
 
NONSPECIFIC IMMUNOTHERAPY IN A RAT MODEL OF MALIGNANT GLIOMA 

 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

CHRISTOPHER LEONARD MARIANI 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2006 



 

 

 

Copyright 2006 
 

by 
 

Christopher Leonard Mariani 
 
 

 
 
 

 
 
 

 



 

 

 

To my parents, Brian and Sharon Mariani, for all that they’ve done to make it possible for 
me to reach this point. 

 
 
 
 



iv 

 
ACKNOWLEDGMENTS 

I thank my mentor, Dr. Jake Streit for taking me on as a graduate student and 

allowing me to do this work in his laboratory.  I thank my committee members; Drs. 

Steve Blackband, Laurence Morel, and Dietmar Siemann, for constructive criticism, 

helpful discussions and for keeping me on track to graduate within a reasonable time 

frame. 

I would also like to thank my colleagues in the Streit Lab; Jessica Conde, Josh 

Stopek, Barry Flanary, Sarah Fendrick, Kelly Miller, Kryslaine Lopes, and eMalick Njie 

for help with techniques, scientific discussions, and commiserative discourse over an 

occasional frosty beverage.  I thank Sean Kearns and Chris Futtner for friendship 

throughout my time in the IDP and help with intermittent scientific side-excursions.  I 

thank my former mentor, Cheryl Chrisman, for continuing career support and for always 

providing helpful advice.  Finally, I would like to thank my wife, Rita Hanel, her parents, 

Harry and Jean Hanel, and my family for their love and support.   

 

 



v 

 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS ................................................................................................. iv 

LIST OF TABLES............................................................................................................. ix 

LIST OF FIGURES .............................................................................................................x 

ABSTRACT...................................................................................................................... xii 

CHAPTER 

1 BACKGROUND AND LITERATURE REVIEW ......................................................1 

Malignant Gliomas:  An Overview...............................................................................1 
The Immune System:  A General Overview.................................................................2 

The Innate versus the Adaptive Immune System..................................................2 
The Major Histocompatability Complex and Antigen Presenting Cells ...............3 
Cross-Presentation.................................................................................................4 
Dendritic Cell Migration and Maturation..............................................................5 
Lymphocyte Populations .......................................................................................5 

The T cells and B cells ...................................................................................5 
Natural killer (NK) cells.................................................................................6 
Gamma delta (γδ) T cells ...............................................................................7 
Regulatory T cells ..........................................................................................7 

Toll-like Receptors ................................................................................................8 
Immunologic Considerations in the Central Nervous System....................................10 

Immune Privilege and Antigen Drainage ............................................................10 
Microglia as Immunocompetent Central Nervous System Cells ........................11 

Tumor-Immune System Interactions ..........................................................................13 
Tumor Immunosurveillance and Immunoediting................................................13 
Tumor-Associated Immune Cells........................................................................14 
Escape of Tumors from the Immune System ......................................................15 

Immunotherapeutic Strategies for Cancer ..................................................................16 
Passive (Adoptive) Immunotherapy for Gliomas................................................16 
Active Specific Immunotherapy for Gliomas......................................................17 
Active Nonspecific Immunotherapy for Gliomas ...............................................18 

Historical use of nonspecific immunotherapy for cancer.............................19 
Microglial responses to nonspecific immunotherapy...................................21 



vi 

2 IMMUNE SYSTEM REJECTION OF ESTABLISHED BRAIN TUMORS:  A 
PROOF OF PRINCIPLE FOR IMMUNOTHERAPY...............................................23 

Introduction.................................................................................................................23 
Materials and Methods ...............................................................................................24 

Animals................................................................................................................24 
Cell Lines, Culture and Tumor Implantation ......................................................25 
Animal Observation and Clinical Examination...................................................25 
Magnetic Resonance Imaging .............................................................................26 
Histology and Immunohistochemistry ................................................................27 
Statistical Analysis ..............................................................................................28 

Results.........................................................................................................................28 
Observation and Clinical Examination................................................................28 
Magnetic Resonance Imaging .............................................................................29 
Histology and Immunohistochemistry ................................................................29 
Long-Term Survival Studies ...............................................................................32 

Discussion...................................................................................................................32 

3 NONSPECIFIC IMMUNOTHERAPY IN SUBCUTANEOUS RG-2 GLIOMAS...45 

Introduction.................................................................................................................45 
Lipopolysaccharide..............................................................................................46 
Zymosan A ..........................................................................................................46 
Granulocyte-Macrophage Colony Stimulating Factor ........................................46 
Interferon-gamma ................................................................................................47 
Routes of Administration:  Intratumoral versus Systemic Treatment .................48 

Materials and Methods ...............................................................................................49 
Animals................................................................................................................49 
Cell Lines, Culture and Tumor Implantation ......................................................49 
Animal Observation and Tumor Measurement ...................................................49 
Tumor Treatments ...............................................................................................50 
Histology and Immunohistochemistry ................................................................50 
Statistical Analysis ..............................................................................................52 

Results.........................................................................................................................52 
Lipopolysaccharide..............................................................................................52 
Zymosan A ..........................................................................................................54 
Granulocyte-Macrophage Colony Stimulating Factor ........................................54 
Lipopolysaccharide Combined with Interferon-γ................................................54 
Morbidity and Mortality Unrelated to Treatment................................................55 
Athymic Nude Rat Studies ..................................................................................55 
Rechallenge Studies.............................................................................................56 
Histology and Immunohistochemistry ................................................................56 

Discussion...................................................................................................................58 



vii 

4 COMBINATION RADIATION AND IMMUNOTHERAPY IN 
SUBCUTANEOUS RG-2 GLIOMAS ..................................................................75 

Introduction.................................................................................................................75 
Materials and Methods ...............................................................................................77 

Tumor Treatments ...............................................................................................77 
Radiation Dose-Response Study .........................................................................78 
Combination Treatment Study ............................................................................78 
Histology and Immunohistochemistry ................................................................78 
Statistical Analysis ..............................................................................................79 

Results.........................................................................................................................79 
Radiation Dose-Response Study .........................................................................79 
Combination Treatment Study ............................................................................79 
Rechallenge Studies.............................................................................................80 
Morbidity and Mortality Unrelated to Treatment................................................80 
Histology and Immunohistochemistry ................................................................80 

Discussion...................................................................................................................81 

5 NONSPECIFIC IMMUNOTHERAPY WITH OR WITHOUT RADIATION IN 
INTRACRANIAL RG-2 GLIOMAS .........................................................................85 

Introduction.................................................................................................................85 
Materials and Methods ...............................................................................................86 

Animals................................................................................................................86 
Tumor Implantation.............................................................................................86 
Tumor Treatments ...............................................................................................88 
Radiation Treatment and Combination Therapy .................................................88 
Vaccination with Irradiated Tumor Cells ............................................................89 
Rechallenge Studies.............................................................................................89 
Magnetic Resonance Imaging .............................................................................90 
Histology and Immunohistochemistry ................................................................90 
Survival Calculation and Statistical Analysis......................................................90 

Results.........................................................................................................................91 
Treatment of Intracranial Tumors with Intratumoral Nonspecific 

Immunotherapy Alone .....................................................................................91 
Lipopolysaccharide and Interferon-γ............................................................91 
Lipopolysaccharide ......................................................................................91 

Radiation Dose-Response Experiment for Intracranial RG-2 Tumors................92 
Combination Lipopolysaccharide and Radiation Therapy for Intracranial 

RG-2 Tumors ...................................................................................................93 
Treatment of tumors on Day 9 .....................................................................93 
Treatment of tumors on Day 3 .....................................................................94 

Treatment of Intracranial RG-2 Gliomas with Subcutaneous Administration 
of Irradiated Tumor Cells and Lipopolysaccharide .........................................95 

Rechallenge Studies.............................................................................................95 
Histology and Immunohistochemistry ................................................................96 

Discussion...................................................................................................................97 



viii 

6 CONCLUSIONS ......................................................................................................115 

LIST OF REFERENCES.................................................................................................119 

BIOGRAPHICAL SKETCH ...........................................................................................150 

 
 
 



ix 

 
LIST OF TABLES 

Table  page 
 
3-1 Intratumoral lipopolysaccharide for subcutaneous RG-2 gliomas:  Treatment 

outcomes...................................................................................................................74 

3-2 Intratumoral zymosan A for subcutaneous RG-2 gliomas:  Treatment outcomes ...74 

3-3 Intratumoral granulocyte-macrophage colony stimulating factor for 
subcutaneous RG-2 gliomas:  Treatment outcomes .................................................74 

4-1 Single-dose external beam radiation therapy for subcutaneous RG-2 gliomas:  
Treatment outcomes .................................................................................................83 

4-2 Combination single-dose external beam radiation therapy and intratumoral 
lipopolysaccharide for subcutaneous RG-2 gliomas :  Treatment outcomes ...........84 

5-1 Combination single-dose external beam radiation therapy and intratumoral 
lipopolysaccharide for intracranial RG-2 gliomas:  Treatment outcome ...............105 

5-2 Intracranial rechallenge experiment of rats with rejection of subcutaneous RG-2 
tumors.....................................................................................................................109 

 

 
 



x 

 
LIST OF FIGURES 

Figure  page 
 
1-1 Immune system overview.........................................................................................22 

2-1 An RG-2 glioma in a F344 rat (MR images). ..........................................................37 

2-2 An RG-2 glioma in a Wistar rat (MR images). ........................................................38 

2-3 Cresyl violet staining of RG-2 gliomas....................................................................39 

2-4 Immunohistochemical staining of RG-2 gliomas for CD11b, MHC I and MHC II 
in F344 and Wistar rats. ...........................................................................................40 

2-5 Immunohistochemical staining of RG-2 gliomas for CD6, CD8, and CD4 in 
F344 and Wistar rats. ...............................................................................................42 

2-6 Quantification of intratumoral and peritumoral inflammatory cells in RG-2 
gliomas. ....................................................................................................................43 

3-1 Differences in RG-2 glioma behavior in male versus female rats. ..........................66 

3-2 Preliminary high dose LPS experiment in male rats with subcutaneous RG-2 
gliomas. ....................................................................................................................66 

3-3 Lipopolysaccharide dose response experiment in male rats with subcutaneous 
RG-2 gliomas. ..........................................................................................................67 

3-4 Zymosan A treatment of subcutaneous RG-2 gliomas.............................................67 

3-5 Granulocyte-macrophage colony stimulating factor treatment of subcutaneous 
RG-2 gliomas. ..........................................................................................................68 

3-6 Combination LPS and IFN-γ treatment of subcutaneous RG-2 gliomas. ................68 

3-7 Treatment of subcutaneous RG-2 gliomas in male athymic nude rats (rnu/rnu). ....69 

3-8 Immunohistochemical evaluation of a subcutaneous RG-2 glioma (low power). ...70 

3-9 Immunohistochemical staining in a subcutaneous RG-2 glioma (higher power). ...71 

3-10 Immunohistochemical staining in a subcutaneous RG-2 glioma (higher power). ...72 



xi 

3-11 Immunostaining for MHC II in a subcutaneous RG-2 glioma.................................73 

3-12 Immunostaining for CD86 in a subcutaneous RG-2 glioma. ...................................73 

4-1 Dose-response experiment of subcutaneous RG-2 gliomas treated with external 
beam radiation therapy (EBRT). ..............................................................................83 

4-2 Combination therapy with EBRT and LPS in rats with subcutaneous RG-2 
gliomas. ....................................................................................................................84 

5-1 An intracranial RG-2 glioma treated with IT LPS and IFN-γ (MR images)..........101 

5-2 Intratumoral LPS and IFN-γ combination treatment of intracranial RG-2 
gliomas. ..................................................................................................................102 

5-3 Intratumoral LPS treatment of intracranial RG-2 gliomas.....................................102 

5-4 Dose-response experiment of intracranial RG-2 gliomas treated with radiation 
therapy. ...................................................................................................................103 

5-5 Intratumoral radiation therapy and LPS combination treatment of intracranial 
RG-2 gliomas. ........................................................................................................104 

5-6 Combination radiation therapy and IT LPS treatment of intracranial RG-2 
gliomas. ..................................................................................................................106 

5-7 Intracranial RG-2 gliomas treated with LPS and radiation versus radiation alone 
(MR images)...........................................................................................................107 

5-8 Treatment of intracranial RG-2 gliomas with subcutaneous LPS and irradiated 
tumor cells.. ............................................................................................................108 

5-9 Intracranial rechallenge experiment in rats rejecting previous subcutaneous RG-
2 gliomas. ...............................................................................................................111 

5-10 Immunohistochemical evaluation of an intracranial RG-2 glioma (low power). ..112 

5-11 Immunohistochemical evaluation of an intracranial RG-2 glioma (higher 
power).....................................................................................................................113 

5-12 Immunohistochemical evaluation of an intracranial RG-2 glioma (higher 
power).....................................................................................................................114 

 

 



xii 

 
Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

NONSPECIFIC IMMUNOTHERAPY IN A RAT MODEL OF MALIGNANT GLIOMA 

By 

Christopher Leonard Mariani 

December, 2006 

Chair:  Wolfgang J. Streit. 
Major Department:  Medical Sciences—Neuroscience 

Malignant gliomas are the most common primary brain tumors in humans and 

unfortunately, also the most aggressive.  Current therapy prolongs survival, but the 

response is temporary, and these tumors inevitably recur within a relatively short period 

of time.  As a result, new therapies for these devastating cancers are desperately needed.  

One such therapy is nonspecific immunotherapy (NSI), which attempts to encourage cells 

of the immune system to attack and eliminate tumor cells. 

We evaluated NSI in subcutaneous and intracranial rat models of malignant glioma, 

using the RG-2 cell line, which is syngeneic to the Fisher 344 rat.  Subcutaneous 

implantation of RG-2 tumors was used initially as a screening procedure in the evaluation 

of four different NSI protocols delivered intratumorally (IT):  lipopolysaccharide (LPS), 

zymosan A (ZymA), granulocyte-macrophage colony stimulating factor (GM-CSF), and 

LPS in combination with interferon-γ.  In this model, IT LPS and ZymA prolonged 

survival compared to that of control rats.  Multiple doses were superior to a single dose 
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and led to complete tumor regression in most rats.  The GM-CSF showed no anti-tumor 

effects. 

The subcutaneous model was then used to assess a combination of radiation 

treatment with IT LPS.  Tumors showed a dose-dependent delay in growth with radiation 

therapy and combinations of radiation and IT LPS worked synergistically to delay tumor 

growth and to prolong survival in this model.   

Finally, the intracranial RG-2 model was used to evaluate several 

immunotherapeutic protocols, including intracranial treatment with IT LPS, intracranial 

treatment with a combination of radiation and IT LPS, and treatment with subcutaneous 

administration of irradiated RG-2 cells and LPS.  The protocols used did not show 

prolongations of survival, and the administration of intracranial LPS was associated with 

considerable toxicity. 

These findings show that IT therapy with certain microbially-derived 

immunostimulants may have anti-tumor effects, and may work synergistically with 

radiotherapy.  However, methods of circumventing the toxicity seen with intracranial 

administration must be developed before these therapies may be successful in clinical 

patients.   
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CHAPTER 1 
BACKGROUND AND LITERATURE REVIEW 

Malignant Gliomas:  An Overview  

Gliomas are tumors arising from cells of glial origin, and are classified according to 

their presumed cell of origin and apparent aggressiveness.  The most frequently 

recognized tumors are oligodendrogliomas and astrocytomas, and a grading system 

delineates grade I tumors (reserved for the benign pilocytic astrocytoma) from grade II 

(low-grade) and grade III (anaplastic) tumors.  The grade IV designation is reserved for 

glioblastoma multiforme (GBM), the most aggressive form of astrocytoma, which is also 

unfortunately the most common primary brain tumor diagnosed in human patients.  The 

current therapeutic standard of care consists of surgical excision followed by fractionated 

radiation therapy.  Many patients also receive adjunctive chemotherapy either at the time 

of diagnosis or at tumor recurrence.  Despite advances in these treatment modalities, the 

prognosis for intracranial malignant gliomas, and GBM in particular, remains dismal (1-

3).  The median survival time is approximately 12 months for patients with GBM, and 36 

months for patients with anaplastic astrocytoma.   

Metastasis of malignant gliomas is a rare event, and treatment failure typically 

occurs in these patients because of local recurrence.  Glioma cells have the ability to 

invade surrounding neural tissue, and histological studies have shown neoplastic cells 

within seemingly normal brain tissue up to 4 cm from the main tumor mass (3).  These 

satellite cells are inaccessible to current surgical and radiation treatments without causing 

profound side effects, and eventually result in regrowth of the tumor. 
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As a result of these therapeutic shortcomings, novel treatments for these devastating 

tumors are desperately needed.  One novel category of treatment is known as 

immunotherapy.  Immunotherapy may be broadly defined as manipulation of the immune 

system in order to retard or halt the growth of tumors, or ideally, lead to their eradication.  

Immunotherapy holds enormous promise for patients with glioma, because if the immune 

system can be convinced to recognize the tumor as foreign (or dangerous), then it has the 

potential to seek out and eliminate cells remote from the main tumor mass.  Different 

strategies for immunotherapeutic treatment of malignant gliomas are discussed below. 

The Immune System:  A General Overview 

The Innate versus the Adaptive Immune System 

The immune system can be divided into innate and adaptive components.  The 

innate system is considered to be evolutionarily primitive, and comprises cells and 

immune molecules prepared to defend the body against invasion without prior 

sensitization.  It consists of cells such as neutrophils, natural killer (NK) cells, local tissue 

macrophages, and the protein complement.  The adaptive immune system is composed 

mainly of lymphocytes and their products, which are able to recognize a multitude of 

foreign antigens and generate a powerful, focused response against these antigens, if 

properly sensitized.  Lymphocytes have the ability to produce long-lived memory cells, 

which can recognize previously processed antigen long after it has been cleared from the 

body, and produce a robust immune response on re-exposure to these antigens.  Dendritic 

cells (DC) and other antigen presenting cells (APC) function to connect the innate and 

adaptive immune systems through the capture of foreign antigen and presentation to cells 

of the adaptive immune system. 
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The Major Histocompatability Complex and Antigen Presenting Cells 

Major histocompatability complex (MHC) proteins are an integral part of the 

immune system.  They are cell-surface molecules that are associated with fragments of 

protein from various sources, and are typically designated as MHC I and MHC II.  Most 

cells of the body (with the notable exception of cells within the brain at rest) express 

MHC I on their surface.  Associated with these MHC I molecules are peptide fragments 

produced from endogenous sources within these cells.  MHC II, in contrast, is typically 

only expressed on cells that are specialized to process antigens and influence decisions on 

immune acceptance or rejection.  

Antigen presenting cells are cells of the immune system that can obtain antigen 

from the surrounding environment, process this antigen, and then present it to T cells to 

bring about an effective immune response.  Antigen may be obtained from the 

environment through various mechanisms, including phagocytosis of dead or dying cells, 

macropinocytosis, and adsorptive endocytosis (4, 5).  Antigenic proteins are then broken 

down within endosomes and lysosomes, conjugated onto MHC molecules, and moved to 

the plasma membrane for interaction with the appropriate T cells (4) .  Although several 

cell types have been shown to be able to present antigen to T cells, including 

macrophages and B cells, DC are considered to be the most efficient at this process (4). 

Presentation of antigen in the context of MHC is not sufficient for induction of an 

immune response.  In fact, presentation in this situation without a second stimulatory 

signal leads to T cell anergy, a state of functional paralysis against the antigen.  The 

second signal is provided by costimulatory molecules on the surface of the APC, which 

include CD80 and CD86 (5).  These interact with CD28 on the surface of the T cell to 
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lead to full T cell activation.  Upregulation of these costimulatory molecules occurs 

during the maturation process in dendritic cells (see below). 

Classical immunologic theory holds that endogenous-source peptides in the 

cytoplasm are moved into the endoplasmic reticulum, conjugated to MHC I molecules 

and presented on the surface of most cells of the body; while exogenous antigen (e.g., 

from microbes or other cells) is taken up by APC, conjugated to MHC II molecules in the 

endosomal-lysosomal compartment, and then moved to the plasma membrane (4).  The 

MHC II complex on APC binds to CD4, present on the surface of “helper” T cells, which 

then help to generate an immune response (either stimulation or tolerance).  In contrast, 

MHC I binds to CD8, typically on the surface of cytotoxic killer cells.  Foreign antigen 

present in the context of MHC I (such as in a virally-infected cell) would elicit a CD8 T 

cell response, and subsequent destruction of the infected cell.   

Cross-Presentation 

The classical view of endogenous versus exogenous antigen processing is not 

absolute, however.  It is now known that exogenous antigen captured by APC can enter 

the cytoplasm and then follow endogenous antigen pathways, and be presented in the 

context of MHC I (6).  This process (known as cross-presentation) (7, 8), has been 

documented to occur in DC (9-13) and macrophages (14, 15), and may result in either 

activation of the immune system against the antigen in question (cross-priming), or the 

development of tolerance against this antigen (cross-tolerance) (7).  This result depends 

largely on the presence of costimulatory molecules on the surface of the APC, including 

CD80 (B7.1) and CD86 (B7.2).  Cross-priming has been documented to occur for antigen 

from a number of sources, including viruses and tumor cells (8, 16-19).  
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Dendritic Cell Migration and Maturation 

Dendritic cells are present in many organs of the body, including the skin, liver, 

kidney, respiratory tract, and intestine (4).  Here they reside in an immature state, 

awaiting contact with foreign organisms or antigen.  They exhibit a stellate morphology, 

with cellular processes extending into the surrounding tissue, presumably to sample the 

environment for antigen or cells (5).  Interaction with a variety of stimulatory substances 

leads to maturation of the dendritic cells, characterized by upregulation of MHC II and 

the costimulatory molecules CD80 and CD86 on the surface of the cell and migration to 

lymphoid organs such as regional lymph nodes or the spleen (4, 5).  Whereas immature 

dendritic cells are uniquely equipped to capture antigen from the environment through the 

mechanisms described above, mature DC downregulate this ability as they travel to 

lymphoid areas and prepare to present antigen to T cell populations. 

Lymphocyte Populations  

Lymphocytes have classically been divided into T cells and B cells, although 

several other populations have been described (NK cells, natural killer T (NKT) cells and 

others).  In addition, certain T cell subsets may play important and distinct roles in anti-

tumor immunity, including γδ T cells and regulatory T cells.  

