the therapeutic benefit of anti-

cancer DNA vaccines in large mammals and further inspired the exploration of this 

vaccine modality for potential use in humans. 

Despite the increased prominence of tumor vaccine research, to our 

knowledge, relatively few laboratories have exhaustively studied the critical anti-

tumor immune pathways associated with distinct vaccine modalities against a 

prototypic tumor-associated antigen (TAA).  Our laboratory has thus focused on the 

elucidation of immune mechanisms pertaining to vaccine function against a model 

TAA, Simian virus 40 large tumor antigen (SV40 Tag), in a murine model of 

pulmonary metastasis.  To this end, we have thoroughly described the immune 

mechanisms underlying recombinant SV40 Tag protein (rTag) vaccination (Lowe, 

Shearer et al. 2007a; Lowe, Shearer et al. 2010b), and have performed a preliminary 

evaluation of immunity stimulated by immunization with plasmid DNA encoding 

SV40 Tag as a transgene (pCMV-Tag) (Lowe, Shearer et al. 2005).  In this study, we 

further explore the immunological mechanisms critical to DNA vaccine function and 

describe a putative model of protective tumor immunity elicited by this vaccine 

modality.  Animal studies were conducted by immunization of BALB/c mice with 

pCMV-Tag, followed by lethal tumor cell challenge with an SV40-transformed cell 

line, mKSA.  Evaluations of in vivo protection were performed by examination of the 

tumor burden in mouse lungs, and mouse immune tissue and sera were routinely 

utilized in in vitro analyses to discern the correlates of protective immunity.  In order 

to investigate the roles of specific immune constituents in the elicitation of tumor 
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immunity, depletion/neutralization experiments targeting CD4+ T lymphocytes, CD8+ 

T lymphocytes, NK cells, and gamma interferon (IFN-γ) were conducted in the 

induction and effector phases of the anti-tumor immune response.  Our findings help 

to identify the critical components of DNA vaccine-induced tumor immunity, and 

illustrate the distinct mechanisms of action associated with recombinant protein and 

DNA vaccine modalities. 

What follows is a basic outline of the remaining chapters included in this 

dissertation.  Given that our model tumor antigen is of viral origin, Chapter II 

describes the elicitation of protective immunity to viral antigens, with particular 

emphasis on the development of a universal influenza vaccine.  Although influenza 

virus infection represents a very different condition from malignant disease, many of 

the challenges facing the construction of an efficacious universal influenza vaccine are 

shared by experimental cancer vaccines.  Such challenges include the identification of 

appropriate antigens, the exploration of non-traditional vaccine modalities, and the 

incorporation of molecular adjuvants and novel vaccination platforms to enhance 

immune stimulation.  Chapter III introduces the role of vaccines and 

immunotherapeutics as emerging anti-cancer agents and discusses the various 

successes and limitations of vaccination, cytokine-based therapy, adoptive cellular 

therapy, and MAb therapy within the context of malignant disease (Aldrich, Lowe et 

al. 2010).  Chapters IV and V contain original research performed by our laboratory, 

and describe the critical roles that various immune cell populations and immune 

effector molecules play within our model of DNA vaccine-induced tumor immunity.  
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Specifically, Chapter IV identifies the role of CD4+ T lymphocytes as central 

mediators of protective immunity to mKSA tumor cells (Aldrich, Lowe et al. 2011), 

and Chapter V expands our preliminary characterization of the associated immune 

response by further examining the contributions of IFN-γ and Th1-associated 

cytotoxic effector cells.  A final summation of the immunologic anti-tumor 

mechanisms involved upon immunization with pCMV-Tag is provided in Chapter VI.  

Collectively, our findings point to a general model of DNA vaccine-induced tumor 

immunity depicted in Figure 1.1. 

As shown in Figure 1.1, our recent findings with SV40 Tag DNA vaccination 

have shaped a general model of tumor immunity where CD4+ T lymphocytes function 

as central mediators of the anti-tumor immune response.   The required activity of 

CD4+ T lymphocytes is supported by the secretion IFN-γ and other anti-tumor 

cytokines, which collectively establish a mixed Th1/Th2 immune profile and 

participate in the dual activation of potent humoral and cell-mediated immune effector 

pathways.  This engagement of both arms of the adaptive immune system results in a 

versatile anti-tumor immune response that is resistant to singular impairments in 

effector pathways, unlike our previous vaccination scenarios with rTag.  Although 

most studies of tumor immunity have focused on the contributions of antibodies and 

CD8+ T lymphocytes, the dominant role of CD4+ T lymphocytes in DNA vaccine-

induced tumor immunity has recently been reported for a similar DNA vaccine 

scenario against Tag from Merkel cell polyomavirus (Zeng, Gomez et al. 2012).  Such 

reports substantiate our own findings, and hint at a possible conserved role for CD4+ 
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T lymphocytes in mediating broad protection to transforming viral oncoproteins upon 

immunization with plasmid DNA.  Moreover, our investigations help to illuminate the 

underlying mechanisms of DNA vaccine-induced tumor immunity to TAAs and have 

direct implications for the development of improved immunological strategies to treat 

and prevent malignant disease, including those associated with SV40 Tag expression 

(Imperiale, Pass et al. 2001). 
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Figure 1.1. General model of immunologic pathways involved in SV40 Tag DNA 
vaccine-induced tumor immunity to mKSA tumor cells 
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CHAPTER II 

IMMUNITY TO VIRAL ANTIGENS: 

PROGRESS ON THE DEVELOPMENT OF UNIVERSAL INFLUENZA VACCINES 

Introduction 

Influenza A virus represents one of the most prominent viral pathogens of 

modern times.  Infection with this microbe results in an estimated 36,000 deaths 

(Thompson, Weintraub et al. 2009) and over 200,000 hospitalizations (Thompson, 

Shay et al. 2004) in the USA annually, with a projected total economic burden in 

excess of 80 billion dollars per year (Molinari, Ortega-Sanchez et al. 2007).  

According to the CDC, the incidence of influenza virus infection in the USA 

population may reach 20% during a typical flu season; however, this figure can 

increase substantially during periods of pandemic influenza.  Although influenza is 

typically a self-limiting disease, serious complications can occur, including primary 

viral pneumonia, secondary bacterial pneumonia, myositis, and neurologic syndromes.  

The risk of mortality and disease complications is elevated for certain populations, 

including the young, old, and immunocompromised.  The ability of influenza A virus 

to infect millions of people each year speaks to the resilient nature of this pathogen 

and to the necessity for developing improved methods of disease prevention. 

Current influenza vaccines: Characteristics and limitations 

Commercial influenza vaccines have been available since the mid-1900s; 

however, immunity afforded by these approaches is typically limited due to the 

continual emergence of antigenically distinct viral strains.  Current vaccine 
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preparations incorporate influenza viruses in a trivalent inactivated (IIV) or live 

attenuated (LAIV) form and are delivered via intramuscular injection or intranasal 

spray, respectively (Table 2.1).  The viral strains utilized in these vaccines are 

predicted based upon extensive influenza virus surveillance data and currently consist 

of two influenza A virus strains (H1N1 and H3N2) and one influenza B virus strain.  

Immunity elicited upon vaccination is associated with the production of antibodies to 

the viral surface proteins hemagglutinin (HA) and neuraminidase (NA) (Francis and 

Magill 1937; Hirst, Rickard et al. 1942), which are critical mediators of viral 

attachment and release from host cells, respectively.  The structure and composition of 

the influenza virus particle is shown in Figure 2.1.  Due to the rapid antigenic drift of 

these immunodominant influenza proteins, the influenza vaccine must be updated on 

an annual basis.  While antigenic drift results in minor mutations that contribute to 

seasonal influenza epidemics, antigenic shift can result in the emergence of 

dramatically reassorted influenza viruses that may spread as influenza pandemics.  

Notable pandemics include the Spanish Flu outbreak of 1918, which resulted in an 

estimated 50 million deaths worldwide (de Wit and Fouchier 2008), as well as the 

recent 2009 outbreak caused by the H1N1 virus subtype.  The possibility of an 

influenza pandemic derived from the highly virulent H5N1 avian influenza virus has 

also remained a key concern of the scientific community over the past decade 

(Cauthen, Swayne et al. 2000; Horimoto and Kawaoka 2001; Hatta and Kawaoka 

2002).  Importantly, H5N1 viruses are not a component of current seasonal influenza 

virus vaccines, and a time lag of several months would likely occur between the 
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emergence of a pandemic H5N1 virus and mass distribution of strain-specific vaccines 

(Hall, Gani et al. 2007; Boltz, Aldridge et al. 2010; Chua and Chen 2010).  Such 

factors contribute to concerns about current emergency preparedness protocols that 

incorporate status quo vaccination techniques for pandemic influenza (Poland and 

Marcuse 2004; Sloan, Berman et al. 2004; Fauci 2006). 

A number of key challenges continue to limit the overall efficacy of seasonal 

influenza virus vaccines.  Current vaccines are only 30-50% effective in preventing 

hospitalization and pneumonia in the elderly and about 70% effective in preventing 

illness in healthy adults (Webster 2000).  The process of monitoring circulating strains 

of influenza is costly and laborious, requiring a broad network of independent 

laboratories to coordinate information effectively.  Furthermore, predictions regarding 

the dominant influenza virus strains for a given flu season are occasionally incorrect or 

are rendered inaccurate due to rapid virus evolution, resulting in seasonal vaccines 

with low efficacy (de Jong, Beyer et al. 2000).  Such mishaps are costly both for 

vaccine manufacturers, which must offer sub-optimal vaccines for a given season, and 

for the general public, which must contend with an increased incidence of infection.  

Additionally, individuals in particularly susceptible populations, such as the very 

young and the elderly, must rely solely on the IIV vaccine to provide protection.  

While the IIV vaccine is proficient in eliciting humoral immune responses, the vaccine 

is lacking in its ability to stimulate cell-mediated immunity (He, Holmes et al. 2006).  

Cell-mediated immune responses, characterized by antigen-specific CD8+ T cells and 

Th1 CD4+ T cells, play important roles in resolving viral infections and may function 
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as critical mediators of heterotypic immunity to influenza virus infection (Bodewes, 

Kreijtz et al. 2009). 

Potential for development of a universal influenza virus vaccine 

Despite the extensive variability in strains of seasonal influenza, and the 

general inability of the immune system to produce broadly cross-reactive antibodies, 

some research investigations have indicated the potential for developing universally 

protective immune responses against influenza viruses.  These investigations have 

focused on components of the influenza virus that are highly conserved, including 

internal viral proteins and structural regions of the surface glycoprotein HA.  In 

particular, efforts to categorize influenza virus epitopes have revealed numerous 

antigens recognized by B cells, CD4+ T cells, and CD8+ T cells that bear considerable 

sequence identity among distinct viral strains (Bui, Peters et al. 2007).  The influenza 

virus epitopes exhibiting the highest degrees of conservation are found within the 

matrix (M), nucleocapsid (NP), and polymerase B (PB) proteins and are subject to 

recognition by T cells (Fleischer, Becht et al. 1985; Bui, Peters et al. 2007).  In one 

relevant example, Assarsson and colleagues found that the M159-67 epitope sequence 

was conserved at 100% across a panel of 23 distinct influenza A virus strains 

(Assarsson, Bui et al. 2008).  Interestingly, this peptide was originally identified as a 

human leukocyte antigen (HLA) class I-restricted T cell epitope; however, it is 

embedded within another epitope that is recognized by HLA class II.  This HLA class 

II-restricted epitope sequence (M158-72) was also found to be conserved at 100% 

among 23 influenza A virus strains, suggesting that certain expanded epitopes may 
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contain a dual potential for activating CD4+ T cells via HLA class II and CD8+ T 

cells via HLA class I (Belz, Wodarz et al. 2002).  The importance of eliciting CD4+ T 

cell responses in tandem with B cells or CD8+ T cells has been documented in 

multiple studies of influenza virus infection (Belz, Wodarz et al. 2002; Brown, Roman 

et al. 2004) and remains an important consideration of current attempts to develop a 

universal influenza vaccine. 

Role of cell-mediated immunity in eliciting cross-protection 

The potential for components of cell-mediated immunity to elicit cross-

protection to distinct influenza virus strains was first demonstrated in a study 

conducted by Webster and colleagues in 1980 (Webster and Askonas 1980).  In this 

study, mice infected with live influenza A virus were capable of generating cross-

reactive cytotoxic T cells and were protected from secondary challenge with a 

different influenza virus subtype.  In contrast, mice immunized with a subunit vaccine 

containing isolated HA and NA did not develop cytotoxic T cell memory and 

succumbed to secondary infection with a different influenza virus subtype.  Despite 

the elicitation of cross-protective immunity in this model, primary infection with 

virulent influenza A virus does not represent a viable option for vaccinating the 

general public; thus, the investigation of other strategies that incorporate non-

pathogenic viral components is necessary.  Vaccination with γ-irradiated influenza 

preparations has been reported to induce cross-reactive T cell responses (Mullbacher, 

Ada et al. 1988), and this technique was recently shown to elicit cross-protective 

immunity to avian H5N1 influenza virus in a murine model of intranasal vaccination 
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and viral challenge (Alsharifi, Furuya et al. 2009).  In addition to whole virus 

vaccines, administration of structurally conserved viral proteins, such as the M2 

protein, has been shown to induce heterotypic immunity against influenza A viruses 

(Slepushkin, Katz et al. 1995; Frace, Klimov et al. 1999).  One particularly appealing 

viral peptide for incorporation into a universal vaccine is the aforementioned M1 

epitope at position 58-66.  This immunological determinant is highly conserved 

among influenza A virus strains, is immunodominant, and binds to an HLA-A allele 

(HLA-A*0201) with a high prevalence in the human population (Rimmelzwaan, 

Kreijtz et al. 2009). Despite the intense pressure imparted on this peptide by the 

human immune system, functional constraints within the M1 molecule appear to 

severely restrict its mutation (Berkhoff, de Wit et al. 2005).  Moreover, Boon and 

colleagues reported that HLA-A*0201-restricted CD8+ T cells were consistently 

present within individuals expressing the HLA-A*0201 allele and were capable of 

producing IFN-γ and lysing target cells upon stimulation with virus (Boon, De Mutsert 

et al. 2004).  This study also identified two HLA-B alleles, HLA-B*2705 and HLA-

B*3501, as preferential mediators of CD8+ T cell immunity to influenza viruses.  An 

NP epitope at position 418-426 has been identified as a ligand for HLA-B*3501 

(Boon, de Mutsert et al. 2002), as well as HLA-B*0702 (Wahl, Schafer et al. 2009), 

although mutations at specific positions within the epitope sequence can result in virus 

escape (Wahl, McCoy et al. 2009).  Aside from cell-mediated immune effectors, 

humoral immune mechanisms may also contribute to the protection afforded by 

certain conserved antigen influenza vaccines, such as those directed toward NP 
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(LaMere, Lam et al. 2011) and M2 (El Bakkouri, Descamps et al. 2011).  Collectively, 

these findings indicate that structural influenza proteins, or epitopes derived from 

them, may represent good candidates for inclusion in a universal influenza vaccine. 

Role of humoral immunity in eliciting cross-protection 

From the standpoint of humoral immunity, the use of modified ‘headless’ HA 

molecules has shown promising results in generating broadly neutralizing antibodies 

in murine models (Steel, Lowen et al. 2010).  These headless HA molecules contain 

only the stalk domain of the HA molecule, which is highly conserved among members 

of the same HA group.  Two basic HA groups have been described, which encompass 

all 16 HA subtypes.  In an assessment of the protection afforded by modified HA 

molecules, mice immunized with truncated HA derived from an H2N2 influenza virus 

exhibited superior protection to infection with H1N1 influenza virus versus mice 

receiving a mock vaccine (Sagawa, Ohshima et al. 1996).  Similarly, a recent study 

with ferrets has indicated that immunization with plasmid DNA encoding HA can 

modulate immune responses toward cross-protective immunity targeting the HA stalk 

domain (Wei, Boyington et al. 2010).  The ferrets utilized in this study were protected 

from virus challenge with two diverse H1N1 strains upon primary immunization with 

a plasmid containing HA and a booster immunization with the 2006-2007 seasonal 

influenza vaccine.  This study also indicated that cross-reactive immune sera could be 

raised against distinct H1N1 influenza viruses in mice, ferrets, and non-human 

primates.  These studies highlight the efficacy of incorporating such conserved B cell 

epitopes into novel vaccine modalities and warrant continued investigation. 
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Improvement of vaccine efficacy via adjuvants and novel vaccine modalities 

Numerous attempts have been made to improve the immunogenicity of vaccine 

formulations through the inclusion of molecular adjuvants, and a number of these 

immune modulators have been investigated directly within the context of experimental 

influenza vaccines.  A thorough evaluation of these vaccine components may prove 

particularly important for the development of universal influenza vaccines, as many of 

the conserved influenza antigens targeted by such formulations are not inherently very 

immunogenic.  In 2008, Radosevic and colleagues used a murine model to analyze the 

Th1 versus Th2 proclivity of various chemical adjuvants administered alongside a 

virosomal adjuvanted H9N2 avian influenza virus vaccine (Radosevic, Rodriguez et 

al. 2008).  The findings from this study indicate that chemical adjuvants have a 

distinct impact on the dominant antibody isotype produced upon vaccination, with 

aluminum salts (alum) heavily skewing the immune response toward IgG1 production 

(i.e., a Th2 response) and a novel immunostimulating complex (ISCOM)-based 

adjuvant heavily skewing the immune response toward IgG2a production (i.e., a Th1 

response).  In conjunction with these findings, administration of the ISCOM-based 

adjuvant, but not alum, significantly enhanced in vitro production of IFN-γ by CD8+ 

T cells upon stimulation with virus.  Presently, alum and the Adjuvant System 04 

(AS04), which combines monophosphoryl lipid (MPL) A and aluminum salt (Garcon, 

Chomez et al. 2007), are the only FDA-approved adjuvants for use in the USA.  With 

standard alum adjuvants, however, the concomitant induction of Th2 responses may 

prove counterproductive for preventing influenza virus infection.  In one relevant 
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example, Bungener and colleagues found that inclusion of alum in an inactivated 

influenza virus vaccine enhanced inhibitory antibody titers to HA, but resulted in 

decreased viral clearance from mouse lungs compared to the inactivated virus vaccine 

alone (Bungener, Geeraedts et al. 2008).  Unlike classical alum adjuvants, the MPL 

component of AS04 can engage Toll-like receptor (TLR)-4 and skew the immune 

response toward Th1.  Other reports have also identified unmethylated CpG-

containing oligodeoxynucleotides (CpG-ODN) as potent inducers of Th1 responses 

(Chu, Targoni et al. 1997; Roman, Martin-Orozco et al. 1997; Kovarik, Bozzotti et al. 

1999; Weiner 2000), and our laboratory has previously shown that poly(I:C) can 

redirect immune responses from Th2 to Th1 (Lowe, Shearer et al. 2010a).  The 

functions of some common influenza vaccine adjuvants and the associated induction 

of a specific Th-type response are summarized in Table 2.2. 

In addition to molecular adjuvants, certain vaccine modalities have 

demonstrated a propensity for augmenting immune responses to targeted antigens.  In 

particular, investigations of DNA vaccination have shown that this modality is capable 

of engaging both the humoral and cell-mediated arms of the immune system (Laddy 

and Weiner 2006; Lowe, Shearer et al. 2006; Lowe, Shearer et al. 2007c; Kim and 

Jacob 2009).  The ability of DNA vaccines to amplify immune responses and mobilize 

an assortment of immune effectors can likely be attributed to the self-adjuvanting 

capacity of plasmid DNA (Sato, Roman et al. 1996; Klinman, Yamshchikov et al. 

