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Although the eye is an immune privileged site, intraocular tumors can sometimes be 

rejected by the immune system.  Ad5E1 is an adenoviral gene-transformed tumor cell line 

that is rejected by the immune system when transplanted into the anterior chamber of the eye 

in syngeneic C57BL/6 mice.  Two components of the immune system have been shown to be 

absolutely necessary for intraocular tumor rejection: CD4+ T cells and IFN-γ, as mice 

deficient in these components cannot reject the tumor.  This study further examined the role 

of IFN-γ and CD4+ T cells in mediating rejection of intraocular Ad5E1 tumors, and examined 

the ancillary role of CD8+ T cells.   

vi 



IFN-γ acted directly on Ad5E1 tumor cells and not host cells.  The anti-tumor effects 

of IFN-γ were multiple, as IFN-γ induced tumor cell apoptosis and inhibited tumor cell 

proliferation.  Also, IFN-γ promoted tumor rejection by inhibiting angiogenesis, since IFN-γ 

KO mice demonstrated increased tumor blood vessel density and IFN-γ induced the up-

regulation of 5 anti-angiogenic genes and the down-regulation of 4 pro-angiogenic genes in 

Ad5E1 tumor cells. 

CD4+ T cells infiltrated intraocular Ad5E1 tumors.  Following rejection of Ad5E1 

tumors in C57BL/6 mice, CD4+ T cells could be adoptively transferred to SCID mice and 

induce Ad5E1 tumor rejection.  CD4+ T cell derived IFN-γ might mediate tumor rejection, as 

these cells produce significant levels of IFN-γ in response to Ad5E1 tumor antigens.  

Macrophages were necessary for CD4+ T cells to mediate rejection, as mice depleted of 

ocular macrophages developed progressively growing intraocular Ad5E1 tumors.  

CD8+ T cells were not required for rejection, as CD8+ T cell-depleted and CD8+ T 

cell KO mice rejected Ad5E1 tumors.  However, CD8+ T cells infiltrated intraocular Ad5E1 

tumors.  Following rejection in C57BL/6 mice, CD8+ T cells could be adoptively transferred 

to SCID mice and protected them from Ad5E1 tumor growth, similar to the effect produced 

by adoptively transferred CD4+ T cells.  In attempting to ascertain what CD8+ T cells utilize 

to mediate Ad5E1 tumor rejection, I determined that TNF-α was required for tumor 

rejection, but IFN-γ, FasL, perforin, TRAIL and CTL activity were not necessary for CD8+ T 

cell-mediated tumor rejection.   
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CHAPTER ONE 
INTRODUCTION AND LITERATURE REVIEW 

 
THE EYE 

The function of the eye is to transmit external visual stimuli to the brain.  As light 

enters the eye, light rays are directed by the cornea through the fluid in the anterior chamber 

(AC), termed aqueous humor (AH), through the pupil (Figure 1).  The iris controls the 

amount of light entering the eye by adjusting the diameter of the pupil.  By modifying its 

form and thickness through a process called accommodation, the lens further focuses the 

light and projects the image through the semi-viscous vitreous humor of the posterior 

segment onto the retina.  The image formed on the retina is sent to the brain via the optic 

nerve.   

The eye is an extension of the brain and, like many components of the central nervous 

system (CNS), has a limited ability to regenerate following tissue damage.  Therefore, tissue 

damage occurring to ocular tissue can disrupt the transmission of light from the cornea to the 

retina, while damage to the neural retinal cells can prevent the transmission of 

electrophysiological signals from the retina to the cerebral cortex, either of which can result 

in blindness.  Tissue damage can occur from a variety of sources, including the body’s own 

immune system.  For example, trachoma, which is caused by repeated ocular infection with 

Chlamydia trachomatis, results in blindness due to corneal opacity and remains the leading 

infectious cause of blindness.  In 2002, trachoma was responsible for 3.6% of total global 

blindness [1].  Damage to the eye is not due to the bacterium itself, but the immune system’s 

response to C. trachomatis [2, 3].  Also, age-related macular degeneration (AMD) is a 

progressive disease that causes irreversible visual impairment and blindness in nearly 50  
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Figure 1.  Sagittal section of the eye.  The anterior segment of the eye includes the cornea, 

anterior chamber (filled with aqueous humor), and iris ciliary body.  The posterior segment 

of the eye is composed of vitreous humor and is bound posteriorly by the retina.  The lens 

separates both chambers.   
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million people globally [4, 5].  Recent studies on AMD suggest a role for inflammation and 

immune system components in promoting this disease, particularly macrophages [6, 7].  

Glaucoma, which is characterized by atrophy of the retinal ganglion cells, is suspected to be 

an immune-mediated disease [8]. In order to prevent such inflammatory events from causing 

damage to ocular tissues, the eye has evolutionarily developed a system to downregulate 

immune responses.   This phenomenon is termed ‘immune privilege’.   

 

OCULAR IMMUNE PRIVILEGE 

 

One of the earliest observations of ocular immune privilege was made over 130 years 

ago by the Dutch ophthalmologist van Dooremaal, who noted prolonged survival of mouse 

skin grafts that were placed in the anterior chamber of dog eyes [9].  It took another 75 years 

until Medawar recognized the importance of the extended survival of foreign tissue grafts 

placed into the anterior chamber of the eye or brain, and coined the term ‘immune privilege’ 

[10].  Many body sites are recognized for their varying degrees of immune privilege.  These 

sites include the brain, the hamster cheek pouch, hair follicles, testes, the pregnant uterus, the 

anterior chamber of the eye, and the cornea.  The eye has multiple anatomical, physiological, 

and immunological processes that contribute to ocular immune privilege. 

The absence of conventional lymphatic drainage from the anterior chamber and the 

brain led Medawar to conclude that immune privilege was due to the sequestration of the 

grafted tissues from the lymphoid apparatus [10].  This was the prevailing theory for almost 

three decades until investigators determined that allogeneic cells injected into the anterior 
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chamber not only escaped from the eye, but also elicited a systemic immune deviation [11].  

This phenomenon came to be known as anterior chamber-associated immune deviation 

(ACAID), an important aspect of ocular immune privilege.  ACAID is an extraordinarily 

complex immunoregulatory process that involves at least four different organ systems: the 

eye, the thymus, the spleen, and the sympathetic nervous system [12].  Interestingly, ACAID 

has been demonstrated with every soluble antigen tested so far.    

The eye possesses unique physiological properties that contribute to immune 

privilege.  Major histocompatability complex (MHC) class Ia molecules, which are expressed 

on almost all nucleated cells in the body, are virtually absent in cells of the eye, especially 

those with little or no capacity for regeneration [13].  This reduced expression protects ocular 

cells from lysis by cytotoxic T lymphocytes (CTLs), as lysis of these cells would result in 

blindness.  However, the absence of MHC class I expression may activate natural killer (NK) 

cells, as they are programmed to lyse MHC class I-negative cells [14].  The eye has 

overcome this dilemma by the expression of nonclassical MHC class Ib molecules [15, 16].  

These molecules bind to the NK cell inhibitory receptor CD94-NKG2 and shut down NK 

cell-mediated lysis [17].   

Ocular tissues express cell membrane-bound molecules that protect the eye from 

inflammation produced by both the innate and adaptive immune response.  The proapoptotic 

molecule Fas ligand (FasL; CD95L) is a member of the tumor necrosis factor family of 

membrane proteins, and is abundantly expressed throughout the eye [18].  Not only does 

FasL extinguish some forms of immune-mediated inflammation by the induction of immune 

cell apoptosis, but is also important for preventing the immune-mediated rejection of corneal 
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allografts [19].  Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is similar 

to FasL, as it is also a member of the tumor necrosis factor family of membrane proteins and 

induces the apoptosis of inflammatory cells [20].  TRAIL is also expressed on many tissues 

of the eye [21, 22], and possibly contributes to the maintenance of ocular immune privilege 

by the induction of apoptosis of infiltrating immune cells.  Complement regulatory proteins 

(CRPs) are expressed throughout the ocular environment [23], and are important for 

buffering against unbridled complement activation.   Administration of neutralizing antibody 

against CRPs results in extensive intraocular inflammation and damage to ocular tissues [24].   

The eye also produces numerous soluble factors that promote immune privilege.  The 

AH that fills the AC contains an enormous array of anti-inflammatory and 

immunosuppressive molecules that act on both the innate and adaptive immune responses.  

These include transforming growth factor-β (TGF-β), α-melanocyte-stimulating hormone (α-

MSH), vasoactive intestinal peptide (VIP), calcitonin gene-related protein (CGRP), 

macrophage migration inhibitory factor (MIF), soluble FasL (sFasL), and CRPs [25-30].  

These factors contribute to immune privilege in a variety of ways, including, but not limited 

to, the inhibition of delayed-type hypersensitivity (DTH) [31, 32], the inhibition of NK cell-

mediated cytolysis [29, 33], the suppression of T cells [25-27, 34], suppression of 

complement activation [23], and suppression of nitric oxide generation by macrophages [28].   
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INTRAOCULAR TUMORS 

 

The purpose of immune privilege is to suppress immune-mediated inflammation and 

preserve vision.  However, immune privilege may impede immune responses against 

intraocular neoplasms, should they arise.  The most common intraocular tumor in adults is 

uveal melanoma.  It represents less than 1% of the annual cancer registrations and occurs 

with an incidence of only six cases per million in the Caucasian population [35].  

Retinoblastoma is a neuroblastic tumor that is the most common primary intraocular 

malignancy of childhood, with an incidence of approximately one in 20,000 [36].  Even 

though these tumors arise in an immune privileged environment, immune privilege can be 

circumvented, as there is evidence of occasional immune-mediated rejection of both of these 

tumors [37-39].           

  

TUMORS AND THE IMMUNE RESPONSE 

 

Immune surveillance of tumors 

 

The notion of immunologic surveillance was first hypothesized in 1909 by Paul 

Ehrlich, who proposed that during fetal and post-fetal development, aberrant cells occurred 

frequently but were eliminated or remained latent due to control by the immune system [40].  

Fifty years later, Thomas and Burnet developed the “immune surveillance” theory, which 

proposed that the immune system destroyed cancer cells when they were still in the early 
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stages of tumor formation, most likely due to the tumor cells being antigenically different 

from normal cells [41, 42].  Among the arguments in favor of this theory at that time were: a) 

the increased incidence of tumors observed in thymectomized mice and patients with 

immunodeficiencies; b) the increased incidence of neoplasia in patients given 

immunosuppressive therapy; and c) the observation that mice could be immunized against 

syngeneic tumors induced by viruses or chemical carcinogens [43]. 

Studies in athymic nude mice in the 1970s challenged the cancer immunosurveillance 

theory [44].  Although the T cell-deficient mice had increased incidences of lymphoma and 

virally induced tumors, they were not more susceptible to spontaneous or chemically induced 

tumors [45].  This led to a progressive loss of interest in the immunosurveillance theory.  

However, the theory was resurrected in the 1990s because of several key observations [46, 

47].  First, interferon-gamma (IFN-γ) was shown to prevent both chemically induced and 

spontaneous tumors [48].  Second, perforin KO and recombinase-activating gene (RAG; lack 

functional T and B cells) KO mice were shown to develop chemically induced tumors more 

frequently than wild-type mice [49, 50].  Third, further studies in mice demonstrated that 

both the innate and adaptive immune response could be implicated in immune surveillance, 

since mice deficient in NK cells, T cells, NKT cells, IFN-γ, or IL-12 had increased 

susceptibilities to tumors [46, 47].   