The T cells and B cells 

The B cells originate in the bone marrow; express a B cell receptor on their surface; 

and when stimulated with antigen, differentiate into plasma cells and express large 

amounts of antibody.  The T cells originate in the bone marrow, develop in the thymus, 

and express a T cell receptor (TCR) on their surface.  In the thymus, they undergo a 

selection process to remove cells with a high affinity for self-proteins (central tolerance).  

Naïve T cells circulate through the blood, lymph, and lymphoid organs and generally 
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express either CD4 or CD8.  The CD8 cells function as cytotoxic killer cells, with the 

capacity to destroy target cells in a controlled manner through the release of molecules 

such as perforin and granzyme (20).  As mentioned above, CD8 binds to MHC I 

molecules on the surface of APCs and target cells. 

The CD4 positive lymphocytes are known as helper T cells, as they help to direct 

the immune response in different directions.  After interaction with MHC II molecules on 

the surface of an APC, helper T cells may differentiate into either type 1 (Th1) or type 2 

(Th2) helper cells.  This differentiation depends on the T cell-APC interaction, density of 

peptides presented, types of costimulatory molecules expressed, cytokine secretion, and 

the local milieu surrounding the cells (21).  A Th2 response is promoted by interleukin 

(IL)-4, and supports the production of an antibody response and humoral immunity.  Th2 

clones secrete IL-4, IL-5, IL-10 and IL-13.  In contrast, a Th1 response supports 

cell-mediated immunity, and is considered important for a response to intracellular 

pathogens and tumors.  Cytokines favoring a Th1 response include IL-12 and Th1 clones 

secrete IL-2 and interferon (IFN)-γ (22, 23). 

Natural killer (NK) cells 

Natural killer cells are large lymphocytes considered to be part of the innate 

immune system.  They do not express T or B cell receptors and do not depend on thymic 

processing for their development.  NK cells recognize target cells using several different 

mechanisms, including both inhibitory and activating interactions.  Surface receptors 

binding cells with MHC I generate an inhibitory signal within the NK cell, and cells 

failing to express MHC I molecules are often targeted for killing.  In addition, the 

NKG2D receptor and other surface molecules are capable of recognizing aberrant 

proteins present on the surface of stressed, transformed or infected cells, such as the 
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MHC class I chain-related proteins A and B (MICA and MICB) (24).  Similar to T cells, 

NK cells kill their targets through the release of perforins and granzymes and expression 

of Fas ligand (20, 25).  NK cells were first identified based on their role in anti-tumor 

surveillance but also act to destroy other abnormal cells such as virally infected cells or 

those present in allografts or xenografts. 

Gamma delta (γδ) T cells 

The majority of T cells have a TCR comprised of protein subunits termed the α and 

β subunits.  However, a small subset has alternate subunits:  γ and δ, and these are known 

as γδ T cells.  These cells have several unique functions in immunologic defense that are 

more akin to an innate rather than an adaptive response.  Unlike αβ T cells, γδ T cells do 

not recognize processed peptide antigens presented by APCs on MHC molecules.  

Similar to NK cells, γδ T cells can recognize microbial and tumor antigens on the surface 

of infected, stressed or transformed cells and generate an immunologic response against 

these cells without prior antigen exposure or priming (26, 27).  γδ T cells are commonly 

found in the skin and other epithelial tissues, where they exhibit a dendritic morphology, 

but have been documented in pathologic lesions of the central nervous system, including 

multiple sclerosis (28).  

Regulatory T cells 

The existence of a population of T cells that downregulate the immune response 

was proposed decades ago and has generated considerable interest in recent years.  

Previously known as suppressive T cells, these cells are now generally referred to as 

regulatory T cells.  This subset is CD4 and CD25 positive, and its development is 

controlled by the forkhead box P3 (FOXP3) transcription factor (29, 30).  Classic 

CD25+CD4+FOXP3+ regulatory T cells are thymus derived, occur naturally and comprise 
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5 to 10% of peripheral CD4 positive T cells in normal mice and humans (31).  However, 

a number of other regulatory T cell populations are now believed to exist, which may be 

induced to form in the periphery, and have been termed adaptive regulatory T cells.  

These cells may have varying expression of different surface markers; for example, some 

are CD8+ (31). 

Regulatory T cells appear to utilize multiple mechanisms in suppressing the 

immune response, including those employing direct cell-cell contact as well as the 

secretion of soluble factors (31, 32).  Several different target cells might be involved, 

including effector T cells and APCs.  As a result, regulatory T cells appear to be 

important in the induction of peripheral tolerance to self-antigens.  As many 

tumor-associated antigens are alterations of self-antigens, it was hypothesized that these 

cells may play a role in tumor immune system evasion, and recently, regulatory T cells 

have been shown to play important roles in contributing to the immunosuppressive 

environment of a variety of different tumors (31).   

Regulatory T cells are present in increased numbers in the circulation of patients 

with a variety of different cancers (31, 33, 34), including those with GBM (35) and 

comprise the majority of CD4+ lymphocytes in tumor samples.  Selective depletion of 

these cells has been shown to increase survival in a number of mouse tumor models (36) 

and their presence in some human cancers has been correlated with reduced survival (37).   

Toll-like Receptors 

Toll-like receptors (TLRs) are pattern-recognition receptors present on the cell 

surface or within lysosomal and endosomal compartments of immune cells that trigger 

immune responses.  At least 11 TLRs have been identified in mammals (38).  They bind 

to a variety of different microbial products, including peptidoglycan from gram-positive 
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bacteria (TLR2), zymosan A from yeast (TLR2), double-stranded RNA (TLR3), 

lipopolysaccharide (TLR4), flagellin (TLR5), single-stranded RNA (TLR7,8) and 

bacterial DNA with unmethylated CpG motifs (TLR9) (39).  In addition, some 

endogenous molecules, such as heat shock proteins, may be able to activate TLRs as well 

(38, 39).   

The TLRs are associated with several different adapter molecules, and ligation 

initiates a signal transduction cascade that typically leads to the upregulation of a number 

of genes promoting inflammatory and immunologic responses.  Portions of this activation 

pathway are shared among different TLRs and other pro-inflammatory receptors, such as 

the IL-1 and TNF-α receptors (38, 40).  A common result of ligation of these receptors is 

activation of NF-κB in the cytoplasm, translocation to the nucleus and upregulation of a 

variety of different inflammatory gene products (38, 40).  However, discrimination of the 

response of the cell does occur based on which TLR is activated, and a number of 

pathways and signaling molecules have been identified.  For example, the ligation of 

TLR4 with lipopolysaccharide (LPS) can activate NF-κB through a signaling molecule 

known as myeloid differentiation primary-response protein 88 (MyD88), and this 

mechanism is shared by several other TLRs, including TLR2 and TLR9, as well as IL-1 

(41).  Macrophages from MyD88-deficient mice show no NF-κB activation immediately 

after lipoprotein or CpG administration but demonstrate a delayed activation after LPS as 

a result of an alternate pathway (41-43).  This MyD88-independent pathway is also 

utilized by TLR3 signaling (38). 

The response to TLR ligation is controlled at a number of different levels.  Some 

TLRs can form heterodimers that recognize specific microbial products (e.g., TLR 1/2 
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and TLR 2/6).  Further specificity of the resulting immune response is provided by 

differential location of TLRs within the cell.  While TLRs 1, 2, and 4 are located on the 

surface of the cell, the receptors recognizing nucleic-acid-like structures, TLRs 3, 7 and 

9, are located within endosomal or lysosomal compartments (38).  In addition, different 

immune cell populations express different TLRs, adding another layer of complexity to 

the system (44).  Finally, ligation of the same TLR on two different cell types may 

produce distinct outcomes and downstream cellular responses (44).  

In addition to the production of inflammatory gene products, TLR ligation on 

dendritic cells can lead to maturation of these cells with upregulation of CD40, CD80 and 

CD86.  Chemokine receptor expression also changes, encouraging migration of the 

dendritic cell to draining lymph nodes in preparation for stimulation of naïve T cells (44).  

This has been noted with both TLR2 and TLR4 ligands (38).  Thus, TLR ligands provide 

critical signals in the connection of the innate and adaptive immune systems  

Immunologic Considerations in the Central Nervous System  

Immune Privilege and Antigen Drainage 

The brain has traditionally been regarded as an “immunologically privileged” site, 

with a limited ability to mount an immunologic response to antigens present within the 

central nervous system (CNS) parenchyma.  This view has been developed based mainly 

on reports describing long-term survival of allogeneic or xenogeneic tumors or 

extraneural tissue after intracranial implantation (45-47).  Potential mechanisms 

contributing to this immunologic privilege include tight junctions between endothelial 

cells within the brain comprising the “blood-brain barrier”, lack of a CNS lymphatic 

system, absence of MHC expression by cells within the brain, exclusion of T cells from 

the brain parenchyma and possibly the expression of Fas ligand (FasL) within the brain.  
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Dendritic cells, although present within the meninges and choroid plexuses, are absent 

from the brain parenchyma (48).  However, despite these factors, it is clear that the 

immune privilege of the brain is far from complete (49).   

Although MHC expression is absent from the normal brain in a quiescent state, 

MHC molecules can be upregulated on various cells of the brain, including astrocytes and 

microglia, and microglia have the ability to perform many of the functions of DC and 

macrophages present in peripheral tissues (see below).  Although it lacks a separate 

lymphatic system, antigen within the brain can drain/move through perivascular spaces 

and collect in the nasal lymphatics (50).  In this way, CNS antigen can generate a 

peripheral immunologic response.  The superficial and deep cervical lymph nodes have 

been shown to be an important site for this response (51, 52).  In addition, although naïve 

T cells are typically excluded, T cells that have been activated in the periphery are able to 

efficiently enter and patrol the brain (53). 

Microglia as Immunocompetent Central Nervous System Cells 

In addition to neurons, astrocytes and oligodendrocytes, several immune cell 

populations of mesodermal origin are present within the CNS.  The meninges and choroid 

plexus contain populations of macrophages and DC (48).  There is a population of 

perivascular macrophages (or perivascular microglia) within the basal lamina of brain 

capillaries.  Finally, parenchymal microglia are found throughout the brain parenchyma, 

where they comprise 5-20% of the non-neuronal cell population (54).  These cells exist in 

a highly ramified state in the normal brain at rest, likely reflecting their ability to monitor 

and sample the local environment.  The origins and differentiation of these cell types 

have been the subject of considerable controversy in the past (55), although most now 
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agree that microglia are derived from CD45+ bone marrow derived myeloid precursors 

that invade and colonize the fetal brain (56).   

The perivascular and parenchymal populations of microglia appear to differ in a 

number of respects (57).  Whereas the former express relatively high levels of CD45, 

parenchymal microglia are CD45low (58).  Perivascular cells stain positive with the 

RMG-1, and ED2 antibodies, while parenchymal microglia do not (59) and perivascular 

cells are more likely to express MHC II and costimulatory molecules (56, 60).  Chimeric 

studies in irradiated adult rats show that the perivascular population is regularly 

replenished by bone marrow precursors, while only a very small number of parenchymal 

cells appear to be derived this way (61, 62).  Parenchymal microglia have the ability to 

divide and renew their populations within the CNS compartment (63).   

Although classically considered as a local macrophage population akin to resident 

macrophage populations in other organs, microglia appear to possess more functional 

plasticity than these other populations, and may be capable of differentiation into DC-like 

or macrophage-like phenotypes, depending on the environment (56).  They are capable of 

performing many of the functions of DC and macrophages found in other organs, albeit 

with some notable differences.  Microglia are capable of secreting a variety of 

pro-inflammatory cytokines with appropriate stimulation, including IL-1, IL-6, IL-12, 

and TNF-α (64-67).  They can express molecules important in antigen presentation such 

as MHC I and II and the costimulatory molecules CD40, CD80 and CD86 (54, 68-70).  In 

addition, activated microglia can prime alloreactive T cell responses and stimulate T cell 

lines to proliferate and produce cytokines (71-74) and function as the primary 

antigen-presenting cells of the CNS (75-79).  However, they do not appear to be as 
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efficient at antigen presentation or the production of a primary T cell response as DC, 

although their ability to restimulate effector T cells was shown to be equivalent (75, 80, 

81).   

Tumor-Immune System Interactions 

Tumor Immunosurveillance and Immunoediting 

The original hypothesis that the immune system could detect and eliminate tumor 

cells was put forth by Burnet and Thomas in the 1950s (82-84).  They postulated that 

tumor cells arising in an organism may possess new antigenic variants that will be 

recognized by the immune system, leading to destruction of the tumor, often without any 

“clinical hint of its existence” (82).  This theory was extensively tested but ultimately 

abandoned after studies in nude mice failed to show an increased susceptibility to 

spontaneous or carcinogen-induced tumors (85).   

After several decades, the theory has been revived and expanded, with the 

realization that nude mice are not completely immunodeficient and the development of a 

variety of selectively immunodeficient animals through the knockout of certain genes, 

such as RAG-2-/-, perforin-/-, IFN-γ-/- and IL-12-/- mice, which do have an increased 

susceptibility to tumors (85).  In addition, the identification of additional lymphocyte 

subtypes such as NK cells and γδ T cells provided other possible candidates for 

surveillance duty.  Finally, studies in humans have shown that patients 

immunosuppressed after organ transplantation or secondary to HIV infection are at 

increased risk for the development of certain cancers (85).   

However, tumors form in immunocompetent individuals despite tumor 

immunosurveillance.  Newer work provides evidence that as tumors develop and grow, 

they are “sculpted” by the immune system, which selects for the growth of 
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non-immunogenic tumor variants.  Thus, the term “immunoediting” has been proposed in 

lieu of immunosurveillance to reflect this complex tumor-immune system dynamic (85).  

In this theory, tumor cells are first identified and eliminated by the immune system 

(surveillance); followed by a period of equilibrium, during which immunoresistant cells 

are being selected for.  Finally, there is preferential growth of these cells and escape of 

the tumor from immune attack. 

Tumor-Associated Immune Cells 

Evidence for a potential anti-tumor immune response can be seen in brain tumors, 

as a variety of inflammatory cells have been shown to invade these tumors, including 

neutrophils, lymphocytes, macrophages and microglia (86-91).  Microglia and 

macrophages infiltrate glial tumors produced experimentally in laboratory animals (89, 

92-94) and occurring naturally in humans (91, 95-99) and may comprise up to 20 to 50% 

of all cells found in glioma biopsy samples (96).  In addition, microglia also proliferate 

within and around gliomas (89, 100).   

However, whether or not this cellular infiltration represents an immunologic attack 

on the tumor is debatable.  Glioma cells produce a number of molecules that may be 

responsible for recruiting microglia and macrophages to the site of the tumor, including 

macrophage chemoattractant protein-1 (MCP-1) (86, 101), granulocyte 

colony-stimulating factor (G-CSF) (102) and hepatocyte growth factor/scatter factor 

(103).  In addition, there is evidence to suggest that microglia themselves may perform 

pro-glioma functions.  For example, microglia appear to be responsible for the production 

of a large portion of the IL-10 produced by gliomas (104, 105) and also secrete TGF-β 

(106, 107) which not only contribute to the immunosuppressive milieu but may play a 
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role in promoting the invasion of gliomas (104, 108).  Microglia may also have a role in 

causing apoptosis in infiltrating T cells through Fas-Fas ligand interactions (89, 109).   

Several authors have correlated the presence of large numbers of intratumoral 

lymphocytes with a favorable prognosis (110-113), although this remains controversial 

(114).  Thus, it seems that glioma antigen may elicit a systemic immune response, likely 

concentrated in the cervical lymph nodes, which can generate activated lymphocytes that 

enter the CNS parenchyma and infiltrate the tumor tissue.  However, despite this 

response, regression of gliomas, at least once identified in clinical patients, are extremely 

rare events.  The reasons for this discrepancy are likely multifactorial, and center around 

the immunosuppressive environment present within the tumor. 

Escape of Tumors from the Immune System 

Despite the infiltration of large numbers of immune cells into malignant gliomas, 

these cells are not effective in controlling these malignancies (86, 90, 92, 95, 115).  This 

is likely attributable to the immunosuppressive environment created by the glioma (116).  

Glioma cells express low levels of MHC I (116) and secrete a variety of 

immunosuppressive factors, including TGF-β, IL-10, and prostaglandin E2 (104, 116-

121).  Glioma culture supernatant can downregulate MHC II expression on microglial 

cells and despite large numbers of macrophages and microglia, higher grade astrocytomas 

(i.e., more aggressive) have fewer numbers of MHC II positive cells (70, 90).  TGF-β 

suppresses the activation and proliferation of microglia in vitro, and IL-10 can inhibit 

MHC II expression by microglia (122, 123).  Peripheral blood leukocytes have been 

documented to have reduced functional activity in patients with glioma (124). 
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The expression of death receptor ligands on the surface of tumor cells may be 

another mechanism potentially employed by gliomas to elude the immune system (116, 

125, 126).  The Fas-Fas ligand (FasL) system is utilized in the regulation of lymphocyte 

populations, and some have postulated that upregulation of FasL on tumor (127, 128) or 

microglia (109) cell surfaces may kill invading lymphocytes (the so-called “tumor 

counterattack”).  Another possible counterattack mechanism involves CD70 expression 

by glioma cells leading to apoptosis of CD27-expressing lymphocytes(126). 

Immunotherapeutic Strategies for Cancer 

Immunotherapy may be categorized as passive or active.  Passive or adoptive 

immunotherapy involves the administration of antibodies or various immune effector 

cells (e.g., T cells, lymphokine activated killer [LAK] cells) from a donor into a recipient 

in order to elicit an anti-tumor effect.  Active immunotherapy involves stimulation of the 

patient’s own immune system in order to generate similar effector cells or molecules, and 

may be further categorized as specific or nonspecific.  In specific immunotherapy, the 

intended immune response is focused on a particular molecule or protein of interest, 

typically one that is expressed on the surface of the tumor cells.  Antibodies or cells (e.g., 

CD8+ cytotoxic T cells) are then generated against this molecule, ideally leading to a 

specific anti-tumor effect.  Nonspecific immunotherapy (NSI) involves the administration 

of cytokines or microbial products or analogs that have a stimulatory effect of certain 

immune cells without targeting a specific tumor antigen or molecule. 

Passive (Adoptive) Immunotherapy for Gliomas 

The administration of antibodies or effector cells has been evaluated in a number of 

preclinical (129-131) and clinical trials (132).  The infusion of in vitro activated T cells, 

in particular, has been successful in mediating tumor regression in animal models of 
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cancer and objective clinical responses in clinical patients with metastatic melanoma 

(132, 133).  Results in human patients with glioma have been generally disappointing, 

although responses to therapy have been observed in some cases (134-136).  

Disadvantages of adoptive immunotherapy include its temporary nature, as these cells or 

antibodies will eventually be eliminated, and re-administration of the therapy will be 

required.  This therapy is very labor-intensive due to the nature of these techniques, 

which require extensive in vitro or ex vivo manipulations, and complicates translation 

into the clinical setting. 

Active Specific Immunotherapy for Gliomas 

There has been extensive investigation of active specific immunotherapy for a 

number of different tumors.  Results from preclinical trials have often been seen as very 

promising, and have generated considerable interest in translating these therapies into 

humans.  A review in 2003 cited 98 published trials treating over 1000 human patients 

with dendritic cell-based vaccines (137) and another reference from the same year listed 

216 ongoing clinical trials (138).  Rosenberg et al (133) described an additional 440 

individuals treated with a variety of cancer vaccines (mainly for metastatic melanoma), 

and also pointed out the importance of appropriate endpoint measures.  In this group’s 

opinion, these large numbers of human patients were treated despite a lack of convincing 

evidence of efficacy in animal models with invasive, well-vascularized tumors.  

Reviewing their data and the results of numerous other vaccination trials, Rosenberg’s 

group calculated a combined overall objective tumor response rate of 3.3% (133).   

The results in glioma models have been similarly promising, and some human trials 

have shown differences in certain outcome measures with treatment, such as immune cell 

infiltration into tumors.  However, objective tumor responses resulting in regression or 
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increased survival are infrequent (139, 140).  Some reasons for this low efficacy may 

include low levels of circulating immune cells, low avidity for specific tumor antigens, 

inability of immune cells to infiltrate the tumor mass and to become appropriately 

activated at the site of interest and the activity of immunosuppressive and 

tolerance-inducing mechanisms within the tumor microenvironment (133).  In addition, 

even if a specific tumor antigen is successfully targeted, the genetic instability inherent in 

tumor cells may make it possible, or even likely, that a tumor clone with a mutated 

version of the antigen develops, and then expands unchecked.  Thus, it appears that active 

specific immunotherapy, at least in the context of systemic vaccination paradigms, is 

unlikely to be an effective therapy when used alone for the majority of cancer patients. 

Active Nonspecific Immunotherapy for Gliomas 

Potential substances useful for nonspecific immunotherapy (NSI) of gliomas 

include cytokines and various products derived from different microbes.  Cytokines may 

be intended to expand certain populations of immune cells (lymphocytes, NK cells, 

macrophages, microglia), upregulate certain immune molecules on the surface of specific 

cells (MHC molecules, costimulatory molecules, adhesion molecules), or increase the 

production of additional immunomodulatory or inflammatory cytokines from one or more 

cells of interest. 

Microbes stimulate an immune response through the binding of specific microbial 

products to the surface of certain cells of the immune system.  These cells include 

dendritic cells, monocytes, tissue macrophages and microglia.  As discussed above, 

pattern recognition proteins on the cell surface, such as TLRs are responsible for 

identifying these microbial products.  Generally, the results of this interaction are 

stimulation of immune cells and promotion of a pro-inflammatory environment, with 
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upregulation of additional cell surface receptors and the secretion of inflammatory 

cytokines, such as IL-1 and TNF-α.  Many of these effects are mediated through NF-κB, 

which translocates into the nucleus to increase expression of inflammatory gene products. 

The advantages of NSI over adoptive and active specific immunotherapy include 

ease of implementation, as no in vitro manipulation of cells is required, rapidity of 

translation to clinical patients and creation of a pro-inflammatory environment, which 

may be effective in creating a “danger” response and breaking the peripheral tolerance 

associated with established neoplastic lesions. 