1997), as unmethylated CpG motifs present within bacterial DNA vectors have been 

shown to bind TLR-9 and initiate innate immune responses.  In general, DNA 
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vaccines delivered intramuscularly tend to polarize immune responses toward a Th1 

phenotype (Martinez, Brandt et al. 1997; Pertmer and Robinson 1999); however, the 

precise mechanism of delivery can have a profound impact on the polarity of the 

ensuing immune response (Feltquate, Heaney et al. 1997).  As mentioned by Wei and 

colleagues, DNA vaccines utilized in a prime-boost scenario have the ability to elicit 

cross-reactive immune responses to distinct influenza viruses in multiple host species 

(Wei, Boyington et al. 2010).  Furthermore, our laboratory has previously shown that 

DNA vaccines can induce immunological memory to influenza virus in baboons 

primed as neonates (Bot, Shearer et al. 2001).  In addition to DNA vaccines, 

adenovirus vectors and virus like particles have demonstrated promising results when 

utilized as vehicles for conserved influenza antigens, including centralized HA 

(Weaver, Rubrum et al. 2011), M2 (Zhou, Wu et al. 2010; Song, Van Rooijen et al. 

2011), and NP (Zhou, Wu et al. 2010).  Such findings provide an impetus for 

continued evaluation of the effects of distinct adjuvants and vaccine modalities on 

influenza vaccine efficacy. 

Improvement of vaccine efficacy via nanotechnology 

 In recent years, advances in nanobiotechnology have greatly enhanced 

experimental vaccine formulations and delivery methods targeting infectious disease 

and cancer.  Since vaccine antigens are composed of nano-sized material, the 

manipulation of biological compounds at this level represents a logical approach to 

improving vaccine efficacy.  Indeed, various nanoparticle and nanocapsule carrier 

systems have been shown to enhance the immunogenicity of experimental vaccines, 
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most notably within the context of mucosal immunization (Chadwick, Kriegel et al. 

2010).  Common nanocarrier systems used in the induction of mucosal immune 

responses include natural and synthetic polymers, aqueous or oil-based emulsions, 

liposomes, and ISCOMs.  Although this technology has a broad-based potential for 

use in microbial and cancer vaccines, specific reports have indicated that nanocarriers 

can improve the efficacy of cross-protective immune responses to influenza viruses 

(Tai, Roberts et al. 2011).  In addition to novel carrier systems, micro-nanotechnology 

has contributed to the development of next-generation vaccination devices, such as 

microneedle arrays (Gill and Prausnitz 2007a; Gill and Prausnitz 2007b; Gill, 

Soderholm et al. 2010).  Microneedles have been shown to induce potent immune 

responses to various viral pathogens, including influenza viruses, while requiring 

minimal amounts of the vaccinating agent (Quan, Kim et al. 2009; Zhu, Zarnitsyn et 

al. 2009; Corbett, Fernando et al. 2010; Fernando, Chen et al. 2010).  As the field of 

micro-nanotechnology continues to grow, the exploration of nanotechnology solutions 

to current vaccination challenges will clearly contribute to the development of more 

efficacious vaccines. 

Conclusions and future directions 

The development of a universal influenza vaccine represents one of the 

scientific community’s most ambitious endeavors to improve the control of 

widespread infectious disease.  Within the past few years, substantial progress has 

been made on the construction and evaluation of relevant vaccine components, 

including various vaccine antigens, adjuvants, modalities, and delivery systems.  



Texas Tech University Health Sciences Center, Joel Aldrich, May 2012 

19 

Future work in this field will continue to provide insight into an ideal influenza 

vaccine formulation and will likely point toward a combination of novel vaccine 

components as a means of achieving a maximally efficacious immune response.  

Perhaps in the foreseeable future, the development of a universal influenza vaccine 

will lead to the eradication of this notorious human pathogen.  
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Table 2.1. Currently available licensed, seasonal influenza virus vaccines in the USA 
 

Name Type Manufacturer Predominant 
Immune Response 

Afluria IIV CSL Limited Serum Antibody 

FluLaval IIV 
ID Biomedical 
Corporation of 
Quebec 

Serum Antibody 

Fluarix IIV GlaxoSmithKline 
Biologicals Serum Antibody 

Fluvirin IIV 
Novartis Vaccines 
and Diagnostics 
Limited 

Serum Antibody 

Agriflu IIV Novartis Vaccines 
and Diagnostics S.r.l. Serum Antibody 

Fluzone IIV Sanofi Pasteur, Inc. Serum Antibody 

FluMist LAIV MedImmune, LLC Mucosal, Antibody 
and Cytotoxic T cell 
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Figure 2.1. Structure and composition of the influenza virus particle 
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Table 2.2. Currently licensed and experimental adjuvants commonly utilized in 
influenza virus vaccine studies 
 

Adjuvant-Licensed Active Component Target Associated 
Immune Response 

Alum Aluminum salt 
crystals General Th2 

MF59* Squalene and 
surfactants General Mixed Th1/Th2 

AS03* Squalene and 
surfactants General Mixed Th1/Th2 

Adjuvant-Experimental Active Component Target Associated 
Immune Response 

AF03 Squalene and 
surfactants General Mixed Th1/Th2 

ISCOMs Quillaja saponins General Th1 
CpG-ODNs CpG motifs TLR-9 Th1 
Flagellin-antigen fusion 
proteins Bacterial flagellin TLR-5 Mixed Th1/Th2 

Cytokines and immune 
signaling molecules 

Inherently 
immunogenic Variable Variable 

 
*Not licensed in the USA. 
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SUMMARY 

Influenza A virus is a prominent viral pathogen that infects between 5-20% of 

the U.S. population annually and is a major contributor to life-threatening respiratory 

illness in the young, old, and immunocompromised.  In addition, sporadic outbreaks of 

highly virulent avian H5N1 influenza and the recent outbreak of a pandemic H1N1 

virus have heightened concerns about the eventual emergence of a particularly lethal 

pandemic virus.  Although commercial influenza vaccines have been available since 

the mid-1900s, a number of key challenges continue to limit the efficacy of these 

vaccines.  Current strain-specific vaccines must be revised annually due to the rapid 

mutation rate of immunodominant viral proteins.  Despite this drawback, some recent 

research investigations have indicated the potential for developing universally 

protective immune responses against influenza viruses. Over the past decade, an array 

of conserved influenza virus epitopes have been identified, and the ability of both cell-

mediated and humoral immune components to elicit cross-protective immunity to 

heterologous influenza A viruses has been documented.  Moreover, improvements in 

influenza vaccine immunogenicity via novel delivery methods, molecular adjuvants, 

and modification of vaccine modality have also been widely reported and will likely 

contribute to further progress on the development of a maximally efficacious universal 

influenza vaccine.  This report reviews some of the literature on universal influenza A 

viral vaccine development and provides a comprehensive account of recent progress 

that has been made in this field. 
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CHAPTER III 

IMMUNITY TO TUMORS: 

VACCINES AND IMMUNOTHERAPEUTICS FOR THE TREATMENT OF 
MALIGNANT DISEASE 

Introduction 

As cancer progresses toward the leading cause of death in the United States, 

physicians and biomedical scientists continue to explore novel therapeutic strategies 

outside the current standard of treatment.  Despite the successes of surgery, radiation, 

chemotherapy, and a combination thereof in limiting the progression of malignant 

disease, these treatment methods often fail to elicit complete tumor remission and are 

associated with some debilitating side effects.  In recent years, much attention has 

been paid to immunotherapy, which attempts to direct the protective capacity of the 

immune system toward eliminating malignancies.  Harnessing the immune system to 

treat malignant disease is a powerful tool, not only due to the specificity of the 

immune response, but also due to the potential for establishing long-lasting tumor 

immunity via the capacity to exhibit memory.  The ability of the immune system to 

destroy tumorigenic cells was first proposed by Macfarlane Burnet in the 1950s 

(Burnet 1957). Some years later, Burnet coined the term ‘immune surveillance’ to 

describe the function of the immune system in eliminating transformed cells both 

before and after tumor formation (Burnet 1970).  A seminal study conducted by 

Shankaran and colleagues in 2001 confirmed the importance of certain immune 

components in limiting the formation of tumors in experimental animals.  In this 
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study, immunocompromised mice were found to be significantly more susceptible to 

spontaneous and carcinogen-induced primary tumor development than 

immunocompetent mice (Shankaran, Ikeda et al. 2001).  The critical role of the 

immune system in minimizing malignancies engenders profound sequelae in the 

human situation as well.  Certain immunodeficiency disorders, including AIDS, are 

strongly associated with an increased risk of cancer (Frisch, Biggar et al. 2001).  

Additionally, the formation of tumors in immunosuppressed organ transplant patients 

and among individuals receiving stem-cell transplants has been well documented and 

represents a major obstacle to the long-term success of these procedures (Gutierrez-

Dalmau and Campistol 2007).  Collectively, such findings provide an impetus for 

continual investigation of the therapeutic potential of anti-tumor immune responses. 

Immunotherapeutic strategies can be categorized broadly into two groups: 

active immunotherapy and passive immunotherapy.  Establishing active immunity 

against tumors is a promising but inherently difficult task, and necessitates a keen 

understanding of the multiple immunosuppressive mechanisms that the tumor 

microenvironment may exploit.  According to Waldmann, maximizing the efficacy of 

active immunotherapy will require a thorough investigation of the appropriate target 

antigens; the optimal interactions between lymphocytes, antigen-presenting cells 

(APC), and antigens; and the obstruction of negative immune regulation (Waldmann 

2003).  Although this immunotherapeutic strategy holds the potential for establishing 

long-lasting tumor immunity, the dissolution of immune tolerance to prospective 

cancer antigens remains a challenging and controversial process.  The possibility of 



Texas Tech University Health Sciences Center, Joel Aldrich, May 2012 

26 

eliciting rampant autoimmunity in the wake of tumor-reactive lymphocytes remains a 

key concern in the ultimate utility of active immunotherapy, particularly when this 

therapy is used in combination with other immunostimulatory techniques (Phan, Yang 

et al. 2003; Jacob, Kong et al. 2009). 

Passive immunotherapy using clonally expanded tumor-specific T cells 

represents a different approach to manipulating components of the host’s immune 

system to target cancer.  Unlike active approaches, tumor-specific lymphocytes are 

expanded ex vivo, allowing for more direct manipulations of the prospective immune 

effectors.  As with active immunotherapy, however, the possible long-term effects of 

harboring self-reactive lymphocytes warrants further assessment.  Additionally, 

passive immunotherapy using monoclonal antibodies (MAbs) and immunoglobulin 

(Ig)-fusion proteins is a rapidly emerging technology that holds great potential for 

effectively treating malignant disease.  The increasing incidence of MAb therapy in 

the treatment of cancer and other diseases firmly establishes the legitimacy of such 

molecules as effectual and specific anti-cancer agents (Carter 2006).  A total of nine 

MAbs and modified Ig molecules have been approved by the FDA for use in cancer 

patients, and many more are in the process of clinical trials.  Despite the enthusiasm 

for this type of therapy, several key challenges still remain for optimizing the efficacy 

of these artificial immune effectors.  Such challenges include minimizing the 

induction of host neutralizing antibody responses and curtailing the residual 

cytotoxicity of some Ig-fusion molecules.  Additionally, both vaccination and MAb 

approaches to tumor immunotherapy may encourage the generation of tumor cells that 
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evade immune recognition.  In accordance with the process of ‘immunoediting,’ tumor 

cells that bear antigenic targets for vaccination or MAb therapy are subject to 

destruction; however, tumors may compensate by expanding populations of 

antigenically undetectable tumor cells (Dunn, Old et al. 2004; Kim, Emi et al. 2007).  

These ‘immune escape variants’ arise due to selective pressures imparted on the tumor 

microenvironment by antigen-specific immunotherapies, and subsist via the strategic 

masking of antigens that are recognized by the anti-tumor immune response. 

Vaccination as an immunotherapeutic tool 

Identification of appropriate tumor antigens 

Given the historic success of active immunization in protecting against 

infectious microbial diseases, many researchers are attempting to apply vaccination 

approaches to cancer immunotherapy.  Indeed, several prophylactic vaccines have 

been generated against viral infectious agents that are also causative for certain human 

cancers.  FDA-approved vaccines against hepatitis B virus (HBV) and human 

papilloma viruses (HPV) are associated with protection against HBV-induced liver 

cancer and HPV-induced cervical carcinomas, respectively.  This clearly demonstrates 

that vaccines can be produced to prevent human malignancies.  There are several 

vaccine modalities currently under investigation, including protein/peptide vaccines, 

ex-vivo loaded dendritic cells (DCs), DNA vaccines, and recombinant viral/bacterial 

vectors expressing particular tumor antigens.  Additionally, prime-boost vaccine 

strategies seek to optimize the immune response by combining two or more of these 

modalities into a single treatment regimen.  Common prime-boost strategies include 
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primary immunization with plasmid DNA and subsequent immunizations with 

recombinant protein or viral vectors, although considerable variations on this theme 

abound within the literature (Lu 2009). 

The ultimate intention of immunization is induction of a tumor-specific 

immune response, thus the identification of appropriate tumor antigens remains a key 

concern for each of these vaccine strategies.  Among the various categories of 

candidate antigens, tumor-specific antigens represent ideal targets, as these molecules 

are expressed exclusively on tumor cells.  Examples of tumor-specific antigens 

include the products of mutated oncogenes and altered tumor suppressor proteins.  

One such tumor suppressor protein is p53, which plays a critical role in regulation of 

the cell cycle and is a target of some oncogenic viral proteins, including Tax from 

human T-cell lymphotropic virus-1 (HTLV-1) (Pise-Masison, Choi et al. 1998) and 

large T antigen (Tag) from simian virus 40 (SV40) (Lane and Crawford 1979).  

Despite numerous reports of detectable humoral responses against p53 in cancer 

patients, the protection afforded by such responses appears to be minimal 

(Reuschenbach, von Knebel Doeberitz et al. 2009).  Additionally, the limited 

propensity for oncogenic mutants of normal cellular genes to promote the generation 

of protective cytotoxic T lymphocyte (CTL) responses presents a major obstacle to the 

exploitation of these antigens (DeLeo 1998).  Within the last decade, several tumor-

specific self-antigens that are recognized by CTLs have been identified (including 

CDK-4, β-catenin, and Caspase-8), and show potential for incorporation into cancer 

vaccines (Lowe, Shearer et al. 2007c). 
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In addition to tumor-specific self-antigens, viral oncoproteins represent a 

unique class of tumor antigen that, during the course of viral infection, may be 

expressed primarily on transformed cells and infected cells harboring an increased 

neoplastic potential.  A study performed by Duraiswamy and colleagues in 2003 

provided convincing evidence of the ability for a polyepitope vaccine directed against 

the latent membrane protein 1 (LMP1) of Epstein-Barr virus (EBV) to provide 

immunity against aggressive tumors expressing LMP1 in mice (Duraiswamy, Sherritt 

et al. 2003).  Importantly, the tumor immunity evoked in this model was observable 

both in a prophylactic setting and in a therapeutic vaccine scenario.  Such findings 

continue to compel researchers to investigate vaccination schemes that target viral 

oncoproteins as tumor-specific antigens.  Indeed, the efficacy of both SV40 Tag 

recombinant protein and SV40 Tag DNA vaccines in protecting mice against Tag-

expressing tumors has been well documented by our laboratory (Lowe, Shearer et al. 

2005).  While only a few viruses have been directly implicated in the generation of 

tumors in humans (namely HTLV, EBV, and HPV), the pathology associated with 

certain other viruses, including HIV, HBV, and hepatitis C virus (HCV), may promote 

the development of tumors in some individuals.  Certain viruses may also act 

synergistically to provoke tumorigenesis; for example, co-infection with Kaposi’s 

sarcoma-associated herpesvirus and HIV often results in the formation of disseminated 

blood vessel tumors.  In addition to viral pathogens, gastric inflammation induced by 

the bacterium Helicobacter pylori has been suggested to encourage the growth of local 

tumors.  Accordingly, vaccines that eliminate these oncogenic and pro-oncogenic 
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microbes may provide protection against malignant disease prior to the formation of 

tumor foci. 

Unfortunately, many types of cancer do not express universally recognized 

antigens that are associated exclusively with tumor cells.  Investigators must therefore 

explore the use of other antigens that are expressed differentially on normal and 

cancerous cells.  Various categories of tumor-associated antigens (TAAs) have been 

described, including overexpressed self-antigens, differentiation antigens, and antigens 

from immune privileged sites (cancer/testes antigens) (Lowe, Shearer et al. 2007c).  

The first tumor-associated antigen to be identified was MAGE-1, which is an antigen 

expressed in tumor cells and germ cells and is prone to recognition by CTLs (van der 

Bruggen, Traversari et al. 1991).  The absence of MAGE expression in most normal 

adult tissues (including liver, muscle, skin, lung, brain, and kidney), and the relative 

abundance of this antigen in tumors and germline tissues (e.g. testis, placenta, ovary), 

qualifies MAGE as a classic cancer/testes (CT) antigen.  Moreover, vaccines that 

target CT antigens are unlikely to cause collateral tissue destruction, as normal adult 

cells are not transcriptionally active for CT antigens and germ cells lack the necessary 

machinery for antigen presentation to the immune system.  Other major tumor antigen 

categories include differentiation antigens, of which the melanocyte proteins 

tyrosinase and MART are examples, and overexpressed self-antigens, of which the 

common breast cancer antigen HER-2/neu (ErbB2) is an example.  These antigens are 

thought to be expressed by such a small group of cells and/or in such limited 

quantities, that the immune system fails to induce tolerance to these self-proteins.  
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Several prospective self-antigens have thus been identified for use in cancer 

immunotherapy (Novellino, Castelli et al. 2005), with some of the more common 

antigens listed in Table 3.1. 

Vaccination strategies 

Although protein/peptide vaccination with purified antigen plus adjuvant has 

long served as an effective vaccine strategy in the prevention of microbial disease, 

recent advances in the field of vaccine development may favor the use of DNA-based 

or APC-based vaccines in the treatment of malignant disease.  Despite numerous 

studies that have demonstrated the anti-tumor potential of conventional recombinant 

protein vaccination, this vaccine modality may curtail antigen presentation through the 

major histocompatibility complex (MHC) class I pathway and elicit a predominantly 

humoral immune response (Haupt, Roggendorf et al. 2002).  Since CTLs are 

commonly thought to comprise the major effector cell type in tumor immunity, 

vaccination methods that enhance cell-mediated immune responses may prove optimal 

for use in cancer immunotherapy. 

In the early 1990s, Wolff and colleagues reported that transgene expression in 

mice could be accomplished upon direct injection of naked plasmid DNA into 

mammalian muscle tissue (Wolff, Malone et al. 1990).  Subsequently, Ulmer and 

colleagues used another murine model to demonstrate the utility of DNA vaccines as a 

preventative against heterologous influenza virus infection (Ulmer, Donnelly et al. 

1993).  Translational studies targeting HIV and malarial antigens commenced in the 

late 1990s, and soon established the safety of this vaccination scenario in humans 
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(Calarota, Bratt et al. 1998; MacGregor, Boyer et al. 1998; Wang, Doolan et al. 1998).  

Within the last decade, experimental DNA vaccination in dogs has demonstrated the 

efficacy of this vaccine modality in prolonging survival time within the context of 

aggressive malignant disease.  In one important study, dogs suffering from canine 

malignant melanoma were immunized therapeutically with plasmid DNA encoding 

human tyrosinase, which is approximately 91% identical to canine tyrosinase 

(Bergman, McKnight et al. 2003).  The median survival time of dogs in this study was 

389 days; substantially higher than the < 2-3 month survival time observed in 

historical, stage-matched controls.  Positive clinical outcomes appeared to correlate 

with the induction of antibody responses to canine tyrosinase in some animals, 

although a potential role for T cell-mediated immunity in this system is still under 

assessment (Liao, Gregor et al. 2006). 

The ever-growing compendium of literature involving DNA vaccines reveals a 

number of key advantages for this emerging vaccine modality.  In contrast to 

protein/peptide vaccines, DNA vaccines have adequately demonstrated the capacity to 

mobilize both the cell-mediated and humoral arms of the immune system in animal 

models (Haupt, Roggendorf et al. 2002; Prud'homme 2005; Jacob, Kong et al. 2009).  