Along with animal models, a significant role for the cancer immune surveillance has 

been suggested in humans.  Epidemiological data show an increased incidence of both 

lymphomas and various carcinomas in solid-organ graft recipients given immunosuppressive 

therapy [51].  Also, patients with acquired immune deficiency syndrome (AIDS) demonstrate 
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increased cancer rates [52].  These observations underscore the importance of the immune 

system in the rejection of tumors and the cancer immunosurveillance theory.   

   

Immune-mediated rejection of intraocular tumors 

 

Immune privilege in the eye is not an absolute and insurmountable barrier that shields 

intraocular tumors from the systemic immune system.  However, rejection of intraocular 

tumors by the immune system requires that ocular immune privilege be circumvented.  The 

exact mechanisms as to how immune privilege is circumvented is under investigation.  

Studies show that T cells bypass immune privilege, infiltrate the eye, and produce tumor 

rejection [53, 54].   Murine intraocular tumor models have been beneficial for the study of 

how immune privilege is bypassed and how T cells lead to rejection of intraocular tumors.  

An interesting study of intraocular tumor rejection was performed in 1987 by Knisely et al. 

[55].  In this study, two distinct and contrasting patterns of syngeneic intraocular tumor 

rejection by T cells were identified.  The first pattern of rejection of intraocular tumors 

resembled a localized DTH reaction, based on a characteristic histopathology involving: a) 

damage to microvascular endothelium; b) ischemic bulk necrosis; c) innocent bystander 

destruction of normal host tissues; and d) the absence of host effector cell-to-tumor cell 

contact in tumor death [55].  Extensive damage to bystander ocular tissue destroys the 

normal architecture of the eye, resulting in severe atrophy of the eye, a process called 

phthisis.  The destructive pattern of tumor rejection results in blindness.  In sharp contrast, 

the second pattern of intraocular tumor rejection is characterized by piecemeal destruction 
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the tumor without innocent bystander damage to normal host tissue [55].  Normal ocular 

architecture is maintained, and phthisis does not occur. In fact, the rejection is so pristine that 

it is virtually impossible to detect that these eyes ever contained tumors, either by gross 

clinical observation or histopathologically.      

In both patterns of intraocular tumor rejection, studies have demonstrated that 

mononuclear cells infiltrate intraocular tumors.  How or why these cells act differently from 

one tumor to the next is not fully understood, and should be further explored.  The immune 

mechanisms for phthisical and non-phthisical tumor rejection are not fully understood.  

Ocular tumor rejection that maintains ocular integrity and preserves vision is the ultimate 

goal of immunotherapy against ocular tumors.  Therefore, exploring how T cells combat 

intraocular tumors in a non-phthisical manner merits further investigation, and is the 

rationale behind my study.  I will use the Ad5E1 tumor model to characterize the 

mechanisms of non-phthisical rejection of intraocular tumors.   

 

AD5E1 TUMOR MODEL 

 

Tumors induced by human adenoviruses have been used extensively to study tumor 

rejection and anti-tumor immunity, both in the eye and at extraocular body sites.  The Ad5E1 

tumor was created by the transfection of C57BL/6 mouse embryo cells (MEC) with a 

plasmid encoding the early region 1 (E1) genes of the human adenovirus type 5 [56, 57].  

Tumors induced by viruses often express viral antigens that induce T cell-mediated tumor-

specific immune responses [58, 59].  The E1 region of human adenoviruses consists of two 
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transcriptional units, E1A and E1B.  These have been shown to be highly immunogenic, as 

these specific epitopes are recognized by tumor-specific T cells [57].   

Early studies of the Ad5E1 tumor examined subcutaneous (SC) tumor growth in nude 

mice.  Subcutaneous Ad5E1 tumors grow progressively in syngeneic naïve C57BL/6 nude 

(B6 nu/nu) mice, but are rejected in wild-type C57BL/6 mice [60, 61].  Experiments using 

the adoptive transfer of in vitro generated CTL clones into nude mice determined CTL 

efficacy and specificity in subcutaneous tumor rejection [56, 57] [62].  In 1999, Schurmans et 

al. performed studies of Ad5E1 tumors that were injected into the AC of C57BL/6 mice [63].  

They observed that the tumor did grow in the eye, whereas no tumor growth was observed at 

extraocular sites, even if 30 times more tumor cells were injected.  However, Ad5E1 tumors 

eventually underwent spontaneous regression in the eye around 4 weeks post-tumor 

transplantation.  This demonstrated that ocular immune privilege was present, and delayed, 

but did not prevent, an anti-tumor immune response.  Adoptive transfer of an Ad5E1-specific 

CTL clone accelerated the rejection of this tumor in the eye, which indicated that T cells 

contributed to the rejection of this tumor.  Tumor rejection was pristine and did not result in 

phthisis.  The researchers hypothesized that the E1B oncoprotein served as a potent antigenic 

stimulus responsible for breaking the putative state of immune deviation.  However, no 

studies were performed to examine the mechanisms behind the spontaneous rejection of this 

tumor.     

In 2001, Schurmans et al. followed up their previous work, and performed studies to 

identify and characterize the immune components responsible for the non-phthisical rejection 

of intraocular Ad5E1 tumors [64].  Again, the investigators noted that the tumor grew in the 
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eyes of C57BL/6 mice for a period of time, but was ultimately rejected 3-6 weeks after tumor 

injection.  However, tumors grew progressively in the eyes of B6 nude mice and did not 

undergo regression, indicating that T cells play a pivotal role in tumor eradication in normal 

C57BL/6 mice.  The investigators mentioned in data not shown that both CD4+ and CD8+ T 

cells infiltrated intraocular tumors.  Additional studies examined the immune components 

that were necessary for rejection of this tumor.  The results showed that the Ad5E1 tumor 

was rejected in the eyes of perforin KO mice, FasL deficient (gld/gld) mice, tumor necrosis 

factor-alpha (TNF-α) KO mice, B cell deficient (IgM KO) mice, NK cell-depleted mice, and 

CD8+ T cell-depleted mice, indicating that none of these immune components are necessary 

for intraocular Ad5E1 tumor rejection.  However, Ad5E1 tumors grew progressively in CD4+ 

T cell-depleted mice and MHC class II-deficient mice, indicating that CD4+ T cells were 

necessary for rejection of this tumor. In their discussion, the researchers offered several 

hypotheses to explain the mechanisms behind the CD4+ T cell-mediated rejection of 

intraocular Ad5E1 tumors.  Since the tumor is MHC class II-negative, it is possible that 

MHC class II host-derived cells were responsible for cross-presentation of tumor-derived 

antigens to CD4+ T cells.  It is also possible that CD4+ T cells produce IFN-γ, which elicited 

tumor rejection through the inhibition of tumor-induced angiogenesis.  However, the 

investigators did not observe progressive tumor growth in mice treated with anti-IFN-γ 

antibodies, as indicated in data not shown.   

Our laboratory continued work on the mechanisms responsible for intraocular 

rejection of Ad5E1 tumors.  In 2003, Wang et al. investigated the role of IFN-γ and TRAIL 

in the rejection of these tumors.  In contrast to IFN-γ-depleted animals, Wang et al. used IFN-
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γ KO mice [22], and found that Ad5E1 tumors grew progressively in the eyes of these mice, 

which contrasts with the results found earlier by Schurmans et al. [64].  It is possible that the 

protocol for the neutralization of IFN-γ in vivo was insufficient, and thus did not prevent 

tumor rejection.  Wang et al. also demonstrated that the Ad5E1 tumors cells were apoptotic 

in vivo, as detected by active caspase-3 staining and TUNEL staining.  However, Ad5E1 

cells did not undergo apoptosis when incubated with various doses of IFN-γ.  Ad5E1 tumor 

cells expressed TRAIL-receptor 2, which was upregulated following exposure to IFN-γ and 

coincided with an increased susceptibility to TRAIL induced apoptosis.  Interestingly, IFN-γ 

KO mice had profoundly decreased TRAIL expression on their CD4+ T cells and on ocular 

tissues [22].  When C57BL/6-derived CD4+ T cells and ocular cells were treated with an anti-

TRAIL antibody to block TRAIL expression, apoptosis of Ad5E1 tumor cells was 

significantly decreased [22].  In total, these data suggest that the reason Ad5E1 tumors grow 

progressively in IFN-γ KO mice is not due directly to their lack of IFN-γ production or IFN-

γ’s direct effect on Ad5E1 tumors cells, but rather is due to the effect of IFN-γ on TRAIL 

expression throughout the host.  This suggests that TRAIL is the primary mediator of 

rejection of intraocular Ad5E1 tumors.  This hypothesis could clearly be answered by the 

injection of Ad5E1 tumors into the eyes of TRAIL KO mice.                 

Most recently, Boonman et al. explored the role of macrophages in the rejection of 

intraocular Ad5E1 tumors [65].  They were able to locally deplete ocular macrophages by the 

subconjunctival (SCJ) injection of liposomes containing clodronate.  Clodronate liposomes 

selectively deplete macrophages, and are not toxic to other phagocytic cells [66, 67].  

Subconjunctival injection of clodronate liposomes on days 2, 8, and 14 post-tumor injection 
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led to the progressive growth of intraocular Ad5E1 tumors in C57BL/6 mice.  By contrast, 

intravenous (IV) injection of clodronate liposomes had no effect on intraocular tumor 

growth.  When mice were treated with a SC injection of clodronate liposomes in the area of 

the tumor-draining lymph node, about 50% of the mice had progressively growing 

intraocular tumors up to 34 days post-tumor injection; however, these tumors remained quite 

small (occupying ~20% of the AC).  Immunohistochemical analysis revealed a lack of 

F4/80+ macrophages in the intraocular tumors in mice treated with SCJ injections of 

clodronate liposomes.  Interestingly, when clodronate liposome injection was delayed until 

days 8 and 14 post-tumor injection, intraocular Ad5E1 tumors underwent rejection.  This 

suggests that macrophages are required in the induction of the anti-tumor immune response 

but not in the effector phase of tumor rejection.   

 

IMMUNE COMPONENTS OF AD5E1 TUMOR REJECTION 
 

 

Interferon-gamma 

 

Interferons (IFNs) were originally characterized as a group of related molecules 

expressed by an immune response that interferes with viral replication and infection [68].  

IFNs are divided into two groups: type I and type II IFNs.  Type I IFNs (IFN-α and IFN-β) 

are secreted by virally-infected cells [68].  Type II IFN, or IFN-γ, was initially identified in 

the mid 1960s based on its anti-viral activities.  It is now known to play a much more 

important role as a proinflammatory molecule modulating essentially all aspects of the 
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immune response [69].  IFN-γ shares no homology with the structurally related type I IFNs, 

and in contrast to type I IFNs, is synthesized almost exclusively by NK and T cells, although 

not in response to viral infection [69].  IFN-γ signaling requires interaction with a specific 

cell surface receptor, which is ubiquitously, but not uniformly, expressed on all nucleated 

cells [70] 

T cells appear to be the most abundant and important producers of IFN-γ during an 

immune response [69].  However, not all T cells produce IFN-γ.  Following initiation of an 

immune response, naïve CD4+ T cells can differentiate into Th1, Th2, or Th17 cells.  The 

development of naïve CD4+ T cells to become IFN-γ producing Th1 cells has been shown to 

be dependent upon a number of factors, including high antigen density on the antigen 

presenting cell (APC), high T cell receptor (TCR) affinity for the antigen, and the presence of 

APC-derived IL-12 during antigen presentation [69, 71, 72].  CD4+ T cell activation 

occurring in the presence of IL-4, on the other hand, leads to the development of Th2 cells 

which do not produce IFN-γ, but rather augment humoral immunity by secreting IL-4, IL-5, 

and IL-10 [73, 74].  Recently, it was discovered that T cell activation in the presence of TGF-

β and IL-23 results in Th17 cells, which also do not produce IFN-γ but do produce the 

cytokine IL-17 [75].  Experimentally, T cells can be induced to synthesize IFN-γ by 

stimulation with anti-CD3 antibodies, T cell mitogens, or PMA/ionomycin [69].   