Historical use of nonspecific immunotherapy for cancer 

Nonspecific immunotherapy with microbial products has been used for the 

treatment of human cancer since the 1890s, when William Coley published the results of 

his experience in treating patients with extracts of Erysipelas (141) and later, 

combinations of this organism and Bacillus prodigiosus (Serratia marcescens), to 

patients with a variety of cancers (142, 143).  As a result, a commercially available 

bacterial preparation, known as “Coley’s toxins” became available for this purpose, and 

was used for several decades, with some success.  Later groups discovered that 

administration of a filtrate of the cultures of various bacteria could produce similar 

effects in experimental tumors in animals, specifically hemorrhagic necrosis of the tumor, 

and complete regression in some cases (144-146).  Shear and colleagues isolated the 

active component of these culture filtrates, which turned out to be LPS (147).  At the 

time, it was theorized that the action of LPS was upon tumor blood vessels, resulting in 

ischemia and subsequent necrosis of the tumor.   
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The primary structure of LPS was determined in 1966 and eventually lipid A was 

shown to be the active component (148, 149).  LPS has been evaluated for its anti-tumor 

effects in a number of experimental tumor models (147, 150).  The hemorrhagic necrosis 

of the tumor center thought to be related to effects on blood vessels (151), was later 

attributed to the production of TNF-α by activated macrophages after LPS stimulation 

(152, 153).  North’s group demonstrated that the hemorrhagic necrosis of tumors after 

LPS treatment was separate from tumor regression, which required T cells to eliminate 

the surviving outer rim of tumor tissue (150).  Previous immune sensitivity to the tumor 

and priming of macrophages was also required in this model (154).  Treatment with 

TNF-α was not as effective as LPS in causing tumor regression, and demonstrated 

considerable toxicity at effective doses (152, 155).   

The use of LPS has also been evaluated in human patients with cancer with 

marginal success (156-158).  While some treatment responses were documented, toxicity 

was a limiting factor in these studies.  LPS was usually administered intravenously, and 

one group found that intradermal administration reduced toxicity considerably (157).  

Another limiting factor of these trials was the enrollment of patients with advanced and 

usually metastatic cancers that had previously failed other treatments. 

Lipid A was first synthesized in 1985, and since then a number of different lipid A 

analogues have been developed (159).  Many of these appear to retain the 

immunostimulatory effects of LPS while causing less toxic side effects (160, 161).  These 

compounds have shown efficacy in a variety of experimental tumor models (160-163), 

and their effects have also been evaluated in human cancer patients (164). 
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A number of other compounds have been evaluated for nonspecific immunotherapy 

of brain tumors.  Mice with chronic Toxoplasma gondii infection showed delayed growth 

of implanted brain tumors (165).  Corynebacterim parvum delayed brain tumor growth 

when injected intracranially (166-168) and levamisole and Bacillus Calmette-Guerin 

(BCG) have both been evaluated in experimental glioma models as well as in human 

patients with malignant gliomas (169-171).  Interferon-γ did not show beneficial anti-

tumor effects after intravenous or intratumoral administration in patients with malignant 

gliomas (172, 173).  More recently, synthetic CpG oligonucleotides have been effective 

in the treatment of gliomas in a rat model when injected intratumorally (174) and are 

currently being evaluated in human patients with glioma (175).   

Microglial responses to nonspecific immunotherapy 

Microglia express a variety of TLRs, including TLR2, TLR4 and TLR9, and as a 

result, are capable of responding to a variety of microbial products (176, 177).  Both LPS 

and ZymA can lead to microglial activation, characterized by increased phagocytic 

activity and the secretion of inflammatory cytokines (TNF-α, IL-1) and nitric oxide (178-

183).  Cultured microglia treated with LPS and IFN-γ express MHC II and costimulatory 

molecules and produce IL-12 (66, 67, 69, 72). 

In vitro studies have demonstrated the potential tumor cytotoxicity of microglia 

(72, 184, 185), which appears to be mediated in part by nitric oxide and/or TNF-α (184, 

186).  Microglia have the ability to phagocytose apoptotic glioma cells (94, 187), 

although the result of this activity and the ability to produce effective antigen 

presentation remains uncertain.  Microglia may act as effector cells in non-phagocytic 

tumor cell killing through the release of TNF-α (72, 188).  Compounds that stimulate 
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microglial or macrophage recruitment and activation, phagocytosis or TNF-α release may 

be useful in the therapy of malignant gliomas. 
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Figure 1-1.  Immune system overview.  Antigen presenting cells (APC) control immunity 
through the presentation of antigen to lymphocytes and the secretion of 
cytokines.  Antigen is either produced endogenously within the cell and 
presented in the context of MHC I to CD8 positive lymphocytes (green 
circles) or exogenous antigen is captured , processed in lysosomes and 
presented in the context of MHC II to CD4 positive lymphocytes (red 
circles).  Cross-presentation occurs when exogenous antigen is shuttled into 
the endogenous pathway and presented with MHC I (dotted line).  For an 
effective response, MHC presentation requires the presence of costimulatory 
molecules (yellow cylinders).  Under the influence of IL-12, a Th1 response 
favoring cell-mediated immunity is produced.  Secretion of IL-4 favors the 
production of a Th2 response, which promotes humoral immunity.  The 
CD8 positive lymphocytes are the effectors of cell-mediated immunity.  
Other cells influencing the immune response include NK cells and Treg cells.   
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CHAPTER 2 
IMMUNE SYSTEM REJECTION OF ESTABLISHED BRAIN TUMORS:  A PROOF 

OF PRINCIPLE FOR IMMUNOTHERAPY 

Introduction 

The brain has traditionally been seen as an immunologically privileged organ, with 

attenuated immune responses and little capacity for the rejection of foreign tissue. This 

view has been fueled by various findings, including a lack of lymphatic drainage from the 

central nervous system (CNS) and observations that allografts or xenografts survive for 

extended periods of time when engrafted into the brain (45-47, 189). However, more 

recent studies have shown that antigens within the brain do indeed reach the systemic 

circulation and peripheral lymph nodes (50, 190) and that activated T cells are capable of 

entering and routinely patrolling the CNS (53).  In addition, microglia and perivascular 

macrophages within the CNS are capable of processing and presenting antigen to T cells 

and may possess direct tumoricidal activity through the phagocytosis of tumor cells and 

the secretion of cytokines such as TNF-α (61, 71, 75, 79, 191, 192).   

Rodent cell implantation paradigms are the most frequently used models to study 

brain tumor therapy.  There is considerable variability in the inherent immunogenicity of 

the rat glioma cell lines that are available, when implanted into their syngeneic hosts 

(113, 193). Indeed, it has become clear that one widely used tumor cell line (C6) does not 

have a clear syngeneic host (193, 194).  The RG-2 cell line was created through culture of 

a glioma that developed in the offspring of a Fisher rat after the administration of 

N-ethyl-N-nitrosurea during gestation (193, 195).  When inoculated intracranially into 
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Fisher 344 (F344) rats, there is reliable growth of a weakly immunogenic tumor, which is 

considered to more accurately model malignant human gliomas (113, 193).  Although 

cells from these tumor lines are generally implanted into their syngeneic hosts, the 

implantation of 9L glioma cells into allogeneic rats has been advocated by number of 

authors as an acceptable model (196, 197) and implantation of C6 cells into Wistar or 

Sprague-Daley rats is still widely practiced.  A number of studies have demonstrated 

rejection of allogeneic tumor cells when implanted into the brains of experimental 

animals (198-201), although it has been suggested that the mechanism of immune 

rejection may be different from what is seen elsewhere in the body because of a lack of 

lymphocytic infiltrate (198, 200).   

During previous studies in our laboratory utilizing RG-2 cell implantation into 

allogeneic Wistar rats, a proportion of rats did not have tumors on histological 

examination of the brain after sacrifice at predetermined time points. The purpose of this 

study was to examine the responses of syngeneic (F344) and allogeneic (Wistar) rats after 

intracranial implantation of RG-2 gliomas. 

Materials and Methods 

Animals  

Male, F344 and Wistar rats weighing 175-200 grams were obtained from Harlan 

(Indianapolis, IN).  Animals were housed in a climate and humidity controlled 

environment and provided free access to a standard rodent diet (Harlan Teklad, Madison, 

WI) and water.  All experimental animal procedures were approved by the Institutional 

Animal Care and Use Committee at the University of Florida. 
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Cell Lines, Culture and Tumor Implantation 

The RG-2 cell line was originally obtained by our laboratory as a gift from Dr. 

Keith Black (University of California, Los Angeles).  Cells were grown in Dulbecco’s 

Modified Eagle Medium (Gibco-Invitrogen, Carlsbad, CA) supplemented with 10% fetal 

bovine serum (Gibco-Invitrogen), penicillin (100 U/ml, Gibco-Invitrogen) and 

streptomycin (100 μg/ml,  Gibco-Invitrogen) and incubated with 8% CO2 at 37°C in a 

humidified chamber.  Immediately before implantation, the cells were trypsinized with 

0.25% trypsin (Mediatech, Herndon, VA), centrifuged, counted with a hemacytometer, 

and resuspended in sterile phosphate buffered saline (PBS). 

A total of 8 F344 and 16 Wistar rats were used for these experiments.  For tumor 

implantation, rats were anesthetized with isoflurane (Phoenix Pharmaceutical, St. Joseph, 

MO) in oxygen, placed in a stereotactic head frame and a burr hole was made in the skull 

3 mm to the right of bregma.  Tumor cells (10,000 cells in 10 µl) were injected with a 

Hamilton syringe (Hamilton, Reno, NV) 5 mm ventral to the dura over a period of 2 

minutes, after which the syringe was slowly withdrawn.  The burr hole was filled with 

bone wax (Surgical Specialties Corporation, Reading, PA) and the skin incision closed 

with autoclips (Becton Dickinson and Company, Sparks, MD).  Buprenorphine 

(Buprenex, 0.03 mg/kg subcutaneously, Reckitt Benckiser Pharmaceuticals, Richmond, 

VA) was administered for post-operative analgesia. 

Animal Observation and Clinical Examination 

Animals were observed daily for changes in mentation, behavior and mobility.  

Animals were periodically removed from their cages to assess conscious proprioception, 

evaluated by turning the paws of the pelvic and thoracic limbs over onto the dorsal 

surface and observing for replacement to a normal position (202).  Animals that displayed 
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significant lethargy, obtundation or reluctance to move, which, based on previous studies, 

typically preceded death by approximately 1 day, were euthanized with pentobarbital 

(Beuthanasia-D, 200-400 mg/kg intraperitoneally, Schering-Plough Animal Health, 

Union, NJ). 

Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) was performed at the McKnight Brain 

Institute’s Advanced Magnetic Resonance Imaging and Spectroscopy (AMRIS) Facility 

at the University of Florida.  Rats were anesthetized with isoflurane in oxygen and an 

intravenous catheter was placed in a tail vein.  Brain imaging was performed with a 4.7 T 

Oxford Magnet (Oxford Instruments, Carteret, NJ) using a Bruker Avance console and 

ParaVision software (Bruker Biospin MRI, Inc., Billerica, MA).  A custom-built 3.5 cm 

inside-diameter quadrature birdcage volume coil was used to acquire the images.  

Following pilot images, dorsal T2-weighted images were acquired using a multi-slice 

multi-echo (MSME) rare sequence with the following parameters: Field of view (FOV) 

5.0 x 3.0 cm, matrix of 256 x 128, TR = 2800 msec, TE = 26 msec, 8 averages, slice 

thickness 0.85 mm.  Transverse T2-weighted MSME images were then obtained (FOV 

3.2 x 3.2 cm, matrix 256 x 128, TR = 2500 msec, TE = 19 msec, 8 averages, slice 

thickness 1.0 mm) followed by transverse T1-weighted MSME images (FOV 3.2 x 3.2 

cm, matrix 128 x 128, TR= 614.3 msec, TE = 10.8 msec, 4 averages, slice thickness 1.0 

mm).  After the administration of an intravenous contrast agent (gadodiamide, 172 

mg/kg, Amersham Health, Arlington Heights, IL) an additional set of transverse 

T1-weighted MSME images were obtained. 
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Histology and Immunohistochemistry 

Rats were euthanized if they displayed obtundation or significant lethargy as 

described above.  In addition, ten animals were sacrificed at specific time points after 

tumor inoculation (4, 7, 11, 13, 15 days) for histopathology and immunohistochemistry.  

Rats were euthanized with intraperitoneal pentobarbital (200-400 mg/kg) and perfused 

transcardially with paraformaldehyde (4% in PBS; Ted Pella Inc., Redding, CA).  Brains 

were removed and fixed in 4% paraformaldehyde for 1-2 hours, then washed in PBS.  

Tissue samples were then placed in 30% sucrose for cryopreservation, frozen, cut in 

serial sections (14 µm) on a cryostat (Microm International GmbH, Walldorf, Germany) 

and mounted on slides.   

Routine staining was performed with cresyl violet.  For immunohistochemical 

evaluation, primary antibodies for microglia/CD11b (OX-42, 1:100, Serotec, Raleigh, 

NC), T cells/CD6 (OX-52, 1:100, Serotec), CD4 (W3/25, 1:100, Serotec), CD8 (OX-8, 

1:100), MHC I (OX-18, 1:100, Serotec) and MHC II (OX-6, 1:100, Serotec) were 

utilized.   Prior to primary antibody application, sections were quenched in 1% hydrogen 

peroxide in methanol for 30 minutes, permeabilized with PBS + 0.5% Triton-X for 15 

minutes and blocked with 10% normal goat serum (NGS, Gibco-Invitrogen) in PBS + 

0.3% Triton-X for 30-60 minutes.  Primary antibodies were diluted in PBS + 0.3% 

Triton-X + 3% NGS and applied for 60 minutes at room temperature in a humidified 

chamber.  The secondary antibody was biotinylated goat anti-mouse (1:500, Vector 

Laboratories, Burlingame, CA) diluted in PBS + 0.3% Triton-X + 3% NGS and applied 

for 30 minutes at room temperature.  Avidin-horseradish peroxidase (AV-HRP) complex 

(1:500, Vector Laboratories) was diluted in PBS + 0.3% Triton-X and applied for 30 

minutes at room temperature.  Visualization was achieved with 3, 3’-diaminobenzidine 
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(DAB, Sigma, St. Louis, MO) activated with hydrogen peroxide.  Sections were 

counterstained with cresyl violet.  The sections were washed three times in PBS after the 

primary and secondary antibodies, AV-HRP, and DAB were applied.   

Sections were examined with brightfield microscopy (Carl Zeiss, Thornwood, NY) 

and photographed with a digital camera and SPOT software (Diagnostic Instruments, 

Sterling Heights, MI).  The average counts of immunopositive cells within 10 randomly 

selected oil (100X magnification) fields both within the tumor mass (intratumoral) or 

surrounding the tumor mass (peritumoral) were used to compare OX-52, OX-8 and 

W3/25 positive cells between rat strains. 

Statistical Analysis 

A two-tailed Mann Whitney U test was used to compare cell counts between rat 

strains and a P value of less than 0.05 was considered significant.  Statistical software 

(Instat 3.0 and Prism 4.0, Graphpad Software Inc., San Diego, CA) was used to compare 

groups and graph data. 

Results 

Observation and Clinical Examination 

F344 rats began to show obvious signs of neurologic dysfunction after 15 to 16 

days, while Wistar rats typically had signs begin 22 to 25 days after tumor implantation.  

Neurologic signs consisted of a tendency to turn or walk in wide circles towards the right 

side, obtundation or lethargy.  Rats displaying these signs usually had obvious conscious 

proprioceptive deficits in the limbs of the left side (i.e., failure to replace the paw to a 

normal position).  Some Wistar rats failed to develop any detectable neurologic signs, 

while others displayed obvious circling behaviors and conscious proprioceptive deficits, 

which then resolved as their tumors regressed (see MRI results below).  F344 rats tended 
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to show altered mentation more often than circling behaviors, which invariably 

progressed to a stuporous state characterized by decreased response to stimuli, reluctance 

or inability to move and failure to groom.  All F344 rats not sacrificed at an earlier time 

point reached this state, whereas all Wistar rats failed to develop these terminal signs, and 

had a full recovery to baseline neurologic function. 

Magnetic Resonance Imaging 

There was some variation in tumor growth, although mass lesions were usually 

detectable by MRI at 10 days post-implantation.  The tumors were generally isointense to 

slightly hypointense on T1-weighted images, had a mixed intensity on T2-weighted 

images and displayed consistent contrast enhancement.  Some tumors showed 

homogenous enhancement, whereas others had regions that failed to enhance, suggestive 

of necrosis. A heterogeneous enhancement pattern was seen more often in F344 rats.  In 

larger tumors, there was often considerable mass effect, leading to displacement of the 

normal parenchyma and ventricular system, as well as cerebral edema (Figures 2-1 and 

2-2).  Some tumors, particularly in the Wistar strain, were surrounded by a hypointense 

non-enhancing ring on both T1- and T2-weighted views.  Although some Wistar rats 

developed tumors that grew to considerable sizes, these eventually regressed in all cases, 

becoming undetectable on MR imaging (Figure 2-2).  In contrast, all F344 rats followed 

with MRI developed extremely large tumors with secondary edema and mass effect, 

which correlated with obtundation, necessitating euthanasia (Figure 2-1). 

Histology and Immunohistochemistry 

Tumor cells were visible along the needle tract at 4 days, and had formed a readily 

identifiable mass of cells by 7 days in both rat strains.  The tumor masses were composed 

of a heterogeneous collection of cells, and substantial areas of necrosis were evident in 
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both strains by 11 days (Figure 2-3C).  Neoplastic cells were fusiform or spindle-shaped, 

and formed large sheets and whorl-like formations.  The remaining cells were primarily 

inflammatory in nature, consisting of microglia, macrophages, lymphocytes and 

occasionally neutrophils.  Neutrophils were primarily seen in F344 rats in areas with 

obvious tumor necrosis.  Fingers of tumor tissue were evident at the margins of the tumor 

mass in both strains, invading adjacent parenchyma and infiltrating into perivascular 

spaces (Figure 2-3A).  Pyknotic nuclei suggestive of apoptotic cells were noted in a 

number of tumors (Figure 2-3D). 

Substantial numbers of activated microglia were noted surrounding the tumors by 7 

days, and by 11 days an intense reaction with activated microglia surrounding the 

margins of the tumor and invading into the tumor mass itself was noted.  Large, rounded, 

OX-42 positive cells (macrophages) were numerous within the tumor masses.  Both 

microglia and macrophages expressed MHC II and there was no obvious difference in 

expression between the two strains (Figure 2-4G, H).  In contrast, there were greater 

numbers of microglia surrounding the tumors in Wistar rats than in F344 rats (Figure 

2-4A, B).  These microglia were noted to surround tumor cells in the perivascular spaces, 

and persisted in increased numbers in some Wistar rats where the tumor appeared to have 

completely regressed.  While OX-42 positive macrophages were distributed uniformly 

throughout the tumor in Wistar rats, their distribution was patchy in the F344 rats by 13 

days, with substantial portions of the tumor mass devoid of these immune cells.  The 

majority of cells within the tumors in both strains stained positive for MHC I, including 

the neoplastic RG-2 cells and invading macrophages.  In Wistar rats, peritumoral 

microglia were noted to stain strongly for MHC I, in contrast to the F344 rats which 
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lacked such conspicuous staining (Figure 2-4C-F).  On close examination of the 

immediate peritumoral area in the F344 rats, very faint immunoreactivity was noted that 

suggested microglial staining. 

There were marked differences in T cell infiltration into the tumors between the two 

strains.  OX-52 positive cells were present in small numbers within the tumors of F344 

rats, while there were significantly greater numbers of cells in the Wistar rat tumors, 

noted from 7 days post-implantation onward (Figures 2-5A, B, and 2-6A, B).  

Significantly more OX-52 positive cells were also noted within the neuropil surrounding 

the tumors in Wistar rats, and were often seen in clusters surrounding blood vessels.  

There were significantly greater numbers of CD8 positive cells both intratumorally and 

peritumorally in Wistar rats at most of the time points evaluated (Figures 2-5C, D and 

2-6C, D).  The exception to this occurred 4 days post-implantation, where significantly 

greater numbers of CD8 positive cells were noted in Fisher 344 rats, all of which 

displayed a morphology characteristic of macrophages (see below).  Large numbers of 

CD8 positive cells with typical lymphocyte morphology were first observed 7 days after 

implantation in Wistar rats and were often clustered perivascularly in peritumoral areas.  

In F344 rats, CD8 positive lymphocytes were only occasionally found within the tumor 

mass and were almost nonexistent in the surrounding neuropil.  Greater numbers of CD4 

positive cells were also seen in Wistar rats compared to F344 rats, although this was less 

striking than the CD8 immunostaining (Figures 2-5E, F and 2-6E, F) .  Peritumoral CD4 

positive cells could not be reliably counted in Wistar rats from 11 days onward due to the 

intense staining of microglia with this antibody (see below). 
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Interestingly, cells with typical microglial morphology were noted to express both 

CD8 and CD4.  CD8 positive microglia were noted as early as 4 days after RG-2 

implantation, and were present in approximately equal numbers in both rat strains.  These 

cells generally formed a rim several cells thick around the tumor.  Robust CD4 staining 

of peritumoral microglia was seen in Wistar rats, first noted at 11 days post-implantation.  

Large, round to oval cells within the tumor likely to be macrophages also stained positive 

for CD4.   In contrast, CD4 immunoreactivity was only detectable at very low levels in 

microglia surrounding the tumor in F344 rats prior to 15 days.  At the 15-day time point, 

microglial CD4 expression was more obvious, but did not reach the levels noted in the 

Wistar rats.  Intratumoral CD4 positive macrophages were present within the tumor in 

numbers similar to those seen in Wistar rats. 

Long-Term Survival Studies 

Some Wistar rats with substantial tumors that subsequently regressed (based on 

MRI) were followed for variable periods of time.  These rats invariably survived without 

subsequent neurologic impairment or obvious tumor recurrence for up to 20 months. 

Post-mortem histologic examination in these animals often showed groups of what 

appeared to be residual tumor cells surrounded by reactive microglia.  Interestingly, these 

tumor cells were usually adjacent to the lateral ventricle on the side of the injection, 

particularly along the lateral wall and at the dorsolateral extent of the ventricle.  The 

striatum in the region of the injection site showed large numbers of reactive microglia 

and residual lymphocytes.   