In addition, the production of plasmid DNA is less complicated than that for protein, 

providing a crucial economic incentive for the use of this vaccine modality.  The 

biochemical properties of DNA also permit extensive handling at room temperature, 

diminishing the need for maintenance of a stringent cold chain during the distribution 

process (Van Damme, Cramm et al. 1992).  Perhaps the most attractive feature of 
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DNA vaccines is the option for convenient manipulation of the encoded immunogen’s 

nucleotide sequence.  This attribute permits the immediate generation of antigen-

cytokine fusion molecules and other immunostimulatory complexes that might 

otherwise be challenging to construct.  In the late 1990s, Song and colleagues used a 

murine model to survey the Th1 versus Th2 proclivity of various ovalbumin-cytokine 

DNA constructs, and provided evidence that significant skewing of antigen-specific 

immune responses can occur with the use of antigen-cytokine fusion molecules (Song, 

Chang et al. 2000).  Additionally, multiple antigenic targets or multiple independent 

cytokines can be incorporated into a single DNA vector.  As with the aforementioned 

fusion molecules, studies conducted in mice have indicated that the nature of the 

resultant immune response is highly dependent on the immunostimulatory penchant of 

the cytokines utilized in the vaccine (Maecker, Umetsu et al. 1997).  A final potential 

advantage of DNA vaccination is that transgene expression is thought to occur over an 

extended period of time, perhaps obviating the potential need for an abundance of 

repetitive booster vaccinations.  Moreover, the protective potential of DNA 

vaccination in animals has been substantiated by reports of DNA constructs mediating 

long-term tumor immunity, particularly when utilized in a prime-boost scenario or in 

combination with immunomodulators (Charo, Ciupitu et al. 1999; Rohrbach, Weth et 

al. 2005). 

A major challenge facing DNA vaccines, however, is the elicitation of a robust 

immune response in the human clinical setting.  Translational applications of DNA 

vaccines have consistently suffered from low immunogenicity; consequently, several 
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unique prime-boost strategies have been developed to amplify the immune response.  

A multitude of distinct delivery methods exist for DNA vaccines (including 

intramuscular injection, biolistic gene gun delivery, modified viral vectors, etc.), 

allowing for the creation of a large repertoire of heterologous prime-boost scenarios.  

As mentioned previously, heterologous prime-boost scenarios generally focus on the 

incorporation of distinct vaccine modalities into a single treatment regimen; however, 

another application of this technique incorporates a single vaccine modality with 

multiple distinct delivery methods into a single treatment regimen.  One particularly 

successful embodiment of this strategy in murine models involves priming of the 

immune system with an intramuscular or intradermal injection of plasmid DNA, 

followed by electroporation of the homologous DNA in booster immunizations 

(Buchan, Gronevik et al. 2005; Brave, Hallengard et al. 2009).  In addition, the ability 

of CD4+ helper T cells to enhance CTL activity has prompted investigations into 

prime-boost scenarios that utilize different DNA constructs aimed at engaging distinct 

presentation pathways (Radcliffe, Roddick et al. 2006).  In the human clinical 

situation, Todorova and colleagues showed that specific antibody could be induced by 

vaccinating with alternate injections of a prostate-specific membrane antigen (PSMA)-

expressing adenoviral vector and plasmid DNA encoding PSMA and CD86 in a 

majority of participants (Todorova, Ignatova et al. 2005).  As indicated previously, 

cytokines and other immunostimulators can be incorporated directly into the DNA 

vector to improve immunogenicity.  Experience with animal models suggests that 

prudent selection of these companion molecules may allow researchers to promote 
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induction of a predominantly cell-mediated or humoral immune response to the 

encoded tumor antigen (Maecker, Umetsu et al. 1997; Song, Chang et al. 2000). 

APC-based vaccines represent another popular vaccine moiety in cancer 

research.  With this approach, DCs are harvested from the patient, pulsed with tumor 

antigens or transfected with genes encoding these antigens, and re-administrated to the 

patient.  As with DNA vaccination, this vaccine strategy has the potential to augment 

presentation through the MHC class I pathway and subsequently drive the expansion 

of tumor-specific CTLs.  In translational studies with melanoma patients, DC vaccines 

have demonstrated a keen ability to elicit detectable immune responses; however, such 

responses often fail to elicit substantial clinical responses (Palucka, Ueno et al. 2007).  

As it is often difficult to discern the relative contributions of DCs and effector T cells 

in these situations, a thorough investigation of the in vivo interactions between these 

immune cell populations may be required before a complete understanding of DC 

function in tumor immunity can be elucidated (Palucka, Ueno et al. 2007). 

One aspirant application of DC-based immunotherapy includes the recently 

reported Sipuleucel-T immunotherapy (Provenge®) developed by DendreonTM.  With 

this strategy, peripheral blood mononuclear cells, including DCs, are harvested from 

the patient and activated in vitro with prostatic acid phosphatase, a differentiation 

antigen, linked to granulocyte-macrophage colony–stimulating factor (GM-CSF).  In a 

clinical trial with 225 patients experiencing advanced metastatic androgen independent 

prostate cancer, Sipuleucel-T immunotherapy was able to extend survival by ~4 

months (Higano, Schellhammer et al. 2009).  In April 2010, Sipuleucel-T 
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immunotherapy was approved by the FDA for the treatment of asymptomatic or 

minimally symptomatic metastatic, castrate-resistant prostate cancer.  This autologous 

cellular immunotherapy represents the first therapeutic cancer vaccine to acquire FDA 

approval, and provides encouragement for the continued development of similar 

vaccine strategies. 

In the protein/peptide pulsed DC scenario, vaccine efficacy may be largely 

dependent on the DCs’ ability to shuttle exogenous antigen through the MHC class I 

pathway, enabling cross-priming of an array of tumor-associated antigens to CD8+ 

CTLs (Figure 3.1).  Interestingly, recent reports indicate that the efficiency of cross-

presentation is at least partially dependent on the length of the antigenic peptides.  In a 

study performed by Faure and colleagues, shorter peptides were more efficiently 

presented to CD8+ T cells after incubation with DCs; however, after an extended 

chase period in the absence of peptide, longer peptides were more efficiently presented 

(Faure, Mantegazza et al. 2009).  The results from this study indicate that peptide size 

is an important consideration in any DC-based elicitation of long-term tumor 

immunity.  In the genetically modified DC scenario, presentation through the MHC 

class I pathway can be accomplished directly by processing of endogenous antigen 

within the DC.  Interestingly, bacterial plasmids commonly utilized as DNA 

backbones may have self-adjuvanting capabilities, as unmethylated CpG regions have 

been shown to bind TLR-9 and stimulate innate immunity (Krieg 2002; Klinman 

2004).  In one relevant setting, Yang and colleagues used a transgenic mouse model to 

demonstrate that ex vivo stimulation of DCs with CpG-containing 
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oligodeoxynucleotides plus antigen could break CD4+ regulatory T cell (Treg)-

mediated tolerance of CD8+ T cells to tumors (Yang, Huang et al. 2004).  In 

numerous animal models, immunogenic enhancement of cell-based vaccines has been 

accomplished by using novel combinatorial techniques, such as ex vivo transfection of 

DCs with lentiviral vectors that harbor antigen-encoding DNA (DeLeo 1998; He, 

Zhang et al. 2005; Metharom, Ellem et al. 2005; Mossoba, Walia et al. 2008).  Aside 

from conventional tumor-focused approaches, experimental APC-based vaccines 

aimed at treating chronic viral infections, such as HCV infection (Chua, Eriksson et al. 

2008), may indirectly reduce the onset of virally-induced cancers. 

Cytokine-based immunotherapy 

In addition to active immunization, cytokine-based therapies embody a direct 

attempt to stimulate the patient’s own immune system to reject cancer.  A number of 

strategies exist for introducing cytokines into cancer patients, including the 

incorporation of cytokine genes into DNA vaccines and the systemic administration of 

immunostimulatory molecules.  If cytokines are incorporated into a DNA vector, 

direct transfection of autologous tumor cells denotes a possible treatment option.  This 

might allow for the localization of cytokines to the tumor site, promoting the 

expansion of neighboring immune cells and possibly abrogating the need for 

additional treatment with antigenic peptides.  Indeed, anti-tumor responses directed 

against genetically-modified tumor cells have been documented in a number of murine 

models exploring a number of prospective immunotherapeutic cytokines.  These 

models have generally focused on tumor immunity mediated by cytokines that 
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promote differentiation of the Th1 subset of CD4+ T cells, including IL-12 (Tasaki, 

Yoshida et al. 2000a), IL-18 (Tasaki, Yoshida et al. 2000a), IL-15 (Tasaki, Yoshida et 

al. 2000b), IL-21 (Ugai, Shimozato et al. 2003), IL-23 (Wang, Ugai et al. 2003; Liu, 

Shan et al. 2009), and IL-27 (Chiyo, Shimozato et al. 2005), among others.  Before 

this approach can be utilized to its maximum potential, however, a precise 

understanding of the resultant tumor microenvironment and of the recruited immune 

cells is necessary.  For example, the incorporation of certain pro-inflammatory 

cytokines (e.g., IL-1, IL-6) into the immunosuppressive tumor microenvironment may 

encourage the generation of somewhat enigmatic T cell populations, including Th17 

cells.  While there is compelling evidence that Th17 cells may beget tumor immunity 

by recruiting tumor-reactive CTLs into the tumor site (Kryczek, Banerjee et al. 2009), 

it is important to consider that this cell population was initially described within the 

context of autoimmunity (Harrington, Hatton et al. 2005; Langrish, Chen et al. 2005; 

Park, Li et al. 2005; Bettelli, Carrier et al. 2006).  Further assessment of the pathologic 

versus protective functions of such cell subsets should be performed prior to their 

intentional or unintentional employment in tumor immunity. 

At the opposite end of the cytokine-based treatment spectrum is the systemic 

administration of cytokines.  Utilization of cytokines in this manner presumably 

stimulates the proliferation of certain immune cells in a non-specific manner, 

expanding immune cell populations that may include protective tumor-infiltrating 

lymphocytes (TILs).  The efficacy of intravenously introduced IL-2 in patients with 

metastatic melanoma or renal cell cancer has been documented in a number of studies 
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(Rosenberg, Yang et al. 1994; Atkins, Lotze et al. 1999), but discerning the 

appropriate dosage and treatment schedule with immunostimulatory cytokines remains 

a time-consuming and trying process.  Alternatively, murine models indicate that the 

use of cytokine therapy in combination with other treatment modalities, including 

CpG-containing peptide vaccines (Kochenderfer, Chien et al. 2007), may obviate the 

need for high-dose administration of cytokines and lower the incidence of treatment-

associated sepsis. 

As mentioned previously, IL-2 is a cytokine commonly used in studies of 

tumor immunotherapy. IL-2 has been shown to subvert cancer progression in some 

patients (Rosenberg, Yang et al. 1994; Atkins, Lotze et al. 1999); however, the T cell-

mediated production of pro-inflammatory cytokines in response to this cytokine can 

result in severe toxicity and limits its use as a singular treatment modality.  In addition, 

IL-2 has been implicated in eliminating self-reactive T cells by a process known as 

activation-induced cell death, which may obscure the anti-tumor effects of T 

lymphocytes produced within the tumor microenvironment (Lenardo 1996).  Despite 

these setbacks, intravenously administered IL-2 endures as an FDA-approved 

immunotherapeutic treatment option for patients with metastatic melanoma or renal 

cell carcinoma.  Another commonly studied cytokine in cancer immunotherapy is 

GM-CSF, which acts predominantly by promoting the recruitment and maturation of 

DCs.  The anti-tumor effects of GM-CSF have been documented in numerous studies, 

often in conjunction with vaccines or other immunotherapeutic strategies.  One 

notable study conducted in 2002 surveyed various immunostimulatory molecules for 
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their ability to enhance anti-tumor immune responses across multiple murine models 

(Dranoff 2002).  In this study, GM-CSF consistently proved to be the most potent of 

the tested products.  In addition to IL-2 and GM-CSF, several other cytokines, 

including various interleukins, interferons, and tumor necrosis factor, have been 

investigated for their immunotherapeutic potential.  As is the case with IL-2, most of 

these cytokines are limited by some degree of systemic toxicity.  In spite of this, a 

recent study performed with an experimental renal carcinoma model suggests that sub-

optimal doses of combined IL-21 and IFN-α can mediate anti-tumor immunity without 

the appearance of adverse side effects (Eriksen, Sondergaard et al. 2009). 

Adoptive cellular therapy 

 In some cancer patients, passive immunization with immune effectors may 

constitute a more practical or desirable approach to immunotherapy than active 

immunization.  One such treatment method is adoptive cellular therapy, which utilizes 

modified components of the patient’s own immune cell repertoire to promote rejection 

of established tumors.  In adoptive cellular therapy, peripheral blood leukocytes or 

TILs are harvested from the patient, expanded in vitro with antigen or stimulatory 

cytokines, and injected back into the patient.  The culturing of NK cells in the 

presence of IL-2 generates lymphokine-activated killer cells, which, in conjunction 

with CTLS, are capable of mounting an aggressive immune response to tumor cells.  

In 1994, Rosenberg and colleagues demonstrated the utility of adoptive cellular 

therapy in metastatic melanoma patients by transfer of autologous TILs in 

combination with high-dose IL-2 (Rosenberg, Yannelli et al. 1994).  The response rate 



Texas Tech University Health Sciences Center, Joel Aldrich, May 2012 

41 

of the 86 patients treated in this clinical study approached 34%, although responses 

were generally characterized by a short duration.  A few years later, Yee and 

colleagues performed an assessment of adoptive cellular therapy in metastatic 

melanoma patients by selecting and expanding TAA-reactive CTL clones from 

peripheral blood mononuclear cells (Yee, Thompson et al. 2002).  Although regression 

of individual metastases was reported, the results from this study failed to yield 

objective responses according to RECIST criteria (Padhani and Ollivier 2001).  

Interestingly, lymphodepletion with chemotherapeutic drugs prior to the onset of 

adoptive cellular therapy has led to vast improvements in the efficacy of this 

immunotherapeutic modality.  In a study performed by Dudley and colleagues in 

2005, over 50% of metastatic melanoma patients experienced objective responses 

according to RECIST criteria upon treatment with lymphodepleting chemotherapy 

followed by adoptive transfer of tumor-reactive lymphocytes (Dudley, Wunderlich et 

al. 2005).  The prevailing logic behind this combinatorial approach is that endogenous 

toleragenic host lymphocytes compete with the transferred cells for homeostatic 

cytokines, and must be depleted prior to adoptive cellular therapy in order to achieve 

optimum anti-tumor responses.  Additionally, activation and loading of endogenous 

DCs may be enhanced by the milieu of tumor antigens released upon the 

administration of chemotherapeutic agents (Melief 2008).   

 Aside from the standard expansion protocols for effector and antigen-

presenting cells, adoptive cellular therapy allows for direct ex-vivo manipulation of 

these immune cell populations.  Extraction of a general pool of lymphocytes may 
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complicate the process of identifying and expanding certain anti-tumor lymphocytes in 

vitro, thus some researchers have explored the introduction of specific T cell receptors 

directly into these cells.  This technology can be used to rapidly generate a band of 

chimeric T cells reactive toward a particular antigen; a strategy that may prove 

particularly useful for patients with nominal quantities of TILs.  Additionally, the use 

of novel molecules such as ‘TCR-like’ Fab fragments may avert problems associated 

with unintentional pairing of endogenous and introduced TCR chains (Willemsen, 

Debets et al. 2003).  In any case, the efficacy of genetically-modified lymphocytes in 

combating tumor outgrowth has been observed in the clinical setting (Morgan, Dudley 

et al. 2006).  In addition to genetic engineering of T cell receptors, the production of 

modified antigenic peptides may beget enhanced T cell induction for use in adoptive 

cellular immunotherapy (Parkhurst, Salgaller et al. 1996).  Despite these exciting and 

promising new technologies for adoptive cell transfer, the practicality of extending 

this time-consuming and expensive procedure to the general public remains to be 

determined. 

Monoclonal antibodies as an immunotherapeutic tool 

 The use of MAbs and antibody conjugates to treat malignant disease has held 

the interest of the scientific community since the time of Ehrlich.  Moreover, the 

FDA’s approval of nine MAbs for the treatment of cancer has placed a promising 

outlook on the expansion of this therapeutic modality in the near future.  Akin to 

immunotherapeutic vaccines, MAbs are designed to target specific antigenic 

sequences associated with tumor cells; however, these antigenic targets generally must 
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reside on the surface of the cell in order for antibody therapy to be effective.  

Additionally, MAbs and cancer vaccines share the potential for extensive molecular 

modification to improve the effectiveness of immunotherapy.  Unlike cancer vaccines, 

supplementary molecules fused to MAbs need not be peptides, as various toxins and 

radioisotopes can also be effectively conjugated to the Fc region of the Ig molecule.  

Experimental murine models have indicated that antibody dependent cell-mediated 

cytotoxicity (ADCC) is an important effector mechanism of anti-tumor antibodies 

(Clynes, Takechi et al. 1998); however, additional methods of tumor eradication may 

include opsonization followed by phagocytosis and activation of complement.  One 

potential advantage of MAbs over cancer vaccines is that the number of circulating 

immune effectors in the patient can be raised simply by increasing the dosage, a feat 

that is not always easily achievable in cancer vaccines.  At the very least, MAb 

therapy may serve as an effectual alternative to cancer immunization, particularly in 

situations where the development of autoimmunity is a concern. 

 Table 3.2 provides a list of the MAbs approved for therapeutic use in cancer 

patients by the FDA.  Of the nine molecules, two represent radioimmunoconjugates 

(ibritumomab tiuxetan and 131I-tositumomab), and one (gemtuzumab ozogamicin) 

represents a cytotoxin-conjugated antibody.  These molecules are unique in that the 

direct anti-tumor effect elicited by the accompanying radioisotope or cytotoxin 

trivializes the need for engagement antibody Fc regions for ADCC or other natural 

effector mechanisms.  The efficacy of such modified MAbs over an extended time 

period may be limited, however, due to the potent cytotopathic effects of residual 
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molecules circulating through the body, and the induction of neutralizing immune 

responses to the conjugated toxin and/or non-humanized antibody regions.  

Additionally, animal models indicate that anti-idiotype responses to the MAb used for 

treatment can also potentially neutralize the effectiveness for targeting the tumor 

(Kennedy, Shearer et al. 2004).  Many of the MAbs, including trastuzumab and 

rituximab, consist of humanized or chimeric Fc regions and, for both of these 

therapeutic agents, indications of a role for ADCC have been reported (Smith 2003; 

Nahta and Esteva 2007).  While the antigenic targets for most of the approved MAbs 

are characteristic tumor cell markers (including the B cell activation marker CD20, the 

myeloid transmembrane receptor CD33, and the lymphocyte surface antigen CD52), 

three of these therapeutic agents (cetuximab, bevacizumab, and panitumumab) target 

molecules directly implicated in tumor cell outgrowth.  In some cancers, tumor 

formation is dependent on aberrant expression of epidermal growth factor receptor 

(EGFR), which serves as an antigenic target for cetuximab and panitumumab.  

Similarly, bevacizumab targets vascular endothelial growth factor (VEGF), which is a 

secreted factor that promotes angiogenesis within the immediate vicinity of the tumor.  

These latter MAb treatment modalities have a broad-based potential for a variety of 

cancers and their indicated uses are being expanded. 