In addition to having proinflammatory properties during infection, IFN-γ also has 

anti-tumor properties.  The systemic administration of IFN-γ has anti-tumor activity in some 

animal models [76-78].  Also, T cell-derived IFN-γ is effective in eradicating some tumors 
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[79, 80].  The target of T cell-derived IFN-γ during an anti-tumor immune response can 

either be the host’s own cells or tumor cells.  Some studies have indicated that host cell 

responsiveness to IFN-γ is needed for an effective anti-tumor response [79, 81].  This can 

include the activation of cells of the innate immune response, such as macrophages [82], or 

the upregulation of pro-apoptotic molecules on the host cell surface, such as TNF-α, TRAIL, 

or FasL [22, 69, 83].  IFN-γ can also bind to tumor cells to facilitate rejection.  Upon binding 

to its receptor, IFN-γ can exert direct anti-proliferative [84], pro-apoptotic [85], and anti-

angiogenic [86] effects on tumor cells.  Also, IFN-γ can induce the upregulation of MHC 

class I and II molecules on the surface of tumor cells, facilitating tumor antigen presentation 

and recognition by T cells [87]  

 

CD4+ T cells 
 
 
 
 CD4+ T lymphocytes are key components in the adaptive immune response.  The 

adaptive immune response is triggered by the presentation of antigenic peptides loaded on 

MHC molecules expressed on APCs and presented to naïve T cells.  The type of MHC that 

presents antigens to T cells affects whether CD4+ T cells or CD8+ T cells are activated. CD8+ 

T cells are activated by APCs presenting antigen bound in MHC class I complexes, while 

CD4+ T cells are activated by APCs that present antigens expressed on MHC class II 

determinants.  MHC class II molecule expression is limited to “professional” APCs 

(dendritic cells, B cells, and macrophages).  In an anti-tumor immune response, MHC class 
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II-restricted tumor antigens must be phagocytosed and processed by professional APCs in a 

process known as “cross-priming” or “indirect antigen presentation” [88].     

 As stated earlier, activated CD4+ T cells can differentiate into Th1, Th2, or Th17 

cells, based on their cytokine secretion profile.  Soon after the identification of helper-T cell 

subsets, it was proposed that Th1 cells were primarily responsible for cell-mediated 

immunity, while Th2 cells were responsible for humoral immunity [89].  However, recent 

work has shown that there is a degree of cross regulation of T helper functions, as Th1 

cytokines appear to enhance Th2 effector functions [90, 91].  This underscores that CD4+ T 

cell differentiation is highly regulated and remarkably plastic.     

Naïve CD4+ T cells are directed to develop into Th1 cells by IL-12, which is 

produced by activated macrophages and dendritic cells [92].  Following activation, Th1 cells 

secrete IL-1, IL-2, TNF-β, GM-CSF, and IL-3, [88].   However, the principle Th1 effector 

cytokine remains IFN-γ.  IFN-γ has two key functions in Th1 immune responses.  First, it 

activates macrophages, enhancing their antimicrobial and anti-tumor actions [92].  Secondly, 

IFN-γ stimulates the production of IgG antibodies that bind to high-affinity Fc receptors and 

complement proteins, inducing opsonization and phagocytosis.  In mice, these antibodies are 

primarily IgG2a and IgG3 [93].  IFN-γ will continue to induce Th1 development, partly by 

enhancing IL-12 secretion by macrophages [94] and partly by maintaining the expression of 

functional IL-12 receptors on CD4+ T cells [95].  Th1-dominant immune responses are often 

associated with inflammation and tissue injury, because two Th1 cytokines, TNF-β and IFN-

γ, recruit and activate inflammatory leukocytes.  This immune reaction is a typical DTH 

response.  Also, Th1 derived IFN-γ, in combination with IL-2, promote the differentiation of 
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CD8+ T lymphocytes into active CTLs.  In the context of tumors, some reports argue that 

CD4+ T cells are only needed for the generation of tumor-specific CD8+ CTLs, and not as 

direct mediators of cytolysis [96-102].  However, other studies have demonstrated that CD4+ 

T cells can orchestrate several effector mechanisms in an anti-tumor immune response that 

are independent of CD8+ T cells [81, 103, 104].  Also, adoptive transfer studies of CD4+ T 

cells in the absence of CD8+ T cells illustrate the singular importance of CD4+ T cells in anti-

tumor immunity [81, 105, 106].           

 Naïve CD4+ T cells develop into Th2 cells by IL-4 signaling [107].  IL-4 is produced 

primarily from T cells themselves, and is secreted in minuscule amounts after initial 

activation [108].  The signature cytokines of Th2 cells are IL-4 and IL-5, but can also 

produce IL-10 and IL-13.  IL-4 is the major inducer of B-cell switching to IgE production, 

and is therefore a key initiator of IgE-dependent, mast-cell-mediated reactions [109].  IL-5 is 

the principle eosinophil-activating cytokine [110].  The production of these two cytokines 

accounts for the frequent presence of both IgE and activated eosinophils in Th2-dominated 

immune reactions, such as in allergies and helminthic infections [92].  Th2 cytokines can also 

downregulate Th1 immune reactions.  For example, IL-4 and IL-13 antagonize the 

macrophage-activating action of IFN-γ, and IL-10 suppresses numerous macrophage 

responses [92].  IL-4 also suppresses Th1 development by blocking IL-12Rβ2 expression 

[111].  It is generally believed that immune responses skewed toward CD4+ Th1 cells and 

away from Th2 responses are optimal for anti-tumor immunity because CD8+ T cell-

mediated tumor cell lysis is highly efficient for destroying tumor cells [71, 112].   
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 The Th17 lineage is a new arm of CD4+ T cell development.  The breakthrough 

leading to discovery of the Th17 lineage came from murine models of autoimmunity.  

Experimental autoimmune encephalitis (EAE) and collagen-induced arthritis (CIA) are two 

prototypical autoimmune mouse models that have been historically associated with 

unchecked Th1 immune responses.  However, studies revealed that mice deficient in Th1 

signaling remained susceptible to EAE and CIA, as mice deficient in IFN-γ and IFN-γ 

receptor signaling could still develop these autoimmune diseases [113-115].  Also, the 

discovery that mice deficient in IL-23, but not IL-12, did not develop EAE or CIA indicated 

that there was a new development pathway independent of Th1 or Th2 [116].   

 IL-23 signaling in CD4+ T cells elicits the production of the proinflammatory 

cytokine IL-17 [117].  IL-17 has been implicated in autoimmunity, as CIA was impaired in 

IL-17 deficient mice [118].  There is little doubt that Th17 cells are important in autoimmune 

disease development.  However, the role of Th17 cells in tumor growth is still under 

investigation, as studies differ on whether IL-17 promotes tumor growth or inhibits tumor 

development.  One study demonstrated that IL-17 inhibited tumor growth in T cell-

competent mice, but not in nude mice, underscoring the importance of T cells and possibly 

Th17 cells in tumor inhibition [119].  Other studies have shown that IL-17 promotes tumor 

growth by enhancing tumor angiogenesis [120, 121].  The role of Th17 cells in cancer 

development is a cutting edge field, and research in this area is undoubtedly under current 

investigation.         

Regardless of their development, CD4+ T cells are important in the rejection of 

tumors.  There are examples of tumor-specific CD4+ T cells that lyse MHC class II+ tumor 
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cells, however this may be unlikely in vivo since most tumor cells do not constitutively 

express MHC class II molecules. This suggests that CD4+ T cells may use additional effector 

mechanisms in promoting tumor rejection, including cytokine secretion. Several studies 

suggest that IFN-γ is the critical cytokine in CD4+ T cell-mediated tumor rejection [81, 82, 

103, 122, 123].  CD4+ T cell-derived IFN-γ can produce tumor rejection by mechanisms 

described earlier, including the inhibition of proliferation, the induction of apoptosis, and the 

inhibition of tumor angiogenesis.   

 

Macrophages 

 

Mononuclear phagocytes are of critical importance for host immune defenses.  

Monocytes emigrate from blood vessels in response to antigenic stimuli, and differentiate in 

the tissues into either macrophages or dendritic cells [124].  Macrophages are best known for 

initiating innate immune responses against microbes by recognition of pathogen-associated 

molecular patterns (PAMPs) through pattern-recognition receptors (PRPs) [125].   However, 

macrophages are also involved in the recognition and elimination of tumors [126].  By 

producing diverse molecules and presenting antigens to T cells, macrophages orient the 

adaptive immune response leading to the expansion and differentiation of lymphocytes, both 

in response to microbial infection or cancer [127].  The reverse is also true, as T cells can 

influence macrophage development and activation.  As stated earlier, CD4+ T cells can 

activate macrophages, leading to the generation of tumoricidal macrophages.  One study 

showed that GM-CSF-activated tumor-specific CD4+ T cells activated both eosinophils and 
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macrophages, which produced superoxide and nitric oxide that subsequently lysed tumor 

cells [103].  This mechanism of rejection is undesirable in the eye, as the release of nitric 

oxide by macrophages could result in significant damage to the eye.  Nitric oxide is not 

tumor cell-specific, and its release within the ocular environment could lead to bystander 

destruction of ocular tissues and blindness.  Alternatively, macrophages could secrete IFN-γ 

and inhibit tumor growth [128].  This is desirable in the eye, as it would induce less damage 

to normal ocular cells and preserve vision.   However, the importance of macrophages in 

intraocular tumor rejection is yet to be determined.  Studies have shown that macrophage 

depletion impairs the host’s ability to reject tumors [129].  However, other studies 

demonstrated that macrophages were associated with a poor prognosis, and that macrophage 

depletion improved tumor rejection [130, 131].  These contrasting findings demonstrate that 

the role of the macrophage in cancer development and tumor rejection is currently 

unresolved.  However, it is known that macrophages are necessary for the rejection of 

intraocular Ad5E1 tumors, as local depletion of macrophages leads to progressive tumor 

growth in the eye [65].   