Discussion 

This report describes the profound difference in host response when the RG-2 cell 

line is implanted into a syngeneic versus an allogeneic rat strain.  Rejection of the tumors 
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in Wistar rats was characterized by significantly greater numbers of CD8 positive T cells 

and increases in MHC I and CD4 positive microglia compared to F344 rats.  Our results 

are consistent with other reports in which intracranial tumors were rejected after 

implantation into allogeneic animals (198-200, 203).  Although previous reports have 

described long-term survival of allogeneic or xenogeneic tumors or tissue after 

intracranial implantation and forwarded the view of the brain as an immunologically 

privileged site (45-47, 189), it is clear that this immune privilege is far from complete 

(49).  The RG-2 cell line displays very aggressive growth and invasion when transplanted 

into either rat strain.  However, as our study illustrates, even though these tumors may 

reach a substantial size, leading to significant neurologic deficits, they invariably regress 

in an allogeneic host, at least in the outbred Wistar strain.   

The rejection of the tumors in Wistar rats appeared to be mediated in large part by 

CD8 positive T cells.  This is in contrast to a study of 9L tumors by Albright et al. (198), 

which showed allogeneic tumor rejection without apparent lymphocytic infiltration.  

However, this study did not evaluate lymphocytes immunohistochemically, which may 

have underestimated cell numbers.  Other studies have shown modest T cell infiltration in 

allogeneic hosts with (203) or without (196) tumor regression.  Tzeng et al. (113) showed 

a correlation between survival and CD8 positive lymphocyte numbers in two syngeneic 

tumor models (F98 and RG-2), and attempts have also been made to correlate survival 

with lymphocytic infiltration of glioblastomas in human patients, with varying results 

(110-112, 114).  The role of T cells in tumor rejection is highlighted by the observation 

that allogeneic athymic nude rats (rnu/rnu) lacking T cells have rapid tumor growth 
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leading to death 17 to 20 days after implantation of identical numbers of RG-2 cells into 

the same location (data not shown).   

Naïve T cells do not efficiently enter non-lymphatic tissue (7) and appear to be 

unable to cross the blood-brain barrier under most physiologic conditions (53, 61, 191).  

However, CNS antigen elicits an immune response within peripheral lymphatic organs, 

including the spleen and deep cervical lymph nodes (52, 190).  Tumor antigens may 

encounter antigen presenting cells in these peripheral organs after draining through nasal 

lymphatics by way of cerebral perivascular spaces (190, 204).  Alternatively, it is 

possible that cells capture antigen within the CNS and subsequently migrate by similar 

pathways to these peripheral locations.     

Cellular candidates for antigen capture include microglia, perivascular macrophages 

and dendritic cells, which have the ability to phagocytose foreign material, organisms or 

cells and present antigen to T cells in the context of MHC II (61, 71, 75, 79-81, 191, 

192).  Substantial numbers of activated microglia were present surrounding and invading 

the tumors in both F344 and Wistar rats, although the response was more pronounced in 

the latter strain.  A similar response has been noted in human patients with gliomas (192, 

205).  While both strains had moderate numbers of MHC II positive microglia, robust 

staining for MHC I on microglia was noted only in Wistar rats.  Upregulation of MHC II 

has been reported with a number of diseases or insults affecting the brain and appears to 

be somewhat nonspecific in nature (75, 192, 206, 207).  It is possible that MHC I 

upregulation occurs as a result of secretion of interferon-γ by a large number of invading 

T lymphocytes.  Alternatively, it is possible that the upregulation of MHC I was an 

integral part of the immune response against the tumor.  The presence of CD8 positive 
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lymphocytes within the brain parenchyma indicates activation of these cells peripherally 

by antigen presenting cells in the context of MHC I.  The shuttling of sampled exogenous 

antigen into the MHC I pathway, known as cross-presentation (7, 8), has been 

documented to occur within dendritic cells (9-11)  and macrophages (14, 15) in immune 

responses to a variety of antigenic stimuli, including tumor antigens (8, 16-19, 208, 209).  

Local restimulation of invading CD8 positive T cells by MHC I positive microglia might 

be important in an effective immune response and subsequent tumor regression.   

The expression of CD4 and CD8 on microglia has been reported previously (92, 

210-213).  As noted in our study, MHC II and CD4 expression on microglia have a 

similar distribution, and it has been suggested that CD4 may be involved in signaling 

between microglia (212).  Similar to MHC I, significant microglial CD4 expression was 

only noted in Wistar rats.  Whether this is a non-specific side effect of the presence of 

other cells or an integral part of a successful immune response is unclear.   

Similarly, the role of microglial CD8 is speculative at this time.  CD8 positive 

macrophages and microglia have been documented in rats with various CNS lesions,  and 

appear to be associated with areas of necrosis or neuronal cell loss (210, 212-214).  

Necrotic areas within tumors from both strains of rat may have led to local microglial 

CD8 expression or the recruitment of CD8 positive macrophages.  In macrophages from 

other organs, the ligand binding domain of CD8 appears to be distinct from that on T 

cells, and this molecule likely interacts with ligands other than MHC I (215), resulting in 

increased production of nitric oxide, TNF-α and IL-1β, which mediate a number of both 

proinflammatory and regenerative effects (212, 216).  Direct microglial killing has been 

documented in vitro for a number of tumor cell lines (72, 184, 185), including RG-2 cells 
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in our laboratory, and TNF-α and nitric oxide appear to play at least a partial role in this 

tumoricidal activity (186).  It is possible that microglia played a significant role in the 

direct elimination of neoplastic cells in the Wistar rats in our study through such 

mechanisms.  Cooperative activity between microglia and T lymphocytes in terms of 

both sensitization of effector cells and elimination of damaged tumor cells is likely 

essential to elicit a successful anti-tumor response (94, 217).   

The rejection phenomenon reported here has several important implications.  First, 

it highlights the importance of interim assessments of tumor growth, facilitated by 

advanced diagnostic imaging techniques such as MRI.  Point-in-time assessments of 

tumor growth that are necessarily coupled to sacrifice of the animal may not provide a 

complete picture of the natural history of the tumor in many cases.  The increasing 

availability of high-field research MRI facilities should improve this situation, and tumor 

development should be monitored longitudinally whenever possible.  Secondly, despite 

reports to the contrary (196, 197), the results of studies employing allogeneic tumor 

models should be interpreted with caution, especially when using tumor regression or 

survival as endpoints (193).  Studies evaluating immunotherapy should be avoided in 

allogeneic models (194).   

Finally, our study shows that even in tumors of substantial size, the immune system 

can effectively eradicate these masses, leading to resolution of clinical signs and 

long-term survival.  This may be seen as a proof of principle for immunotherapy, if the 

immune system can be adequately sensitized to the tumor.  The differences in the cellular 

infiltrate and surface expression of immunologic molecules between the two rat strains in 

our study may provide important insights into the mechanisms of tumor rejection and 
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potential targets for future immunotherapeutic studies.  Our study suggests that 

components of both the innate (microglia and macrophages) and adaptive (T cells) 

immune systems are required for the elimination of intracranial tumors.   

 
Figure 2-1.  An RG-2 glioma in a F344 rat (MR images).  A) T2- weighted images 10 

days after implantation.  B) Post-contrast T1-weighted images 10 days after 
implantation. C) T2- weighted images 17 days after implantation.  D) 
Post-contrast T1-weighted images 17 days after implantation.  Note the 
profound mass effect with displacement of the ventricular system, cerebral 
edema and heterogeneous contrast enhancement. 
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Figure 2-2.  An RG-2 glioma in a Wistar rat (MR images).  A,C,E, and G show T2-

weighted images and B,D,F, and H show post-contrast T1-weighted images.  
Images shown are taken at 11 days (A, B), 18 days (C, D), 25 days (E, F) and 
32 days (G, H) after implantation.  Note the development of substantial mass 
effect with displacement of the ventricular system, cerebral edema and 
heterogeneous contrast enhancement followed by subsequent regression of the 
tumor. 
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Figure 2-3.  Cresyl violet staining of RG-2 gliomas.  A) Day 7 F344 rat showing invasive 

growth of tumor (Bar = 200 μm) and perivascular invasion along Virchow-
Robin space (inset, bar = 25 μm). B) Day 13 F344 rat showing heterogeneous 
population of cells within tumor mass (Bar = 50 μm). C) Day 11 Wistar rat 
showing extensive intratumoral necrosis (asterisks, bar = 200 μm). D) Day 13 
Wistar rat showing pyknotic and fragmented nuclei within tumor (arrows) 
suggestive of apoptotic cell death (Bar = 12.5 μm). 



 

Figure 2-4.  Immunohistochemical staining of RG-2 gliomas for CD11b, MHC I and 
MHC II in F344 and Wistar rats.  CD11b (A, B), MHC I (C-F) and MHC II 
(G, H) immunostaining of RG-2 gliomas using horseradish peroxidase method 
counterstained with cresyl violet. The dotted line indicates the tumor margin 
in sections A-D. A) Day 11 F344 rat showing patchy macrophage staining 
within tumor and modest peritumoral microglial reaction. (Bar = 100 μm). 
Arrows indicate perivascular tumor satellites, which is demonstrated at higher 
power in the inset (Bar = 25 μm). B) Day 11 Wistar rat showing more robust 
peritumoral microglial reaction (Bar =  100 μm), particularly surrounding 
peritumoral blood vessels (Arrows and inset, bar = 25 μm). C) Day 11 F344 
rat showing MHC I immunoreactivity within tumor but sparse staining 
surrounding tumor (Bar = 100 μm). D) Day 11 Wistar rat showing MHC I 
immunoreactivity within tumor and a more robust peritumoral 
immunoreactivity, due to microglial staining (Bar = 100 μm). E) Higher 
power of peritumoral area of rat in C, showing lack of staining (Bar = 25 μm). 
F) Higher power of peritumoral area of rat in D, showing robust MHC I 
staining of microglia (Bar = 25 μm).G) Day 13 F344 rat showing peritumoral 
MHC II positive microglia (Bar = 25 μm). H) Day 13 Wistar rat showing 
peritumoral MHC II positive microglia (Bar = 25 μm). 
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Figure 2-5.  Immunohistochemical staining of RG-2 gliomas for CD6, CD8, and CD4 in 
F344 and Wistar rats.  CD6 (A, B), CD8 (C, D) and CD4 (E, H) 
immunostaining of RG-2 gliomas using horseradish peroxidase method 
counterstained with cresyl violet. The dotted line indicates the tumor margin 
in sections A-F. A) Day 11 F344 rat showing sparse T cell infiltration of 
tumor (arrows) and almost nonexistent peritumoral reaction (Bar = 100 μm). 
B) Day 11 Wistar rat showing much more robust T cell infiltration of tumor 
and peritumoral area (Arrows, bar = 100 μm). C) Day 11 F344 rat showing 
very little CD8 immunoreactivity (Bar = 100 μm). D) Day 11 Wistar rat with 
marked intratumoral and peritumoral CD8 positive T cell infiltrate (Bar = 100 
μm). E) Day 11 F344 rat showing sparse CD4 immunoreactivity (Bar = 100 
μm). F) Day 11 Wistar rat with robust intratumoral and peritumoral CD4 
positive T cell infiltrate. Note increased peritumoral immunoreactivity not 
associated with T cells, due to CD4 positive microglia (Bar = 100 μm).



 

 

Figure 2-6.  Quantification of intratumoral and peritumoral inflammatory cells in RG-2 
gliomas.  Graphs for CD6 (A, B), CD8 (C, D) and CD4 (E, F) positive cells. 
For all figures, Wistar rats are represented by white bars and F344 rats by 
black bars. There were significantly greater numbers of T lymphocytes in 
Wistar rats versus F344 rats at most time points both intratumorally (A, *p = 
0.003, **p < 0.0001, φnot enough tumor mass in Wistar rats for comparison) 
and peritumorally (B, *p < 0.0001). Similarly, there were significantly greater 
numbers of CD8 positive cells in Wistar rats versus Fisher rats, except at Day 
4, where this trend was reversed (C, intratumoral, *p < 0.0001, φcell count 
based on 1 oil field due to small amount of identifiable tumor; D, peritumoral, 
*p = 0.015, **p < 0.0001). CD4 immunoreactivity was less consistent, but 
generally showed significantly greater cell counts in Wistar rats in both 
intratumoral (E, *p = 0.0002, **p = 0.0019, ***p = 0.03 [limited number of 
fields]) and peritumoral (F, *p < 0.0001, φunable to count due to intense 
microglial reaction) locations. 
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CHAPTER 3 
NONSPECIFIC IMMUNOTHERAPY IN SUBCUTANEOUS RG-2 GLIOMAS 

Introduction 

In both experimental glioma models and naturally occurring gliomas in humans, 

there is extensive invasion of microglia, macrophages and T lymphocytes, but these 

immune cells are unable to halt the growth of the tumor (86, 92, 93, 95, 192).  The 

reasons for the ineffectiveness of the immune cells is likely multifactorial, and may 

include a lack of expression of distinct tumor antigens, altered major histocompatibility 

complex molecules, the secretion of immunosuppressive cytokines (e.g., transforming 

growth factor [TGF]-β, interleukin [IL]-10, prostaglandin E2), the expression of death 

ligands on the surface of tumor cells, and the immune suppressing action of CD4+CD25+ 

regulatory T cells (Treg) (116-119, 125, 126, 192).  Methods of overcoming this immune 

suppression include interfering with the specific mechanisms described above or 

encouraging the immune cells to overcome the suppressive effects of the tumor by 

immunostimulation.   

When activated, both microglia and macrophages have the capacity for 

phagocytosis and the ability to secrete a variety of cytokines, including TNF-α and IL-1 

(64, 65).  A number of substances can lead to activation of these cells, including 

lipopolysaccharide (LPS), zymosan A (ZymA) and granulocyte-macrophage colony 

stimulating factor (GM-CSF) (218-220).  When activated, microglia and macrophages 

may display tumoricidal activity, and may serve an integral role in the connection of 

innate and adaptive immunity (184, 221).  The objective of these experiments was to 
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evaluate the anti-tumor properties of LPS, ZymA, GM-CSF and combinations of LPS and 

IFN-γ in a syngeneic rat glioma model in a subcutaneous location. 

Lipopolysaccharide 

LPS is derived from the outer cell membrane of gram-negative bacteria, and is 

composed of an oligosaccharide chain with an attached glycolipid moiety.  The 

biologically active component of this complex is a molecule known as lipid A (148).  

LPS binds to one of a group of pattern receptors recognizing microbes, known as toll-like 

receptors (TLR), specifically TLR4 (218).  TLR4 is present on cells of the innate immune 

system, including macrophages, dendritic cells and microglia, and ligand binding leads to 

several effects in these cells, including upregulation of proinflammatory cytokines such 

as TNF-α, IL-1, IL-6, and IL-12, production of inducible nitric oxide synthase (iNOS), 

and expression of costimulatory molecules such as CD80 and CD86 (218).  These effects 

are mediated through several different signal transduction pathways within the immune 

cells. 

Zymosan A 

ZymA is derived from the cell wall of the yeast Saccharomyces cerevisiae and 

contains a number of components, including 1 3-β-glucans, which are polymers of 

D-glucose and are believed to represent the active component of this compound (220).  

ZymA also binds to TLRs on the surface of innate immune cells, specifically TLR2 and 

TLR6, and leads to the upregulation of inflammatory gene products (38, 218). 

Granulocyte-Macrophage Colony Stimulating Factor 

GM-CSF is a cytokine produced by T cells, NK cells and macrophages and binds to 

its receptor on macrophages, dendritic cells and microglia (222).  It has a variety of 

effects on these cells, including promoting phagocytosis, proliferation and antigen 
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presentation (222, 223).  GM-CSF can dramatically increase proliferation in microglial 

cells, and lead to upregulation of a number of markers characteristic of DC, including 

CD11c, DEC-205 and the costimulatory molecule CD80 (56).  It was the most effective 

substance at stimulating anti-tumor immunity in a screening study of a large number of 

cytokines, costimulatory receptors and adhesion molecules (224), and has been evaluated 

in a number of pre-clinical and clinical trials for activity against a variety of cancers 

(225-228). 

Interferon-gamma 

Interferon-γ is a cytokine secreted primarily by activated T cells and NK cells. It 

has many complex functions which are mediated through its specific receptor and the 

JAK-STAT signal transduction pathway, and generally promotes the Th1 arm of the 

adaptive immune response (229).  Specific functions induced in macrophages or dendritic 

cells include the promotion of phagocytic activity, upregulation of MHC molecules and 

costimulatory molecules involved in antigen presentation, and increased secretion of a 

variety of chemokines and cytokines, notably IL-12 (229, 230).  Interferon- γ has also 

been reported to have anti-proliferative effects and may upregulate Fas expression on 

neoplastic cells (231, 232). 

For a number of years, IFN- γ has been used in combination with LPS to activate 

macrophages for tumor cell killing, leading to upregulation of TNF-α, MHC II molecules, 

nitric oxide activity and phagocytosis (233).  In fact, IFN- γ has been considered the 

priming agent for macrophages, and is required for macrophage activation by LPS in 

vitro (234).  Synergistic effects seem to occur at several locations within and between 

cells, including at the level of surface receptors, by augmentation of signal transduction 

pathways and transporter associated with antigen presentation protein 1 (TAP-1) kinetics 
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and through modulation of autocrine and paracrine loops (235).  Held et al. (235) showed 

that IFN- γ enhanced macrophage responses to LPS by augmentation of the NF-κB signal 

transduction cascade and through an autocrine loop involving TNF-α and IL-1.  Powell et 

al. (235) determined that IFN- γ can synergize with LPS as well as other TLR ligands 

such as ZymA and CpG oligonucleotides in macrophage activation.  The mechanism was 

NF-κB dependent, and occurred at the transcriptional level, at least for the production of 

monokine induced by IFN- γ (MIG), a chemokine inducing T cell migration.  Similar 

results have been seen with microglia, and combinations of LPS and IFN- γ have been 

shown to work synergistically to promote tumor cell killing by microglia in vitro (186).   

Routes of Administration:  Intratumoral versus Systemic Treatment 

Attempts at nonspecific immunotherapy in human patients and experimental 

models have been made for over 100 years, with some limited success (141-143, 165, 

174, 236).  The vast majority of studies have utilized systemic administration of 

immunotherapeutic compounds, typically intravenously or intraperitoneally.  

Administration of the immunostimulatory compounds directly into the tumor mass has 

the potential to diminish systemic side effects by reducing the absorption of these 

compounds into the circulation.  In addition, as the treatment is delivered directly to the 

desired site of action, the therapeutic effect is maximized, and a lower total dose may be 

used for therapy.  Intratumoral therapy for brain tumors has been described using 

chemotherapeutic compounds (237-241), radiation treatment with radiation implants 

(242) or radiolabeled antibodies (241, 243), immunotoxins (244), adoptive cellular 

therapies (245-248), and nonspecific immunotherapy (163, 249).   



49 

 

Materials and Methods 

Animals 

Male and female Fisher 344 (F344) rats and male nude (rnu/rnu) rats weighing 175-

200 g were obtained from Harlan (Indianapolis, IN).  Animals were housed in a climate 

and humidity controlled specific pathogen free environment and provided free access to a 

standard rodent diet (Harlan Teklad, Madison, WI) and water.  All experimental animal 

procedures were approved by the Institutional Animal Care and Use Committee at the 

University of Florida. 

Cell Lines, Culture and Tumor Implantation 

The RG-2 rat glioma cell line was a gift from Dr. Keith Black (University of 

California, Los Angeles).  Cells were grown in Dulbecco’s Modified Eagle Medium 

(Gibco-Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Gibco-

Invitrogen), penicillin (100 U/ml, Gibco-Invitrogen) and streptomycin (100 μg/ml,  

Gibco-Invitrogen) and incubated with 5% CO2 at 37°C in a humidified chamber.  

Immediately before implantation, the cells were trypsinized with 0.25% trypsin 

(Mediatech, Herndon, VA), centrifuged, washed, counted with a hemacytometer, and 

resuspended in sterile phosphate buffered NaCl solution (PBS). 

For tumor implantation, rats were anesthetized with isoflurane (Phoenix 

Pharmaceutical, St. Joseph, MO) in oxygen.  The hair was clipped between the scapulae 

and approximately 500,000 tumor cells in a volume of 30 to 130 µl were injected 

subcutaneously with a tuberculin syringe and 25 gauge needle. 

Animal Observation and Tumor Measurement 

Animals were observed daily for evaluation of tumor growth and appearance and 

changes in behavior or mobility.  To evaluate tumor size, animals were briefly 
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anesthetized with isoflurane in oxygen and measurements taken in two orthogonal 

directions with digital calipers (Mitutoyo America, Aurora, IL).  Tumor volume was 

calculated by the following formula: Volume = 0.52 x ab2, where a is the larger 

measurement and b the smaller.  In some cases, multiple, distinct masses were present, in 

which case each was measured as described above and the volumes added together to 

reach a total tumor volume.  If tumors exceeded 5000 mm3, animals were euthanatized. 

Tumor Treatments 

Animals were anesthetized with isoflurane in oxygen for treatments, which were 

performed in conjunction with tumor measurements.  Tumors were treated when they 

reached a volume of 200 mm3.  Lipopolysaccharide (strain O5:B5, Sigma-Aldrich, St. 

Louis, MO), ZymA (Sigma-Aldrich), or GM-CSF (R&D Systems, Minneapolis, MN) 

were administered at varying dose schedules (see below).  Treatments were reconstituted 

in NaCl solution (0.9%), standardized to a volume of 40 to 50 μl and administered with a 

tuberculin syringe and 27 gauge needle directly into the tumor (intratumorally [IT]).    

Histology and Immunohistochemistry 

Rats were euthanized at end points described above or in some cases, at specific 

time points after tumor inoculation for histopathology.  Sodium pentobarbital 

(Beuthanasia-D, 200-400 mg/kg intraperitoneally, Schering-Plough Animal Health, 

Union, NJ) was administered and the animals were perfused with intracardiac 

paraformaldehyde (4% in PBS).  The tumors were removed and fixed in 4% 

paraformaldehyde for 1 to 2 hours, then washed in PBS.  Tissue samples were then 

placed in 30% sucrose for cryopreservation, frozen, cut in serial sections (10 to 20 µm) 

with a cryostat and mounted on slides.   
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In rats euthanatized because of tumor volume in excess of 5000 mm3, conventional 

staining with cresyl violet or hematoxylin as well as immunohistochemistry for the 

antibodies listed above was performed.  In addition, a number of rats (n = 6) were 

sacrificed at specific time points after immunostimulatory treatment (7 or 14 days) to try 

and define differences in cellular infiltration and cell surface markers between treatment 

groups. 