 In addition to the direct targeting of tumor cells via MAb therapy, the blockade 

of negative immunoregulatory mechanisms may contribute to the arsenal of 

immunotherapeutic treatments for cancer.  The use of MAbs against 

immunosuppressant molecules, such as CTLA-4, has been explored and met with 
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positive results in both human and murine models (Hernandez, Ko et al. 2001; Phan, 

Weber et al. 2008).  Direct depletion of CD4+ CD25+ Tregs with low doses of an anti-

CD25 MAb has also been attempted and shown to be efficacious in murine models 

(Onizuka, Tawara et al. 1999).  A reduction in Treg numbers may prove pivotal in 

disrupting tolerance to antigens within the tumor microenvironment, as this cell 

population is suspected to play a significant role in promoting immune tolerance to 

immunogenic determinants in many cancers (Zou 2006).  Interestingly, the general 

population of regulatory T cells can be broken down into distinct sub-populations, 

which may independently effect tolerance to tumor cells and express different markers 

for targeted depletion (Jonuleit and Schmitt 2003; Zou 2006; Zhou and Levitsky 

2007).  Paradoxically, other reports utilizing MAbs against the IL-2 receptor (CD25) 

have focused on the application of this approach as a mediator of generalized immune 

suppression (Queen, Schneider et al. 1989).  In these scenarios, CD25 expressed on 

activated CD4+ and CD8+ T cells serves as the intended target for MAb-mediated 

depletion, as opposed to CD25 expressed on Tregs.  Such discrepancies illustrate the 

complexities associated with immunotherapeutic strategies targeting common 

molecules that are expressed on disparate cell subsets. 

Contraindications for immune mechanisms in protecting against tumors 

In addition to the role of the immune system in eliminating tumorigenic cells, 

it is well appreciated that the immune system can contribute, under certain 

circumstances, to the formation of tumors.  Aside from the inherent difficulties in 

mounting robust immune responses to elements of self, both the innate and adaptive 
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immune systems can directly confound mechanisms of tumor prevention and cure (de 

Visser, Eichten et al. 2006).  As mentioned previously, regulatory T cells are thought 

to play an imperative role in mediating tolerance to some tumors.  Although the 

mechanisms by which these cells mediate immune tolerance are still somewhat 

unclear, they may involve contact dependent inhibition of activated effector 

lymphocytes, as well as secretion of immunosuppressive cytokines such as IL-10 and 

TGF-β (Shevach 2009).  In experimental murine models of cancer and autoimmune 

disease, removal of regulatory T cells has consistently been shown to enhance immune 

responses, resulting in inhibition of tumorigenic growth and exacerbation of 

autoimmune disease, respectively (Sakaguchi 2004).  Furthermore, infiltrates of 

regulatory T cells are commonly observed in sites of chronic viral disease, where they 

may function to inhibit immune responses to microbial pathogens in a capacity similar 

to that for tumors. 

In addition to the various regulatory components of adaptive immunity that 

may disrupt immune responses to tumors, certain aspects of innate immunity appear to 

directly promote tumorigenesis under some circumstances.  Chronic inflammation has 

long been regarded as a major contributing factor to the formation of tumors, and is 

often considered an important factor in the prognosis associated with certain cancers 

(Hsu, Kim et al. 2010).  As indicated previously, chronic inflammation induced by 

microbial pathogens such as H. pylori, HBV, and HCV often correlates with tumor 

development in infected tissues.  The constant tissue remodeling and angiogenesis 

associated with localized inflammation is apt to create a supportive environment for 
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tumor formation and maintenance, while the actual process of oncogenesis may be 

accomplished by the release of DNA-damaging oxygen species and other toxic 

molecules from local leukocytes.  Importantly, chronic inflammation may be 

supported by helper T cells and other components of adaptive immunity, which can 

activate resident leukocytes, such as macrophages, as well as secrete pro-inflammatory 

cytokines.  Moreover, the ultimate role of inflammation in preventing versus 

protecting from tumor development deserves further assessment, although it is curious 

that long-term usage of certain anti-inflammatory drugs, such as cyclooxygenase-2 

inhibitors, can significantly reduce the risk of cancer (Dannenberg and Subbaramaiah 

2003). 

Conclusions 

 The application of immunotherapeutic techniques to treat cancer is a vital and 

compelling pursuit of modern medicine.  The increasing incidence of cancer in the 

western world demands continued evaluation of such techniques, and the development 

of new therapeutic strategies to combat malignant disease.  A multitude of 

immunotherapeutic techniques, comprising efforts to exploit both active and passive 

immunity, are currently under investigation.  Within the last decade, a small but 

growing body of therapeutic protocols representing vaccination, cytokine therapy, and 

MAb therapy have achieved FDA approval for the treatment of malignant disease.  

Interestingly, the most impressive clinical data has probably come from adoptive 

cellular therapy; however, at present, this approach has failed to proceed beyond 

clinical trials.  One technique that may hold considerable promise for the future of 
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cancer immunotherapy is vaccination.  Indeed, the profound achievements of 

vaccination in controlling infectious disease have prompted a number of laboratories, 

including our own, to devote particular attention to the application of this approach to 

treat cancer.  Moreover, a combination of current therapeutic strategies will likely be a 

key component in maximizing immune responses to various cancers, and in providing 

cancer patients with a comprehensive selection of treatment options.  Perhaps in the 

foreseeable future, prudently crafted immunotherapeutics will overtake chemotherapy, 

radiation, and surgery as the dominant and less toxic strategy for treating malignant 

disease, and will provide cancer patients with effective treatment options for most, if 

not all, known human malignancies. 
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Table 3.1. Examples of common tumor antigens 
 

Category Antigen Associated cancer types 

Tumor-specific - 
viral 

HPV: L1, E6, E7 Cervical carcinoma 
HBV: HBsAg Hepatocellular carcinoma 
SV40: Tag Malignant pleural mesothelioma 

Tumor-specific - 
self 

CDK-4 Melanoma 
β-catenin Melanoma 
Caspase-8 Head/neck 

CT antigen 

MAGE-A1 
Melanoma, myeloma, bladder, 
breast, prostate, lung, head/neck, 
esophageal, sarcoma 

NY-ESO-1 
Melanoma, myeloma, bladder, 
breast, prostate, lung, head/neck, 
esophageal, sarcoma 

Overexpression 

MUC1 Breast, ovarian 
MUC13/CA-125 Ovarian 

HER-2/neu Breast, melanoma, ovarian, 
gastric, pancreatic 

Mesothelin Malignant pleural mesothelioma, 
ovarian, pancreatic 

PSMA Prostate 
TPD52 Prostate, breast, ovarian 

Differentiation 

CEA Colon 
Gp100 Melanoma 
MART-1/Melan-A Melanoma 
Tyrosinase Melanoma 
PSA Prostate 
PAP Prostate 
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Figure 3.1. General mechanism of tumor antigen cross-priming to CD8+ T cells 
 
In the process of cross-priming, exogenous tumor antigen (which may be released 
from tumor cells via apoptosis, necrosis, or immune-mediated damage) is 
endocystosed by the DC.  Antigen then escapes from the endosome and is processed 
and loaded onto MHC class I alongside cytosolic antigens.  Peptide-loaded MHC class 
I molecules are ultimately transported to the cell surface, where they may encounter 
and activate CD8+ T cells through interactions with the T cell receptor (Rock and 
Shen 2005). 
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Table 3.2. FDA-approved monoclonal antibodies for use in cancer therapy 
 

Antibody Target Developer Approved cancer 
treatments 

Rituximab CD20 IDEC Pharmaceuticals Non-Hodgkin 
lymphoma 

Trastuzumab ErbB2 Genentech/UCLA Breast 
Gemtuzumab 
ozogamicin CD33 Wyeth Acute myeloid 

leukemia 

Alemtuzumab CD52 Genzyme Corporation Chronic lymphocytic 
leukemia 

Ibritumomab 
tiuxetan CD20 IDEC Pharmaceuticals Non-Hodgkin 

lymphoma 
131I-tositumomab CD20 Corixa Non-Hodgkin 

lymphoma 
Cetuximab EGFR ImClone Systems Colorectal, head/neck 
Bevacizumab VEGF Genentech Colorectal 
Panitumumab EGFR Amgen Colorectal 
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SUMMARY 

 The employment of the immune system to treat malignant disease represents 

an active area of biomedical research.  The specificity of the immune response and 

potential for establishing long-term tumor immunity compels researchers to continue 

investigations into immunotherapeutic approaches for cancer.  A number of 

immunotherapeutic strategies have arisen for the treatment of malignant disease, 

including various vaccination schemes, cytokine therapy, adoptive cellular therapy, 

and monoclonal antibody therapy.  This review describes each of these strategies and 

discusses some of the associated successes and limitations.  Emphasis is placed on the 

integration of techniques to promote optimal scenarios for eliminating cancer. 
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CHAPTER IV 

ORIGINAL RESEARCH: 

CD4+ T LYMPHOCYTES ARE CRITICAL MEDIATORS OF TUMOR IMMUNITY 
TO SIMIAN VIRUS 40 LARGE TUMOR ANTIGEN INDUCED BY VACCINATION 

WITH PLASMID DNA 

Introduction 

The application of immunotherapy to treat cancer has acquired increased 

prominence in the clinical arena within the past decade (Aldrich, Lowe et al. 2010).  

The specificity of anti-tumor immune mechanisms and the potential for establishing 

long-term immunologic memory has placed considerable promise on this strategy over 

standard surgical, chemotherapeutic, and radiotherapeutic protocols.  Within the past 

year, FDA approval of the first therapeutic cancer vaccine, Sipuleucel-T, has led to 

increased interest in the expansion of active immunotherapy targeting established 

malignant diseases (Drake 2010; Madan and Gulley 2010; Buonerba, Ferro et al. 

2011; Carballido and Fishman 2011; Madan and Gulley 2011).  Although the 

indicated use of this therapy is currently limited to patients with asymptomatic or 

minimally symptomatic metastatic, castrate-resistant prostate cancer, alternative 

applications of this and other similar experimental therapies are being actively 

explored.  Moreover, the employment of Sipuleucel-T immunotherapy contributes to 

an arsenal of clinically relevant tumor immunotherapeutics that includes numerous 

monoclonal antibody (MAb) and cytokine therapies (Atkins 2006; Carter 2006; 

McDermott 2009; Aldrich, Lowe et al. 2010).  In addition to the role of cancer 

vaccines as therapeutic agents, prophylactic vaccines have diminished the incidence of 
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infection caused by certain oncogenic and pro-oncogenic microorganisms.  The 

successes of the hepatitis B virus and human papilloma virus vaccines in reducing the 

occurrence of virally-associated hepatocellular carcinoma and cervical carcinoma, 

respectively, clearly demonstrate that vaccines can be used to prevent the onset of 

cancer. 

 Simian virus 40 (SV40) is a small, nonenveloped, DNA virus of the 

Polyomaviridae family.  This virus was initially discovered as a contaminant of polio 

vaccines in the 1960s, and has since been studied extensively due to its ability to 

transform human and rodent cell lines in vitro (Lowe, Shearer et al. 2007b).  The 

transforming capacity of SV40 can largely be attributed to the virally encoded protein 

large tumor antigen (Tag), which plays a critical role in viral replication and also 

inactivates host p53 and retinoblastoma family tumor suppressor proteins.  While the 

direct oncogenic potential of SV40 infection has been thoroughly demonstrated in 

neonatal hamster models (Eddy, Borman et al. 1961; Girardi, Sweet et al. 1962; 

Kirschstein and Gerber 1962), the ability of this virus to promote analogous disease in 

humans remains controversial.  An association between SV40 and multiple human 

cancers has been reported via meta-analysis (Vilchez, Kozinetz et al. 2003); however, 

the validity of such findings has been questioned due to apparent inconsistencies, as 

well as concerns regarding the specificity of SV40 nucleic acid and protein detection 

protocols (Garcea and Imperiale 2003; Lowe, Shearer et al. 2007b).  Interestingly, 

SV40 appears to have a unique ability to transform human mesothelial cells and, in 

conjunction with asbestos, has been identified as a possible cocarcinogen for 
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malignant pleural mesothelioma (Bocchetta, Di Resta et al. 2000).  Although the 

precise function of SV40 within the context of human disease remains unclear, this 

virus (and its individual components) continues to serve as a prototypic model for 

studies of viral oncogenesis, anti-viral tumor immunity, and polyomavirus biology. 

Our laboratory has previously reported on the use of Tag as a model for a 

representative tumor-associated antigen (TAA) to investigate mechanisms of vaccine-

induced tumor immunity in a murine model of pulmonary metastasis (Watts, Shearer 

et al. 1997; Watts, Shearer et al. 1999).  Studies performed with recombinant Tag 

(rTag) vaccination have revealed a number of critical immune components that 

function within this system, including Tag-specific antibodies (Lowe, Shearer et al. 

2005; Lowe, Shearer et al. 2007a), natural killer (NK) cells (Lowe, Shearer et al. 

2010a; Lowe, Shearer et al. 2010b), and CD8+ T lymphocytes (Lowe, Shearer et al. 

2010b).  Additionally, targeted depletion of CD4+ T lymphocytes has demonstrated 

the importance of this cell population in the immune induction phase (Kennedy, 

Shearer et al. 2003), presumably illustrating the ‘helper’ function that these cells exert 

in the activation of other anti-tumor immune effectors.  Interestingly, CD4+ ‘helper’ T 

lymphocytes were dispensable in the immune effector phase (Lowe, Shearer et al. 

2010b), suggesting that that these cells do not play a necessary role in maintenance of 

anti-tumor immune effectors post-activation.  Contrary to the function of CD4+ T 

lymphocytes, CD8+ T lymphocytes were found to have an important role in the 

immune effector phase (Lowe, Shearer et al. 2010b) but were not required in the 

immune induction phase (Kennedy, Shearer et al. 2003).  In addition to components of 
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cell-mediated immunity, production of Tag-specific antibodies strongly correlates with 

in vivo protection afforded by adaptive anti-tumor immune responses (Kennedy, 

Shearer et al. 2003; Lowe, Shearer et al. 2005; Lowe, Shearer et al. 2007a; Lowe, 

Shearer et al. 2010b).  Within the context of innate immunity, NK cells and NK cell-

activating compounds, such as poly(I:C), have been shown to mediate important 

immune reactions to Tag-expressing tumor cells (Lowe, Shearer et al. 2010a).  

Furthermore, NK cells appear to play a critical role in certain adaptive immune 

mechanisms, such as antibody dependent cell-mediated cytotoxicity (ADCC), as 

targeted NK cell depletion or knockout mutations in activating Fcγ receptors (FcγRI, 

FcγRIII) render mice susceptible to tumor formation (Lowe, Shearer et al. 2007a; 

Lowe, Shearer et al. 2010b). 

Although most of our studies have focused on anti-tumor immune mechanisms 

induced upon rTag vaccination, we have also previously reported on the construction 

and protective efficacy of two novel Tag DNA vaccines, designated pSV3-neo and 

pCMV-Tag (Bright, Beames et al. 1996; Lowe, Shearer et al. 2005).  In a 2005 study 

performed by our laboratory, pCMV-Tag was found to express substantially higher 

levels of Tag than pSV3-neo and was shown to protect mice against intravenous (i.v.) 

challenge with an SV40 transformed tumor cell line, designated mKSA (Lowe, 

Shearer et al. 2005).  Protective immunity appeared to correlate with the induction 

Tag-specific antibody responses and the production of Th1-promoting cytokines, such 

as IL-2.  Aside from our own observations, many other groups have commented on the 

proclivity for DNA vaccines to elicit Th1-skewed immune responses, particularly 
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within the context of neonatal immunization (Martinez, Brandt et al. 1997; Sarzotti, 

Dean et al. 1997; Wang, Xiang et al. 1997).  In these reports, genetic immunization of 

newborn mice was successful in breaking Th2-associated tolerance to distinct viral 

antigens, and was typified by induction of Th1-promoting cytokines, IgG2a 

production, and generation of CD8+ cytotoxic T lymphocytes (CTLs).  Importantly, 

one of these reports also indicated an enhancement of in vivo protection to Cas-Br-M 

murine leukemia virus in response to immunization with plasmid DNA (Sarzotti, Dean 

et al. 1997).  Although characterization of DNA vaccine-induced tumor immunity has 

been reported for other virus-associated tumor antigens, such as HPV E6 and E7 

(Peng, Tomson et al. 2006; Haigh, Kattenbelt et al. 2010), to our knowledge, the 

mechanisms of DNA-vaccine induced tumor immunity directed toward SV40 Tag 

have not been elucidated. 

In this report, we extend our previous studies by characterizing the immune 

components necessary for the protective function of pCMV-Tag.  An initial vaccine 

titration experiment was employed to corroborate in vivo protection with the 

development of Tag-specific antibody responses, and targeted depletion of T 

lymphocyte subsets was subsequently performed to assess the role of cell-mediated 

immunity in the induction and effector immune phases.  In all experiments, mice were 

immunized with pCMV-Tag prior to challenge with mKSA tumor cells, and in vivo 

protection was determined by quantification of tumor foci in mouse lungs.  

Additionally, immune activation status and characteristics of the antibody response to 

Tag were assessed in vitro by indirect ELISA.  The results from these experiments 
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indicate that mice develop a mixed Th1/Th2 antibody response following vaccination 

with pCMV-Tag and that CD4+ T lymphocytes play a critical role in mediating tumor 

immunity to mKSA tumor cells in both the induction and effector immune phases.  

Moreover, our findings have implications for the development of immunological 

therapies to treat malignant pleural mesothelioma, as well as other Tag-expressing 

malignancies, and provide insight into the elucidation of general immune mechanisms 

to generate tumor immunity against TAAs. 
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Materials and Methods 

Cells and media 

Tumor challenge studies were performed in vivo using the SV40-transformed 

BALB/c mouse kidney fibrosarcoma cell line mKSA.  Cells were cultured in 

Dulbecco’s modified Eagle’s medium containing ʟ-glutamine (HyClone, Logan, UT), 

and supplemented with 0.1 mM nonessential amino acids (Sigma, St. Loius, MO), 100 

U/ml penicillin (Sigma), 500 µg/ml streptomycin (Sigma), and 10% heat-inactivated 

fetal bovine serum (HyClone).  Prior to in vivo administration, cells were detached 

from flasks with 1 mM EDTA-phosphate-buffered saline (PBS), washed in PBS, and 

adjusted to 1 X 105 cells in a total volume of 50 µl sterile PBS. 

In vivo depletion of T lymphocytes 

Depletion of murine CD4+ and CD8+ T lymphocytes was performed in vivo 

using the rat IgG2b MAbs GK1.5 and 2.43, respectively.  Depletion reagents were 

purified using a mouse anti-rat antibody affinity column, and the total protein content 

was estimated by measuring absorbance at 280 nm.  The purified rat IgG MAbs and a 

control rat IgG preparation were adjusted to 100 µg in 0.1 ml, and administered to 

mice a total of 3 to 6 times via intraperitoneal injection.  Depletion schemes for 

induction phase and effector phase studies are detailed in Figure 4.1. 

Flow cytometry was performed to assess the efficacy of T cell depletion, using 

rat anti-mouse MAbs for CD4 (clone RM4-5) (BD Biosciences, Franklin Lakes, NJ) 

and CD8 (clone YTS169.4) (BD Biosciences), as described previously (Kennedy, 
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Shearer et al. 2003).  Relative to untreated and rat IgG-treated control mice, >95% of 

CD4+ and CD8+ T cell populations were depleted (data not shown). 

Mice, immunization, and tumor cell challenge 

Female 6- to 8-week-old BALB/c mice were obtained from Charles River 

Laboratories (Wilmington, MA).  Animals were maintained under appropriate 

conditions in accordance with institutional guidelines and the Animal Welfare 

Assurance Act. 

Mice were immunized a total of 2 to 4 times at two week intervals via i.m. 

injection of 100 µg pCMV-Tag or an empty control vector, designated pcDNA3.1, 

into the quadriceps muscle (Figure 4.1).  Sera were obtained from immunized animals 

2 weeks after each injection to assess anti-SV40 Tag antibody reactivity by ELISA.  

Two weeks after the final immunization, mice were subjected to tumor challenge via 

i.v. injection of 1 X 105 mKSA cells in 50 µl sterile PBS.  In order to assess in vivo 

tumor burden, lungs were harvested from euthanized mice at 18 days post-tumor cell 

challenge and analyzed for the presence of tumor foci.  Lungs were prepared for tumor 

focus visualization via intracheal injection of 10% india ink, excision from the mouse 

body cavity, and destaining in Fekete’s solution.  Enumeration of tumor foci was 

performed via macroscopic examination of the lung surface. 

Tag ELISA 

Mouse immune sera were screened for IgG antibodies to Tag via indirect 

ELISA, as described previously by our laboratory (Lowe, Shearer et al. 2005).  