The differential influence of macrophages in tumor rejection or progression is 

possibly explained by the heterogeneity of macrophage populations.  Macrophage 

heterogeneity arises as macrophages differentiate from monocyte precursors, and is 

determined by the genetic background as well as by specific tissue-related and immune-

related stimuli [124, 132].  More specifically, microbial antigens, tumor products, as well as 

Th1 or Th2 effector cells and their products influence the heterogeneity and the state of 

activation of macrophage populations [128, 133].  Heterogeneic macrophages are typically 
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divided into two subpopulations:  M1 and M2 macrophages.  M1 macrophages, or 

“classically activated” macrophages, are induced in a type I cytokine environment (IFN-γ, 

TNF-α) or upon recognition of PAMPs (LPS, lipoproteins, dsRNA) and endogenous 

“danger” signals [134].  M1 macrophages typically produce high levels of IL-12, low levels 

of IL-10, and are strong promoters of Th1 immune responses [134].  M1 macrophages also 

exert anti-proliferative and cytotoxic activities toward tumor cells, resulting partly from their 

ability to secrete reactive oxygen species and proinflammatory cytokines [134, 135].  M2 

macrophages, or “alternatively activated” macrophages, develop in the presence of Th2 

cytokines such as IL-4 and IL-13, deactivating cytokines such as IL-10 and TGF-β, 

hormones, and apoptotic cells [136, 137].  M2 macrophages promote Th2 responses, have 

reduced levels of inflammatory cytokines, and secrete copious amounts of anti-inflammatory 

cytokines such as IL-10 and TGF-β [134].  Accordingly, M2 macrophages exert selective 

immunosuppressive functions and inhibit T cell proliferation [138, 139].  The presence of 

M2 macrophages in healthy individuals in the placenta, lungs, and immune privileged sites, 

as well as in chronic inflammatory diseases like rheumatoid arthritis suggests that M2 

macrophages protect organs and surrounding tissues against detrimental immune responses.   

 Macrophages are a major component of the infiltration of leukocytes into tumors.  

Tumor-associated macrophages (TAMs) can have complex functions that influence both the 

neoplastic cells and other inflammatory cells that can have both tumor-promoting and/or 

tumor-inhibiting effects.  These effects are primarily defined by the phenotype of TAMs; M1 

macrophages are potent effector cells, producing copious amounts of proinflammatory 

cytokines resulting in tumor cell death [140], whereas M2 macrophages skew immune 
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responses toward Th2, suppress inflammation, scavenge debris, and promote angiogenesis, 

tissue remodeling, and repair [140].  In the Ad5E1 tumor model, the phenotype of TAMs is 

not currently known.  However, I hypothesize that Ad5E1 TAMs are M1 macrophages, as 

depletion of ocular macrophages results in progressive tumor growth [65].  Also, IFN-γ, is 

necessary for rejection of Ad5E1 tumors [22], underscoring the importance of Th1 cytokines 

in Ad5E1 tumor rejection and its possible role in M1 macrophage polarization.  

Instead of a direct cytotoxic effect of macrophages on tumor cells, macrophages may 

be more important for generation of the CD4+ T cell anti-tumor immune response.  Since 

most tumors are MHC class II negative, it is unlikely that CD4+ T cells directly recognize 

these tumors.  APCs such as macrophages and dendritic cells may be necessary to present 

antigen to naïve CD4+ T cells to activate and polarize them to Th1, Th2, or Th17 cells.  If 

macrophages are prevented from presenting antigen to CD4+ T cells (for example, by 

clodronate liposome depletion), then naïve CD4+ T cells cannot recognize tumor antigens.  

This would result in naïve CD4+ T cells being unable to develop into activated CD4+ T cells, 

resulting in no cytokine secretion by CD4+ T cells, activation of innate immune cells, or 

activation of CD8+ CTLs.  Therefore, having macrophages present to function as APCs may 

be vital for developing an anti-tumor adaptive immune response.     

 

CD8+ T cells 

 

CD8+ T cells are also important components of the adaptive immune system.  They 

are activated by antigen presented in MHC class I complexes.  Unlike MHC class II, MHC 
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class I is in most cases, ubiquitously expressed by tumor cells.  Therefore, CD8+ T cells 

directly recognize tumor antigens expressed by MHC class I+ tumor cells.  The recognition of 

tumor antigens by CD8+ T cells does not require APCs, but the effectiveness of CD8+ T cell 

activation is enhanced by APCs.  Helper CD4+ T cells, though, are required for the 

generation of CD8+ CTL responses [141, 142]. 

 As CD4+ T cells become activated, they can develop into Th1, Th2, or Th17 cells.  

As stated above, a Th1 immune response is an effective form of anti-tumor immunity, as 

CD8+ T cell-mediated killing is highly efficient in destroying tumor cells [71, 112].  This is 

based on studies demonstrating that therapies that induce Th1 responses result in tumor 

rejection, while induction of Th2 responses is associated with tumor progression [143].  

According to the classic model of CD4+ T cell help, Th1 cytokines are released when APCs 

directly present antigen via MHC class II to responding CD4+ T cells.  Under ideal 

conditions, the same APC will also present antigen bound to MHC class I to CD8+ T cells.  

Because the CD4+ and CD8+ T cells are in close proximity to one another, the cytokines 

released by the CD4+ T cell facilitate activation of antigen specific CD8+ T cells [141, 142].  

An alternative role for CD4+ T cell help to CD8+ T cells involves a sequential interaction in 

which CD4+ T cells activate APCs, which subsequently activates CD8+ T cells.  According to 

this model, the interaction of antigen-specific CD4+ T cells with APCs induces the 

expression of CD40L on the CD4+ T cells.  This binds to CD40 on the APC, resulting in a 

“super-activated” APC, with enhanced antigen-presentation and costimulatory activity.  This 

super-activated APC then activates CD8+ T cells by delivering the antigen-specific MHC 
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class I/peptide signal plus the enhanced costimulatory signal from B7.  This model does not 

involve the interaction or even close proximity of the CD4+ T cell [97, 99]. 

Once activated, CD8+ T cells can utilize numerous mechanisms to induce cytolysis of 

tumor cells.  CD8+ CTLs express members of the tumor necrosis factor family of proteins 

that induce apoptosis of tumor target cells.  These include TNF-α, FasL, and TRAIL, which 

selectively bind to their specific receptors on tumor target cells and induce the caspase 

cascade of proteins, which ultimately induces apoptosis of the tumor target cell [144].  CD8+ 

CTLs also induce tumor cytotoxicity by utilizing perforin/granzyme granules.  After 

activated CTLs recoginize their targets, a tight junction is formed between the effector and 

target cells.  The CTLs release their granules, including perforin, which polymerizes with the 

target cell membrane to form channels through which granzyme enters the target cell.  

Granzyme then cleaves intracellular proteins, which induce apoptosis of the target cell [145].  

Additionally, activated CD8+ T cells can secrete IFN-γ, which helps to combat tumor cells 

through mechanisms listed earlier.        

Studies have shown that CD8+ T cells alone can reject many different tumors [57, 

146, 147].  However, these studies involved the adoptive transfer of tumor-specific CTL 

clones that were generated in vitro.  The generation of tumor-specific CD8+ CTLs in vivo 

requires the presence of Th1 CD4+ T helper cells [141, 142].  However, this relationship is 

not inversely true, as the generation of tumor-specific CD4+ CTLs does not require CD8+ T 

cells [58, 64, 148]. 

 
 

 24



 

OBJECTIVES AND RATIONALE FOR RESEARCH 
 

 

The previous work investigating the non-phthisical rejection of intraocular Ad5E1 is 

intriguing, but does not address the mechanisms of tumor rejection.  My research objective is 

to characterize the immune mechanisms required to elicit non-phthisical rejection of 

intraocular Ad5E1 tumors.  Discovering how tumors are rejected in a non-phthisical manner 

has important implications on future treatments for the rejection of human intraocular 

tumors.  As stated earlier, uveal melanoma is the most common intraocular neoplasm in 

adults.  Although relatively rare compared to other cancers, it is among the most lethal 

neoplasms, due primarily to its extremely high propensity to metastasize to the liver [149, 

150].  Approximately half of uveal melanoma patients will die 10 to 15 years after diagnosis 

of the primary tumor [151, 152].  Despite diagnostic advances and the introduction of new 

treatments, the mortality of uveal melanoma patients has not improved in the last 25 years 

[153].  Understanding the mechanisms behind non-phthisical immune-mediated rejection of 

intraocular tumors in mice may lead researchers to develop strategies to combat intraocular 

tumors in humans and preserve vision.   

To further understand the mechanisms of rejection of Ad5E1 tumors, I investigated 

three components of the immune system suspected of playing a role in this process: IFN-γ, 

CD4+ T cells, and CD8+ T cells.  These three components are addressed in the three specific 

aims of this dissertation.  The first specific aim investigates the role of IFN-γ in the rejection 

of intraocular Ad5E1 tumors.  It is known that IFN-γ is necessary for intraocular rejection of 

Ad5E1, as these tumors grow progressively in IFN-γ KO mice [22].  However, the role of 
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IFN-γ in the rejection of this tumor is not known.  One hypothesis proposes that IFN-γ 

interacts with host cells to induce the upregulation of cytotoxic ligands (e.g. TRAIL) on the 

surface of ocular tissues, leading to apoptosis and rejection of Ad5E1 tumors.  An alternative 

hypothesis proposes that IFN-γ directly binds to Ad5E1 tumors, leading to rejection through 

the induction of tumor apoptosis, the reduction of Ad5E1 proliferation, and the inhibition of 

tumor angiogenesis.   

The second specific aim of this dissertation will examine the role of CD4+ T cells in 

the rejection of Ad5E1 tumors.  It is known that CD4+ T cells are necessary for the rejection 

of intraocular Ad5E1 tumors, as CD4+ T cell-depleted mice develop progressively growing 

tumors [64].  However, the mechanisms as to how CD4+ T cells lead to rejection is not 

known.  One hypothesis proposes that CD4+ T cells, once activated and producing IFN-γ, act 

alone in the rejection of Ad5E1 by infiltrating the intraocular tumor and mediating tumor 

rejection through IFN-γ.  Another hypothesis proposes that primed CD4+ T cells activate 

ocular macrophages, which induce the rejection of intraocular Ad5E1 tumors.   

Finally, the third specific aim of this dissertation examines the role of CD8+ T cells in 

the rejection of Ad5E1 tumors.  CD8+ T cells are not necessary for the elimination of 

intraocular Ad5E1 tumors, as these tumors are rejected in CD8+ T cell-depleted animals [64].  

However, CD8+ T cells infiltrate intraocular Ad5E1 tumors [64].  Also, previous work 

showed that adoptive transfer of an in vitro generated Ad5E1-specific CTL clone led to the 

rejection of intraocular Ad5E1 tumors [63].  Therefore, determining the role of CD8+ T cells 

in the rejection of Ad5E1 intraocular tumors needs to be elucidated.   
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CHAPTER TWO 

MATERIALS AND METHODS 
 
 

Animals 

C57BL/6 (H-2b) mice were obtained from either The Jackson Laboratory (Bar 

Harbor, ME) or the National Cancer Institute (Frederick, MD).  IFN-γ knockout (KO) mice 

(B6.129S7-Ifngtm1Ts/J), β2-microglobulin KO mice (B6.129P2-B2mtmlUnc/J), CD8 KO mice 

(B6.129S2-CD8atm1Mak/J), TNF KO mice (B6:129S6-TNFtm1Gkl/J),  SCID mice, (B6.CB17-

Prkdcscid/SzJ),  CD4 KO mice (B6.129S2-CD4tm1Mak/J), Tap-1 KO mice (B6.129S2-

Tap1tm1Arp/J), perforin KO mice (C57BL/6-Prf1tm1Sdz/J), and IFN-γ receptor KO mice 

(B6.129S7-Ifngr1 /J) tm1Agt were obtained from The Jackson Laboratory.  For CD4-depleted 

mice, C57BL/6 mice were injected i.p. with 500 µg of goat anti-mouse CD4 (GK1.5) on day 

–2 and the day of injection, and then twice weekly throughout the course of tumor growth.  