Routine staining was performed with cresyl violet (Sigma-Aldrich) or Mayer’s 

hematoxylin (Vector Laboratories, Burlingame, CA).  For immunohistochemical 

evaluation, primary antibodies for macrophages (OX-42, 1:500 and ED2, 1:100), 

dendritic cells/integrin αE2 (OX-62, 1:100), NK cells/CD161 (3.2.3, 1:100, gift from W. 

Chambers, University of Pittsburgh), CD6/T cells (OX-52, 1:100), CD4 (W3/25, 1:100), 

CD8 (OX-8, 1:100), MHC I (OX-18, 1:100), MHC II (OX-6, 1:100), CD25 (OX-39, 

1:100), CD80 (3H5, 1:100, BD Biosciences, San Jose, CA) and CD86 (24F, 1:100, BD 

Biosciences) were utilized.  All antibodies were obtained from Serotec (Raleigh, NC) 

unless otherwise identified.  Prior to primary antibody application, endogenous 

peroxidase was quenched with 1% hydrogen peroxide in methanol for 30 minutes, 

sections were permeabilized with NaCl solution (PBS) + 0.5% Triton-X for 15 minutes 

and blocked with 10% normal goat serum (NGS, Gibco-Invitrogen) in NaCl solution 

(PBS) + 0.3% Triton-X for 30 to 60 minutes.  Primary antibodies were diluted in NaCl 

solution (PBS) + 0.3% Triton-X + 3% NGS and applied for 60 minutes at room 

temperature or overnight at 4° C in a humidified chamber.  Biotinylated secondary 

antibody used was goat anti-mouse (1:500, Vector Laboratories) diluted in NaCl solution 

(PBS) + 0.3% Triton-X + 3% NGS and applied for 30 minutes at room temperature.  
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Avidin-horseradish peroxidase (AV-HRP) complex (1:500, Vector Laboratories) was 

diluted in NaCl solution (PBS) + 0.3% Triton-X and applied for 30 minutes at room 

temperature.  Visualization was achieved with 3, 3’-diaminobenzidine (DAB, 

Sigma-Aldrich) activated with hydrogen peroxide.  Some sections were counterstained 

with cresyl violet or hematoxylin.  The sections were washed three times in PBS after the 

primary and secondary antibodies, AV-HRP and DAB were applied.  Sections were 

examined with brightfield microscopy (Carl Zeiss, Thornwood, NY) and photographed 

with a digital camera and SPOT software (Diagnostic Instruments, Sterling Heights, MI). 

Statistical Analysis 

Survival curves were constructed using the Kaplan-Maier product limit method 

with a statistical software program (Prism 4.0, Graphpad Software Inc., San Diego, CA).  

Curves were constructed from the first day of treatment (i.e., First day of treatment is Day 

0 on graph).  The log-rank test was used for comparison between groups.  A P value of 

0.05 was considered significant.   

Results 

Lipopolysaccharide 

Preliminary experiments examined a range of doses of LPS (4, 8, 100 or 500 μg), 

ZymA (4, 8 or 500 μg) or saline administered 3 times weekly in both male and female 

rats when tumors reached 10 mm in diameter.  Control animals received identical 

volumes of saline IT.  It quickly became obvious that, although tumors grew initially in 

female rats, often to sizes where treatment was initiated, the tumors regressed in almost 

all cases, regardless of treatment, including control animals (Figure 3-1).  As a result, all 

subsequent experiments utilized male Fisher 344 rats.   
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Initial experiments in male rats showed that multiple LPS doses (1000 or 2000 μg) 

given 3 times per week led to tumor regression (Figure 3-2).  Further experiments were 

undertaken to try and establish a dose-response level and effective treatment paradigm. 

The first experiment evaluated IT LPS at the following doses:  500 μg once or 3 

total doses one week apart (3X); 1000 μg once or 3X; 2000 μg once or 3X; and 5000 μg 

once or 3X (n = 22).  A second experiment evaluated IT LPS doses as follows:  50 μg 

3X; 100 μg 3X; 250 μg 3X; and 500 μg 3X (n = 12).  Control rats received IT NaCl 

solution 3X (n = 6).  The endpoint of the experiment occurred when the tumor volume 

exceeded 5000 mm3 (“survival”).  The combined results for these 2 studies are shown in 

Figure 3-3 and Table 3-1.   

For analysis, animals were grouped as 50 to 250 μg 3X, 500 to 5000 μg once and 

500 to 5000 μg 3X.  All three treatment groups showed prolonged survival compared to 

control rats and were statistically different from each other (Table 3-1).   There was no 

difference in survival when animals receiving 500 to 5000 μg 3X were compared with 

animals receiving 1000 to 5000 3 times weekly until regression (data not shown).  When 

all animals receiving multiple doses of LPS (3 total or 3 times weekly until regression) at 

a dose of 1000 to 5000 μg were combined, 70.6% (12/17) of the tumors regressed 

completely and only 1 tumor eventually exceeded 5000 mm3.  The remaining 4 rats were 

euthanatized due to unrelated causes (see below). 

Treatment-related morbidity in all rats receiving a dose of less than 5000 μg was 

limited to local tissue swelling.  Rats receiving 5000 μg often showed mild signs of 

illness, including periocular porphyrin accumulation and lethargy, which resolved after 
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several days.  One rat in this dose group showed moderate lethargy after the initial dose 

and was found dead 24 hours after the second dose.   

Zymosan A 

Initial experiments evaluated IT ZymA at doses of 500 μg, 1000 μg, 2000 μg, and 

5000 μg administered three times weekly until regression was observed or the tumor 

exceeded 5000 mm3 (n = 8).  Subsequent experiments evaluated 2000 μg ZymA either 

once or 3X (n = 10).  Control rats received IT NaCl solution at similar injection schedules 

(n = 6).  Results are shown in Figure 3-4 and Table 3-2.  When all animals receiving 

multiple doses of ZymA (500 to 5000 µg; 3 total doses or 3 times weekly until 

regression) were combined, 50% (6/12) of the tumors regressed completely and only 1 

tumor eventually exceeded 5000 mm3.  In one rat, the tumor regressed to a very small 

(4.68 mm3) but persistent nodule, and the remaining 4 rats were euthanatized due to 

unrelated causes (see below). 

Granulocyte-Macrophage Colony Stimulating Factor 

GM-CSF was reconstituted in NaCl solution with 0.1% bovine serum albumin and 

evaluated IT at doses of 0.02 μg 3X, 0.2 μg 3X and 2.0 μg 3X (n = 9).  Control animals 

received IT NaCl solution 3X (n = 3).  The results are shown in Figure 3-5 and Table 3-3.  

No survival benefit was noted with any of these treatment and tumors in all rats 

eventually exceeded 5000 mm3. 

Lipopolysaccharide Combined with Interferon-γ 

As LPS combined with IFN-γ has clear synergistic effects in vitro, a combination 

of these agents was evaluated for anti-tumor effects in vivo.  Rats received one of the 

following IT treatment protocols:  1) 250 μg LPS 3X, 2) 10 μg IFN-γ 3X, 3) 250 μg LPS 
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+ 0.1 μg IFN-γ 3X, 4) 250 μg LPS + 1.0 μg IFN-γ 3X, 5) 250 μg LPS + 10.0 μg IFN-γ 

3X, 6) saline (n = 18).  The results of treatment are shown in Figure 3-6.  Two rats had 

complete regression of their tumors; one received 250 μg LPS 3X and the second 

received 250 μg LPS + 10.0 μg IFN-γ 3X.  The only statistically significant difference 

between groups in this experiment was seen with the combination of LPS + 0.1 μg IFN-γ 

, which showed prolonged survival compared with 10 μg IFN-γ alone (P = 0.0246).  A 

number of rats were euthanized due to unrelated causes (see below). 

Morbidity and Mortality Unrelated to Treatment 

Some rats developed unilateral or bilateral pelvic limb lameness in association with 

swelling of the hock joint.  Cytologic examination of synovial fluid from this joint 

showed increased numbers of lymphocytes and large mononuclear cells/macrophages, 

consistent with an inflammatory arthritis.  In addition, some rats developed tachypnea, 

associated with metastatic spread of the tumor to the lungs.  Rats showing lameness or 

tachypnea were euthanatized and were censored at the time of euthanasia in the survival 

analysis.  The cause for the arthritis is unknown, but appears to be unrelated to the 

treatment, as saline-treated animals were affected as well.  The proportion of animals 

with complete tumor regression would most likely be higher had these complications not 

occurred, as many of the rats had shown substantial regression of their subcutaneous 

tumors at the time of censoring. 

Athymic Nude Rat Studies 

Male athymic nude rats (n = 6) were implanted with subcutaneous RG-2 tumors as 

described above.  When tumors reached 200 mm3, rats were treated with either 2000 μg 

LPS IT 3X or NaCl solution IT 3X.  Results of treatment are shown in Figure 3-7.  
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Median survival times for both groups were identical (17 days) and there was no 

significant difference in survival (p = 0.5625). 

Rechallenge Studies 

Some male rats that experienced complete tumor regression after treatment with 

LPS or ZymA were subsequently rechallenged with a second implantation of RG-2 cells 

subcutaneously (n = 6).  Animals were rechallenged from 229 to 367 days after initial 

treatment (194 to 332 days after complete regression) with 500,000 to 1,000,000 RG-2 

cells implanted adjacent to the initial tumor.  Some of these rats formed small nodules 

(less than 10 mm diameter).  However, these nodules regressed without further treatment 

in all animals, suggesting the presence of immunologic memory.Three female rats that 

experienced complete tumor regression after either LPS (n = 2) or no treatment (n = 1) 

were similarly protected after subcutaneous rechallenge. 

Histology and Immunohistochemistry 

Histological staining with hematoxylin showed tumor cells admixed with 

heterogeneous populations of inflammatory cells.  Areas of necrosis were common, 

especially in tumors examined after treatment failure (i.e., greater than 5000 mm3).  

There was robust infiltration of immune cells into most of the tumors examined.  A 

variety of cell morphologies were observed after immunohistochemical staining, some of 

which were unexpected. 

Staining for CD11b (OX-42) revealed large, oval cells within the center of the 

tumor, consistent with macrophages (Figures 3-8A and 3-9A).  Cells with a dendritic 

morphology were also observed more peripherally within the tumor and peritumoral 

areas.  The cells with macrophage morphology in the center of the tumors were also 

positive for CD163 (ED2), further supporting their likely identity. The overall 
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distribution of ED2 staining was similar, but not identical (Figures 3-8B and 3-9B).  

Integrin αE2 (OX-62) immunostaining was not as robust, but positive cells were noted 

with several different morphologies.  Punctate staining of large cells within the dermis 

and peripheral tumor was noted.  In addition, small round cells suspected to be 

lymphocytes were also OX-62 positive (Figures 3-8C and 3-9C). 

Robust MHC II staining was noted both within and surrounding the tumors 

(Figures 3-8F and 3-11).  This staining was shown mainly by macrophage-like cells in 

the central tumor and dendritic-like cells peripherally.  As expected, MHC I stained most 

cells surrounding tumors and many cells within, including some tumor cells (Figure 

3-8E).  Although CD80 did not show any positive cells (Figure 3-8K), CD86 staining 

showed scattered positive cells with a dendritic or macrophage morphology, mainly in 

the edges of the tumor (Figures 3-8L and 3-12).  Positive cells were relatively sparse 

compared with other antibody stains, and occurred in groups or clumps of cells.  

Interestingly, CD25 immunostaining showed moderate numbers of positive cells within 

the tumor (Figure 3-8J).  Although some cells showed the expected lymphocytic 

morphology, the majority either displayed a dendritic morphology or appeared to be 

tumor cells (Figure 3-10D). 

CD6 immunostaining showed cells with a small, round morphology primarily 

within the peripheral tumor tissue and immediate peritumoral area, consistent with 

lymphocytes (Figures 3-8G and 3-10A).  Immunostaining for both CD4 and CD8 showed 

robust staining within tumors and particularly in peritumoral areas.  CD8 also stained 

macrophages within the tumor center, which were not CD4 positive (Figure 3-8H, I).  

Although cells with a small, round, lymphoid morphology were noted, many positive 
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cells displayed a more stellate or dendritic morphology consistent with DC (Figure 

3-10B, C).   

Interestingly, immunostaining for CD161, a marker for NK cells, showed several 

populations of positive cells.  Small to medium-sized, round cells within the tumor and 

peritumoral areas were noted, consistent with lymphocytes.  However, the large oval, 

macrophage-like cells within the center of the tumor were also positive, as were the 

DC-like cells in the tumor periphery and peritumoral area that were OX-62 positive 

(Figure 3-9C, D).  CD161 staining had a similar distribution to CD11b staining when 

viewed at low power (Figure 3-8D). 

The immunostaining for these markers was performed primarily to identify 

differences in cell populations between treatment groups.  However, no consistent 

differences were detected.  Although large numbers of inflammatory cells were noted in 

some tumors treated with LPS or ZymA, such cells were also noted in some saline treated 

control animals.   

Discussion 

Both LPS and ZymA led to delayed tumor growth and complete tumor regression 

when administered IT in this model.  These were dose-dependent effects, and multiple 

dose treatment protocols clearly outperformed single dose protocols.  Experiments with 

rats deficient in T cells and rechallenge studies in immunocompetent rats suggest a role 

for T cells in these anti-tumor responses, both in the initial immunologic response as well 

as in the development of long-term immunologic memory. 

Almost invariably (with one exception), female rats rejected RG-2 tumors after a 

short period of growth.  This was observed regardless of treatment, and even in 

saline-treated controls.  There are several possible explanations for this observed gender 
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difference.  It has long been recognized that there are gender differences in several 

components of the immune response.  Females are more resistant to viral (250) and 

parasitic (251) infections and demonstrate greater humoral and cell-mediated responses to 

exogenous antigen than males (252, 253).  The incidence of autoimmune diseases, 

including multiple sclerosis, rheumatoid arthritis, and lupus, is also higher in women 

(254).  These differences have often been attributed to the presence of sex hormones, and 

estrogen has been shown to promote dendritic cell viability and to increase the expression 

of MHC and costimulatory molecules (255).  Studies in human lung cancer patients have 

shown that lymphocytes taken from females exhibit greater blastogenesis after 

phytohemagglutinin exposure than males (256) and male myeloma and leukemia patients 

receiving a female hematopoeitic bone marrow transplant experience greater graft versus 

tumor reactions than other gender matches (257, 258). 

Alternatively, the rejection of RG-2 gliomas in female rats may be an entirely 

immune-mediated phenomenon, independent of the influence of sex hormones.  The 

RG-2 cell line was originally cultured from a glioma that developed in the offspring of a 

pregnant rat treated with N-ethyl-N-nitrosurea (259).  However, the gender of the rat with 

the tumor was not disclosed.  Minor histocompatability antigens encoded by genes found 

on the Y chromosome (designated H-Y) may produce an immune response in females.  

This has been shown in studies evaluating skin grafts from male mice to syngeneic 

females that were subsequently rejected (260, 261) and in human studies of bone marrow 

rejection in histocompatibility locus antigen (HLA)-matched females receiving a male 

marrow transplant (262)(Vogt).  It is possible that the RG-2 cells were originally 

generated in a male rat and that an immune response to such antigens lead to destruction 
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of the RG-2 cells in the female rats.  Further investigation of the original identity of the 

RG-2 line and the role of sex hormones in this rejection process will be necessary to 

answer these questions. 

LPS has been known for decades to have anti-tumor effects when administered 

systemically to tumor-bearing rodents or human patients with cancer (150, 156-158, 263).  

Hemorrhagic necrosis of the central area of the tumor is seen, which appears to be related 

to ischemia secondary to the effects of LPS on tumor vasculature (263). Previous studies 

have shown that tumor cells surviving in the areas around the centrally necrotic areas are 

capable of regrowth, and that complete tumor regression after LPS administration 

requires an immune response involving T cells (150).  Several recent studies have also 

demonstrated the anti-tumor properties of LPS when administered IT in a subcutaneous 

murine glioma model (163, 249). 

Several fungus-derived compounds containing β-glucans have been previously 

evaluated for anti-tumor activity (221).  A rat study evaluating 9L gliomas showed that 

GM-CSF, given as a constant subcutaneous infusion over 28 days (0.1-10 ng/day) in 

combination with intermittent injections of irradiated tumor cells, was effective in 

eliminating subcutaneous tumors in the contralateral hind limb and partly protective 

against intracranial tumors (223). 

In contrast to this, and as opposed to LPS and ZymA, GM-CSF showed no 

anti-tumor activity in our study.  A once-weekly dose in the range used here may not be 

adequate in stimulating an effective immune response, and it is possible that a higher 

dose or a more frequent dosing schedule might lead to an anti-tumor response.  However, 

the total dose administered in our study was higher than in the 9L glioma study 
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previously mentioned (223).  One possible explanation for these conflicting results may 

relate to the varying immunogenicity of the different tumor models.  Whereas RG-2 

gliomas are considered to be weakly immunogenic, the 9L gliosarcoma model has 

substantial inherent immunogenicity in its syngeneic host, which may facilitate its 

regression (193).  As naturally occurring human tumors also display varying 

immunogenicity, GM-CSF may be more efficacious against other tumor types (e.g., 

melanoma) than in the immunosuppressive environment of most gliomas (264).   

These results are in line with recent observations that endogenous inflammatory 

mediators and cytokines, although effective in the activation of dendritic cells or other 

antigen-presenting cells, are not sufficient to generate an effective helper T cell response, 

in contrast to microbial substances activating TLRs.  Pasare and Medzhitov (265) showed 

that TLR ligation on dendritic cells was required for effector T cells to escape the 

suppressive effects of Treg cells.  This activity was mediated in part by the secretion of 

IL-6 but could not be replaced by the administration of inflammatory cytokines alone.  

We also failed to observe an anti-tumor response with the IT administration of 

interferon-γ alone (10 μg 3X).  It appears that such cytokines may be effective in 

augmenting a T cell response but without adequate danger signals provided by TLR 

ligands, are ineffective at generating effective T cell help and therefore an anti-tumor 

response (266). 

The observation that multiple doses of LPS are superior to a single dose in leading 

to an anti-tumor effect is notable, as LPS tolerance is a well-recognized phenomenon.  

Animals and humans exposed to sublethal doses of LPS become refractory to the effects 

of subsequent LPS administration, even at high doses (218).  This is accompanied by a 



62 

 

decreased release of pro-inflammatory cytokines, including TNF-α, IL-1 and IL-6 (267).  

However, this tolerance did not interfere with the anti-tumor effects seen with the 

multiple dosing protocols applied in our study.  Possible explanations for this may 

include the temporary nature of the tolerogenic state, with renewed receptiveness after 

one week (although similar effects were seen with LPS administration three times 

weekly), higher doses of LPS being able to overcome the tolerant state, or the possibility 

that the anti-tumor effects are mediated through mechanisms not involving traditional 

pro-inflammatory cytokines.  Interestingly, a recent study evaluating the ability of tumor 

vaccines to break Treg cell-mediated tolerance found that multiple doses of LPS with 

dendritic cell vaccination broke tolerance and led to an effective CD8+ T cell response, 

while a single LPS exposure was ineffective, suggesting that persistent TLR4 signaling 

was critical for the anti-tumor effects (268).  

A number of observations supported the idea that T cells were integral in the anti-

tumor response mediated by LPS and ZymA.  Nude rats lacking T cells failed to show an 

anti-tumor response at an LPS dose leading to tumor regression in immunocompetent rats 

(Figure 3-6).  In addition, F344 rats treated with LPS or ZymA that had complete 

regression of their tumor remained immune to subsequent subcutaneous tumor 

rechallenge, even when implanted with very high numbers of cells up to one year later, 

suggesting the presence of memory T cells.  Robust MHC II staining was also noted 

within treated tumors.  Together, these observations support the idea of LPS or ZymA 

activated macrophages or dendritic cells processing and presenting tumor antigen to T 

cells, thus linking the innate and acquired immune responses.   
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An acquired response is likely critical to long-term protection from tumor 

recurrence.  Traditionally, CD8+ T cells have been considered to be the effector cell 

responsible for killing tumor cells in tumor-immune hosts (269-271).  However, studies 

in some tumor models have brought this conclusion into question, as the tumoricidal 

activity of tumor-infiltrating lymphocytes is often low (272), cytotoxicity is limited by T 

cell migration away from the site of action (273) and tumor cell death after adoptive 

CD8+ cell transfer may be independent from Fas and perforin-mediated mechanisms 

(232).  In addition, many cancer vaccines have had poor clinical efficacy in human 

clinical trials; despite the generation of a robust CD8+ cell response (133, 274).  These 

observations suggest an alternate explanation, and it is possible that macrophages or other 

immune cells may be responsible for tumor cytotoxicity after receiving T cell support.   

In this scenario, T cells may provide cytokines (e.g., interferon-γ, IL-2) or other 

critical signals to facilitate tumor killing (231, 275).  Macrophages have been identified 

as the cytotoxic effector cells in other models of tumor regression after immune system 

activation (276), and several in vitro studies have demonstrated macrophage killing of 

tumor cells after incubation with lymphocytes or lymphocyte products (277, 278).  

Although macrophages, dendritic cells, NK cells and T cells were likely all involved in 

the anti-tumor response, identification of the specific effector cells responsible for tumor 

cell killing in this model will require further investigation. 

Similarly, the contribution of regulatory T cells in this model is currently 

undefined.  Whereas Treg cells were hypothesized to be responsible for the refractoriness 

of tumors to LPS treatment in early studies (279), more recent studies clearly show that 
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persistent LPS administration can overcome these effects (268).  Differences in model 

systems may again explain some of these discrepancies. 

Although LPS and other microbial products have been used in cancer therapy for 

many years, clinical results have often been disappointing and are limited by considerable 

toxicity (156, 158).  Most previous studies have evaluated systemic administration 

(intravenous or intraperitoneal) of these compounds, and IT administration, as 

demonstrated here, may abrogate many of these deleterious effects while maintaining an 

effective anti-tumor response.  Toxic effects were rare in our study, despite the 

administration of high doses of both LPS and ZymA. 