Briefly, the solid phase of a 96-well microtiter plate was coated with 200 ng rTag in 
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PBS and incubated at 37°C for 1 h.  Non-specific binding was blocked by addition of 

0.2% porcine gelatin in 0.05% PBS-Tween, followed by incubation of plates at 37°C 

for 30 min.  Plates were washed in PBS-Tween, and dilutions of mouse sera were 

added and incubated at 37°C for 1 h.  Plates were washed again in PBS-Tween, and 

samples were probed via incubation with a horseradish peroxidase (HRP)-labeled goat 

anti-mouse IgG (γ chain) reagent (1:5,000) at 37°C for 30 min.  Plates were washed a 

final time, developed via addition of 3,3’,5,5’-tetramethylbenzidine peroxidase 

substrate (KPL, Inc., Gaithersburg, MD), and the reaction was terminated after ~5 min 

by addition of 1M H3PO4.  An optical density (OD) value at 450 nm that was at least 

three times the OD value for pre-immune sera was employed as a cutoff value for 

positive reactivity.  All samples were tested in triplicate, and appropriate positive and 

negative control MAbs to SV40 Tag (PAb 405 and A1.2, respectively) were used to 

assure functionality of the assay. 

In some experiments, IgG subtyping of mouse immune sera was performed to 

assess the Th1 versus Th2 proclivity of DNA vaccine-induced immunity (Stevens, 

Bossie et al. 1988).  A modification of the indirect ELISA was employed to detect IgG 

subtypes, as described previously by our laboratory (Lowe, Shearer et al. 2010a).  

Briefly, samples were incubated with rabbit anti-mouse reagents specific for IgG1 and 

IgG2a (Bio-Rad, Hercules, CA) for 1 h at 37°C following the serum binding step.  An 

HRP-labeled goat anti-rabbit IgG reagent (1:1,000) (KPL, Inc.) was used to probe the 

samples, and development was performed as described above.  The Tag-specific 
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MAbs PAb 405 and PAb 419 were used as controls for mouse IgG1 and IgG2a, 

respectively, and to assess any cross-reactivity between subtyping reagents. 

Statistical analysis 

In all animal experiments, lung tumor focus values were logarithmically 

transformed, and statistical assessment between groups was performed by one-way 

analysis of variance (ANOVA) followed by the Tukey-Kramer multiple comparisons 

test.  Statistical significance between groups was detailed at a P level of <0.05 or 

<0.01 and is indicated accordingly in the corresponding figures.  All statistical 

analyses were performed using GraphPad InStat and Prism software. 

  



Texas Tech University Health Sciences Center, Joel Aldrich, May 2012 

63 

Results 

Multiple injections of pCMV-Tag are required for development of an antibody 

response to SV40 Tag 

Our laboratory has previously demonstrated that immunization of BALB/c 

mice with plasmid DNA encoding SV40 Tag under the cytomegalovirus promoter 

(pCMV-Tag) generates an antibody response to SV40 Tag (Lowe, Shearer et al. 

2005).  This response was not evident in mice immunized with plasmid DNA 

containing SV40 Tag under the native promoter (pSV3-neo), and it was observed after 

four total injections of pCMV-Tag.  Although protective immunity against Tag-

expressing tumor cells (mKSA) appeared to correlate with anti-SV40 Tag antibody 

titers, these studies did not provide a temporal analysis of the antibody response 

relative to individual injections of pCMV-Tag.  We therefore first sought to examine 

the development of Tag-specific antibodies upon successive injections of pCMV-Tag. 

Mice were immunized intramuscularly with 100 µg pCMV-Tag or empty 

control vector (pcDNA3.1) a total of four times, and sera were obtained 14 days after 

each immunization.  In order to assess anti-SV40 Tag antibody titers upon each 

immunization, serial four-fold dilutions of sera were prepared and screened for the 

presence of IgG antibodies to SV40 Tag via indirect ELISA.  Antibody titers to SV40 

Tag induced upon each immunization of BALB/c mice with pCMV-Tag or pcDNA3.1 

are provided in Table 4.1.  Anti-SV40 IgG titers were undetectable upon two 

injections of either plasmid; however, positive SV40 Tag reactivity of mouse sera 

began to appear after the third injection of pCMV-Tag (range: <50-800).  In accord 
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with previous findings, all mice were positive for antibodies to SV40 Tag upon the 

fourth injection of pCMV-Tag (range: 200-12,800), while mice receiving the empty 

control plasmid failed to produce detectable anti-SV40 Tag antibodies throughout the 

duration of the experiment. 

These findings demonstrate that at least three 100-µg injections of pCMV-Tag 

are required for production of Tag-specific antibodies in BALB/c mice and four 

injections of pCMV-Tag are necessary for a uniformly positive response within a 

group of mice.  As reported previously, antibody titers can vary widely among 

individual mice afforded the same immunization regimen with pCMV-Tag (Lowe, 

Shearer et al. 2005). 

Immunization with pCVM-Tag induces a mixed IgG subtype distribution to 

SV40 Tag 

In order to assess the Th1 versus Th2 proclivity of the antibody response 

induced upon DNA immunization, we analyzed immune sera obtained post-fourth 

injection of pCMV-Tag for the presence of IgG1 and IgG2a antibodies to SV40 Tag 

via subtyping ELISA.  The ratio of IgG2a to IgG1 in individual mice was used to 

determine whether a particular IgG subtype, characteristic of a particular Th response, 

dominated the composition of antibodies to SV40 Tag (Stevens, Bossie et al. 1988). 

The relative abundance of IgG1 and IgG2a antibodies to SV40 Tag, reported as 

OD values, are provided in Table 4.2 for five mice post-fourth injection of pCMV-

Tag.  The ratio of IgG2a to IgG1 varied widely among individual mice, as two mice 

exhibited approximately equal quantities of the two subtypes (mouse 1 and mouse 2), 



Texas Tech University Health Sciences Center, Joel Aldrich, May 2012 

65 

two other mice exhibited higher quantities of IgG2a (mouse 4 and mouse 5), and one 

mouse exhibited higher quantities of IgG1 (mouse 3).  The wide variability in OD 

values for a given IgG subtype among individual mice reflected the wide variability in 

total IgG titers indicated in Table 4.1.  Mice displaying the highest OD values for a 

given IgG subtype tended toward an approximately equal ratio of IgG2a to IgG1 

(mouse 1 and mouse 2), while mice displaying moderate to low OD values tended 

toward a more polarized response (mouse 3, mouse 4, and mouse 5).  Interestingly, the 

direction of polarized response appeared to follow a Th1 pathway in two mice (mouse 

4 and mouse 5), and a Th2 pathway in one mouse (mouse 3). 

These findings indicate that a single IgG subtype does not consistently 

dominate the antibody response to SV40 Tag induced upon immunization with 

pCMV-Tag.  Furthermore, these results suggest that the Th proclivity of the antibody 

response becomes more mixed (an approximately equal ratio of IgG2a to IgG1) with 

increased overall quantities of IgG. 

Mice are protected from tumor development prior to the onset of an antibody 

response to SV40 Tag 

In order assess the protective capacity of the anti-Tag antibody response 

induced upon immunization with pCMV-Tag, we challenged distinct groups of mice 

with mKSA tumor cells after each injection of plasmid DNA and monitored the 

development of lung tumor foci.  Tumor foci were quantitated via macroscopic 

examination of the total lung surface, and comparisons between tumor burdens in 



Texas Tech University Health Sciences Center, Joel Aldrich, May 2012 

66 

pCMV-Tag-immunized mice versus control-immunized mice were performed via one-

way ANOVA. 

Figure 4.1A provides a detailed schematic of the immunization, tumor cell 

challenge, and euthanization regimen for different groups of mice in this pCMV-Tag 

titration experiment.  Representative images of mouse lungs are provided in Figure 

4.2, and they show a reduced tumor burden after one injection of pCMV-Tag relative 

to immunization with pcDNA3.1 (panel I).  Furthermore, mouse lungs were 

completely devoid of tumor foci upon two injections of pCMV-Tag, while pcDNA3.1-

immunized animals continued to exhibit extensive tumor foci formation (panel II).  

Upon quantitative analysis, mice immunized once with pCMV-Tag were found to 

harbor 18.2 + 10.1 lung tumor foci, and lungs from pcDNA3.1-immunized mice were 

found to harbor 51.3 + 2.9 tumor foci (Figure 4.3, 1’ group).  Two immunizations with 

pCMV-Tag completely abolished tumor formation in mouse lungs (Figure 4.3, 2’ 

group).  Complete protection from lung tumor focus development was also observed 

through three and four injections of pCMV-Tag (Figure 4.3, 3’ and 4’ groups).  In 

contrast, successive immunizations with pcDNA3.1 failed to abolish the tumor burden 

in mouse lungs (Figure 4.3, 2’-4’ groups). 

These findings demonstrate that partial protection from mKSA tumor cell 

challenge in BALB/c mice can be accomplished with a single 100-µg injection of 

pCMV-Tag, although complete protection within a group of mice requires a minimum 

of two injections.  Mice were completely protected from tumor development prior to 

the onset of a detectable antibody response (Table 4.1), challenging our previous 
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notion that anti-Tag antibodies are critical mediators of immunity to tumors in an 

experimental pulmonary metastasis model (Lowe, Shearer et al. 2005).  In accord with 

previous findings, mice immunized with control plasmid were uniformly susceptible 

to the formation of tumor foci throughout the duration of the experiment (Lowe, 

Shearer et al. 2005). 

CD4+ T lymphocytes constitute a necessary component of the anti-tumor 

induction immune phase targeting SV40 Tag 

Previous studies by our laboratory have identified important roles for certain T 

cell subsets within the induction and effector phases of tumor immunity targeting 

SV40 Tag.  While CD4+ T lymphocytes were found to be a critical component of 

tumor immunity in the induction immune phase, CD8+ T lymphocytes were required 

for complete in vivo protection against tumor development in the effector immune 

phase (Kennedy, Shearer et al. 2003; Lowe, Shearer et al. 2010b).  Data presented in 

the previous pCMV-Tag titration experiment indicate that protective immune 

mechanisms can function prior to the production of detectable Tag-specific antibody 

in this model; thus, we next sought to assess the role of adaptive cell-mediated 

immunity within the induction immune phase. 

Depletion of CD4+ and CD8+ T cells was performed via administration of rat 

MAbs to these cell surface markers during the course of immunization, and mice were 

immunized, challenged, and assessed for the presence of lung tumor foci as previously 

described.  Concerns about the induction of anti-idiotypic immune responses to the 

depletion reagents limited the duration of our induction phase depletion to a secondary 
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injection immunization scheme (Kennedy, Shearer et al. 2004); however, our findings 

in the previous titration experiment indicated that complete tumor immunity could be 

achieved within this scenario.  Figure 4.1B provides a detailed schematic of the 

immunization, depletion, tumor cell challenge, and euthanization regimen for different 

groups of mice in this induction-phase depletion experiment. 

Quantitative analysis of lung tumor burden in mice immunized with pcDNA3.1 

or pCMV-Tag and depleted with reagents to CD4+ T lymphocytes, CD8+ T 

lymphocytes, or a control rat IgG preparation is provided in Figure 4.4.  Notably, mice 

immunized with pCMV-Tag and depleted of CD4+ T lymphocytes developed lung 

tumor foci to a similar extent as mice immunized with the negative-control plasmid.  

Mice in the pCMV-Tag plus anti-CD4 group presented with 9.0 + 1.732 lung tumor 

foci, compared to 6.8 + 0.9 lung tumor foci observed for mice in the pcDNA3.1 group.  

Depletion of CD8+ T lymphocytes did not render mice susceptible to tumor 

formation, suggesting that cell-mediated immune effectors other than the traditional 

cytotoxic T lymphocytes may be mobilized in response to pCMV-Tag immunization.  

As with the pCMV-Tag plus anti-CD8 depletion group, mice immunized with pCMV-

Tag and treated with a control rat IgG preparation produced no detectable lung tumor 

foci.  Taken together, these findings indicate that CD4+ T cells are critical mediators 

of tumor immunity in the immune induction phase induced upon immunization with 

pCMV-Tag, while CD8+ T lymphocytes play a less consequential role. 
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Depletion of CD8+ T lymphocytes shifts the immune response toward enhanced 

antibody production to SV40 Tag 

Previous studies by our laboratory have indicated that depletion of certain 

lymphocyte subsets can influence the subsequent antibody response to SV40 Tag 

(Kennedy, Shearer et al. 2003).  Specifically, mice depleted of CD4+ T lymphocytes 

in the immune induction phase were unable to mount an antibody response to rTag 

and were susceptible to lung tumor foci formation upon challenge with mKSA tumor 

cells.  In order to assess the impact of induction phase T cell depletion on antibody 

responses stimulated by pCMV-Tag, we assessed the titers of Tag-specific mouse IgG 

during the course of the depletion /immunization regimen via indirect ELISA. 

Table 4.3 provides Tag-specific IgG antibody titers for different murine 

depletion groups after the primary and secondary injections of plasmid DNA.  

Consistent with findings from the previous titration experiment, mice immunized with 

pcDNA3.1 or pCMV-Tag and treated with a control depletion reagent did not exhibit 

detectable antibody titers after one or two injections of plasmid DNA.  Similarly, mice 

immunized with pCMV-Tag and treated with an anti-CD4 reagent did not produce 

detectable antibodies to SV40 Tag.  In contrast, all mice immunized with pCMV-Tag 

and treated with an anti-CD8 reagent generated an antibody response to SV40 Tag 

after two injections of the plasmid DNA.  The mean titer of anti-Tag antibodies 

produced by these CD8-depleted mice (mean, 860) fell between the titers previously 

determined for mice immunized with three (mean, 520 [Table 4.1]) and four (mean, 

6,440 [Table 4.1]) injections of pCMV-Tag.  These findings indicate that depletion of 
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CD8+ T lymphocytes during the course of immunization skews the immune response 

toward early induction of antibody responses to SV40 Tag. 

The critical role of CD4+ T lymphocytes extends to tumor immunity within the 

immune effector phase 

In order to ascertain whether the vital function of CD4+ T lymphocytes 

extends to the immune effector phase, we immunized mice four times with pCMV-

Tag and performed a depletion of CD4+ and CD8+ T lymphocytes at the time of 

tumor cell challenge.  All mice were positive for antibodies to SV40 Tag following the 

fourth injection of pCMV-Tag, as indicated in Table 4.1 and previous experiments 

(Lowe, Shearer et al. 2005).  Figure 4.1C provides a detailed schematic of the 

immunization, depletion, tumor cell challenge, and euthanization regimen for different 

groups of mice in this effector-phase depletion experiment. 

Quantitative analysis of lung tumor burden in mice treated with pcDNA3.1 or 

pCMV-Tag in combination with depletion reagents to CD4+ T lymphocytes, CD8+ T 

lymphocytes, or a control rat IgG preparation is provided in Figure 4.5.  Mice in the 

pCMV-Tag plus anti-CD4 group exhibited 2.5 + 0.8 lung tumor foci, while mice in 

the other pCMV-Tag groups were completely protected from tumor development.  

The lung tumor burden in mice immunized with pCMV-Tag and depleted of CD4+ T 

lymphocytes was less severe than mice immunized with pcDNA3.1 (11.7 + 3.4 lung 

tumor foci), suggesting that the involvement of CD4+ T lymphocytes in the effector 

phase is somewhat diminished compared their involvement in the induction phase.  

Mice depleted of CD8+ T lymphocytes again failed to produce visible lung tumor foci 
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in the immune effector phase, further indicating that these cells do not command a 

critical component of tumor immunity induced upon vaccination with pCMV-Tag.  

Collectively, these data confirm the importance of CD4+ T lymphocytes in effecting 

complete pCMV-Tag induced-tumor immunity to an experimental mKSA tumor cell 

antigen and reveal the expendable nature of CD8+ T lymphocytes in this process.  
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Discussion 

Our laboratory has previously reported on the ability of prophylactically 

administered rTag to induce protective immune responses in BALB/c mice that were 

capable of preventing tumor development by the SV40 transformed cell line, mKSA 

(Kennedy, Shearer et al. 2003; Lowe, Shearer et al. 2007a; Lowe, Shearer et al. 

2010b).  These studies demonstrated that humoral immune effectors (e.g., antibodies 

to SV40 Tag, CD4+ T lymphocytes), components of cell-mediated immunity (e.g., 

CD4+ T lymphocytes, CD8+ T lymphocytes), and innate immunity (e.g. NK cells) 

were all required for the elicitation of complete tumor immunity.  We proposed that 

CD4+ T lymphocytes functioned within a Th2-like framework early in the immune 

response to aid in the differentiation of antibody-secreting plasma cells.  These cells, 

in turn, produced IgG antibodies to SV40 Tag which were thought to act cooperatively 

with NK cells to mediate tumor cell destruction through ADCC.  Upon the liberation 

of neo-antigens from mKSA, CD8+ T lymphocytes were thought to become activated 

and enter the immune assault on tumorigenic cells.  In the present study, we offer a 

preliminary characterization of the immune mechanisms necessary for systemic tumor 

immunity induced upon immunization with a plasmid DNA vaccine, pCMV-Tag. 

Antibody responses to SV40 Tag could be detected upon three 100-µg 

injections of pCMV-Tag and were characterized by both IgG1 and IgG2a subtypes, 

particularly in mice displaying superior antibody titers.  This mixed Th1/Th2 antibody 

profile marked an important departure from our previous studies performed with rTag 

vaccination, in which antibody responses were heavily skewed toward IgG1 



Texas Tech University Health Sciences Center, Joel Aldrich, May 2012 

73 

production (Kennedy, Shearer et al. 2003).  Tumor cell destruction via Tag-specific 

antibodies is considered to occur primarily via ADCC in our model, as evidenced by 

the susceptibility of FcγRI/III  knockout mice and NK cell-depleted mice to tumor 

formation (Lowe, Shearer et al. 2007a; Lowe, Shearer et al. 2010b).  Immunization 

with pCMV-Tag may thus exacerbate the protective function of ADCC within this 

model, as IgG2a has been identified as a higher-affinity ligand for activating FcγRs on 

NK cells and phagocytes (Nimmerjahn, Bruhns et al. 2005; Nimmerjahn and Ravetch 

2006).  Induction-phase depletion of CD8+ T lymphocytes resulted in early emergence 

of a Tag-specific antibody response, suggesting that loss of certain cell-mediated 

immune components may redirect the immune system toward expansion of protective 

humoral immune effectors.  Alternatively, certain populations of CD8+ T lymphocytes 

may function to suppress or regulate the early antibody responses to SV40 Tag (Blank, 

Ben-Bassat et al. 1991; Walker, Fellowes et al. 1991; Saitoh, Abiru et al. 2007).  

Despite the potential contributions of circulating antibodies within our model, 

complete tumor immunity was observable in the absence of a detectable antibody 

response. 

Given our previous finding that CD8+ T lymphocytes execute essential 

immune functions in the immune effector phase, and our recent discovery that tumor 

immunity could be achieved prior to antibody production, we thought it pertinent to 

investigate the role of these cells within the context of pCMV-Tag-induced tumor 

immunity.  Surprisingly, targeted depletion of CD8+ T lymphocytes showed that these 

cells are not required in either the induction or effector immune phases generated via 
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vaccination with pCMV-Tag.  This phenomenon can perhaps be attributed to the 

severely limited panel of Tag epitopes capable of recognition by CD8+ T lymphocytes 

from BALB/c mice (Pfizenmaier, Pan et al. 1980; Newmaster, Mylin et al. 1998).  

Additionally, depletion of CD8+ T lymphocytes appears to engage compensatory 

effector mechanisms within the anti-tumor immune response, as evidenced by 

enhanced antibody production in the induction immune phase.  Despite the 

expendability of CD8+ T lymphocytes in these experiments, other studies performed 

by our laboratory clearly indicate that certain Th1-driven components of cell-mediated 

immunity are beneficial to tumor inhibition within our model (Lowe, Shearer et al. 