TRAIL KO breeding pairs were kindly provided by Dr. Thomas Griffith (University of Iowa) 

and were bred at the University of Texas Southwestern Medical Center Animal Resources 

Center.  All animals were housed and cared for in accordance with the guidelines of the 

University Committee for the Humane Care of Laboratory Animals, National Institutes of 

Health Guidelines on Laboratory Animal Welfare, and the Association for Research in 

Vision and Ophthalmology statement about the Use of Animals in Ophthalmic and Vision 

Research.      
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Cells 

Ad5E1 tumor cells were kindly provided by Dr. Rene E.M.Toes (Leiden University 

Medical Center, The Netherlands).  The tumor cells were generated by the transformation of 

C57BL/6 mouse embryo cells with the human adenovirus type 5 early region 1 (Ad5E1) 

adenovirus and propogated as previously described [56, 57].  Single-cell suspensions of 

Ad5E1 tumor cells were washed in Hanks’ Balanced Salt Solution (HBSS) and suspended in 

HBSS for anterior chamber (AC) injections. Tumor cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM; GibcoBRL, Grand Island, NY) containing 10% heat-

inactivated fetal calf serum, 1% L-glutamine, 1% sodium pyruvate, 1% nonessential amino 

acids, 1% HEPES buffer, and 1% antibiotic–antimycotic solution. 

P815 mastocytoma cells (DBA/2 origin) were obtained from American Type  Culture 

Collection (Rockville, MD), and were grown in suspension cultures in 75-ml culture flasks in 

DMEM containing 10% heat-inactivated fetal calf serum, 1% L-glutamine, 1% sodium 

pyruvate, 1% nonessential amino acids, 1% HEPES buffer, and 1% antibiotic–antimycotic 

solution. 

The murine cutaneous melanoma cell line B16LS9 (C57BL/6 origin) was grown in 

suspension cultures in 75-ml culture flasks in DMEM containing 10% heat-inactivated fetal 

calf serum, 1% L-glutamine, 1% sodium pyruvate, 1% nonessential amino acids, 1% HEPES 

buffer, and 1% antibiotic–antimycotic solution. 

Mouse embryonic fibroblasts were generated in our lab.  Briefly, pregnant C57BL/6 

females were sacrificed day 13 post coitus, and uterine horns were harvested.  Embryos were 

separated from the placenta and minced with a razor blade to obtain small pieces of tissue.  
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Tissue was centrifuged, resuspended in trypsin/EDTA, and shaken for 15 minutes at 37ºC.  

Cells were centrifuged and resuspended in DMEM containing 10% heat-inactivated fetal calf 

serum, 1% L-glutamine, 1% sodium pyruvate, 1% nonessential amino acids, 1% HEPES 

buffer, and 1% antibiotic–antimycotic solution.  Fibroblasts were allowed to adhere for 24 

hours.  Non-adherent cells were decanted, leaving adherent mouse embryonic fibroblasts.   

 
 
AC injections 
 

Tumor cell suspensions were injected into the AC as previously described [154].  

Mice were anesthetized with 0.66 mg/kg of ketamine hydrochloride (Vetalar; Parke-Davis 

and Co., Detroit, MI) given i.p.  The eye was viewed by low power (x8) under a dissecting 

microscope, and a sterile 30-guage needle was used to puncture the cornea at the 

corneoscleral junction, parallel and anterior to the iris.  A glass micropipette (diameter ~80 

microns) was fitted onto a sterile infant feeding tube (5 French; Tyco Healthcare Group, 

Mansfield, MA) and mounted onto a 0.1-ml Hamilton syringe (Hamilton, Whittier, CA).  A 

Hamilton automatic dispensing apparatus was used to inject 5 µl of a monocellular 

suspension of Ad5E1 tumor cells (3 x 105 cells/5 µl).  Eyes were examined three times per 

week, and the tumor volume was recorded as the percentage of AC occupied with tumor 

[154].   

 

In vitro stimulation of T cells and ELISA 

C57BL/6 mice were injected with Ad5E1 tumors as described above.  The tumors 

spontaneously rejected in these animals within 3 weeks post-tumor injection.  Following 
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rejection, these animals were euthanized, splenocytes collected, and erythrocytes were lysed.  

Splenocytes were then incubated with T cell-specific microbeads (10-µl beads/107 cells) in 

0.5% BSA in PBS for 15 min in the refrigerator.  For isolation of CD4+ T cells, CD4 (L3T4) 

MicroBeads were used (Miltenyi Biotec, Auburn, CA).  For isolation of CD8+ T cells, CD8 

(Ly2) MicroBeads were used (Miltenyi Biotec).  The cells were washed with 0.5% BSA in 

PBS followed by magnetic separation using LS+ columns as described by the manufacturer.  

The retained cells were eluted from the column.  To ensure that CD4+ T cells had no 

contaminating CD8+ T cells present, the cells were subsequently treated with 1 µg/ml anti-

mouse CD8, followed by incubation with Low-Tox rabbit complement (Cedarlane Labs, 

Burlington, NC).  To ensure that CD8+ T cells had no contaminating CD4+ T cells present, 

the cells were subsequently treated with 1 µg/ml anti-mouse CD4, followed by incubation 

with Low-Tox rabbit complement.   

Antigen presenting cells (APCs) were obtained by mincing spleens from naïve 

animals and incubating them with 1mg/ml collagenase D (Roche, Indianapolis, IN) at 37ºC 

for 30 min.  Cells were plated on on PrimariaTM tissue culture dishes (BD Biosciences) and 

incubated for 4 hours at 37ºC.  Non-adherent cells were aspirated, leaving adherent 

macrophages and dendritic cells, which were collected and used as APCs.  

T cells (1x106) were incubated alone (negative control), with 5 µg anti-CD3 (positive 

control), with APCs (1x106), or with APCs and mitomycin C (Sigma; 40 µg/ml, 45 min, 

37ºC)-treated Ad5E1 stimulator cells (1x106) in 35 mm x 10 mm tissue culture dishes (BD 

Biosciences) in triplicate.  Cells were incubated for 72 hours at 37ºC.  Supernatants were 
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harvested, and levels of IFN-γ, IL-2, and TNF-α in cell supernatants were determined using 

cytokine specific mouse Quantikine ELISA kits (R&D Systems). 

 

Bone marrow chimeras   

Donor mice were euthanized, and femurs and tibias were flushed with a 1 mL syringe 

fitted with a 30-gauge needle containing HBSS to remove bone marrow (BM) cells.   BM 

cells were washed, and red blood cells were lysed by using the conventional hypotonic 

ammonium chloride (NH4Cl) method, where cells are exposed to 100 mM NH4Cl (Sigma) in 

20 mM Tris-buffer (Sigma), pH 7.2, for 2 min.  Cells were then washed 3X, and resuspended 

in HBSS.  Recipient mice were lethally irradiated (800 cGy) and then injected IV with 

C57BL/6 or IFN-γ receptor KO donor BM cells.  A 1:1 donor:recipient ratio was used (~ 

4x107 cells/mouse).  One month later, mice were challenged in the AC with Ad5E1 tumor 

cells as described above.    

 

Cytokines and antibodies 
 

Recombinant murine IFN-γ, IL-2, and TNF-α were purchased from R&D Systems 

(Minneapolis, MN).  Purified rat anti-mouse CD16/CD32 (FcγIII/II Receptor; 2.4G2) 

monoclonal antibody (Mouse BD Fc Block™), hamster anti-mouse IFN-γ receptor β chain, 

hamster anti-mouse CD95 (anti-Fas; Jo-2), biotin-conjugated mouse anti-Armenian and 

Syrian hamster IgG (cocktail) monoclonal antibody, streptavidin-phycoerythrin (SAv-PE) 

conjugate, rat anti-mouse CD31 (PECAM-1), FITC Rat IgG1 isotype control 

immunoglobulin, PE Rat IgG1 isotype control immunoglobulin, rat anti-mouse CD4-FITC 
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(L3T4; GK 1.5), rat anti-mouse CD8-FITC (Ly-2; 53-6.7), rat anti-mouse CD3e-PE (CD3 ε 

chain; 145-2C11), rat anti-mouse CD4( L3T4; GK 1.5), rat anti-mouse CD8a (Ly-2; 53-6.7), 

anti-mouse β2-microglobulin (anti-class I; Ly-m11; S19.8), anti-mouse I-Ab (anti-class II; 

AF6-120.1), and rat IgG1 immunoglobulin isotype control were purchased from BD 

PharMingen (San Diego, CA). Rat anti-mouse F4/80-PE (BM8) was purchased from 

eBioscience (San Diego, CA).  

 

Flow cytometric analysis   

Surface expression of IFN-γ receptor and Fas were assessed by flow cytometry.  

Single cell suspensions of Ad5E1 tumor cells were fixed in 2% formalin in PBS for 30 min.  

After washing 3x with HBSS, cells were maintained in HBSS containg 0.3% BSA.  Cells 

(1x106) were incubated with 1 µg/ml of purified rat anti-mouse CD16/CD32 (FcγIII/II 

Receptor) for 30 min at 4ºC.  Cells were washed 3x and stained with either hamster IgG, 

hamster anti-mouse IFN-γ receptor (5 µg/ml), or hamster anti-mouse Fas for 30 min at 4ºC.  

Cells were washed 3x and stained with biotinylated anti-Armenian and Syrian hamster 

cocktail antibody (5 µg/ml) for 30 min at 4ºC. Cells were washed 3x and stained with 0.5 

mg/ml Streptavidin-PE for 30 min at 4ºC.  After washing, cells were resuspended in 0.5 ml 

2% formalin in PBS and assessed for fluorescence in a FACScan flow cytometer (BD 

Biosciences, Palo Alto, CA), and the results were analyzed using CellQuest version 3.1f 

software (BD Biosciences).  Splenocytes were used as a positive control for IFN-γ receptor 

expression and Fas expression. 
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Annexin V apoptosis assay 
   

Tumor cell apoptosis was evaluated using the Annexin V apoptosis assay [155].  

Single-cell suspensions of Ad5E1 tumor cells (1x105 cells/ml) were added to 24-well plates 

(3526; Corning Inc., Corning, NY).  Cells were suspended in either medium alone, medium 

containing various concentrations of murine IFN-γ (20, 200, or 2000 U/ml), or medium 

containing various concentrations of murine TNF-α (1, 10, and 100 ng/ml).  Staurosporine (3 

µg/ml; Sigma-Aldrich, St. Louis, MO) was used as a positive control for inducing apoptosis 

[156].  Cultures were incubated for 24, 48, and 72 h at 37ºC.  Following incubation, cells 

were removed by trypsinization and resuspended in PBS.  Tumor cells were stained with a 

TACS Annexin V FITC kit (R&D Systems).  Cell suspensions were evaluated using a 

FACScan flow cytometer (BD Biosciences), and the results were analyzed using CellQuest 

version 3.1f software (BD Biosciences).  The Annexin V antibody binds to negatively 

charged phospholids, such as phosphatidylserine (PS).  Early in the apoptotic process, 

phospholipid asymmetry is disrupted, leading to the exposure of PS on the outer leaflet of the 

cytoplasmic membrane.  Therefore, binding of Annexin V to apoptotic cells occurs early in 

the apoptotic cascade.  Propidium idodide (PI) intercalates into the major groove of double-

stranded DNA following fragmentation, however DNA fragmentation occurs much later in 

the apoptotic cascade.  Therefore PI-negative cells that stained positively with Annexin V 

were considered to be apoptotic, whereas Annexin V and PI double-positive cells were 

considered necrotic.         
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Proliferation assay   

Single-cell suspensions of Ad5E1 tumor cells (1x105 cells/ml) were added to 24-well 

plates (3526; Corning Inc.).  Cells were suspended in either DMEM alone or DMEM 

containing various concentrations of murine IFN-γ (2, 20, or 200 U/ml).  Cells were 

incubated for 48 h at 37ºC, then pulsed with 100 µCi of 3H-thymidine (PerkinElmer, Boston 

MA) and incubated for an additional 24 h. Wells were washed with phosphate-buffered saline 

(PBS) and the contents were then solubilized with 10% sodium dodecyl sulfate and the 

radioactivity counted in a liquid scintillation counter (LS 6500 multi-purpose scintillation 

counter; Beckman Coulter, Fullerton, CA). All tests were performed in triplicate. 