Consistent differences in immune cell infiltration were not identified between 

treatment groups.  There may be a number of reasons for this observation.  The primary 

endpoint in most of the experiments was tumor size, and histology was necessarily 

performed only after animals had failed treatment.  Thus, inflammatory cell populations 

in these animals likely do not reflect those associated with successful immunostimulatory 

treatment.  For this reason, some animals were examined at predetermined time points, 

specifically 7 and 14 days after IT treatment. 

It is possible that this strategy missed significant inflammatory cell changes 

occurring either before or after these points.  Although a large number of immune cell 

markers were examined, it is likely that other markers potentially important to the 

anti-tumor effects were not.  In addition, cytokine levels within the tumors play important 

roles in the anti-tumor immune response (268), and were not examined in our study.  

Functional differences in the invading immune cells can not be appreciated with 

immunostaining for selected cellular markers.  Finally, there is a certain amount of 
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individual variation in this system, despite using genetically similar animals.  Although 

tumor regression was common after IT LPS and ZymA administration, this did not 

always happen over a consistent time frame.  Based on monitoring tumor size, some of 

the tumors examined histologically at set time points were regressing, while some were 

growing larger.  There appeared to be more intense staining for MHC II and CD161 in 

regressing tumors, although the numbers of tumors examined are too small to make any 

objective conclusions.   

Clearly there was a complex interplay between the tumors and the immune system 

in this model.  Cells with a dendritic morphology expressed not only integrin αE2, but 

also markers classically associated with T cells (CD4, CD8, and CD25) and NK cells 

(CD161).  Numerous subsets of macrophages and DC have been identified in humans and 

mice (280, 281) and are beginning to be recognized in rats (282-285).  A newly 

recognized subset of cells expressing both DC and NK cell markers, termed 

interferon-producing killer dendritic cells (IKDC) has been recently described in mice 

and appear to play a role in tumor surveillance (286, 287).  These IKDCs produce IFN-γ 

and IL-12 upon stimulation with TLR9 ligands, kill tumor cells, and migrate to lymph 

nodes where they have the capacity to present captured antigen (286).  Identification of 

the specific cell types involved in this model will take additional study and other 

experimental techniques, such as flow cytometry.  Functional analysis of immune cells 

after various treatments (and at a greater number of time points) should also be 

considered in future studies. 
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Figure 3-1.  Differences in RG-2 glioma behavior in male versus female rats.  Kaplan-
Meier survival curve showing summary of 3 preliminary experiments 
evaluating IT LPS (4, 8, 100, or 500 μg 3X weekly), ZymA (4, 8 or 500 μg 
3X weekly) or saline in male and female F344 rats with subcutaneous RG-2 
tumors.  Female rats showed significantly longer survival (P < 0.0001), even 
when treated with saline.  Tick marks represent censored observations. 

 

Figure 3-2.  Preliminary high dose LPS experiment in male rats with subcutaneous RG-2 
gliomas.  Male F344 rats given IT LPS at higher doses show prolonged 
survival and complete tumor regression. 
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Figure 3-3.  Lipopolysaccharide dose response experiment in male rats with subcutaneous 
RG-2 gliomas.  Treatment with IT LPS delays tumor growth and leads to 
long-term survival in male F344 rats.  Multiple doses were superior to a 
single dose within the same dose range.  Statistical comparisons between 
groups are shown in Table 3-1. 

 

Figure 3-4.  Zymosan A treatment of subcutaneous RG-2 gliomas.  Treatment with IT 
ZymA delays tumor growth and leads to long-term survival in male F344 
rats.  Multiple doses were superior to a single dose.  Statistical comparisons 
between groups are shown in Table 3-2. 
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Figure 3-5.  Granulocyte-macrophage colony stimulating factor treatment of 
subcutaneous RG-2 gliomas.  Intratumoral GM-CSF does not show anti-
tumor effects in male F344 rats with subcutaneous RG-2 gliomas.  
Statistical comparisons between groups are shown in Table 3-3. 

 
Figure 3-6.  Combination LPS and IFN-γ treatment of subcutaneous RG-2 gliomas.  

Intratumoral IFN-γ alone appeared to shorten surivival, although this was 
only significant when compared to the LPS + 0.1 µg IFN-γ group (P = 
0.0246).  There was no difference in survival between any other groups. 
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Figure 3-7.  Treatment of subcutaneous RG-2 gliomas in male athymic nude rats 
(rnu/rnu).  Intratumoral LPS does not show anti-tumor effects in nude rats 
with subcutaneous RG-2 gliomas. 
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Figure 3-8.  Immunohistochemical evaluation of a subcutaneous RG-2 glioma (low 
power).  Sections are from similar areas of a tumor in a rat treated with IT 
LPS (2000 µg) 7 days previously.  Tumors are stained with the peroxidase 
method and counterstained with hematoxylin.  The dotted line in A 
delineates the tumor edge, and is similarly oriented in all frames.  
Immunostained molecule with clone designations in paretheses are as 
follows:  A) CD11b (OX-42)  B) CD163(ED2)  C) Integrin αE2 (OX-62)  
D) CD161 (3.2.3)  E)  MHC I (OX-18)  F) MHC II (OX-6)  G) CD6 (OX-
52)  H) CD4 (W3/25)  I) CD8 (OX-8)  J) CD25 (OX-39)  K) CD80 (3H5)  
L) CD86 (24F).  
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Figure 3-9.  Immunohistochemical staining in a subcutaneous RG-2 glioma (higher 
power).  Sections are from similar areas of a tumor in a rat treated with IT 
saline 7 days previously.  Tumors are stained with the peroxidase method 
and counterstained with hematoxylin.  Immunostained molecule with clone 
designations in paretheses are as follows:  A) CD11b (OX-42).  Most cells 
have a large, round to oval morphology characteristic of macrophages 
(arrow).  B) CD163 (ED2).  Cells with both a macrophage (arrowhead) and 
dendritic (arrow) morphology are seen.  C) Integrin αE2 (OX-62).  Larger 
cells with a punctuate staining pattern (arrow) and small round cells 
suggestive of lymphocytes (arrowhead) are indicated.  D) CD161 (3.2.3).  
Similar to C, large cells with punctuate staining (arrow) and smaller, round, 
lymphocytic cells (arrowheads) are stained positive.    
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Figure 3-10.  Immunohistochemical staining in a subcutaneous RG-2 glioma (higher 
power).  Sections are from similar areas of a tumor in a rat treated with IT 
saline 7 days previously.  Tumors are stained with the peroxidase method 
and counterstained with hematoxylin.  Immunostained molecule with 
clone designations in paretheses are as follows:  A) CD6 (OX-52).  
Immunopositive cells are almost exclusively small round cells 
characteristic of lymphocytes.  B) CD4 (W3/25).  Infiltration of small 
round lymphocytes (arrowheads) is noted, but cells with stellate and 
dendritic morphologies are also seen (arrow).  C) CD8 (OX-8).  Similar to 
B, lymphocytic cells (arrowheads) and dendritic-like cells (arrows) are 
both noted.  Large round cells characteristic of macrophages also stained 
positive (not indicated).  D) CD25 (OX-39).  Multiple cell types were 
immunopositive, including lymphocytes, cells with dendritic morphology 
and what appeared to be tumor cells (arrows). 
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Figure 3-11.  Immunostaining for MHC II in a subcutaneous RG-2 glioma.  Sections are 
from a rat treated with IT saline 7 days previously.  Tumors are stained 
with the OX-6 antibody using the peroxidase method and counterstained 
with hematoxylin.  Robust staining of cells with both macrophage 
(arrowheads) and dendritic (arrows) morphologies are noted. 

 

 

Figure 3-12.  Immunostaining for CD86 in a subcutaneous RG-2 glioma.  Sections are 
from a rat treated with IT saline 7 days previously.  Tumors are stained 
with the 24F antibody using the peroxidase method and counterstained 
with hematoxylin.  Intermittent staining of cells, often in small groups 
(arrows) was noted within the tumors.  Immunopositive cells showed both 
macrophage and dendritic morphologies. 
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Table 3-1.  Intratumoral lipopolysaccharide for subcutaneous RG-2 gliomas:  Treatment 
outcomes  

Comparison vs. other groupsa Treatment Group Median 
Survival 
(Days) 

A B C D 
Animals with 

Complete 
Regression (%) 

A Saline 15  0.0029 <0.0001 <0.0001 0 
B 50-250 μg 3X 36 0.0029  0.0164 0.0143 0 
C 500-5000 μg 

once 
53 <0.0001 0.0164  0.0476 0 

D 500-5000 μg 3X Undefined <0.0001 0.0143 0.0476  50 
aP values calculated using the log-rank test for comparison of survival curves generated 
using the Kaplan-Meier method (Figure 3-1) 
 
Table 3-2.  Intratumoral zymosan A for subcutaneous RG-2 gliomas:  Treatment 

outcomes  
Comparison vs. other groupsa Treatment Group Median 

Survival 
(Days) 

A B C D 
Animals with 

Complete 
Regression (%) 

A Saline 17  0.0167 0.0120 <0.0001 0 
B 2000 μg once 39.5 0.0167  0.1092 0.0014 0 
C 2000 μg 3X Undefined 0.0120 0.1092  0.2207 50 
D 500-5000 μg 

UR 
Undefined <0.0001 0.0014 0.2207  50 

aP values calculated using the log-rank test for comparison of survival curves generated 
using the Kaplan-Meier method (Figure 3-4) 
 
Table 3-3.  Intratumoral granulocyte-macrophage colony stimulating factor for 

subcutaneous RG-2 gliomas:  Treatment outcomes  
Comparison vs. other groupsa Treatment Group Median 

Survival 
(Days) 

A B C D 
Animals with 

Complete 
Regression (%) 

A Saline 18  0.0295 0.6141 0.4876 0 
B 0.02 μg 3X 16 0.0295  0.0295 0.0295 0 
C 0.2 μg 3X 18 0.6141 0.0295  0.4876 0 
D 2.0 μg 3X 17 0.4876 0.0295 0.4876  0 

aP values calculated using the log-rank test for comparison of survival curves generated 
using the Kaplan-Meier method (Figure 3-5) 
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CHAPTER 4 
COMBINATION RADIATION AND IMMUNOTHERAPY IN SUBCUTANEOUS RG-

2 GLIOMAS 

Introduction 

Although immunotherapy may be successful in generating an anti-tumor response, 

it also has the potential to create adverse effects related to inflammation in the region of 

treatment and possibly immune-mediated attack of normal tissue structures.  Reducing 

the potential for these side effects by utilizing the lowest effective dose of 

immunostimulant should be a treatment goal.  This might be facilitated by combining 

immunostimulatory therapy with a second therapy aimed at killing or removing tumor 

cells.  In addition, the current standard of care for malignant gliomas includes surgical 

debulking, fractionated external beam radiation therapy, and often chemotherapy, and 

any future therapy will almost certainly need to be evaluated in combination with these 

standards (288, 289).   

Cytotoxic therapies have often been viewed as being potentially antagonistic to 

immunotherapy, due to their potential immunosuppressive effects and the fact that they 

kill cells mainly through apoptotic mechanisms, which has been viewed as 

immunologically benign and potentially tolerogenic.  Radiation therapy kills tumor cells 

primarily through the generation of oxygen free radicals, which damage DNA and trigger 

apoptotic cell death.  Chemotherapy agents have a variety of different ways of interfering 

with cellular processes and killing tumor cells, but most also lead to apoptotic cell death 

(290, 291).   
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Apoptotic cell death is a frequent occurrence during development and normal body 

functioning, and has usually been regarded as being immunologically bland or tolerizing.  

However, it is likely that not all apoptotic death is alike, and in some cases, apoptosis can 

trigger a powerful immune reaction (292).  Release of large amounts of antigen due to 

massive cell death may occur after chemotherapy or radiation treatment, and may 

overwhelm the immune system’s tolerogenic mechanisms (291).  Thus, in appropriate 

amounts and with appropriate alerting or danger signals, apoptotic cell debris may 

sensitize, not tolerize the immune system to the tumor (291, 293). 

There are other potential mechanistic benefits associated with combining 

immunotherapy with a cytotoxic therapy such as radiation or chemotherapy.  The first is 

debulking of the tumor mass, which reduces the tumor burden and the likelihood of 

antigen loss variant cells among the surviving population (291, 294).  Cytotoxic therapies 

may increase the infiltration and activation of immune cells (291, 294, 295).  In the brain, 

radiation therapy can disrupt the blood-brain barrier (296-298) and upregulate adhesion 

molecules for immune cells in the local vasculature (299, 300).  Radiation therapy may 

also contribute to the generation of a proinflammatory environment (300), and may 

counteract the immunosuppressive effects of TGF-β (301).  Perhaps most importantly, 

cytotoxic therapies can lead to the release of increased amounts and a greater variety of 

tumor antigen for processing by cells of the immune system (291, 293, 294).  In some 

cases, the cytotoxic therapy may produce antigens not present on untreated tumor cells, 

allowing for exquisite sensitivity when combined with immunotherapy (302). 

Results in other experimental tumor models have supported this rationale.  

Combinations of radiation therapy and CpG oligodeoxynucleotides were effective in 
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delaying tumor growth in rodents with either muscle (303) or brain tumors (304).  CpG 

oligodeoxynucleotide administration with chemotherapy has also shown efficacy in 

experimental models (305-307).  Radiation or chemotherapy have been combined 

successfully with other immunotherapeutic approaches, including other nonspecific 

immunostimulants (308), TNF-a gene therapy (309), FasL administration (310), adoptive 

T cell therapy (311), cellular vaccination protocols (312, 313) or dendritic cell 

administration (314-316).  Other immunostimulatory and cytotoxic combinations have 

also been used successfully (317). 

Materials and Methods 

Animals, cell lines, tumor implantation and monitoring procedures were similar to 

those described in Chapter 3.  Treatment was again initiated when the tumors reached a 

volume of 200 mm3 and animals were euthanized if the tumor exceeded 5000 mm3. 

Tumor Treatments 

Animals were anesthetized with isoflurane in oxygen for treatments, which were 

performed in conjunction with tumor measurements.  Tumors were treated when they 

reached a volume of 200 mm3.  Lipopolysaccharide (strain O5:B5, Sigma-Aldrich, St. 

Louis, MO), was reconstituted in NaCl solution (0.9%), standardized to a volume of 40 

μl and administered with a tuberculin syringe and 27 gauge needle directly into the tumor 

(intratumorally [IT]).    

For radiation treatment, a 6 MeV linear accelerator (CLINAC 600C, Varian 

Medical Systems, Palo Alto, CA) was used to deliver a horizontal photon beam to 

encompass the entire tumor.  The treatment field was 4 cm (horizontal) by 8 cm 

(vertical).  The tumor was raised dorsally with the aid of a custom-made clamp device 

and the majority of the body shielded with a lead block in order to avoid irradiation of 
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critical structures (e.g., spinal cord).  Tissue-equivalent material was placed over the mass 

to provide the build-up required to deliver the correct radiation dose. A variety of doses 

were given as a single treatment (see below). 

Radiation Dose-Response Study 

A dose response experiment was performed to evaluate the response of the 

subcutaneous tumors to irradiation.  Rats received a single treatment dose of 5, 10, 15, 25 

or 50 Gray (Gy) when tumors reached 200 mm3 (n = 23).  Control rats were not irradiated 

(n = 2).   

Combination Treatment Study 

The results of the radiation and immunostimulatory dose response experiments 

were used to design an experiment evaluating a combination of these two therapies.  

When subcutaneous tumors reached 200 mm3, animals were assigned to one of the 

following treatment groups:  5 Gy, 10 Gy, 100 μg LPS 3X, 5 Gy + 100 μg LPS 3X or 10 

Gy + 100 μg LPS 3X (n = 15).  Control rats received IT NaCl solution (n = 2).  For rats 

receiving combination therapy, the initial dose of LPS was administered immediately 

following irradiation.   

Histology and Immunohistochemistry 

Histological and immunohistochemical examination of tumors from rats 

euthanatized because of tumor volumes in excess of 5000 mm3 was performed in some 

cases.  In addition, a number of rats (n = 6) were sacrificed at specific time points after 

radiation and immunostimulatory treatment (7 or 14 days) to try and define differences in 

cellular infiltration and cell surface markers between treatment groups.  The procedures 

used to process and stain tumor tissue and the antibodies used are described in Chapter 3.   
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Statistical Analysis 

Survival curves were constructed using the Kaplan-Maier product limit method 

with a statistical software program (Prism 4.0, Graphpad Software Inc., San Diego, CA).  

The log-rank test was used for comparison between groups.  A P value of 0.05 was 

considered significant. 

Results 

Radiation Dose-Response Study 

The median survival times and comparisons between groups are shown in Figure 

4-1 and Table 4-1.  There was a clear dose-dependent response of the tumors to the 

radiation therapy.  Whereas the animals receiving 5 Gy showed no increase in survival 

compared to control rats, all of the other treatment doses showed delayed tumor growth 

and prolonged survival.  Complete tumor regression was only seen in the 50 Gy treatment 

group, in which 75% of the rats were cured of their tumors.  Adverse effects were limited 

to moist dermatitis in rats receiving 50 Gy, which resolved without treatment. 

Combination Treatment Study 

The median survival times and comparisons between groups are shown in Figure 

4-2 and Table 4-2.  Similar to the radiation dose response experiment, rats receiving 5 Gy 

of radiation showed no improvement in survival, while those treated with 10 Gy showed 

a modest survival advantage.  Treatment with LPS alone also showed a small but 

significant survival advantage.  In contrast, both groups receiving combination therapy 

showed prolonged survival when compared with control rats or those receiving single 

treatments only.  In addition, 33% of rats treated with 10 Gy + LPS showed complete 

tumor regression.  No adverse effects related to treatment were noted in our study. 
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Rechallenge Studies 

Three rats treated with radiation at 50 Gy that had complete tumor regression were 

subsequently rechallenged with a second subcutaneous injection of approximately 

500,000 tumor cells.  Although all 3 rats developed moderate-sized nodules, with peak 

volumes of 483 mm3, 420 mm3 and 396 mm3, interestingly, in all 3 cases the tumors 

subsequently regressed.  These rats were then subsequently subjected to an intracranial 

challenge of RG-2 cells (Chapter 5). 

Morbidity and Mortality Unrelated to Treatment 

A proportion of rats developed lameness secondary to swelling of the hock joint or 

tachypnea related to metastasis of the tumor to the lungs.  If euthanasia was necessary 

due to these complications, animals were censored in the survival analysis as described in 

Chapter 3. 

Histology and Immunohistochemistry 

Histological and immunohistochemical evaluation of tissues was very similar to the 

results reported in Chapter 3.  There was robust infiltration of a variety of different 

immune cells into the tumors.  Cells with a macrophage morphology that were CD11b 

and ED2 positive were prominent within the center of the tumors, while cells with 

lymphoid morphologies and staining positive for CD6, CD4, and CD8, were generally 

found in the tumor periphery and peritumoral subcutaneous tissues.  Cells with dendritic 

morphology and staining positive for CD4, CD8, CD25, integrin αE2 and CD161 were 

noted as described in Chapter 3.  Similarly, no clear differences were noted in 

immunostaining between treatment groups. 
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Discussion 

Combining NSI with a cytotoxic treatment has the potential to increase efficacy 

and allow dose reductions of both modalities, which may also limit toxicity.  We show 

here that the combination of external beam radiation and IT LPS produces a much greater 

anti-tumor effect than either modality alone (Figure 4-2).  Similar observations have been 

made by others after combinations of radiation and TLR9 ligands (303, 318).  There are 

many possible explanations for the contribution of cytotoxic therapy to this synergistic 

effect, including debulking of the tumor mass, increased infiltration and activation of 

immune cells, and the release of increased amounts and a greater variety of tumor antigen 

for processing by these cells (291). 

Treatment with a single radiation dose had a dose-dependent effect in delaying 

tumor growth in this model.  Traditional radiation therapy protocols, however, divide the 

total radiation dose into fractions, which allows cells to repair sublethal damage in the 

time between treatments.  As most healthy tissue is more efficient at this repair process 

than tumor tissue, fractionation maximizes tumor death while sparing normal tissue 

within the radiation field, and is the basis for conventional radiotherapy.  A single dose of 

radiation was chosen here primarily for convenience and availability of the radiation 

facility.  Although adjustment factors are available to convert single high doses into 

fractionated equivalents, a variety of other factors would caution against extrapolating the 

synergism between NSI and radiation seen here to a fractionated scenario.  These would 

include the effect of radiation dose in leading to proinflammatory or possibly 

anti-inflammatory effects (299, 300) and the unknown effect of multiple doses on the 

immune cell population within and surrounding the tumor.  For example, it is possible 

that multiple doses may sequentially kill infiltrating lymphocytes and abrogate a 
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potentially beneficial immune response.  As a result, experimental evaluation of NSI in 

conjunction with fractionated radiotherapy should be considered in the future.   

Stereotactic Radiosurgery (SRS) is a technique using a focused, high dose of 

radiation, delivered as a single fraction to patients with a variety of conditions, primarily 

brain tumors (319, 320).  It has been extensively evaluated in the treatment of malignant 

gliomas, with mixed results (242, 321-323).  A randomized, trial comparing SRS as a 

boost to conventional EBRT failed to show a beneficial effect in patients with GBM 

(324). However, the topic remains controversial, and some clinicians believe that SRS 

may still benefit a certain subset of patients (325, 326).  The radiation doses used in our 

study are very similar to those used in SRS for clinical patients, and it is possible that a 

combination of NSI and SRS may prove beneficial for these patients in the future. 

The resistance of rats cured of subcutaneous tumors with high dose (50 Gy) 

radiation therapy to subsequent tumor rechallenge was an interesting and unexpected 

finding.  It suggests that these animals developed an effective immune response to the 

original tumors that involved memory T cells.  One possible explanation is that the 

tumors were inherently immunogenic, and that a priming “dose” of tumor antigen is 

sufficient to confer future immunity.  However, the RG-2 line has been shown to be 

weakly immunogenic in the past; that is, animals having an original tumor surgically 

removed and inoculated with non-viable (irradiated) RG-2 cells are not protected from 

subsequent tumor rechallenge (113, 193).  Fisher 344 rats with subcutaneous tumors that 

are cured with IT mitoxantrone (a chemotherapeutic agent) using this identical model 

system, are not protected from rechallenge with tumor cells (data not shown).  In 

addition, of 3 athymic nude rats treated with 50 Gy radiation, only 1 had complete tumor 



83 

 

regression and this rat was not protected from a subcutaneous rechallenge (data not 

shown).  This suggests that immune system activity may play a role in the treatment 

responses attributed to single high-dose radiation therapy.   