2010a).  Recent studies on the role of the innate immune response have indicated that 

NK cells potentiate a substantial wave of tumor immunity in the absence of adaptive 

immune mechanisms.  Furthermore, administration of poly(I:C), an NK cell-activating 

compound, was capable of significantly enhancing the immune response to mKSA 

tumor cells.  In a therapeutic vaccination scenario with rTag, poly(I:C) treatment was 

strongly associated with a shift from a Th2 response to a Th1 response, suggesting that 

a Th1-promoting environment is an important factor in maximizing early immune 

responses to tumors.  Moreover, the dispensable nature of CD8+ T lymphocytes has 

been indicated in other reports of experimental tumor immunity, where Th1 CD4+ T 

lymphocytes and NK cells play dominant roles in eliciting protective immune 

responses to tumor cells (Perez-Diez, Joncker et al. 2007). 

In contrast to the roles of antibody and CD8+ T lymphocytes, CD4+ T 

lymphocytes were required at all stages of the immune response to effect complete 
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tumor immunity to mKSA tumor cells.  Although we cannot, at present, ascribe a 

definitive mechanism of action for CD4+ T lymphocytes in our model, multiple roles 

for CD4+ T lymphocytes have been identified within the context of murine and human 

tumor immunity.  Such roles include the provision of ‘help’ to CD8+ T lymphocytes 

and antibody-secreting cells, direct cytotoxic functions, and the regulation of the 

immune axis through secretion of immunoregulatory cytokines (Velders, Markiewicz 

et al. 2003; Ostrand-Rosenberg 2005; Kennedy and Celis 2008).  In this study, we 

observed a marginal decrease in tumor burden upon CD4+ T cell depletion in the 

effector phase versus the induction phase, indicating that the importance of these cells 

may diminish slightly as the immune response matures.  Although the classical 

function of CD4+ T lymphocytes in tumor immunity is thought to involve activation 

of CD8+ T lymphocytes, these cells have been reported to mediate anti-tumor effects 

in the absence of such overt immune effectors.  FasL, expressed on the cell surface of 

Th1 CD4+ T lymphocytes, may provide a direct mechanism of cytoxicity to mKSA 

tumor cells via interactions with Fas on the tumor cell surface (Hahn, Gehri et al. 

1995).  As indicated previously, CD4+ T lymphocytes have also been found to partner 

with NK cells in some animal models of tumor immunity (Perez-Diez, Joncker et al. 

2007), and CD4+ T lymphocytes appear to support multiple indirect anti-tumor 

functions through the secretion of IFN-γ (Mumberg, Monach et al. 1999; Qin and 

Blankenstein 2000).  Further characterization of the independent versus supportive 

functions of CD4+ T cells will be required before their definitive role in DNA 

vaccine-induced tumor immunity to SV40 Tag can be determined. 
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The findings from this study illustrate several striking differences between 

rTag-induced and plasmid DNA-induced immune mechanisms to SV40 Tag; however, 

such discrepancies are not without precedent in our model.  Our laboratory has 

previously conducted a comparison of tumor immunity elicited by rTag and another 

Tag DNA vaccine, designated pSV3-neo, in a solid tumor model (Bright, Beames et 

al. 1996).  Akin to the current pulmonary metastasis model, both vaccine modalities 

were highly effective in protecting mice from lethal tumor cell challenge, yet 

divergent arms of the immune system were responsible for mediating the observed 

effects.  Immunization with plasmid DNA correlated strongly with development of 

CTLs and minimal antibody responses, while rTag-induced immunity was associated 

with the production of high antibody titers to SV40 Tag and undetectable CTL 

activity.  Collectively, our previous and current studies indicate that the precise 

molecular characteristics of a vaccinating agent may thus bring about complete tumor 

immunity via distinct pathways within our model.  The tendency for DNA vaccination 

to provoke protective cell-mediated immune responses in the absence of strong 

antibody titers has also been reported for other viral oncoproteins, such as HPV 

antigens (Hu, Cladel et al. 2006), although direct comparisons of DNA and 

recombinant protein vaccination approaches are complicated by a multitude of 

disparate animal models and antigen constructs (Breitburd and Coursaget 1999).  

Similarly, enhancement of cell-mediated immunity to hepatitis B surface antigen is a 

relatively common feature of plasmid DNA-based vaccination approaches versus 

recombinant protein approaches (Schirmbeck and Reimann 2001). 
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Given the focus on CTL activation within the context of DNA vaccine-induced 

immunity, it is somewhat surprising that CD4+ T lymphocytes assume such a 

dominant role within our model of pulmonary metastasis.  Although uncommon, 

vaccination with plasmid DNA has been reported to stimulate CD4+ T lymphocyte-

driven immune responses in some animal models, most notably within the context of 

immunity to Mycobacterium tuberculosis.  In multiple studies, protective immune 

responses afforded by M .tuberculosis DNA vaccines appeared to correlate with the 

production of IFN-γ by CD4+ T lymphocytes (D'Souza, Romano et al. 2006) but were 

not associated with direct cell-mediated cytotoxicity (Huygen, Content et al. 1996; 

D'Souza, Romano et al. 2006).  Additionally, β2-microglobulin knockout mice were 

capable of controlling infection to M. tuberculosis upon immunization with plasmid 

DNA, providing evidence that protective immunity was independent of CD8+ CTLs 

(D'Souza, Denis et al. 2000).  In our model of pulmonary metastasis, DNA vaccination 

redirects the polarity of the anti-Tag immune response from Th2 to a mixed Th1/Th2 

response.  Taken together, such observations reflect a potentially conserved role for 

IFN-γ in mediating the protective function of CD4+ T lymphocytes stimulated by 

genetic immunization. 

The exploration of novel immune therapies to treat cancer, such as DNA 

vaccination, comprises an important focus of modern scientific investigation, 

especially as these experimental approaches continue to gain ground in clinical 

applications (Lowe, Shearer et al. 2007c).  Specifically, the elucidation of immune 

mechanisms pertaining to these strategies can provide valuable insight into the 
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optimization of immunotherapeutic techniques.  Taken together, our findings 

demonstrate the critical role that CD4+ T lymphocytes play in effecting immunity to 

Tag-expressing tumor cells upon immunization with plasmid DNA.  Such findings are 

particularly relevant to the development of immunologic strategies to treat 

malignancies associated with known TAAs that can be targeted.  Knowledge of the 

immunologic mechanisms associated with cancer prevention and recovery should 

allow for the development of new immunotherapeutic options to treat debilitating 

malignant diseases. 
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Figure 4.1. Immunization/depletion schedules in mice treated with various total 
injections of plasmid DNA (A), or depleted of T cell subsets in the induction (B) or 
effector (C) immune phases 
 
(A) Groups of mice were immunized a total of one (1° injection group), two (2° 
injection group), three (3° injection group), or four (4° injection group) times with 100 
µg plasmid DNA (pDNA), and challenged with 1 X 105 mKSA cells 14 days after the 
final immunization.  Mice were euthanized 18 days following tumor cell challenge, 
and lungs were harvested and analyzed for the presence of tumor foci.  (B) Groups of 
mice were treated with 100 µg Rat IgG, GK1.5 (anti-CD4), or 2.43 (anti-CD8) on days 
-2, -1, 1, 12, 13, and 15, and immunized with pcDNA3.1 or pCMV-Tag on days 0 and 
14.  Mice were challenged with 1 X 105 mKSA cells on day 28, and euthanized on day 
46 for analysis of lung tumor foci development.  (C) Groups of mice were treated with 
100 µg Rat IgG, GK1.5 (anti-CD4), or 2.43 (anti-CD8) on days 54, 55, and 57, and 
immunized with pcDNA3.1 or pCMV-Tag on days 0 and, 14, 28, and 42.  Mice were 
challenged with 1 X 105 mKSA cells on day 56, and euthanized on day 74 for analysis 
of lung tumor foci development.  
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Table 4.1. Development of antibody responses to SV40 Tag following immunization 
of BALB/c mice with pcDNA3.1 and pCMV-Tag 
 

Immunization 
Antibody titers post 

pcDNA3.1 immunization, 
mean (range) 

Antibody titers post     
pCMV-Tag immunization, 

mean (range) 
1° <50 <50 
2° <50 <50 
3° <50 520 (<50-800) 
4° <50 6,440 (200-12,800) 

 
Mouse sera were obtained 14 days after each immunization with pcDNA3.1 or 
pCMV-Tag, and antibody titers to SV40 Tag were determined via indirect ELISA.  
Sera were analyzed in four-fold serial dilutions, beginning with a dilution of 1:50, and 
a final dilution that resulted in an OD value above the cutoff value was determined to 
be the end-point titer.  All table values show the mean (range) of antibody titers for 
five mice per group, and are representative of reciprocal serum fold dilution. 
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Table 4.2. BALB/c mouse IgG subtype distribution to SV40 Tag post-fourth 
immunization with pCMV-Tag 
 

Mouse no. OD values for Tag-
specific IgG1 

OD values for Tag-
specific IgG2a 

Ratio 
IgG2a/IgG1 

1 0.527 0.600 1.138 
2 0.537 0.654 1.217 
3 0.403 0.287 0.712 
4 0.169 0.587 3.473 
5 0.086 0.184 2.139 

 
Mouse sera were obtained 14 days after the fourth immunization with pCMV-Tag, and 
the Tag-specific IgG sub-isotype distribution was determined via indirect subtyping 
ELISA.  Serum samples from individual mice were analyzed at a 1:50 dilution, and 
OD values for IgG1 and IgG2a were read at 450 nm.  The ratio of IgG2a:IgG1 was 
determined by dividing individual OD values for IgG2a by the corresponding OD 
values for IgG1.  All OD values represent the mean of triplicate determinations. 
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Figure 4.2. Representative lung tumor focus nodules in mice immunized with one (I) 
or two (II) injections of pDNA 
 
Mice immunized with one (I) or two (II) injections of pcDNA3.1 display extensive 
tumor foci development, while mice immunized with one injection of pCMV-Tag (I) 
show a reduction in lung tumor foci.  Mice immunized with two injections of pCMV-
Tag (II) exhibit a complete lack of tumor development.  Arrows indicate 
representative lung tumor foci. 
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Figure 4.3. Lung tumor focus development in mice treated with various total injections 
of pcDNA3.1 or pCMV-Tag 
 
Quantitative analysis of lung tumor foci was performed for each experimental titration 
group immunized with pcDNA3.1 or pCMV-Tag.  Mice immunized with one total 
injection of pDNA are indicated in the 1’ category, while mice immunized with two, 
three, and four total injections of pDNA are indicated in the 2’, 3’, and 4’ categories, 
respectively.  Groups of mice immunized with pcDNA3.1 contained 3-5 animals, and 
groups of mice immunized with pCMV-Tag contained 4-5 animals.  Statistical 
analysis was performed by one-way ANOVA, with significance detailed at P < 0.05 
(*) or P < 0.01 (**).  Error bars indicate standard error of the mean (SEM). 
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Figure 4.4. Lung tumor focus development in mice depleted of T cell subsets in the 
induction immune phase 
 
Mice were immunized with pcDNA3.1 or pCMV-Tag, depleted of CD4+ or CD8+ T 
lymphocytes during the course of immunization, and challenged with mKSA tumor 
cells.  Quantitative analysis of lung tumor foci was performed 18 days following 
tumor cell challenge for each experimental depletion group.  The anti-CD4 group of 
mice consisted of 3 animals, and all other groups consisted of 5 animals.  Statistical 
analysis was performed by one-way ANOVA, with significance detailed at P < 0.01 
(**).  Error bars indicate SEM. 
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Table 4.3. Antibody response to SV40 Tag during induction phase depletion 
 

Depletion Group 
Antibody titers 14 days 
post first immunization, 

mean (range) 

Antibody titers 14 days 
post second immunization, 

mean (range) 

pcDNA3.1 <50 <50 
pCMV-Tag + Rat IgG <50 <50 

pCMV-Tag + anti-CD4 <50 <50 
pCMV-Tag + anti-CD8 <50 860 (50-3,200) 

 
Mouse sera were obtained for various depletion groups 14 days post-first or post-
second immunization with pcDNA3.1 or pCMV-Tag, and antibody titers to SV40 Tag 
were determined via indirect ELISA, as described in Table 4.1.  All table values show 
the mean (range) of antibody titers for five mice per group, and are representative of 
reciprocal serum fold dilution. 
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Figure 4.5. Lung tumor focus development in mice depleted of T cell subsets in the 
effector immune phase 
 
Mice were immunized with pcDNA3.1 or pCMV-Tag, challenged with mKSA tumor 
cells, and depleted of CD4+ or CD8+ T lymphocytes at the time of tumor cell 
challenge.  Quantitative analysis of lung tumor foci was performed 18 days following 
tumor cell challenge for each experimental depletion group.  The rat IgG group of 
mice consisted of 5 animals, and all other groups consisted of 4 animals.  Statistical 
analysis was performed by one-way ANOVA, with significance detailed at P < 0.05 
(*) or P < 0.01 (**).  Error bars indicate SEM. 
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SUMMARY 

A mechanistic analysis of tumor immunity directed toward the viral 

oncoprotein simian virus 40 (SV40) large tumor antigen (Tag) has previously been 

described by our laboratory for scenarios of recombinant Tag immunization in 

BALB/c mice.  In the present study, we perform a preliminary characterization of the 

immune components necessary for systemic tumor immunity induced upon 

immunization with plasmid DNA encoding SV40 Tag as a transgene (pCMV-Tag).  

Antibody responses to SV40 Tag were observed via indirect ELISA following three 

intramuscular (i.m.) injections of pCMV-Tag and were typified by a mixed Th1/Th2 

response.  Complete tumor immunity within a murine model of pulmonary metastasis 

was achieved upon two i.m. injections of pCMV-Tag, as assessed by examination of 

tumor foci in mouse lungs, without a detectable antibody response to SV40 Tag.  

Induction phase and effector phase depletions of T cell subsets were performed in vivo 

via administration of depleting rat monoclonal antibodies, and these experiments 

demonstrated that CD4+ T lymphocytes are required in both phases of the adaptive 

immune response.  Conversely, depletion of CD8+ T lymphocytes did not impair 

tumor immunity in either immune phase and resulted in the premature production of 

antibodies to SV40 Tag.  Our findings are unique in that a dominant role could be 

ascribed to CD4+ T lymphocytes within a model of DNA vaccine-induced tumor 

immunity to Tag-expressing tumor cells.  Additionally, our findings provide insight 

into the general mechanisms of vaccine-induced tumor immunity directed toward 

tumors bearing distinct tumor-associated antigens. 
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CHAPTER V 

ORIGINAL RESEARCH: 

THE ROLE OF GAMMA INTERFERON IN DNA VACCINE-INDUCED TUMOR 
IMMUNITY TARGETING SIMIAN VIRUS 40 LARGE TUMOR ANTIGEN 

Introduction 

Active immunization strategies have contributed significantly to the 

development of improved methods for cancer treatment and prevention (Aldrich, 

Lowe et al. 2010; Topalian, Weiner et al. 2011).  The successes of prophylactic 

hepatitis B virus and human papilloma virus vaccines in controlling the incidence of 

virally associated hepatocellular carcinoma and cervical carcinoma, respectively, have 

demonstrated the utility of targeting viral antigens in the prevention of cancer (Chang, 

You et al. 2009; Munoz, Kjaer et al. 2010; Huang, Lu et al. 2011).  Additionally, the 

recent approval of Sipuleucel-T immunotherapy has expanded the role of cancer 

vaccines to include late-stage treatment options for metastatic, castrate-resistant 

prostate cancer (Bilusic, Heery et al. 2011; Hammerstrom, Cauley et al. 2011).  Given 

these achievements in treating and preventing malignancies, several next-generation 

cancer vaccines, including various nucleic acid-based vaccines, are currently under 

investigation in both laboratory and clinical settings (Stevenson, Ottensmeier et al. 

2004; Stevenson, Rice et al. 2004; Rice, Ottensmeier et al. 2008; Stevenson, 

Ottensmeier et al. 2010; Stevenson, Mander et al. 2011).  Although DNA 

immunization approaches have characteristically suffered from low immunogenicity 

in human studies, the recent licensure of a DNA vaccine encoding xenogenic (human) 
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tyrosinase for the treatment of canine oral melanoma has placed considerable promise 

on the further expansion of this vaccine modality (Grosenbaugh, Leard et al. 2011) 

and has inspired correlative clinical trials in human patients (Wolchok, Yuan et al. 

2007; Yuan, Ku et al. 2009).  As DNA vaccines continue to be explored within the 

context of tumor immunity, efforts to maximize vaccine efficacy will likely require a 

thorough understanding of the anti-tumor immune mechanisms underlying DNA 

vaccine function. 

The use of simian virus 40 large tumor antigen (SV40 Tag) as a representative 

tumor-associated antigen (TAA) for studies of vaccine-induced tumor immunity in a 

murine model of pulmonary metastasis has previously been described by our 

laboratory (Watts, Shearer et al. 1997; Watts, Shearer et al. 1999).  Studies with 

recombinant SV40 Tag (rTag) vaccination have demonstrated the importance of CD4+ 

T lymphocytes in the induction immune phase  and the required activities of multiple 

immune components (e.g., CD8+ T lymphocytes, natural killer (NK) cells, and 

antibody) in the effector immune phase of tumor immunity against the SV40 Tag-

expressing tumor cell line, mKSA (Kennedy, Shearer et al. 2003; Lowe, Shearer et al. 

2007a; Lowe, Shearer et al. 2010b).  Interestingly, a parallel vaccination scheme with 

plasmid DNA encoding SV40 Tag (pCMV-Tag) revealed a central role for CD4+ T 

lymphocytes in both the induction and effector immune phases and non-essential roles 

for CD8+ T lymphocytes and anti-Tag antibodies in these processes (Aldrich, Lowe et 

al. 2011).  Upon characterization of the humoral immune response, vaccination with 

pCMV-Tag was shown to generate higher yields of the IgG2a antibody subtype than 
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previous vaccination schemes with rTag (Kennedy, Shearer et al. 2003), possibly 

indicating a more prevalent role for gamma interferon (IFN-γ) and/or Th1 responses in 

DNA vaccine-induced tumor immunity.  Our collective findings thus suggest that the 

dominant anti-tumor immune mechanisms may vary with vaccine modality and 

provide an impetus for the further evaluation of IFN-γ and Th1 immune responses 

associated with DNA vaccination. 

IFN-γ is a pleiotropic cytokine that plays a critical role in immunity to many 

microbes and tumors, but may also contribute to the pathology associated with both 

protective responses and autoimmune disorders (Saha, Jyothi Prasanna et al. 2010).  

Signaling through the IFN-γ receptor engages the JAK/STAT pathway of 

transcription, initiating diverse biological processes that may include upregulation of 

MHC class I and class II molecules, increased antigen processing and presentation, 

differentiation of the Th1 subset of T lymphocytes, ‘classical’ activation of 

macrophages, and isotype switching to specific IgG subtypes in B cells.  Within the 

context of tumor immunity, IFN-γ is generally thought to play a protective role, as 

indicated by early studies examining the development of spontaneous and carcinogen-

induced tumors in immunologically impaired knockout mice (Kaplan, Shankaran et al. 

1998; Shankaran, Ikeda et al. 2001).  Alternatively, IFN-γ may enhance immune 

evasion in some scenarios of tumor immunity and has been reported to promote the 

expansion of aggressive phenotypes in certain human tumor cells (Zaidi and Merlino 

2011).  Although IFN-γ is frequently linked to the efficacy of tumor immunotherapy 

and vaccination procedures, relatively few studies have directly investigated the role 
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of this cytokine as a mediator of in vivo protection (Winter, Hu et al. 2001; Wolchok, 

Srinivasan et al. 2001). 