 

Histology   

Tumor-containing eyes were removed from euthanized mice, fixed in formalin, 

embedded in paraffin, and cut into 5-µm sections.  Some sections were stained with H&E to 

examine tumor pathology.  Other sections were deparaffinized, and endogenous peroxidases 

were quenched and melanin bleached by incubating the slides in 3% hydrogen peroxide 

(Sigma-Aldrich) for 12 h at room temperature.  Slides were washed twice in PBS, incubated 

in blocking serum (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA), washed 

once in PBS, and incubated overnight at 4ºC in either 1 µg/ml anti-CD31 (PECAM-1) Ab or 

1 µg/ml rat IgG isotype control Ab.  PECAM-1 is expressed constitutively on vascular 

endothelial cells. Slides were washed in PBS and incubated in biotinylated anti-rat IgG 

(Vectastain Elite ABC kit; Vector Laboratories).  Slides were washed in PBS/0.1% Tween 20 

(Sigma) and incubated in Vectastain ABC reagent for 30 min at 37ºC.  Slides were washed as 
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before and developed in peroxidase substrate (DAB Peroxidase Substrate kit; Vector 

Laboratories) for 2-10 min at room temperature.  Slides were washed and counterstained with 

methyl green.   

 

Tumor vessel density   

The density of intraocular tumor blood vessels was assessed using the plasma marker 

FITC-dextran as previously described [157].Two hundred microliters of FITC-dextran (2x106 

Da; 25 mg/ml; Sigma) were injected IV into tumor-bearing mice. Thirty minutes later, mice 

were anesthetized with 0.66 mg/kg of ketamine hydrochloride and the major posterior ocular 

artery was ligated with a 2-0 silk suture (Vanguard Surgical Systems, Houston, TX).   Mice 

were euthanized by cervical dislocation and intact eyes were enucleated and placed in ice-

cold PBS. Blood samples were collected by cardiac puncture and heparinized. Plasma was 

separated and stored in the dark at 4ºC. Ocular tissue was homogenized and centrifuged at 

14,000 RPM for 10 minutes. Supernatant was collected, and 50 µl of either eye supernatant 

or plasma were placed in wells of a flat bottom 96-well plate (3595; Corning Inc.).  

Fluorescence of plasma and tumor supernatant was measured spectrophotometrically at 490 

nm (DTX 880 Multimode Detector, Beckman Coulter, Fullerton, CA). The tumor/plasma 

fluorescence ratio was determined and used as a measure of the tumor blood vessel density 

[157].  This method is also represented in Figure 2.    

Additional mice were injected with FITC-dextran for histological examination of 

blood vessel density.  Eyes were collected, fixed in formalin, embedded in paraffin, and cut 
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Figure 2.  Visual representation of the FITC-dextran method to quantitate tumor 

vascularization.   
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into 5-micron sections.  Sections were counter-stained with Evan’s blue, and fluorescence 

was examined by confocal microscopy.   

 

Microarray analysis  

Ad5E1 tumor cells were incubated for 72 hr in medium alone or in medium 

containing 20 U/ml recombinant murine IFN-γ.  Cells were harvested and submitted to the 

UT Southwestern Medical Center Microarray Core Facility.  Collection of total cellular 

RNA, preparation of cDNA, and subsequent procedures, including sample hybridization and 

scanning of the Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA), were 

performed by the UT Southwestern Medical Center Microarray Core Facility.  Array data 

were globally normalized and analyzed using GeneSpring 7.2 software (Agilent 

Technologies, Palo Alto, CA).  Array data are viewable at the following web address: 

http://microarray.swmed.edu/smcdb/swarray_db.html  

 

Flow cytometry of tumor-bearing eyes 
 

C57BL/6 mice bearing intraocular Ad5E1 tumors were sacrificed between days 11-13 

post-tumor injection, and tumor-bearing eyes, naïve eyes, and spleens were collected.  Tissue 

was homogenized, and cell suspensions were passed through a 70-µm nylon cell strainer. 

Erythrocytes were lysed with ammonium-Tris-chloride, and tissue was resuspended in HBSS 

containing 0.3% BSA.  Cells were then double-stained with fluorochrome-conjugated 

antibodies (1µg/ml): either IgG-FITC and IgG-PE, anti-CD4-FITC and anti-CD3-PE, or anti-

CD8-FITC and anti-CD3-PE.  The presence of macrophages was also examined by staining 
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the cells with anti-F4/80-PE (eBioscience, San Diego, CA).  Cells were incubated with 

antibodies for 30 min. at 4ºC, washed 3x with HBSS, and resuspended in PBS containing 

0.3% BSA.  Cells were then assessed for fluorescence in a FACScan flow cytometer (BD 

Biosciences, Palo Alto, CA), and the results were analyzed using CellQuest version 3.1f 

software (BD Biosciences).   

 

Adoptive transfer experiments 
 

C57BL/6 mice were injected in the AC with Ad5E1 tumors as described above.  The 

tumors spontaneously rejected in these animals within 3 weeks post-tumor injection.  

Following rejection, these animals were euthanized, splenocytes collected, and erythrocytes 

were lysed.  Splenocytes were then incubated with CD4+ or CD8+ T cell-specific microbeads 

(10-µl beads/107 cells) in 0.5% BSA in PBS for 15 min in the refrigerator.  The cells were 

washed with 0.5% BSA in PBS followed by magnetic separation using LS+ columns as 

described by the manufacturer.  The retained cells were eluted from the column.  To ensure 

that CD4+ T cells had no contaminating CD8+ T cells present, the cells were subsequently 

treated with 1 µg/ml anti-mouse CD8, followed by incubation with Low-Tox rabbit 

complement (Cedarlane Labs, Burlington, NC).  To ensure that CD8+ T cells had no 

contaminating CD4+ T cells present, the cells were subsequently treated with 1 µg/ml anti-

mouse CD4, followed by incubation with Low-Tox rabbit complement.  Cells were washed 

3x and resuspended in HBSS, and injected IV into SCID or IFN-γ KO mice using a 1:1 donor 

recipient ratio (~1x107 cells/mouse).  Following adoptive cell transfer, recipient mice were 

injected in the AC with Ad5E1 tumors as described above.   

 38



 
NK cell cytotoxicity assay

NK cell-mediated cytolysis of tumor target cells was assessed using a conventional 4-

hour 51Cr release assay as previously described [158].  Lymphokine-activated killer (LAK) 

cells were used as effector cells and were obtained from C57BL/6 mice. LAK cells have been 

previously used in place of resting NK cells for a variety of in vitro and in vivo experiments 

because they give higher and more consistent levels of cytolysis than resting NK cells. 

Moreover, LAK cells demonstrate the same in vivo effector function as NK cells [159].  

Briefly, spleens were collected, erythrocytes were lysed with ammonium-Tris-chloride, and 

splenocytes were washed with HBSS before 4 days of culture  at 37°C, 10% CO2 in complete 

DMEM medium containing recombinant human IL-2 (100 U/ml;  Hoffman-La Roche, 

Nutley, NJ).  This procedure has previously been shown to enrich for NK cells [160].  Cells 

were also incubated with recombinant mouse IFN-γ (2, 20, or 200 U/ml; R&D Systems, 

Minneapolis, MN). After 4 days of culture, LAK cells were collected and used as effector 

cells in cytotoxicity assays using 51Cr-labelled Ad5E1 tumor cells as targets. 

 

Chromium release assay 

A standard 4-hour 51Cr release assay was used to measure CTL activity in vitro [161]. 

Briefly, single-cell suspensions of lymphocytes in complete RPMI-1640 medium  were 

prepared from various spleens and used as effector cells. Experimental and control effector 

lymphocytes were boosted in vitro for 96 hours at 37°C with mitomycin-C (40 µg/ml, 45 

min, 37ºC)-treated Ad5E1 tumor cells. The in vitro–boosted effector cells were washed 3X 
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and resuspended in complete RPMI medium. Effector cells were dispensed along with 2 x 

104 51Cr-labeled Ad5E1 tumor cells in triplicate at several effector:target (E:T) ratios in a 96-

well U-bottom microtiter plate (Corning Inc.), in a total volume of 200 µl/well. Plates were 

centrifuged at 500 rpm for 3 minutes before incubating at 37°C for 4 hours. The plates were 

then centrifuged at 800 rpm for 6 minutes before harvesting 100 µl of the supernatant from 

each well and counting on a gamma counter (Packard Cobra II model 5002 Auto-Gamma 

Counter; Packard, Downers Grove, IL).  Cytotoxicity was determined by the amount of 51Cr 

released by the target cells, and the specific lysis was calculated as follows: 

 
 

 

Liposome-encapsulated dichloromethylene diphosphonate (clodronate) 

Multilamellar liposomes were prepared as described earlier [162].  Briefly, 8 mg 

cholesterol and 86 mg phosphatidylcholine (Sigma) were dissolved in 10 ml of chloroform 

(Sigma) in a round-bottomed flask. After low-vacuum rotary evaporation at 37°C, a thin film 

was formed on the inner surface of the flask. This film was then dispersed by gentle rotation 

for 10 minutes in PBS for the preparation of PBS-containing liposomes (PBS-LIP). For 

clodronate liposomes (C12MDP-LIP), 2.5 g clodronate (C12MDP; Roche, Mannheim, 

Germany) was dissolved in 10 ml PBS. The suspension was kept for 2 hours at room 

temperature and sonicated for 3 minutes at 20°C. To remove free C12MDP, the liposomes 

were washed twice by centrifugation in PBS at 100,000g for 30 minutes and resuspended in 4 

ml of PBS that contained approximately 20 mg of C12MDP. Each 100 µl of C12MDP-LIP 
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suspension contained 1 mg of C12MDP. The cytotoxicity of C12MDP-LIP and PBS-LIP was 

tested using an in vitro toxicity assay with RAW 264.7 macrophages as target cells.  

C12MDP-LIP (100µl) typically induced 85-90% cytotoxicity of 1x105 RAW 264.7 cells 

within 24 hours.  Liposomes were used immediately, and were stored at 4°C for up to one 

month, after which liposomes were discarded.   