 

Figure 4-1.  Dose-response experiment of subcutaneous RG-2 gliomas treated with 
external beam radiation therapy (EBRT).  Single fraction EBRT shows a 
dose-dependent delay in tumor growth in male F344 rats.  Comparisons 
between groups are shown in Table 4-1. 

 
Table 4-1.  Single-dose external beam radiation therapy for subcutaneous RG-2 gliomas:  

Treatment outcomes 
Comparison vs. other groupsa Animals 

with 
Complete 

Regression 
(%) 

Treatment 
Group 

Median 
Survival 
(Days) 

A B C D E F 0 
A Saline 26  0.2560 0.0177 0.0082 0.0082 0.0177 0 
B 5 Gy 40 0.2560  0.3549 0.0499 0.0042 0.0101 0 
C 10 Gy 53 0.0177 0.3549  0.7174 0.0981 0.0510 0 
D 15 Gy 50 0.0082 0.0499 0.7174  0.0198 0.0170 0 
E 25 Gy 76 0.0082 0.0042 0.0981 0.0198  0.0620 0 
F 50 Gy Undefined 0.0177 0.0101 0.0510 0.0170 0.0620  75 

aP values calculated using the log-rank test for comparison of survival curves generated 
using the Kaplan-Meier method (Figure 4-1) 
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Figure 4-2.  Combination therapy with EBRT and LPS in rats with subcutaneous RG-2 
gliomas.  Combination therapy shows synergistic effects in delaying tumor 
growth and leads to long-term survival in male F344 rats with subcutaneous 
RG-2 gliomas.  For statistical comparison between treatment groups, see 
Table 4-2. 

Table 4-2.  Combination single-dose external beam radiation therapy and intratumoral 
lipopolysaccharide for subcutaneous RG-2 gliomas :  Treatment outcomes  

aP values calculated using the log-rank test for comparison of survival curves generated 
using the Kaplan-Meier method (Figure 4-2) 
bLPS dose for all groups was 100 µg 3X 
 

 

Comparison vs. other groupsa Animals 
with 

Complete 
Regression 

(%) 

Treatment 
Group 

Median 
Survival 
(Days) 

A B C D E F 0 
A Saline 19.5  0.0389 0.1161 0.0389 0.0389 0.0389 0 
B LPSb 25 0.0389  0.3018 0.8584 0.0295 0.0295 0 
C 5 Gy 21 0.1161 0.3018  0.3430 0.0246 0.0246 0 
D 10 Gy 24 0.0389 0.8584 0.3430  0.0363 0.0246 0 
E 5 Gy 

+ LPS 
53 0.0389 0.0295 0.0246 0.0363  0.5151 0 

F 10 Gy 
+ LPS 

63 0.0389 0.0295 0.0246 0.0246 0.5151  33 
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CHAPTER 5 
NONSPECIFIC IMMUNOTHERAPY WITH OR WITHOUT RADIATION IN 

INTRACRANIAL RG-2 GLIOMAS 

Introduction 

A subcutaneous location is obviously not ideal to model the clinical situation seen 

in human glioma patients.  Nevertheless, it provided a convenient way to screen initial 

immunostimulatory treatment substances and dosing protocols, facilitating treatment as 

well as serial monitoring of tumor size.  It is possible that protocols effective in 

subcutaneous tumors will not be effective when the same cell type is implanted 

intracranially, which has been suggested by other investigators (249).  The local 

environment of the brain may not be as conducive to the generation of an effective 

immune response as the subcutaneous compartment.  Although microglia are able to 

present antigen, they are less efficient at this task than dendritic cells (71).  As dendritic 

cells are not normally present within the brain, it is possible that this treatment paradigm 

may fail in an IC setting.  However, LPS-activated microglia have been shown to kill 

tumor cells in vitro (184, 186), and IT injection of CpGs (a TLR9 ligand) was effective in 

prolonging survival in an intracranial CNS-1 rat model of glioma (174).  In addition, 

there are many anecdotal observations of tumor regression in patients developing 

infections, including patients with gliomas (327).  Therefore, nonspecific 

immunostimulation may still be efficacious against intracranial lesions. 

As mentioned in Chapter 3, IT treatment has many potential advantages over 

systemic therapy, including maximizing the effects at the intended site of action, and 
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reduction of the total administered therapeutic dose, which may reduce potential side 

effects.  For brain tumors, IT administration also circumvents the difficulties associated 

with getting therapeutic substances past the blood-brain barrier, which can be a 

formidable task.  This barrier can impede the passage of pharmaceuticals, biological 

agents and cells from the systemic circulation into the brain.  It consists of multiple 

strucutes, including tight junctions between endothelial cells, pericytes, and astrocytic 

foot processes.  Transport proteins are also involved, such as P-glycoprotein, which 

pumps selected molecules that have entered the brain back into the systemic circulation.  

Based on the results of the studies performed in the subcutaneous RG-2 model, IT 

LPS and combinations of IT LPS with IFN-γ and IT LPS with radiation were evaluated in 

intracranial RG-2 gliomas.  In addition, subcutaneous administration of irraditated tumor 

cells with LPS as a treatment for intracranial tumors was also examined. 

Materials and Methods 

Animals 

Fisher 344 (F344) rats weighing 175-200 g were obtained from Harlan.  Housing 

and feeding were as described in previous chapters.  In addition, a number of male and 

female rats that had experienced complete regression of subcutaneous tumors after 

treatment with nonspecific immunotherapy or radiation were subsequently rechallenged 

with an intracranial injection of tumor cells.  All experimental animal procedures were 

approved by the Institutional Animal Care and Use Committee at the University of 

Florida. 

Tumor Implantation 

Two experimental implantation paradigms were developed, depending on the need 

for single or multiple intracranial injections of immunostimulatory substances.  Rats were 
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anesthetized with isoflurane in oxygen.  The hair over the skull was clipped, the skin 

surgically prepared, and the animals were placed into a stereotactic head frame apparatus 

(David Kopf Instruments, Tujunga, CA).  A midline incision was made in the skin over 

the skull and the skin and subcutaneous tissues were reflected laterally.  A burr hole was 

made in the skull 3 mm lateral to bregma with the aid of an electric drill.  For animals 

being treated with a single immunostimulatory treatment, approximately 10,000 tumor 

cells were injected with a Hamilton syringe into the right striatum (5 mm ventral to the 

dura).  The injection was made over a period of 2 minutes, after which the syringe was 

slowly withdrawn.  The burr hole was filled with bone wax and the skin incision closed 

with autoclips.  Buprenorphine (0.02-0.04 mg/kg subcutaneously) was administered for 

post-operative analgesia.   

For animals to be treated with multiple immunostimulant doses, the animal was 

prepared for surgery, a skin incision made and a burr hole drilled as described above.  A 

teflon guide cannula (Plastics One, Roanoke, VA) was then lowered into the brain at the 

same coordinates (3 mm lateral to bregma, 5 mm deep to the dura).  Three plastic screws 

were then placed into the skull and secured to the guide cannula with 

polymethylmethacrylate bone cement (Lang Dental Manufacturing Company, Wheeling, 

IL).  A dummy cannula (Plastics One) was placed into the guide cannula to maintain 

patency.  After cement curing, the skin was closed around the edges of the 

polymethylmethacrylate with autoclips.  Buprenorphine (0.02-0.04 mg/kg 

subcutaneously) was administered for post-operative analgesia.  The cannula was then 

left in place for 6 to 7 days until tumor implantation.  For this procedure, rats were 

anesthetized and the tumor cells (approximately 10,000) were implanted using an internal 
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cannula (Plastics One), which fit through the guide cannula into the striatum.  A 

Hamilton syringe attached to the internal cannula with polyethylene tubing was used to 

deliver the cells. 

Tumor Treatments 

Based on the results obtained in the subcutaneous RG-2 model, intracranial tumors 

were treated with either LPS alone or a combination of LPS and external beam radiation 

therapy.  For single injections of LPS into established tumors, a skin incision was made 

and the subcutaneous tissues reflected laterally.  The burr hole used for tumor 

implantation was again used for treatment after removal of the bone wax.  A Hamilton 

syringe with attached needle was used to deliver the LPS.  The depth of needle placement 

was either 5 mm below the dura or was based on pre-operative magnetic resonance 

imaging scans, when available.  Injection of LPS or saline (controls) was made over two 

minutes, after which the needle was slowly withdrawn.  Bone wax was replaced in the 

burr hole, the wound was closed and buprenorphine was administered as described 

previously.  For multiple LPS injection paradigms, treatment was delivered with an 

internal cannula and attached Hamilton syringe through the existing guide cannula over 

two minutes. 

Radiation Treatment and Combination Therapy 

For irradiation of intracranial tumors, rats were anesthetized with isoflurane in 

oxygen and placed in sternal recumbency.  A vertical photon beam from a 6 MeV linear 

accelerator (Chapter 4) was used for treatment.  A 14-mm diameter, circular collimator 

was used to shape the beam and it was targeted based on anatomical landmarks of the 

skull and the site of previous surgery, or in the case of animals with a guide cannula in 
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place, was targeted based on this.  The diameter of the beam was substantially larger than 

the diameter of the tumor, in order to avoid missing the edges of the target. 

For combination therapy with radiation and LPS, intracranial tumors were first 

treated with radiation as described above.  An IT injection of LPS was then immediately 

administered while the rat was still anesthetized, and the animals were then subsequently 

recovered.  Repeat IT LPS treatments were made at weekly intervals, but the radiation 

therapy was always limited to a single treatment. 

Vaccination with Irradiated Tumor Cells 

To evaluate treatment of an established intracranial RG-2 glioma with a 

subcutaneous vaccination protocol, rats were injected subcutaneously with either healthy 

live or irradiated RG-2 cells in combination with LPS.  The animals were implanted with 

tumor cells in the right striatum using a Hamilton syringe as described above.  The rats 

were imaged with MRI on Day 8 and then treated on Day 9 after tumor implantation.  

Live RG-2 cells were grown as previously described.  For irradiation, cells were grown as 

previously described in 175 cm2 flasks.  When the cells neared confluence, they were 

irradiated at 100 Gy with a 6 MeV linear accelerator.  Both live cells and irradiated cells 

were trypsinized, collected, washed and counted with a hemacytometer before injection, 

which was performed between the shoulder blades in anesthetized rats.  Injection of 

tumor cells (500,000 cells) was performed first, followed immediately by LPS (2000 µg) 

injection into the same region.  These subcutaneous treatments were then given every 7 

days for a total of 3 treatments or until euthanasia.   

Rechallenge Studies 

Some animals that had completely rejected subcutaneous tumors after treatment 

were rechallenged with an intracranial injection of RG-2 cells.  These injections were 
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made with cells grown in a standard manner using a Hamilton syringe as described 

above.  The time from tumor regression to rechallenge was variable.  Some of these 

animals were female rats that had spontaneous tumor regression (i.e., no treatment).  In 

addition, some of these animals had had a prior subcutaneous rechallenge that had also 

regressed or were concurrently rechallenged with both subcutaneous and intracranial 

injections. 

Magnetic Resonance Imaging 

For MRI, rats were anesthetized and instrumented as described in Chapter 2.  All 

animals were imaged in the 4.7 T Oxford Magnet with Paravision software.  Imaging 

parameters were identical or very similar to those described in Chapter 2, and 

T1-weighted, T2-weighted and post- gadodiamide T1-weighted images were acquired. 

Histology and Immunohistochemistry 

Rats were euthanized when they showed signs of increased intracranial pressure, 

including lethargy or obtundation, reluctance or inability to ambulate, porphyrin staining 

of eyes or muzzle and lack of grooming.  These signs typically precede death from tumor 

growth by approximately 24 hours.  At necropsy, most rats were noted to have caudal 

displacement of the cerebellum into the foramen magnum, consistent with increased 

intracranial pressure.   

Survival Calculation and Statistical Analysis 

The date of death due to euthanasia or spontaneous causes was used for survival 

analysis.  Survival curves were constructed using the Kaplan-Maier product limit method 

with a statistical software program (Prism 4.0).  Curves were constructed from the day of 

tumor implantation (i.e., Day of implantation is Day 0 on graph).  The log-rank test was 

used for comparison between groups.  A P value of 0.05 was considered significant.   
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Results 

Treatment of Intracranial Tumors with Intratumoral Nonspecific Immunotherapy 
Alone 

Lipopolysaccharide and Interferon-γ 

Male F344 rats (n = 8) were implanted with intracranial tumors using a Hamilton 

syringe.  On Day 10 after implantation, the rats were imaged with MRI, which showed 

small to moderate sized contrast enhancing masses in the right striatum of most of the 

rats (Figure 5-1A, B).  The intent in this experiment was to treat the tumors when they 

had reached a size identifiable by MRI..One rat developed a systemic illness and was not 

included in the treatment groups.  The following day (Day 11), most of the rats were 

treated with either LPS (4 µg) and IFN-γ (100 ng; n = 3) combined in the same Hamilton 

syringe (total volume 8 µl) or 8 µl saline as a control (n = 3).  A second MR imaging 

session was conducted a week following the first (Day 17) and showed enlarged tumors 

in all cases (Figure 5-1C, D).  On the following day (Day 18), rats still alive received a 

second dose of LPS/ IFN-γ or saline and the remaining untreated rat was treated with the 

same dose of LPS and IFN-γ.  Survival curves for these animals are shown in Figure 5-2.   

There was no difference in survival between the two groups (P = 0.5498).  In fact, 

several rats treated with LPS and IFN-γ died on the day of or the day following treatment.  

All rats had signs of increased intracranial pressure, and it appeared that the inflammatory 

response related to treatment led to swelling and subsequent death.   

Lipopolysaccharide  

After the results of the subcutaneous experiments revealed that IT LPS may be 

effective when used alone, a small experiment was designed to preliminarily evaluate IT 
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administration of LPS to treat intracranial tumors.  Male F344 rats (n = 6) had intracranial 

guide cannulas placed as described above.  One rat died after the procedure was 

completed.  RG-2 cells were injected into the remaining animals 6 days later (Day 0).  On 

Day 9, the rats were treated with either 5 µg LPS or 10 µg LPS IT (n = 2 animals per 

group).  The remaining rat pulled out the guide cannula on Day 9 and was followed 

without treatment as a control.  Survival curves for these animals are shown in Figure 

5-3.   

There was no difference in survival between the groups (P = 0.5780) and rats 

treated with immunostimulatory therapy died shortly following the second IT treatment.  

These rats again had signs of increased intracranial pressure. 

Radiation Dose-Response Experiment for Intracranial RG-2 Tumors 

Based on the results obtained with combination therapy in subcutaneous tumors, it 

was hypothesized that combination of radiation therapy with LPS may be able to increase 

the therapeutic index in intracranial tumors, that is, lead to improved anti-tumor efficacy 

with reduced side effects.  To provide a baseline indication of the responsiveness of 

intracranial tumors to radiation therapy, a dose-response experiment was performed. 

Male F344 rats (n = 14) had RG-2 cells implanted into the right striatum with a 

Hamilton syringe.  Magnetic resonance imaging was performed on Days 16, 17 and 23 to 

monitor tumor size.  On Day 9 after tumor implantation, rats were treated with a single 

dose of radiation (5, 10, 15, 25 Gy; n = 3 rats per group) or followed without treatment (n 

= 2) as controls.  Survival curves for these animals are shown in Figure 5-4. 

Only rats treated with 25 Gy showed prolonged survival compared to untreated 

controls (P = 0.0389).  All animals died or were euthanized with signs of increased 

intracranial pressure.   
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Combination Lipopolysaccharide and Radiation Therapy for Intracranial RG-2 
Tumors 

Treatment of tumors on Day 9 

Based on the results of the intracranial dose-response experiment, an experiment 

evaluating combination therapy with LPS and radiation was designed.  Male F344 rats (n 

= 20) had intracranial guide cannulas placed as described above on two consecutive days.  

RG-2 cells were injected into the remaining animals 6 to 7 days later (Day 0).  On Day 9, 

the rats were randomly assigned to one of the following treatment groups:  1) 10 Gy 

radiation (n = 3) 2) 15 Gy radiation (n = 3) 3) 10 µg LPS IT (n = 4) 4) 10 Gy radiation + 

10 µg LPS IT (n = 4) 5) 15 Gy radiation + 10 µg LPS IT (n = 4).  Only a single dose of 

radiation and a single IT LPS treatment was given.  Two additional rats served as 

untreated controls.  Survival curves for these animals are shown in Figure 5-5A and 

comparisons between groups are shown in Table 5-1.   

In this experiment, animals treated with 15 Gy of radiation had prolonged survival 

compared with controls (P = 0.0389) although the 10 Gy group did not.  The animals 

receiving LPS alone showed decreased survival compared with controls (P = 0.0446) and 

the single modality radiation groups (P = 0.0189).  In addition, the rats receiving 

combination therapy did not show prolonged survival when compared to any of the other 

treatments.  These results can be attributed to toxicity related to LPS treatment.  

Significant morbidity and mortality was noted on the day following IT LPS therapy.  

Similar to the previous studies described above, this was associated with cerebral edema, 

swelling of the brain and herniation of the intracranial contents through the foramen 

magnum.  If animals dying as a result of the therapy are censored from the survival 

analysis, there is a trend towards longer survival in those treated with combination 



94 

 

therapies (Figure 5-5B).  However, the numbers of animals are very small after 

censoring, and differences do not reach statistical significance (Saline vs. 10 Gy + LPS:  

P = 0.0896; Saline vs. 15 Gy:  P = 0.2253). 

Treatment of tumors on Day 3 

The mortality associated with brain herniation is directly related to intracranial 

pressure, which in turn depends on the volume of tissue, blood and cerebrospinal fluid 

within the confines of the intracranial vault.  RG-2 tumors reach a substantial size by 9 

days post-implantation, and contribute to increases in intracranial pressure.  To evaluate 

combination therapy while attempting to minimize some of the toxicity associated with 

therapy, treatment of a small number of rats was attempted on Day 3 post-implantation.  

It was also anticipated that this would allow for the administration of multiple LPS doses, 

which had been more effective in the subcutaneous trials. 

Male F344 rats (n = 6) had intracranial guide cannulas placed as described above 

and RG-2 cells were implanted 7 days later (Day 0).  On Day 3, animals received one of 

three treatments:  1) 15 Gy radiation + saline IT  2) 15 Gy radiation + 5 μg LPS IT  3) 15 

Gy radiation + 10 μg LPS IT.  Only a single radiation treatment was administered, but 

rats received IT LPS or saline weekly for 3 doses (3X).  The initial LPS or saline 

treatment was administered with an internal cannula through the implanted guide cannula 

immediately following the radiation treatment.  The results of this experiment are shown 

in Figure 5-6.   

This treatment paradigm did allow the administration of 3 doses of LPS, although 

the rats showed significant morbidity following the treatments.  This was characterized 

by porphyrin staining of the eyes and muzzle, lethargy and in some cases, walking in 

circles towards the side of the tumor.  Magnetic resonance imaging of the rats was 
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performed on Days 9 and 16 and showed hyperintensity involving the majority of the 

treated hemisphere on T2-weighted images, consistent with cerebral edema (Figure 5-7).  

Increased mortality was noted following the third IT treatment, and there was no survival 

differences between the treatment groups (P = 0.8607).   

Treatment of Intracranial RG-2 Gliomas with Subcutaneous Administration of 
Irradiated Tumor Cells and Lipopolysaccharide 

To evaluate the potential for subcutaneous vaccination with irradiated tumor cells 

and LPS to treat intracranial tumors, this approach was evaluated in male F344 rats (n = 

12) with established intracranial RG-2 gliomas.  On Day 9 after implantation, rats were 

treated with one of 6 protocols:  1) Irradiated RG-2 cells (500,000 cells) + LPS (2000 μg)  

2) Viable RG-2 cells + LPS  3) Irradiated RG-2 cells alone  4) Viable RG-2 cells alone  

5) LPS alone  6) Saline control.  Treatments were planned for weekly administration of 3 

total doses, although no rats survived until the third dose.  Monitoring with MRI was 

performed on the day before initial treatment (Day 8) and on Day 15. 

The survival curves for this experiment are shown in Figure 5-8.  No difference in 

survival was noted between treatment groups (P = 0.6112).  Magnetic resonance imaging 

showed steady tumor growth in all rats.  Rats injected with viable RG-2 cells 

subcutaneously generally developed small nodules, with the exception of one rat 

receiving viable cells with LPS.  As in previous studies, the animals were euthanized 

because of signs of increased intracranial pressure, including lethargy, porphyrin staining 

of eyes and muzzle and turning in circles towards the side of the tumor.   

Rechallenge Studies  

A number of rats (n = 22) that had complete regression of their subcutaneous 

tumors were subsequently rechallenged intracranially with RG-2 cells (10,000 cells as 
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above).  There were 3 female and 19 male rats.  Some animals had been previously 

rechallenged subcutaneously, and had rejected the rechallenged cells.  Some rats were 

rechallenged with concurrent subcutaneous and intracranial injections.  The details of 

these animals and survival times are shown in Table 5-2 and Figure 5-9.  Compared with 

intracranial rechallenge only, animals had prolonged surivival if they had been previously 

rechallenged subcutaneously (P = 0.0010) or if they received concurrent intracranial and 

subcutaneous rechallenge (P = 0.0054).  There was no difference between concurrently 

rechallenged rats and those with prior subcutaneous rechallenge (P = 0.2359). 

Histology and Immunohistochemistry 

Similar to the subcutaneous tumors, there was a large influx of inflammatory cells 

into and surrounding intracranial RG-2 gliomas.  Immunostaining for a number of 

different immune cell molecules revealed mixed populations of cells, some of which 

were again unexpected.  CD11b immunostaining, as expected, labeled microglia 

surrounding and invading tumor edges, and large oval macrophage-like cells within the 

tumor (Figures 5-9A and 5-10E).  Both of these cell types showed robust MHC II 

staining (Figures 5-9D and 5-10C, D) and positive but less dramatic MHC I staining 

(Figures 5-9C and 5-10A, B).  CD86 staining primarily labeled cells with an activated 

microglial morphology in peripheral tumor tissue.  These cells were relatively less 

common and generally occurred in groups (Figure 5-10F). 