In this study, we explore the contributions of IFN-γ to DNA vaccine-induced 

tumor immunity and extend our previous findings by further identifying the critical 

components of vaccine function.  IFN-γ neutralization experiments were conducted in 

vivo and revealed a requirement for this cytokine in the induction phase of tumor 

immunity to mKSA tumor cells.  Corresponding in vitro analyses demonstrated that T 

lymphocytes from pCMV-Tag-immunized mice secrete IFN-γ upon stimulation with 

mKSA and that the percentage of Th1 cytokine-producing CD4+ and CD8+ 

lymphocytes is reduced upon IFN-γ neutralization.  Although free IFN-γ was not 

required in the effector immune phase, targeted depletions of CD8+ T lymphocytes 

and NK cells indicated a necessary role for a Th1-associated cytotoxic cell component 

in the elicitation of complete tumor immunity.  Collectively, our data demonstrate the 

critical roles that IFN-γ and Th1-associated effector cells play in maximizing the 

efficacy of an SV40 Tag DNA vaccine and help to further shape a putative model of 

tumor immunity within our system.  Such findings have direct implications for the 

development of immunotherapeutic and vaccination protocols against virally-

associated cancers and provide insight into the general mechanisms of tumor 

immunity targeting TAAs.  
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Materials and Methods 

Cells and media 

Experimental tumor cell challenges were performed in vivo using the SV40-

transformed BALB/c mouse kidney fibroblast cell line mKSA.  Cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) with ʟ-glutamine (HyClone, Logan, 

UT) and supplemented with 0.1 mM nonessential amino acids (Sigma, St. Loius, 

MO), 100 U/ml penicillin (Sigma), 500 µg/ml streptomycin (Sigma), and 10% heat-

inactivated fetal bovine serum (HyClone).  Cells were detached from flasks with 1 

mM EDTA-phosphate-buffered saline (PBS), washed, and adjusted to 1 X 105 cells in 

a total volume of 50 µl sterile PBS prior to intravenous administration into mice. 

In vivo neutralization of IFN-γ and depletion of CD8+ T lymphocytes and NK 

cells 

Neutralization of murine IFN-γ was performed in vivo using the rat IgG1 

monoclonal antibody (MAb) R4-6A2 (Flamand, Donckier et al. 1998; Rosendahl, 

Kristensson et al. 1998).  Purification of this reagent was performed via mouse anti-rat 

antibody affinity chromatography, and the total protein content was estimated by 

measuring the absorbance at 280 nm.  Purified MAb was adjusted to 100 µg in 0.1 ml 

sterile PBS and administered to mice a total of 3 to 6 times via intraperitoneal 

injection.  Figure 5.1 provides a schematic of the injection sequence for induction-

phase and effector-phase neutralization studies. 

In a separate study, murine CD8+ T lymphocytes and NK cells were depleted 

using the rat IgG2b MAb 2.43 and a polyclonal rabbit anti-mouse asialo GM1 
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preparation (Cedarlane Laboratories, Burlington, NC), respectively.  Flow cytometry 

analyses have previously shown that these depletion reagents remove >95% percent of 

the targeted cell population (Lowe, Shearer et al. 2010b).  Depleting antibodies were 

purified via affinity chromatography and prepared for in vivo administration as 

described above.  Depletion schemes for this effector-phase study are similarly 

detailed in Figure 5.1B. 

Mice, immunization, and tumor cell challenge 

Female 6- to 8-week-old BALB/c mice were purchased from Charles River 

Laboratories (Wilmington, MA).  Institutional guidelines and the Animal Welfare 

Assurance Act were observed in regards to the treatment and maintenance of animals. 

Groups of mice were immunized intramuscularly with 100 µg pCMV-Tag or 

an empty control vector, designated pcDNA3.1, a total of 2 to 4 times at 2-week 

intervals (Figure 5.1).  In some experiments, sera were collected from animals 2 weeks 

post-immunization and assessed for anti-SV40 Tag antibody titers via ELISA.  Mice 

were challenged intravenously with 1 X 105 mKSA tumor cells two weeks following 

the final immunization and euthanized 18 days post-tumor cell challenge.  In order to 

assess lung tumor burden, lungs were harvested from euthanized mice and prepared 

for tumor focus visualization via intratracheal injection of 10% india ink and 

destaining in Fekete’s solution.  Assessment of tumor burden was performed via 

macroscopic examination of the lung surface. 
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IFN-γ ELISA 

Detection of murine IFN-γ in lymphocyte culture supernatants was performed 

with a mouse interferon gamma Quantikine Immunoassay kit (R&D Systems, 

Minneapolis, MN).  Groups of mice were immunized twice with pcDNA3.1 or 

pCMV-Tag at two week intervals and challenged with 1 X105 mKSA tumor cells two 

weeks following the final immunization.  Spleens from 3 pcDNA3.1-immunized and 3 

pCMV-Tag-immunized mice were harvested 18 days following tumor cell challenge, 

homogenized in PBS, and centrifuged over a Histopaque-1077 gradient solution 

(Sigma) according to the manufacturer’s instructions.  The lymphocyte layer was 

collected, washed in PBS, and cells were frozen at -80°C in fetal bovine serum (FBS) 

with 10% DMSO.  Splenocytes were subsequently pooled and incubated at 37°C in 96 

well round-bottom plates at a 2:1 ratio with 1 X 105 anti-CD3/anti-CD28 antibody 

coated magnetic beads (Invitrogen Dynal AS, Oslo, Norway)/well in RPMI media 

supplemented with β-mercaptoethanol and 10 ng/ml IL-2 (PeproTech, Rocky Hill, 

NJ).  After 3 days of culture, 50% of the media was replaced with fresh RPMI media 

supplemented with β-mercaptoethanol, 10 ng/ml IL-2, and 10ng/ml IL-7 (PeproTech), 

and cells were incubated at 37°C for an additional 3 days.  Cells were then split and 

incubated in fresh RPMI media supplemented with β-mercaptoethanol, 10 ng/ml IL-2, 

and 10 ng/ml IL-7 overnight at 37°C.  Beads were removed via magnetic field 

exposure, and cells were pooled, washed, and resuspended in DMEM supplemented 

with 5 ng/ml IL-2.  Expanded T lymphocytes were then incubated at 37°C in 24 well 

plates at a cell density of 1 X 106/well with mKSA target cells at a 1:1 target-to-
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effector ratio.  After 24 hours, culture supernatants were harvested via centrifugation 

and assayed for the concentration of IFN-γ, in pg/ml, according to the ELISA 

manufacturer’s instructions.  Data represent the mean of triplicate determinations for 

each group. 

Intracellular flow cytometry 

Groups of mice were immunized with pCMV-Tag, neutralized of IFN-γ, and 

challenged with mKSA tumor cells as depicted in Figure 5.1A.  Spleens were 

harvested from 5 pCMV-Tag-immunized mice and 5 pCMV-Tag-immunized + anti-

IFN-γ-treated mice 18 days following tumor cell challenge, homogenized in PBS, and 

loaded onto a Histopaque-1077 gradient solution (Sigma) according to the 

manufacturer’s instructions.  Lymphocytes were harvested via centrifugation, washed 

in PBS, and frozen at -80°C in FBS with 10% DMSO.  Splenocyte samples were 

subsequently resuspended in 5 ml RPMI medium supplemented with phorbal 

myristate acetate (PMA; 50 ng/ml), ionomycin (1µM), and brefeldin A (1µg/ml) and 

stimulated for 5 h at 37°C. 

Fluorescence-activated cell sorting (FACS) reagents were purchased from BD 

Biosciences (Franklin Lakes, NJ).  For each splenocyte sample, 1 X 106 cells were 

pelleted, resuspended in 100 µl blocking buffer (1% bovine serum albumin-0.5% 

sodium azide in PBS), and incubated in the dark for 20 min at room temperature.  Cell 

surface markers were stained by incubation with 100 ng fluorescein isothiocyanate 

(FITC)-conjugated rat anti-mouse CD4 (RM4-5) or 100 ng FITC-conjugated rat anti-

mouse CD8α (53-6.7) for 20 min at room temperature.  Fixed cells were pelleted, 
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permeabilized by resuspension in 100 µl BD Perm/Wash, and stained for intracellular 

cytokines by incubation with 100 ng phycoerythrin (PE)-Cy5-conjugated rat anti-

mouse IFN-γ (XMG1.2) or 100 ng PE-Cy5-conjugated rat anti-mouse IL-2 (JE56-

5H4) for 20 min at room temperature. 

Stained cells were pelleted, prepared for FACS analysis by resuspension in 1 

ml FACS flow sheath fluid and passed through a Becton Dickinson FACSVantage SE 

instrument.  Analysis was performed with FlowJo software by first gating on the 

mononuclear cell population and then examining the percentage of cells positive for 

the surface markers CD4 or CD8 and the intracellular cytokines IFN-γ or IL-2.  Data 

are presented as the total percentage of double positive splenocytes, determined by 

averaging the values for 5 mice per group. 

Statistical analysis 

Comparisons between groups were performed via student’s unpaired two-

sample t test, with significance indicated at P values of <0.05.  Individual 

concentration values were reciprocally transformed in the IFN-γ ELISA prior to 

statistical analysis.  All statistical analyses were performed using GraphPad InStat and 

Prism software.  
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Results 

T lymphocytes from pCMV-Tag-immunized mice secrete IFN-γ in response to in 

vitro stimulation with mKSA 

Previous studies performed by our laboratory have demonstrated that 

immunization with recombinant SV40 Tag (rTag) generates mKSA-reactive 

splenocytes that secrete IFN-γ upon tumor cell stimulation (Lowe, Shearer et al. 

2010b), despite the heavily Th2-skewed immune response associated with this vaccine 

modality.  In addition, our previous investigations with pCMV-Tag immunization 

have implied a prominent role for IFN-γ in the development of DNA vaccine-induced 

immunity, as indicated by the generation of a mixed Th1/Th2 immune response in 

vivo (Aldrich, Lowe et al. 2011).  In order to further assess the ability of pCMV-Tag 

vaccination to stimulate the synthesis of IFN-γ, we activated T lymphocytes from 

pCMV-Tag-immunized mice in vitro and assayed culture supernatants for the 

presence of IFN-γ via ELISA. 

Mice were immunized twice with pcDNA3.1 or pCMV-Tag at two week 

intervals and challenged with 1 X 105 mKSA tumor cells two weeks following the 

final immunization.  Splenocyte samples were subsequently harvested and T cells 

were globally expanded in vitro via CD3/CD28 engagement.  Expanded T cells were 

then incubated overnight with mKSA tumor cell targets and culture supernatants were 

harvested and assayed for the presence of IFN-γ via ELISA.  As shown in Figure 5.2, 

T cells from pCMV-Tag-immunized mice secrete greater amounts of IFN-γ in 

response to mKSA stimulation than T cells from pcDNA3.1-immunized mice.  Culture 
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supernatants from pCMV-Tag-associated T cells contained 111.92 + 21.07 pg/ml IFN-

γ, compared to 68.37 + 1.90 pg/ml IFN-γ from pcDNA3.1-associated T cells.  Since 

only pCMV-Tag-associated T cells were primed for SV40 Tag at the time of tumor 

challenge, the secretion of IFN-γ by pcDNA3.1-associated T cells likely represents an 

artifact of anti-tumor immune stimulation following mKSA tumor cell challenge. 

These results demonstrate that immunization with pCMV-Tag generates 

mKSA-reactive T cells that produce significantly more IFN-γ than T cells from 

control-immunized mice.  Such findings were expected, given our previous 

observations with IFN-γ secretion from rTag-immunized mice and the apparent 

induction of Th1 immune mechanisms associated with pCMV-Tag vaccination. 

IFN-γ is required in the induction phase, but not the effector phase, of tumor 

immunity to mKSA tumor cells 

Provided that immunization with pCMV-Tag enhances the contribution of Th1 

immunity in vivo and results in the production of mKSA-reactive T lymphocytes that 

secrete IFN-γ in vitro, we thought it pertinent to directly investigate the role of IFN-γ 

within the context of induction phase and effector phase tumor immunity.  IFN-γ 

neutralization experiments were performed by injecting mice with anti-IFN-γ MAb 

during the course of immunization or at the time of tumor cell challenge for induction 

phase and effector phase studies, respectively.  Mice were subsequently challenged 

with mKSA tumor cells and analyzed for the presence of lung tumor foci 18 days post-

tumor cell challenge.  Detailed schematics of the immunization, neutralization, tumor 

cell challenge, and euthanization regimen for these studies are provided in Figure 5.1. 
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Mice treated with IFN-γ-neutralizing MAb in the induction phase of tumor 

immunity exhibit increased susceptibility to mKSA tumor formation in the lungs, as 

shown in Figure 5.3, panel I.  Sixty percent (3/5) of these IFN-γ-neutralized mice were 

positive for lung tumor foci, whereas none (0/5) of the mice immunized with pCMV-

Tag and left non-neutralized demonstrated signs of tumor formation (Table 5.1).  

Although immunity was reduced substantially upon anti-IFN-γ MAb treatment, these 

mice demonstrated some resistance to mKSA tumor formation that was not evident in 

mice treated with the empty control vector pcDNA3.1, which were uniformly positive 

for lung tumor nodules (3/3). 

In contrast to the required activities of IFN-γ in the induction immune phase, 

free cytokine was not necessary for the elicitation of complete tumor immunity in the 

effector immune phase.  All mice immunized with pCMV-Tag were completely 

protected from the development of lung tumor foci (0/5), regardless of any additional 

treatment with anti-IFN-γ MAb (Figure 5.3, panel II, and Table 5.1).  As demonstrated 

previously, all mice immunized with pcDNA3.1 were uniformly susceptible to the 

formation of tumor foci (3/3), indicating that the protection observed in pCMV-Tag + 

anti-IFN-γ-treated mice was not due to a failure of the tumor cell challenge. 

Collectively, these in vivo neutralization experiments illustrate an important 

role for IFN-γ in the induction immune phase and the dispensability of this cytokine in 

the effector immune phase of tumor immunity driven by pCMV-Tag.  Such findings 

suggest a role for IFN-γ in the development of anti-tumor effector cells, which may 

subsequently mediate tumor immunity through IFN-γ-independent mechanisms. 
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Neutralization of IFN-γ in the induction immune phase reduces the proportion of 

Th1-cytokine producing CD4+ and CD8+ splenocytes 

In order to further characterize the effect of induction phase IFN-γ 

neutralization on the development of tumor-reactive immune cell populations, we 

analyzed the percentage of Th1-cytokine producing CD4+ and CD8+ splenocytes in 

pCMV-Tag-immunized mice +/- anti-IFN-γ treatment in the immune induction phase.  

Groups of mice were immunized, neutralized of IFN-γ, challenged with mKSA, and 

euthanized as depicted in Figure 5.1A.  Splenocytes were subsequently harvested, 

activated in vitro with PMA-ionomycin, and analyzed for the presence of select 

surface markers and intracellular cytokines via flow cytometry. 

Given the tendency for IFN-γ to establish Th1-skewed immune responses via 

positive feedback mechanisms, we first assessed the proportion of IFN-γ-producing 

CD4+ and CD8+ cells among total splenocytes.  As shown in Figure 5.4, IFN-γ+ 

CD4+ cells and IFN-γ+ CD8+ cells both constituted a much smaller percentage of 

total splenocytes in IFN-γ-neutralized mice than in non-neutralized mice.  

Specifically, IFN-γ+ CD4+ cells represented 1.85 + 0.29% of the total splenocyte 

population in pCMV-Tag + anti-IFN-γ mice, compared to 7.39 + 1.01% in pCMV-Tag 

mice.  Consistent with these findings, IFN-γ+ CD8+ cells represented 0.74 + 0.10% of 

the total splenocyte population in pCMV-Tag + anti-IFN-γ mice, compared to 3.54 + 

0.87% in pCMV-Tag mice.  In all immunized mice, CD4+ splenocytes constituted a 

higher percentage of the IFN-γ+ cells than did CD8+ splenocytes, underscoring a 

potential role for CD4+ cells as drivers of the in vivo Th1 immune response.  These 
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results indicate that in vivo neutralization of free IFN-γ disrupts the production of this 

cytokine by murine splenocytes and that the CD4+ cell population contributes more to 

the total production of IFN-γ than the CD8+ cell population. 

In addition to IFN-γ, we assessed the percentage of CD4+ and CD8+ 

splenocytes producing IL-2, which is a critical T lymphocyte growth factor classically 

associated with Th1 responses (Mosmann, Cherwinski et al. 1986; Nagarkatti, Clary et 

al. 1990).  IL-2+ CD4+ cells and IL-2+ CD8+ cells represented smaller percentages of 

total splenocytes in IFN-γ-neutralized mice than in non-neutralized mice (Figure 5.5), 

although this reduction was not as severe as that previously observed for IFN-γ.  IL-2+ 

CD4+ cells constituted 1.88 + 0.35% of the total splenocyte population in pCMV-Tag 

+ anti-IFN-γ mice, compared to 3.69 + 0.56% in pCMV-Tag mice.  IL-2+ CD8+ cells 

constituted 0.73 + 0.11% of the total splenocyte population in pCMV-Tag + anti-IFN-

γ mice, compared to 1.78 + 0.37% in pCMV-Tag mice.  As previously observed for 

IFN-γ, CD4+ splenocytes contributed more to the total production of IL-2 than did 

CD8+ splenocytes.  Collectively, our experiments demonstrate that IFN-γ 

neutralization in the immune induction phase broadly inhibits the production of Th1-

associated cytokines in the spleen and suggest a dominant role for CD4+ lymphocytes 

in the synthesis of these immunomodulatory proteins. 

Th1-associated cytotoxic effector cells are required for the elicitation of complete 

tumor immunity against mKSA 

Despite our previous observation that free IFN-γ is not required in the immune 

effector phase, we reasoned that certain Th1-associated effector cells might be 
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required to mediate tumor cell killing at this stage of the immune response.  Our 

previous studies with targeted T lymphocyte depletions have demonstrated that CD4+ 

T lymphocytes play a necessary role in the effector phase of the immune response, 

although the precise function of these cells as  anti-tumor ‘helpers’ versus ‘direct 

effectors’ has not been elucidated.  In contrast, singular depletion of CD8+ T 

lymphocytes did not impair protection from mKSA tumor cells, indicating that these 

adaptive immune effectors are not necessary for the elicitation of complete tumor 

immunity within the context of DNA immunization.  In order to further examine the 

contribution of traditional Th1-associated cytotoxic cell populations in DNA vaccine-

induced tumor immunity, we depleted pCMV-Tag-immunized mice of NK cells alone 

and in combination with CD8+ T lymphocytes in the effector immune phase and 

performed an assessment of in vivo protection. 

Mice were immunized with pCMV-Tag, depleted of NK cells +/- CD8+ T 

lymphocytes, challenged with mKSA tumor cells, and euthanized as shown in Figure 

5.1B.  Akin to previous observations with CD8+ T lymphocyte depletion, all mice 

immunized with pCMV-Tag and treated with an anti-NK cell reagent alone or a 

control rabbit IgG preparation failed to develop detectable lung tumor foci (Table 5.2).  

In spite of this, 50% of the mice treated with a combination of anti-NK cell and anti-

CD8 T lymphocyte reagents developed lung tumor foci, providing evidence that these 

two cell populations perform a vital overlapping function within the context of DNA 

vaccine-induced tumor immunity.  Although this precise overlapping characteristic 

has yet to be elucidated, both NK cells and CD8+ T lymphocytes can deliver direct 
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lethal hits to tumor cells via the release of cytotoxic granules, and both cell types can 

perform their functions via adaptive immune mechanisms.  As previously indicated by 

our laboratory (Aldrich, Lowe et al. 2011), all mice immunized with pCMV-Tag were 

positive for IgG antibody to SV40 Tag at the time of immune cell depletion and tumor 

challenge (data not shown), validating the possibility of antibody-dependent cell-

mediated cytotoxicity (ADCC) as a mechanism of tumor cell destruction via 

employment of NK cells. 

Taken together, our previous and current findings suggest a central role for 

CD4+ T lymphocytes in the effector phase of tumor immunity to mKSA and 

overlapping effector functions for CD8+ T lymphocytes and NK cells in this process.  