 

Macrophage depletion 

Depletion of conjunctival-limbal macrophages was established by subconjunctival 

injection of C12MDPLIP [163].  Under an operating microscope, the conjunctiva was lifted 

and the C12MDP-LIP suspension was injected into the bulbar conjunctiva using a 30-gauge 

needle mounted on a 1-ml tuberculin syringe.  Injection of the C12MDP-LIP suspension (20 

µl) resulted in a bleb around the injection site. To obtain a more equal distribution of the 

suspension around the limbus, the dose was divided by injecting at four different sites (90º 

apart) around the limbus until a circular conjunctival bleb was obtained.  C12MDP-LIP 

treatment has been shown to induce an almost total depletion of acid phosphatase-positive 

conjunctival macrophages, but has no discernible effect on the number or staining intensity 

of acid phosphatase-positive cells in the corneal epithelium, corneal stroma, ciliary body, or 

iris [163]. PBS-LIP was used as a negative control for macrophage depletion, as this does not 

deplete resident macrophages [164].  Injections occurred at day 0 post-tumor injection, and 

repeated every 3-4 days throughout tumor observation.     
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Statistics   

A student’s t test was used to assess the statistical significance of the differences 

between experimental and control groups.  A p value of <0.05 was considered significant.   
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CHAPTER THREE 

RESULTS 

 
THE ROLE OF INTERFERON-GAMMA IN THE IMMUNE REJECTION OF 

INTRAOCULAR TUMORS 

 
 

IFN-γ is necessary for the rejection of intraocular Ad5E1 tumors   
 

 Previous studies demonstrated that IFN-γ is necessary for rejection of intraocular 

Ad5E1 tumors, as these tumors grow progressively in IFN-γ KO animals [22].  To ensure 

that this phenomenon would occur in my hands, I injected 3x105 Ad5E1 cells into the eyes of 

wild-type C57BL/6 and IFN-γ KO mice.  As expected, Ad5E1 tumors grew progressively in 

IFN-γ KO mice, but were ultimately rejected in C57BL/6 mice (Figure 3).   

 

TRAIL is not necessary for the rejection of intraocular Ad5E1 tumors   

I previously hypothesized that TRAIL might be the primary mediator of intraocular 

rejection of Ad5E1 tumors [22].  This was supported by several observations.  First, TRAIL 

is constitutively expressed in human and murine eyes and participates in tumor surveillance 

[21, 22].  Second, Ad5E1 tumor cells express TRAIL receptors and are sensitive to TRAIL 

induced apoptosis in vitro [22], and third, IFN-γ KO mice have diminished TRAIL 

expression in the eye and fail to reject intraocular Ad5E1 tumors [22].  To determine if  
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Figure 3.  Intraocular tumor growth in C57BL/6 and IFN-γ KO mice. Ad5E1 tumor cells 

(3x105 cells/5µl) were injected into the AC on day 0.  Tumor growth was scored as the 

percentage of AC occupied by tumor.  This experiment was repeated three additional times 

with similar results.  Taken together, tumors completely resolved in 100% of C57BL/6 mice 

(50/50) and 0% of IFN-γ KO mice (0/40) by day 30 post-tumor injection. 
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TRAIL was necessary for intraocular rejection of Ad5E1 tumors, TRAIL KO mice were 

examined for their ability to reject intraocular Ad5E1 tumors.  Surprisingly, TRAIL KO mice 

rejected Ad5E1 tumor cells at the same tempo as wild-type C57BL/6 mice (Figure 4).  The 

results indicate that although TRAIL can induce apoptosis of Ad5E1 tumor cells in the eye 

[22], it is not necessary for rejection of intraocular Ad5E1 tumors. 

 

β2-microglobulin is necessary for the rejection of intraocular Ad5E1 tumors  

A previous report indicated that intraocular Ad5E1 tumors underwent rejection in 

CD8+ T cell-depleted mice [64].  However, it was also shown that adoptively transferred 

Ad5E1-specific CD8+ CTLs mediated rejection of intraocular Ad5E1 tumors [63]. Therefore, 

the role of CD8+ CTLs in the rejection of intraocular Ad5E1 tumors is unclear.  To address 

this discrepancy, I performed experiments using CD8 KO and β2M KO mice, which are 

defective in CTLs and MHC class I expression, respectively [165].  CD8 KO mice and wild 

type C57BL/6 mice rejected intraocular Ad5E1 tumors (Figure 5).  However, Ad5E1 tumor 

cells grew progressively in the eyes of β2M KO mice (Figure 6).   

The discrepancy between CD8 KO and β2M KO mice may be explained by the 

diminished IFN-γ responses that have been reported in β2M KO mice [166, 167].  Since IFN-

γ KO mice and CD4 KO mice fail to reject intraocular Ad5E1 tumors [22, 64], I examined 

the ability of CD4+ T cells from β2M KO mice to produce IFN-γ in response to Ad5E1 

tumors.  C57BL/6 splenic APCs were pulsed with mitomycin C (40 µg/ml, 45 min, 37ºC)-

treated Ad5E1 tumor cells and used to stimulate CD4+ T cells from wild-type C57BL/6 mice, 

β2M KO mice, and CD8 KO mice.  CD4+ T cell production of IFN-γ was assessed by ELISA 
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Figure 4.  Intraocular tumor growth in C57BL/6 and TRAIL KO mice. Ad5E1 tumor cells 

(3x105 cells/5µl) were injected into the AC on day 0.  Tumor growth was scored as the 

percentage of AC occupied by tumor.  This experiment was repeated two additional times 

with similar results.  Taken together, tumors completely resolved in 100% of C57BL/6 mice 

(50/50) and 100% of TRAIL KO mice (20/20) by day 30 post-tumor injection. 
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Figure 5.  Intraocular tumor growth in C57BL/6 and CD8 KO mice. Ad5E1 tumor cells 

(3x105 cells/5µl) were injected into the AC on day 0.  Tumor growth was scored as the 

percentage of AC occupied by tumor.  This experiment was repeated two additional times 

with similar results.  Taken together, tumors completely resolved in 100% of C57BL/6 mice 

(50/50) and 80% of CD8 KO mice (12/15) by day 30 post-tumor injection. 
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Figure 6.  Intraocular tumor growth in C57BL/6 and β2M KO mice. Ad5E1 tumor cells 

(3x105 cells/5µl) were injected into the AC on day 0.  Tumor growth was scored as the 

percentage of AC occupied by tumor.  This experiment was repeated two additional times 

with similar results.  Taken together, tumors completely resolved in 100% of C57BL/6 mice 

(50/50) and 0% of β2M KO mice (0/20) by day 30 post-tumor injection. 

DAYS POST TUMOR TRANSPLANTATION

0 5 10 15 20 25 30 35

%
 A

C
 O

C
C

U
PI

ED
 W

IT
H

 T
U

M
O

R

0

20

40

60

80

100

120

C57BL/6 MICE 
β2-MICROGLOBULIN KO MICE 

 48



 
Figure 7.  Deficient IFN-γ expression by β2M KO mice in response to Ad5E1 tumor 

stimulation.  CD4+ spleen cells from tumor bearing (day 25 post-tumor inoculation) 

C57BL/6, β2M KO, and CD8 KO mice were assessed for their ability to secrete IFN-γ.  Cells 

were incubated for 72 hours with the conditions indicated, after which cell supernatants were 

harvested and IFN-γ secretion was determined by ELISA.  β2M KO mice produced normal 

levels of IFN-γ in response to anti-CD3 stimulation, yet were deficient in secretion of IFN-γ 

in response to Ad5E1 tumor stimulation (p<0.001).  This experiment was repeated with 

similar results.    
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72 hours later.  The results shown in Figure 7 demonstrate that CD4+ T cells from wild-type 

and CD8 KO mice produced significant levels of IFN-γ in response to Ad5E1 tumors, yet 

CD4+ T cells from β2M KO mice produced no detectable IFN-γ in response to Ad5E1 tumor 

antigens.  Importantly, β2M  ΚΟ mice were able to produce IFN-γ in response to anti-CD3 

stimulation, indicating that there is not an inherent inability of these cells to produce IFN-γ.     

 

TAP-1 KO mice mimic β2-microglobulin KO mice 

 To determine if all class I deficient animals exhibited progressive Ad5E1 tumor 

growth and deficient IFN-γ secretion, I also examined TAP-1 KO mice.  The transporter 

associated with the antigen processing 1 (TAP-1) gene encodes a subunit for a transporter, 

presumed to be involved in the delivery of peptides across the endoplasmic reticulum 

membrane to class I molecules.  TAP-1-deficient mice are defective in the stable assembly 

and intracellular transport of class I molecules and consequently show severely reduced 

levels of surface class I molecules and CD8+ T cells [168].  TAP-1 KO mice behaved 

similarly to β2-microglobulin KO mice, as they were unable to reject intraocular Ad5E1 

tumors (Figure 8).  The inability of TAP-1 KO mice to reject Ad5E1 tumors was presumably 

due to their inability to produce IFN-γ in response to Ad5E1 tumor antigens (Figure 9), 

which is similar to β2M KO mice.  TAP-1 KO mice differ from β2M KO mice as they do 

have a normal NKT cell repertoire [169].  Since TAP-1 KO mice do not reject intraocular 

Ad5E1 tumors, this rules out the possibility of NKT cells being responsible for the growth of 

Ad5E1 tumors in β2M KO mice.    
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Figure 8.  Intraocular tumor growth in C57BL/6 and TAP-1 KO mice. Ad5E1 tumor cells 

(3x105 cells/5µl) were injected into the AC on day 0.  Tumor growth was scored as the 

percentage of AC occupied by tumor.  Tumors were rejected in C57BL/6 mice (n=5) but not 

in TAP-1 KO mice (n=5).  This experiment was repeated with similar results.    
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Figure 9.  Deficient IFN-γ expression by TAP-1 KO mice in response to Ad5E1 tumor 

stimulation.  CD4+ spleen cells from Ad5E1 tumor-bearing (day 25 post-tumor inoculation) 

C57BL/6 and TAP-1 KO mice were assessed for their ability to secrete IFN-γ.  CD4+ T cells 

were incubated for 72 hours with the conditions indicated, after which cell supernatants were 

harvested and IFN-γ secretion was determined by ELISA.  TAP-1 KO mice produced normal 

levels of IFN-γ in response to anti-CD3 stimulation, yet were their deficient in secretion of 

IFN-γ in response to Ad5E1 tumor stimulation (p<0.001).  This experiment was repeated 

with similar results.    
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IFN-γ-independent tumor rejection occurs at extraocular sites, but is excluded from the 

eye 

The requirement of IFN-γ for rejection of intraocular Ad5E1 tumors raised the 

question as to whether IFN-γ was needed for the rejection of Ad5E1 tumors in general or if it 

was a unique property of the intraocular tumors.  Accordingly, Ad5E1 tumor cells (3x105 

cells/5 µl) were injected SC in panels of β2M KO mice, IFN-γ KO mice, and wild-type 

C57BL/6 mice.  Tumor growth was assessed three times per week. Although previous results 

indicated that Ad5E1 tumor cells grew progressively when transplanted into the eyes of β2M 

KO mice and IFN-γ KO mice, no tumors developed in any of the naïve mice injected SC 

with Ad5E1 tumor cells indicating that an IFN-γ-independent form of tumor rejection 

occurred at SC sites, but was excluded from the eye (Table 1).   

 

Role of IFN-γ receptors on host cells in the rejection of intraocular Ad5E1 tumors 

There are two possible pathways that IFN-γ could utilize to eliminate intraocular 

Ad5E1 tumors: directly by inducing tumor cell death, or indirectly by activating anti-tumor 

responses in the host.  I generated BM chimeras to test these possibilities.  C57BL/6 mice 

were irradiated, reconstituted with BM cells from IFN-γ receptor KO donors, and challenged 

AC with Ad5E1 tumor cells.  Similar experiments were performed using BM chimeras in 

which irradiated IFN-γ receptor KO mice were reconstituted with BM cells from wild-type 

mice.  The absence of IFN-γ receptors on hematopoietic cells (Figure 10A) or non-

hematopoietic cells (Figure 10B) did not affect Ad5E1 tumor rejection, as intraocular Ad5E1 
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Table 1.  IFN-γ-Independent Tumor Rejection Occurs at Extraocular Sites, but is Excluded 

from the Eye. 