Staining for CD6 was fairly sparse, and positive cells with lymphocyte morphology 

were rare.  Both CD4 and CD 8 showed large numbers of positive cells with macrophage 

and activated microglial morphologies (Figures 5-9E, F and 5-11A-D).  CD8 staining was 

generally more robust than CD4.  Immunostaining for CD161, classically an NK cell 

marker, showed positive cells with both lymphocytic and microglial morphologies 
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(Figure 5-11E).  Interestingly, immunostaining for integrin αE2, a dendritic cell marker, 

staining almost exclusively cells resembling lymphocytes. 

Similar to the situation in subcutaneous RG-2 gliomas, there was a fair amount of 

individual variability in immune cell infiltration.  LPS treated rats appeared to have 

markedly higher numbers of invading immune cells compared with some control animals, 

but not compared with others.  Thus, a consistent correlation between treatment and 

immune cell response could not be made in our study. 

Discussion 

As opposed to the results seen with IT treatment of subcutaneous tumors (Chapter 

3), IT treatment with LPS was not effective against intracranial RG-2 tumors in F344 

rats.  Part of the failure of therapy was related to increased toxicity related to 

administration of this immunostimulant into the central nervous system.  The toxic 

effects were related to increased cerebral edema (Figure 5-7), swelling of the brain and in 

some cases, herniation of the intracranial contents through the foramen magnum, leading 

to death of the animal.  Local swelling was also noted after treatment of subcutaneous 

tumors, but was much better tolerated in this region of the body.  Although a 

dose-sparing effect of radiation treatment on IT LPS was noted in the subcutaneous 

tumors and was anticipated in the intracranial model, combination therapy did not 

alleviate the toxicity seen, at least with the dosing paradigm used here. 

It is possible that further adjustment of the dosing schedule, either with amounts of 

LPS or radiation administered, or with the relative timing of the treatments, may still 

show a beneficial treatment effect.  However, alternative approaches to reduce toxicity 

and/or increase efficacy are likely to be required if this therapy is to be successful in the 
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intracranial compartment.  Before discussing these approaches, it is useful to note a few 

caveats regarding this tumor model system.   

Many of the glial tumor cell lines available for study in the rat are syngeneic to the 

F344 rat, including the F98, 9L and RG-2 cell lines.  Of these, the RG-2 line is 

considered to be the least immunogenic, and therefore the most appropriate for 

immunotherapy studies (113, 193).  One popular tumor cell line, C6, does not have an 

available syngeneic host, and thus is inappropriate for such studies.  Initial evaluation of a 

newer cell line syngeneic to Lewis rats, CNS-1, showed that these tumors underwent 

spontaneous regression when implanted subcutaneously or when administered 

intracranially through the guide cannula system described above (data not shown).  Fisher 

344 rats are well-known to be less hardy than other rat strains, and this may have 

influenced the results seen in these studies.  Supporting this contention, when similar 

doses of LPS are administered into Wistar rats (an outbred strain) with intracranial 

tumors of comparable size, no deaths were noted, and the rats appeared completely 

healthy (data not shown).  Thus, the RG-2 model system may be somewhat limited by the 

F344 rats sensitivity to adversity, which may not be the case in actual human patients. 

A number of strategies may be considered to improve the therapeutic index of 

nonspecific immunotherapy, that is, to improve the efficacy while reducing toxicity.  

First, concurrent debulking of the tumor with surgery would remove a large part of the 

mass effect driving the increase in intracranial pressure and subsequent herniation.  With 

a reduction in intracranial contents, the remaining normal brain has more room to expand 

without the catastrophic effects of brain herniation.  Such debulking is already part of the 

current standard of care for most patients with malignant gliomas (288, 328), and 
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immunostimulatory substances could be administered post-operatively into the resection 

cavity, an approach currently used for adjuvant chemotherapy in some patients (329).   

The concurrent administration of anti-edema medications is a second and possibly 

complimentary strategy to reduce intracranial volume and prevent increases in 

intracranial pressure.  Such drugs, notably glucocorticoids such as dexamethasone or 

prednisone, are commonly administered to glioma patients for this purpose.  A potential 

drawback of such a strategy is the general suppression of the immune response seen with 

the administration of glucocorticoids.  However, anti-edema effects may be noted at 

doses below those considered to be immunosuppressive.  Won et al. recently reported 

that dexamethasone can reduce the toxicity of LPS when given in a subcutaneous tumor 

model without reducing the efficacy of therapy (163).  In addition, other medications 

such as the 21-aminosteroids may have the potential to reduce cerebral edema without 

suppressing the immune response (330, 331).   

A third strategy is to investigate the use of other immunostimulatory substances 

that may be less toxic than LPS when used intracranially.  Lipid A is considered to be 

responsible for the majority of the immunostimulatory effects of LPS (148), but also 

appears to have reduced toxicity.  When evaluated in a subcutaneous murine model of 

glioma, Won et al. found that lipid A had similar efficacy to LPS with fewer side effects 

(163).  The administration of oligodexoynucleotides with CpG motifs (CpG-ODN) has 

been evaluated in a number of different tumor models, including gliomas (174, 332).  

When Carpentier  et al. administered CpG-ODN directly into intracranial tumors in a 

CNS-1 rat model of glioma (174), 88% of rats showed long-term survival (greater than 

90 days).  This group also demonstrated synergy of CpG-ODN treatment with radiation 
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therapy in the 9L model (304).  This latter study also utilized F344 rats, suggesting that 

this paradigm is considerably less toxic than LPS.  However, as alluded to above, the 9L 

glioma is naturally immunogenic, even in its syngeneic host, and the efficacy noted may 

not be easily translated to human patients in the clinic. 

Finally, a combination of systemic and local immunotherapy may also be 

considered as a possible way to improve efficacy.  Part of the therapeutic failure of 

nonspecific immunotherapy in this model might be attributed to the rapid growth of 

tumors after intracranial implantation of RG-2 cells.  Theoretically, the generation of an 

anti-tumor immune response, at least a T cell response, requires antigen capture at the 

tumor site, migration to secondary lymphoid organs, activation and proliferation of 

effector T cells and then migration back to the site of the tumor.  The time required for 

this response may exceed the short time required for the RG-2 tumors to grow to a lethal 

size.  Further studies might evaluate tumors implanted with lower numbers of cells, 

giving the immune system more time to generate an effective response.  Alternatively, 

the generation of systemic immunity at an earlier date through subcutaneous vaccination 

with killed tumor cells and immunostimulants may accelerate the process.   

The experiment evaluating subcutaneous treatment with LPS and irradiated tumor 

cells failed to show a survival benefit on existing intracranial tumors.  If T cells are 

effectively generated in the periphery, however, they are likely to require restimulation at 

the site of action (i.e., intracranially) in order to actively proliferate and generate a 

cytotoxic response.  Treatment with nonspecific immunostimulants at both subcutaneous 

and intracranial locations might provide a method of achieving this end and generating an 

effective anti-tumor response. 
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Figure 5-1.  An intracranial RG-2 glioma treated with IT LPS and IFN-γ (MR images).  

These images were obtained on Days 10 (A, B) and 17 (C, D) after tumor 
implantation.  Panels A and C are T2-weighted images, while B and D are 
post-contrast T1-weighted images.  Note the rapid growth of the tumor 
(arrowheads), leading to considerable mass effect, despite treatment. 
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Figure 5-2.  Intratumoral LPS and IFN-γ combination treatment of intracranial RG-2 

gliomas.  There was no difference in survival between LPS/ IFN-γ (4 µg/100 
ng) and saline treated rats (P = 0.5498).  Day 0 is the day of tumor 
implantation and the arrows represent treatment dates. 

 
 
Figure 5-3.  Intratumoral LPS treatment of intracranial RG-2 gliomas.  There was no 

difference in survival between rats treated with LPS (5 or 10 µg) and saline 
controls (P = 0.5780).  Day 0 is the day of tumor implantation and the arrows 
represent treatment dates. 
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Figure 5-4.  Dose-response experiment of intracranial RG-2 gliomas treated with 

radiation therapy.  Male F344 rats with intracranial RG-2 gliomas were treated 
with single-dose radiation therapy (5, 10, 15 or 25 Gy) and compared with 
untreated controls.  Only rats treated with 25 Gy showed prolonged survival 
compared to controls (P = 0.0389).  Day 0 is the day of tumor implantation 
and the arrow represents the treatment date.   
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Figure 5-5.  Intratumoral radiation therapy and LPS combination treatment of intracranial 

RG-2 gliomas.  Male F344 rats were treated with radiation therapy (10 or 15 
Gy), LPS (10 µg IT) or combinations of radiation and LPS (10 Gy radiation + 
10 µg LPS or 15 Gy radiation + 10 µg LPS IT) and compared to untreated 
controls.  Day 0 is the day of tumor implantation and the arrow represents the 
treatment date.  A) Uncensored data, counting all deaths in survival analysis.  
Comparison between treatment groups is shown in Table 5-1.  B) Rats dying 
as a result of treatment were censored in the survival analysis.  Censor points 
are denoted by symbols corresponding to treatment group. 
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Table 5-1.  Combination single-dose external beam radiation therapy and intratumoral 

lipopolysaccharide for intracranial RG-2 gliomas:  Treatment outcome  

aP values calculated using the log-rank test for comparison of survival curves generated 
using the Kaplan-Meier method (Figure 5-5) 
bLPS dose for all groups was 10 µg 

Comparison vs. other groupsa Animals 
with 

Complete 
Regression 

(%) 

Treatment 
Group 

Median 
Survival 
(Days) 

A B C D E F 0 
A Saline 15.5  0.0446 0.2072 0.0389 0.5826 0.8584 0 
B LPSb 10.5 0.0446  0.0189 0.0189 0.2931 0.8482 0 
C 10 Gy 18 0.2072 0.0189  0.3701 0.7223 0.4590 0 
D 15 Gy 20 0.0389 0.0189 0.3701  0.9639 0.2082 0 
E 10 Gy 

+ LPS 
15 0.5826 0.2931 0.7223 0.9639  0.3385 0 

F 15 Gy 
+ LPS 

10 0.8584 0.8482 0.4590 0.2082 0.3385  0 
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Figure 5-6.  Combination radiation therapy and IT LPS treatment of intracranial RG-2 

gliomas.  Survival curve showing male F344 rats with intracranial RG-2 
gliomas treated with radiation therapy (15 Gy) and IT saline, radiation therapy 
(15 Gy) and IT LPS (5 µg IT) or radiation therapy (15 Gy) and IT LPS (10 µg 
IT).  There is no difference in survival between treatment groups (P = 0.8607).  
Day 0 is the day of tumor implantation and the arrows represent treatment 
dates.   
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Figure 5-7.  Intracranial RG-2 gliomas treated with LPS and radiation versus radiation 

alone (MR images).  These images were obtained 16 days after tumor 
implantation in rats treated with a single dose of radiation (15 Gy) and 5 µg 
LPS 3X (C, D) or radiation and saline (A, B).  Panels A and C are T2-
weighted images, while B and D are post-contrast T1-weighted images.  Note 
the marked hyperintensity representing cerebral edema in the rat treated with 
LPS (C).  The guide cannula is visible as a linear signal void in all images. 
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Figure 5-8.  Treatment of intracranial RG-2 gliomas with subcutaneous LPS and 

irradiated tumor cells.  Survival curve showing male F344 rats with 
intracranial RG-2 gliomas treated with subcutaneous LPS (2000 µg), 
irradiated RG-2 cells (500,000 cells), viable RG-2 cells (500,000 cells), LPS + 
irradiated RG-2 cells, LPS + viable RG-2 cells or saline.  There is no 
difference in survival between treatment groups (P = 0.6112).  Day 0 is the 
day of tumor implantation and the arrows represent treatment dates. 
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Table 5-2.  Intracranial rechallenge experiment of rats with rejection of subcutaneous 
RG-2 tumors. 

Gender Subcutaneous 
IT treatment 

Time from 
1st treatment 
to ICa 
rechallenge 

Previous 
subcutaneous 
rechallenge  

IC or IC + 
SQb 

Survival 
from 
rechallenge 

♀ None, no 
tumor 

195 No IC 15 

♀ 2000 µg LPS 
3X/week 

139 No IC Rejected IC 
tumor 

♀ Saline 139 No IC Rejected IC 
tumor 

♂ None, no 
tumor 

195 No IC 13 

♂ 1000 µg LPS 
3X/week 

139 No IC 13 

♂ 2000 µg LPS 
3X/week 

139 No IC 15 

♂ 1000 µg 
ZymA 
3X/week 

326 No IC 13 

♂ 2000 µg 
ZymA 
3X/week 

481 Yes IC 18 

♂ 5000 µg 
ZymA 
3X/week 

326 No IC 12 

♂ 250 µg LPS 
3X 

172 No IC + SQ 34 

♂ 500 µg LPS 
3X 

257 Yes IC 15 

♂ 1000 µg 3X 227 No IC 15 
♂ 1000 µg 3X 255 Yes IC Rejected IC 

tumor 
♂ 5000 µg 3X 232 No IC 12 
♂ 5000 µg 3X 503 Yes IC + SQ 22 
♂ 2000 µg 

ZymA 3X 
152 No IC + SQ 14 

♂ 2000 µg 
ZymA 3X 

154 No IC + SQ 34 

♂ 250 µg LPS 
+ 10 µg IFN-
γ 3X 

172 No IC + SQ Rejected IC 
tumor 

♂ 50 Gy 351 Yes IC 18 
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Table 5-2.  Continued. 
Gender Subcutaneous 

IT treatment 
Time from 
1st treatment 
to ICa 
rechallenge 

Previous 
subcutaneous 
rechallenge  

IC or IC + 
SQb 

Survival 
from 
rechallenge 

♂ 50 Gy 351 Yes IC 18 
♂ 50 Gy 351 Yes IC 24 
♂ 10 Gy + 100 

µg LPS 
296 No IC 14 

aIntracranial 
bSubcutaneous 
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Figure 5-9.  Intracranial rechallenge experiment in rats rejecting previous subcutaneous 

RG-2 gliomas.  Survival curve showing male F344 rats that developed and 
then subsequently rejected subcutaneous RG-2 gliomas after treatment.  Rats 
are divided into 3 groups:  1) Intracranial rechallenge only (IC only), 2) Prior 
subcutaneous rechallenge (Prior SQ), 3) Concurrent intracranial and 
subcutaneous rechallenge (IC + SQ).  Group 1 had significantly shorter 
survival than groups 2 (P = 0.0010) and 3 (P = 0.0054).  There was no 
difference between groups 2 and 3 (P = 0.2359). 
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Figure 5-10.  Immunohistochemical evaluation of an intracranial RG-2 glioma (low 

power).  Sections are from a rat treated with 15 Gy + IT LPS (10 µg) 3X.  
Tumors are stained with the peroxidase method and counterstained with 
hematoxylin.  The dotted line delineates the tumor edge, with the tumor side 
designated with the letter T.  Immunostained molecules with clone 
designations in paretheses are as follows:  A) CD11b (OX-42)  B) Integrin 
αE2 (OX-62)  C) MHC I (OX-18)  D) MHC II (OX-6)  E) CD4 (W3/25)  F) 
CD8 (OX-8). 
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Figure 5-11.  Immunohistochemical evaluation of an intracranial RG-2 glioma (higher 

power).  Sections are from a rat treated with 15 Gy + IT LPS (10 µg) 3X.  
Tumors are stained with the peroxidase method and counterstained with 
hematoxylin.  A) MHC I (OX-18) positive cells with rounded macrophage 
morphology.  B) MHC I positive cells with activated microglial morphology 
(arrows).  C) MHC II (OX-6) positive cells with rounded macrophage 
morphology.  D) MHC II positive cells with activated microglial morphology 
(arrows).  E) CD11b (OX-42) positive cells with macrophage and microglia 
(arrow) morphologies.  F) CD86 (24F) positive cells with activated microglial 
morphology (arrow). 



114 

 

 

 
 
Figure 5-12.  Immunohistochemical evaluation of an intracranial RG-2 glioma (higher 

power).  Sections are from a rat treated with 15 Gy + IT LPS (10 µg) 3X.  
Tumors are stained with the peroxidase method and counterstained with 
hematoxylin.  A) CD4 (W3/25) positive cells with rounded macrophage 
morphology.  B) CD4 positive cells with activated microglial morphology 
(arrows).  C) CD8 (OX-8) positive cells with rounded macrophage 
morphology.  D) CD8 positive cells with activated microglial morphology 
(arrows).  E) CD161 (3.2.3) positive cells with lymphocytic (arrowhead) and 
microglial (arrow) morphologies.  F) Integrin αE2 (OX-62) positive cells with 
lymphocytic morphologies (arrowheads). 
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CHAPTER 6 
CONCLUSIONS 

Both of the TLR ligands evaluated in our study, LPS and ZymA, showed anti-

tumor effects when injected IT into subcutaneous RG-2 gliomas.  These effects were 

dose-dependent, and multiple doses had greater anti-tumor effects than single doses.  In 

contrast, GM-CSF did not show any anti-tumor effects in our study.  Although it is 

possible that this cytokine may be effective with a different dosing schedule, it is likely 

that this compound alone is unable to provide the necessary signals to immune cells to 

mount an attack in this  weakly immunogenic tumor model.  Previous reports of efficacy 

in other experimental tumor models (223) and human clinical trials (226-228) may be 

related to the inherent immunogenicity of these tumors, which is not a feature of 

malignant gliomas.   

A synergistic effect on subcutaneous tumors was also noted when LPS was 

combined with single-dose radiation therapy.  This is an important observation, as 

radiation therapy is part of the standard therapy for malignant gliomas, and future trials in 

human patients will have to occur in conjunction with this therapeutic modality.  The 

synergistic effect may allow dose-sparing of both individual treatments, potentially 

reducing neurologic side effects. 

The results of NSI in athymic nude rats and the resistance of successfully treated 

animals to tumor rechallenge suggest the involvement of T cells in the anti-tumor effects 

of LPS and ZymA.  Although histological evaluation of both subcutaneous and 

intracranial tumors showed a robust infiltration of immune cells, a correlation could not 
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be established between this infiltration and treatment success.  Tumor rejection after NSI 

with TLR ligands appears to involve a number of different immune cell populations and 

there is probably cooperation between these cell types at multiple levels.  Examination of 

tumors at time points earlier and later than those shown here or at a point when they are 

clearly regressing may provide more information in terms of cells potentially important in 

contributing to anti-tumor effects.  The use of flow cytometry allows cells to be labeled 

with multiple markers, which might aid in sorting out the complex phenotypes of these 

invading cells.  Other approaches that might be beneficial in identifying cells contributing 

to tumor rejection include functional analysis of invading immune cells, isolation and 

adoptive transfer of specific cell populations to untreated tumor-bearing hosts and the use 

of animals genetically deficient in certain cell types or immune molecules. 

Treatment of intracranial tumors with IT LPS with or without radiation therapy was 

not successful in extending survival.  This was due in large part to the toxic effects of this 

protocol, characterized by cerebral edema and brain swelling.  Peritumoral swelling was 

also noted after treatment of subcutaneous tumors, but is obviously better tolerated in this 

location.  Although these toxic effects are clearly a drawback to this therapeutic 

paradigm, there are a number of reasons why such a course might still be considered.  

Firstly, F344 rats are well-recognized as being a relatively fragile strain.  When 

outbred Wistar rats receive a similar intracranial LPS dose, the adverse effects are much 

less severe, if noted at all.  Thus, toxic effects of this approach may not be as great in 

other strains or species.  Secondly, much of the morbidity and mortality associated with 

this treatment was related to brain swelling and shifts of brain tissue, or herniation.  As 

the contents of the intracranial vault are enclosed by a rigid skull, swelling beyond a 
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certain tolerated point leads to catastrophic effects.  The current standard of care for 

human patients includes surgical debulking of the tumor, leaving a resection cavity.  This 

cavity is potentially useful as a safeguard, as it provides space for the expansion of 

swollen brain tissue.  Although LPS was used in our study, lipid A has been shown to 

mediate most of the biological and immunostimulatory effects of this compound.  A 

number of synthetic lipid A analogues are currently available, which appear to retain the 

immunostimulatory effects of LPS with considerably less toxicity.  Several of these 

compounds have shown efficacy in the therapy of a number of different cancers.  Finally, 

it may be possible to administer LPS, lipid A, ZymA or similar TLR agonists in 

conjunction with an agent that reduces cerebral edema and brain swelling, and improves 

the therapeutic index of these immunostimulants.  Medications such as glucocorticoids 

have these effects and are frequently administered to patients with brain tumors.  

Although these drugs can have immunosuppressive effects, preliminary studies by others 

have shown that they may reduce the toxicity of TLR ligands without impairing the 

immunostimulatory effects (163).   

Although activated T cells can enter the CNS, this traffic is still very tightly 

regulated, and these cells enter the brain in much smaller numbers when compared with 

other tissues (333).  In the rats rechallenged with intracranial RG-2 injections, survival 

times were longer if rats had either prior or concurrent subcutaneous RG-2 rechallenge 

(Figure 5-8).  These observations and others support an approach to brain tumor 

immunotherapy employing combinations of systemic and local therapy.  In this scenario, 

a systemic immune response to tumor antigen(s) is induced, resulting in the production of 

activated T cells.  Some of these cells traffic to the intended site of action, where 



118 

 

microglia, activated by local immunostimulants, restimulate T cells, leading to clonal 

expansion of these cells in the brain.  The T cells might reciprocally stimulate microglia, 

leading to a coordinated anti-tumor response.  

Nonspecific immunotherapy remains a promising therapy for malignant gliomas.  

Compared with other immunotherapeutic protocols, it is technically easy, facilitating the 

transfer to clinical patients without requirements of growing tumor cells in culture, 

transfection techniques, ex vivo immune cell expansion or other demanding laboratory 

procedures.  As demonstrated in the intracranial allogeneic model, the immune system 

has the potential to completely eliminate large intracranial tumors which are causing 

signs of neurologic dysfunction (Chapter 2).  However, the rationale of targeting multiple 

tumor antigens with NSI may be both advantageous and detrimental.  The advantage lies 

in avoiding the escape of clonal tumor populations that may develop as antigen loss 

variants in a genetically unstable group of cells.  The disadvantage is the potential for 

shared antigens between tumor and normal brain tissues, which might lead to 

autoimmunity (334).  Thus, future studies in this area must be approached with both 

cautious optimism and wary vigilance.   
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