Interestingly, both CD8+ T lymphocytes and NK cells were dispensable when 

depleted singularly; however, a double-depletion scheme demonstrated the importance 

of a resident cytotoxic effector cell component consisting of CD8+ T lymphocytes 

and/or NK cells within the effector phase of tumor immunity to mKSA.  
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Discussion 

Our laboratory has endeavored to identify the critical anti-tumor immune 

mechanisms stimulated by both SV40 Tag recombinant protein and plasmid DNA 

immunization schemes within a model of pulmonary metastasis in BALB/c mice.  Our 

previous work with recombinant SV40 Tag protein (rTag) immunization has identified 

CD4+ T lymphocytes as important mediators of the induction phase immune response 

(Kennedy, Shearer et al. 2003) and anti-Tag antibodies, CD8+ T lymphocytes, and NK 

cells as critical immune effectors to mKSA tumor cells (Lowe, Shearer et al. 2007a; 

Lowe, Shearer et al. 2010b).  Given that SV40 Tag is expressed both intracellularly 

and on the surface of SV40-transformed cells (Butel, Jarvis et al. 1989), the 

involvement of both cellular and humoral immunity is logical.  Within this scenario of 

rTag-induced tumor immunity, we proposed that Th2 CD4+ T lymphocytes stimulated 

the secretion of anti-SV40 Tag antibodies from B cells, which in turn engaged NK 

cells to destroy tumor cells via ADCC (Bright, Shearer et al. 1994).  CD8+ T 

lymphocytes were also required in the immune effector phase, presumably after 

exposure to neo-antigens via ADCC release and subsequent dendritic cell cross-

priming.  In a corresponding scenario of pCMV-Tag DNA vaccine-induced tumor 

immunity, we identified CD4+ T lymphocytes as drivers of a mixed Th1/Th2 anti-

tumor immune response and demonstrated the non-essential roles of anti-Tag 

antibodies and CD8+ T lymphocytes in the elicitation of complete tumor immunity to 

mKSA (Aldrich, Lowe et al. 2011).  We hypothesized that the striking differences in 

anti-tumor effector mechanisms associated with rTag and pCMV-Tag vaccination 
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might correlate with the induction of an enhanced Th1 component in the pCMV-Tag 

vaccination scenario. 

In this study, we explored the contribution of IFN-γ and Th1-associated 

effector cells to tumor immunity stimulated by vaccination with pCMV-Tag.  Initial in 

vitro analysis demonstrated that T lymphocytes from pCMV-Tag-immunized mice 

secrete IFN-γ in response to mKSA stimulation, and subsequent in vivo IFN-γ 

neutralization experiments illustrated the important role of this cytokine in the 

induction phase of tumor immunity to mKSA tumor cells.  Flow cytometry analysis 

showed a reduction in the percentage of IFN-γ-producing and IL-2-producing CD4+ 

and CD8+ splenocytes upon IFN-γ neutralization and provided evidence for the role of 

CD4+ cells as the primary source of these Th1-associated cytokines.  Although IFN-γ 

played a much less consequential role in the effector immune phase, a critical 

overlapping function for CD8+ T lymphocytes and NK cells was identified at this 

stage of the immune response, demonstrating that certain Th1-associated effector cells 

are required to mediate complete tumor immunity to mKSA tumor cells.  Collectively, 

these findings aid in the construction of a putative model for pCMV-Tag-induced 

tumor immunity distinct from our previous model with rTag vaccination. 

Given the requirement for CD4+ T lymphocytes in both the induction and 

effector phases of tumor immunity against SV40 Tag-expressing tumor cells, we 

believe that these cells serve to establish and maintain the mixed Th1/Th2 immune 

response stimulated by pCMV-Tag vaccination.  Moreover, the ability of CD4+ T 

lymphocytes to ignite Th1 immune responses to tumor antigens has been widely 
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reported (Hung, Hayashi et al. 1998; Hanson, Kang et al. 2004; Knutson and Disis 

2005), and our current flow cytometry data suggest that these cells produce the 

majority of the IFN-γ and IL-2 in our system.  Our previous findings with rTag 

vaccination have also indicated the importance of CD4+ T lymphocytes in stimulating 

protective Th2 responses to mKSA tumor cells (Kennedy, Shearer et al. 2003), 

implicating a role for these cells in the dual activation of protective Th1- and Th2-

immune pathways in response to pCMV-Tag vaccination.  The immune effectors 

mobilized by this mixed Th1/Th2 response may function within humoral immunity, 

such as anti-Tag antibodies and NK cells, as well as cell-mediated immunity (CMI), 

such as CD8+ T lymphocytes and NK cells.  The ability of DNA vaccines to 

simultaneously engage both the humoral and cell-mediated arms of the immune 

system is a hallmark of this vaccine modality (Lowe, Shearer et al. 2006; Lowe, 

Shearer et al. 2007c; Liu 2011) and may explain the relative versatility of tumor 

immunity stimulated by pCMV-Tag compared to rTag. 

Unlike our previous observations with rTag vaccination, singular depletion of 

CD8+ T lymphocytes or NK cells did not abrogate tumor immunity to mKSA tumor 

cells, suggesting the presence of alternative immune pathways lacking in recombinant 

protein vaccination schemes.  Interestingly, induction phase depletion of CD8+ T 

lymphocytes enhanced the early antibody response to SV40 Tag, indicating that 

impairments in CMI may skew the immune response toward compensatory humoral 

immune mechanisms (Aldrich, Lowe et al. 2011).  Likewise, complete tumor 

immunity to mKSA tumor cells could be achieved prior to the induction of a 
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detectable antibody response, presumably via activation of Tag-specific CD8+ T 

lymphocytes.  Previous studies with the DNA vaccine pSV3-neo demonstrated the 

importance of CD8+ T lymphocytes as primary mediators of immunity to mKSA 

tumor cells (Bright, Beames et al. 1996); however, the native SV40 promoter in this 

plasmid failed to generate the threshold level of antigen required to provide complete 

immunity within a model of pulmonary metastasis (Lowe, Shearer et al. 2005).  In our 

present studies with the more potent pCMV-Tag, abrogation of vaccine function 

required the impairment of multiple effector pathways (i.e., CMI and ADCC via 

double depletion of CD8+ T lymphocytes and NK cells) or the impairment of a central 

induction component, such as CD4+ T lymphocytes or the pleiotropic cytokine IFN-γ.  

The central role of IFN-γ-secreting CD4+ T lymphocytes in tumor immunity has 

recently been described for a DNA vaccine encoding large tumor antigen from Merkel 

cell polyomavirus (Zeng, Gomez et al. 2012), perhaps indicating a conserved role for 

this cell subset in mobilizing tumor immunity against transforming polyomavirus 

oncoproteins upon vaccination with plasmid DNA. 

As novel vaccines continue to be explored for the treatment and prevention of 

cancer, an understanding the anti-tumor mechanisms associated with these 

immunological agents will provide valuable insight into the construction of more 

effective immunization platforms.  Our previous and current findings illustrate the 

critical roles that CD4+ T lymphocytes and IFN-γ play in driving DNA vaccine-

induced tumor immunity to a viral TAA and reconcile some of the key differences 

between recombinant protein and DNA vaccination strategies.  Such findings have 
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direct implications for the development of vaccines against certain SV40 Tag-

expressing tumors, including malignant pleural mesothelioma and non-Hodgkin’s 

lymphoma, as well as other malignancies bearing distinct TAAs of viral or self origin. 
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A. 

 
 
B. 

 
 
Figure 5.1. Induction phase (A) and effector phase (B) treatment schemes for DNA 
immunization, IFN-γ neutralization/NK cell depletion, and tumor cell challenge in 
BALB/c mice 
 
Mice were immunized with pcDNA3.1 or pCMV-Tag on days 0 and 14, and left 
untreated or injected with anti-IFN-γ MAb (R4-6A2) on days -2, -1, 1, 12, 13, and 15 
for induction phase studies (A).  In corresponding effector phase studies, mice were 
immunized with pcDNA3.1 or pCMV-Tag on days 0, 14, 28, and 42, and left 
untreated or injected with anti-IFN-γ MAb on days 54, 55, and 57 (B).  In a separate 
effector phase study, mice were immunized with pcDNA3.1 or pCMV-Tag on days 0, 
14, 28, and 42 and injected with depleting antibodies to NK cells +/- CD8+ T cells 
(anti-asialo GM1 +/- 2.43) or a control rabbit IgG preparation on days 54, 44, and 57 
(B).  All mice were challenged with mKSA tumor cells on day 28 for induction phase 
studies and day 56 for effector phase studies.  Challenged mice were then euthanized 
on day 46 for induction phase studies and day 74 for effector phase studies. 
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Figure 5.2. Secretion of IFN-γ by mKSA-stimulated splenocytes from DNA-
immunized mice 
 
Mice were immunized twice with pcDNA3.1 (control) or pCMV-Tag and challenged 
with mKSA tumor cells two weeks following the final immunization.  Splenocyte 
samples were harvested 18 days following tumor cell challenge and pooled for 3 mice 
per group.  T cells were expanded from pooled splenocytes via 7-day culture with anti-
CD3/anti-CD28 coated magnetic beads and subsequently harvested and incubated in 
triplicate for 24 h at a 1:1 ratio with mKSA tumor cell targets.  Supernatants from 24 h 
cultures were collected and assayed for the presence of IFN-γ via ELISA.  Data are 
presented as the average concentration of IFN-γ, in pg/ml, from triplicate 
determinations per group.  Standard error bars represent SEM. 
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Figure 5.3. Representative images of lung tumor foci in pCMV-Tag-immunized mice 
+/- anti-IFN-γ treatment in the induction immune phase (panel I) or effector immune 
phase (panel II) 
 
Mice treated with anti-IFN-γ MAb in the induction immune phase exhibit detectable 
mKSA tumor foci, whereas all other groups of mice show a lack of tumor foci.  
Arrows indicate representative lung tumor foci. 
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Table 5.1. Proportion of mice with visible lung tumor foci following immunization 
with plasmid DNA and IFN-γ neutralization in the induction or effector immune phase 
 
Immune Phase Treatment % mice with tumors (no. 

unprotected/no. 
challenged) 

Induction Phase 
pcDNA3.1 100% (3/3) 
pCMV-Tag 0% (0/5) 
pCMV-Tag + anti-IFN-γ 60% (3/5) 

Effector Phase 
pcDNA3.1 100% (3/3) 
pCMV-Tag 0% (0/5) 
pCMV-Tag + anti-IFN-γ 0% (0/5) 

 
Prior to tumor cell challenge, mice were immunized twice with pcDNA3.1 or pCMV-
Tag for induction phase studies and four times with pcDNA3.1 or pCMV-Tag for 
effector phase studies.  Some groups of mice were injected with an anti-IFN-γ MAb 
during the course of immunization for induction phase neutralization studies, or at the 
time of tumor cell challenge for effector phase neutralization studies (Figure 5.1).  All 
mice were euthanized 18 days following tumor cell challenge, and the percentage 
(fraction) of mice bearing any visible lung tumor foci was recorded for each group. 
  



Texas Tech University Health Sciences Center, Joel Aldrich, May 2012 

113 

A. 

 
 
B. 

 
 
Figure 5.4. Intracellular production of IFN-γ in splenocytes obtained from pCMV-
Tag-immunized mice +/- anti-IFN-γ treatment in the induction immune phase 
 
Mice were immunized with pCMV-Tag, treated with anti-IFN-γ MAb or left untreated 
during the course of immunization, and challenged with mKSA.  Splenocyte samples 
were harvested from euthanized mice, stimulated in vitro with PMA-ionomycin, and 
analyzed for the presence of CD4, CD8, and intracellular IFN-γ via flow cytometry.  
(A) Quantitative analyses of the CD4+ IFN-γ+ and CD8+ IFN-γ+ splenocyte 
populations from pCMV-Tag-immunized mice +/- anti-IFN-γ-treatment.  The total 
percentage of double-positive cells was determined by averaging data for 5 mice per 
group.  Standard error bars represent SEM.  (B) Representative flow cytometry dot 
plots of IFN-γ-producing CD4+ and CD8+ splenocytes from pCMV-Tag-immunized-
mice +/- anti-IFN-γ treatment. 
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A. 

 
 
B. 

 
 
Figure 5.5. Intracellular production of IL-2 in splenocytes obtained from pCMV-Tag-
immunized mice +/- anti-IFN-γ treatment in the induction immune phase 
 
Mice were immunized with pCMV-Tag, treated with anti-IFN-γ MAb or left untreated 
during the course of immunization, and challenged with mKSA.  Splenocyte samples 
were harvested from euthanized mice, stimulated in vitro with PMA-ionomycin, and 
analyzed for the presence of CD4, CD8, and intracellular IL-2 via flow cytometry.  
(A) Quantitative analyses of the CD4+ IL-2+ and CD8+ IL-2+ splenocyte populations 
from pCMV-Tag-immunized mice +/- anti-IFN-γ-treatment.  The total percentage of 
double-positive cells was determined by averaging data for 5 mice per group.  
Standard error bars represent SEM.  (B) Representative flow cytometry dot plots of 
IL-2-producing CD4+ and CD8+ splenocytes from pCMV-Tag-immunized-mice +/- 
anti-IFN-γ treatment. 
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Table 5.2. Proportion of mice with visible lung tumor foci following immunization 
with plasmid DNA and depletion of NK cells +/- CD8+ T cells in the immune effector 
phase 
 
Treatment % mice with tumors (no. 

unprotected/no. challenged) 
pcDNA3.1 100% (5/5) 
pCMV-Tag + Rabbit IgG 0% (0/5) 
pCMV-Tag + anti-NK 0% (0/5) 
pCMV-Tag + anti-NK + anti-CD8 50% (2/4) 
 
Mice were immunized with pcDNA3.1 or pCMV-Tag a total of four times and 
depleted of NK cells +/- CD8+ T lymphocytes at the time of tumor cell challenge 
(Figure 5.1B).  All mice were euthanized 18 days following tumor cell challenge, and 
the percentage (fraction) of mice bearing any visible lung tumor foci was recorded for 
each group. 
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SUMMARY 

The central role of CD4+ T lymphocytes in mediating DNA vaccine-induced 

tumor immunity against the viral oncoprotein simian virus 40 (SV40) large tumor 

antigen (Tag) has previously been described by our laboratory.  In the present study, 

we extend our previous findings by examining the roles of IFN-γ and Th1-associated 

effector cells within the context of DNA immunization in a murine model of 

pulmonary metastasis.  Immunization of BALB/c mice with plasmid DNA encoding 

SV40 Tag (pCMV-Tag) generated IFN-γ-secreting T lymphocytes that produced this 

cytokine upon in vitro stimulation with mKSA tumor cells.  The role of IFN-γ as a 

mediator of protection against mKSA tumor development was assessed via in vivo 

IFN-γ neutralization, and these experiments demonstrated a requirement for this 

cytokine in the induction immune phase.  Neutralization of IFN-γ was associated with 

a reduction in Th1 cytokine-producing CD4+ and CD8+ splenocytes, as assessed by 

flow cytometry analysis, and provided further evidence for the role of CD4+ T 

lymphocytes as drivers of the cellular immune response.  Depletion of NK cells and 

CD8+ T lymphocytes demonstrated the expendability of these cell types individually, 

but showed a requirement for a resident cytotoxic cell population within the immune 

effector phase.  Our findings demonstrate the importance of IFN-γ in the induction of 

protective immunity stimulated by pCMV-Tag DNA-based vaccine and help to clarify 

the general mechanisms by which DNA vaccines trigger immunity to tumor cells. 
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CHAPTER VI 

FINAL SUMMARY OF MODEL 
 Our current findings with pCMV-Tag DNA vaccination have aided in the 

construction of a general model of DNA vaccine-induced tumor immunity against 

SV40 Tag, as previously depicted in Figure 1.1.  Collectively, our studies have 

demonstrated that DNA vaccine-induced tumor immunity to mKSA tumor cells is 

driven by CD4+ T lymphocytes and is characterized by a mixed Th1/Th2 immune 

response.  Furthermore, our studies have indicated a requirement for IFN-γ in the 

induction immune phase and Th1-associated cytotoxic effector cells (e.g., CD8+ T 

lymphocytes and NK cells) within the effector immune phase for the elicitation of 

complete tumor immunity to mKSA tumor cells.  The simultaneous activation of 

humoral immunity and cell-mediated immune (CMI) effector pathways contributes to 

a versatile anti-tumor immune response that is resistant to singular deficiencies in 

CD8+ T lymphocytes, NK cells, and anti-Tag antibodies, unlike our previous 

observations with recombinant Tag (rTag) protein immunization. 

 Induction phase depletion/neutralization studies demonstrated the importance 

of CD4+ T lymphocytes and IFN-γ in the stimulation of protective immunity to 

mKSA tumor cells following prophylactic immunization with pCMV-Tag.  

Interestingly, induction phase depletion of CD8+ T lymphocytes did not impair tumor 

immunity in this system and resulted in the premature production of antibodies to 

SV40 Tag.  Additionally, an initial pCMV-Tag titration experiment showed that 

complete immunity could be achieved prior to the production of detectable SV40 Tag-
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specific antibodies, suggesting that inactivity of one arm of the adaptive immune 

system (i.e., humoral immunity or CMI) may result in protective expansion of the 

remaining arm of the immune system.  Abrogation of tumor immunity within the 

immune induction phase could be accomplished by depletion of CD4+ T lymphocytes, 

which likely play a central role in the activation of both adaptive humoral immunity 

and CMI, or neutralization of the pleiotropic cytokine IFN-γ, which plays an important 

role in the activation of cell-mediated immune effector cells and murine antibody 

isotype switching.  In previous studies performed with rTag vaccination, induction-

phase depletion of CD4+ T lymphocytes similarly impaired the stimulation of 

protective immunity to mKSA tumor cells, although this phenomenon was associated 

with failure to produce anti-SV40 Tag antibodies within a heavily Th2-skewed 

immune response (Kennedy, Shearer et al. 2003). 

 Studies conducted in the effector phase of tumor immunity again indicated the 

importance of CD4+ T lymphocytes at this stage of the immune response and the 

dispensability of various other immune constituents (e.g., CD8+ T lymphocytes, NK 

cells, free IFN-γ) when targeted individually.  Interestingly, a combined depletion 

scheme targeting both CD8+ T lymphocytes and NK cells revealed an important 

overlapping function for these cell types, which may involve the delivery of direct 

lethal hits to tumor cells and/or the engagement of adaptive immune mechanisms (i.e., 

CMI for CD8+ T lymphocytes and antibody dependent cell-mediated cytotoxicity 

(ADCC) for NK cells).  In our previous studies with rTag vaccination, complete tumor 

immunity did not require CD4+ T lymphocytes in the immune effector phase, but was 
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dependent on the coordinated activities of anti-Tag antibodies, NK cells, and CD8+ T 

lymphocytes (Lowe, Shearer et al. 2010b).  In this scenario, immunization with rTag 

induced a strong Th2-skewed immune response, which resulted in initial tumor cell 

killing via ADCC and subsequent tumor cell clearance via cross-primed CD8+ T 

lymphocytes.  Abrogation of ADCC (via knockout mutations in activating Fcγ 

receptors or targeted NK cell depletion) or CMI (via CD8+ T lymphocyte depletion) 

thus disrupted this linear progression and increased the susceptibility of mice to tumor 

formation (Lowe, Shearer et al. 2007a; Lowe, Shearer et al. 2010b).  In the current 

scenario with pCMV-Tag vaccination, the dual activation of humoral immunity and 

CMI via mixed Th1/Th2 CD4+ T lymphocytes contributes to the development of 

multiple distinct effector pathways (e.g., CMI via CD8+ T lymphocytes, CMI via NK 

cells, ADCC via anti-SV40 Tag antibodies and NK cells), which can each likely 

compensate for the loss of a single pathway.  Indeed, abrogation of effector phase 

tumor immunity in this model required removal of a central component, such as CD4+ 

T lymphocytes, or disruption of multiple effector pathways, such as CMI and ADCC 

via double depletion of NK cells and CD8+ T lymphocytes.  These studies illustrate 

the inherent subtleties associated with recombinant protein and DNA vaccine function 

against a common tumor-associated antigen and demonstrate the relative versatility of 

DNA vaccination approaches over more traditional vaccine approaches.  
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