    

   

 Tumor Challenge*  

Host Anterior Chamber Subcutaneous 

   

C57BL/6 Rejected (N=20) Rejected (N=10) 

IFN-γ KO Not rejected (N=30) Rejected (N=10) 

β2M KO Not rejected (N=20) Rejected (N=5) 

 
*  Ad5E1 tumor cells (3x105 cells) were injected either 
in the AC or SC.  Tumor growth was observed three 
times/week either by biomicroscopy (AC injections) or 
by palpation (SC). 
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Figure 10.  IFN-γ receptor is not needed on the host cells in order to reject intraocular 

Ad5E1 tumors. Recipient mice were lethally irradiated (800 cGy) and injected IV with 

C57BL/6 or IFN-γ receptor KO donor BM cells (~ 4 x 107 cells/mouse).  One month later, 

Ad5E1 tumor cells (3x105 cells/5µl) were injected into the AC on day 0. Tumor growth was 

scored as the percentage of AC occupied by tumor.  A), C57BL/6 recipients (n=5) of IFN-γ 

receptor KO BM rejected the Ad5E1 tumor, indicating that hematopoietic cells do not need 

to express IFN-γ receptor in order to reject the tumor.  B), IFN-γ receptor KO recipients 

(n=5) of C57BL/6 BM rejected the Ad5E1 tumor, indicating that non-hematopoietic cells do 

not need to express IFN-γ receptor in order to reject the tumor.  C), IFN-γ receptor KO 

animals rejected the Ad5E1 tumor, indicating that IFN-γ receptor is not needed on any host 

tissue in order to reject the tumor.  This experiment was repeated an additional time with 

similar results.   
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tumors were rejected in IFN-γ receptor KO hosts, which lacked IFN-γ receptors on both 

hematopoietic and non-hematopoietic cells (Figure 10C).  Together, these results 

demonstrate that intraocular Ad5E1 tumor rejection does not require host cell IFN-γ receptor 

expression suggesting that IFN-γ directly mediates Ad5E1 tumor rejection.   

 

Effect of IFN-γ on Ad5E1 tumor cells  

In order for IFN-γ to exert its effects, it must bind to its high affinity receptor [170].  

Since IFN-γ receptor expression is not necessary on host cells for tumor rejection, I 

hypothesized that Ad5E1 tumors must express IFN-γ receptor.  I confirmed that Ad5E1 

tumor cells express the IFN-γ receptor by flow cytometric analysis (Figure 11).   Upon 

binding of IFN-γ to its receptor on Ad5E1 tumor cells, there are several possible mechanisms 

that IFN-γ could utilize to mediate Ad5E1 rejection.  First, I examined whether IFN-γ 

induced tumor cell apoptosis in vitro.  Ad5E1 tumor cells were exposed to 20-2000 U/ml of 

IFN-γ for 24-72 hours, and apoptosis was determined using Annexin V staining.  IFN-γ 

induced modest, albeit statistically significant (p<0.0008), amounts of apoptosis of Ad5E1 

tumor cells at all doses and time points tested (Figure 12).   

Secondly, I examined if IFN-γ inhibited Ad5E1 tumor cell proliferation.  Ad5E1 

tumor cells were incubated with various doses of IFN-γ and incubated for 72 hours.   3H-

thymidine-incorporation assays indicated that IFN-γ greatly inhibited tumor cell 

proliferation, with biologically relevant doses of IFN-γ inhibiting proliferation by as much as 

50% (Figure 13).          
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Figure 11.  Murine IFN-γ receptor expression on Ad5E1 tumor cells.  Ad5E1 tumor cells 

were stained with either anti-IFN-γ receptor (open histogram) or an isotype control Ab 

(shaded histogram) and evaluated by flow cytometry.  Analysis revealed a 20% increase in 

positively staining cells compared to the IgG control. 
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Figure 12.  Effect of IFN-γ on apoptosis of Ad5E1 tumor cells in vitro. Apoptosis of Ad5E1 

tumor cells was determined by incubating tumor cells with various doses of recombinant 

murine IFN-γ for 24, 48, and 72h at 37ºC.  Apoptosis was determined by flow cytometry 

using the TACS Annexin V FITC kit.  Staurosporine (3 µg/ml) treated Ad5E1 cells served as 

a positive control for apoptosis.  This experiment was performed three times with similar 

results.  IFN-γ induced highly significant apoptosis compared to medium alone at all doses 

for each timepoint examined, as p values never exceeded 0.0008. 
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Figure 13.  Effect of IFN-γ on proliferation of Ad5E1 tumor cells in vitro.  Proliferation of 

Ad5E1 tumor cells was determined by incubating tumor cells with various doses of 

recombinant murine IFN-γ for 48 hours.  The cells were pulsed with 100 µCi of 3H-

thymidine and incubated for an additional 24 hours. Cells were washed and lysed with 10% 

sodium dodecyl sulfate.  Lysates were harvested, and incorporated 3H-thymidine was 

analyzed on a Beta radiation scintillation counter.  This experiment was performed three 

times with similar results.  * indicates p<0.05 for all of the IFN-γ groups compared with the 

negative control.   
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IFN-γ can also affect the expression of MHC class I and II molecules on the surface 

of tumor cells, making them more immunogenic.  I examined the effect of IFN-γ on MHC 

expression of Ad5E1 tumor cells.  The results demonstrate that MHC class I was upregulated 

on Ad5E1 tumor cells following exposure to IFN-γ (Figure 14C).  Ad5E1 tumor cells appear 

to be class II negative (Figure 14D).  Moreover, and IFN-γ does not appear to upregulate 

MHC class II expression.  I also compared the effect of IFN-γ on mouse embryonic 

fibroblasts (MEFs), the original source of Ad5E1 tumors, to ensure that low MHC expression 

observed for Ad5E1 cells was not due to the transformation of the cells with the adenoviral 

genes, as viral infection is known to downregulate MHC expression [171, 172].  Parental 

MEFs appear identical to Ad5E1 cells, indicating that viral transformation does not alter 

MHC expression or response to IFN-γ (Figure 14A and 14B).   

Studies have shown that IFN-γ inhibits tumor angiogenesis [173, 174].  I examined if 

IFN-γ inhibited intraocular Ad5E1 tumor angiogenesis by histopathology and by assessing 

the quantity of FITC-dextran labeled plasma contained in tumor-bearing eyes.  Gross clinical 

observations revealed markedly greater intraocular tumor vascularization in IFN-γ KO mice 

compared to wild-type hosts (Figure 15A and 15B), which was confirmed by histopathology 

(Figure 15C-F).  

I also assessed tumor vascularity in mice by FITC-dextran quantitation.  Tumor 

vessel density correlates with the amount of FITC-dextran that extravasates into the tumor 

and accumulates in the vessels [175].  Tumor-bearing eyes of β2M KO (Figure 16) and IFN-γ 

KO mice (Figure 17) demonstrated significantly increased accumulation of FITC-dextran 

compared to tumor bearing eyes of wild-type hosts. 
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 Figure 14.  Effect of IFN-γ on MHC class I and II expression on Ad5E1 tumor cells 

and mouse embryonic fibroblasts (MEFs).  Cells were incubated with either medium alone 

(green histograms) or 20 U/ml IFN-γ (pink histograms) for 72 hours, and then stained with 

antibodies against MHC class I (anti-β2-microglobulin; A & C) or class II (anti-Iab; B & D), 

or an isotype control antibody (closed histograms).  A), MEFs reveal a sharp increase in 

MHC class I expression following exposure to IFN-γ, yet class II expression, B), was 

unaffected.  C), Ad5E1 tumor cells exhibit similar behavior to MEFs, as their class I 

expression is increased following IFN-γ exposure, yet class II expression, D), is unaffected.    
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Figure 15.  Effect of IFN-γ on tumor blood vessel density.  A), Clinical photograph of a 

tumor-bearing IFN-γ KO mouse reveals extensive vascularization of the tumor by day 13 

post tumor injection.  B), Clinical photograph of a tumor bearing C57BL/6 mouse on day 13 

post tumor injection reveals a clear eye nearly devoid of tumor.  C), Histological examination 

confirms the presence of blood vessels (arrows) on the interior portion of the tumor of IFN-γ 

KO mice at 100X and at E, 250X.  D), Histological examination reveals a small tumor 

devoid of blood vessels on the interior portion of the tumor of C57BL/6 mice at 100X and at 

F, 250X.  
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Figure 16.  Tumor blood vessel density in C57BL/6 and β2M KO mice. To quantitate tumor 

vessel density, tumor-bearing animals were injected IV with the plasma marker FITC-dextran 

as described in Materials and Methods. Thirty minutes later, naïve and tumor-bearing eyes 

were removed, and blood was harvested.  Ocular tissues and blood were processed for 

spectrophotometric analysis.  The tumor/plasma fluorescence ratio is a measure of the tumor 

vessel density.  The results compare tumor vessel density of C57BL/6 mice with β2-

microglobulin KO mice.  For each timepoint tested, 3 C57BL/6 and 3 β2M KO mice were 

used.  This experiment was repeated with similar results. 
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Figure 17.  Tumor blood vessel density in C57BL/6 and IFN-γ KO mice. To quantitate 

tumor vessel density, tumor-bearing animals were injected IV with the plasma marker FITC-

dextran as described in Materials and Methods. Thirty minutes later, naïve and tumor-

bearing eyes were removed, and blood was harvested.  Ocular tissues and blood wrtr 

processed for spectrophotometric analysis.  The tumor/plasma fluorescence ratio is a measure 

of the tumor vessel density.  The results compare tumor vessel density of C57BL/6 mice with 

IFN-γ KO mice.  For each timepoint tested, 3 C57BL/6 and 3 IFN-γ KO mice were used.  

This experiment was repeated with similar results. 
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The extravasation of FITC-dextran into the blood vessels of both normal ocular cells 

and Ad5E1 tumor cells was confirmed by confocal microscopy using sectioned eyes taken 

from FITC-dextran injected animals.  Naïve B6 mice injected with FITC-dextran 

demonstrated high-vascularity of the iris (Figure 18A and 18B).  In β2M KO mice, 

progressively growing Ad5E1 tumors showed an increased amount of tumor vascularity 

progressing from day 14 post-injection (Figure 18C) to day 22 post-injection (Figure 18D 

and 18E).   

I also examined blood vessel density by immunohistochemical staining of vascular 

endothelial cells with anti-CD31 (PECAM-1) antibody.  Intraocular tumors (d13 post 

injection) in IFN-γ KO mice exhibited a greater number of CD31-positive cells (Figures 19C-

F) than intraocular tumors in C57BL/6 mice (Figure 19A and 19B), supporting the 

hypothesis that IFN-γ plays an anti-angiogenic role in Ad5E1 tumor rejection.   

My data show a correlation between the presence of IFN-γ and the lack of Ad5E1 

tumor angiogenesis.  To see if IFN-γ directly alters the expression of angiogenesis-related 

genes in Ad5E1 tumor cells, microarray analyses were performed.  Ad5E1 cells were 

incubated either in normal medium alone or with medium containing 20 U/ml of IFN-γ for 72 

hours.  Angiogenesis-related genes were specifically analyzed for differential expression 

following IFN-γ treatment.  Table 2 shows nine candidate genes that were differentially 

expressed by Ad5E1 cells treated with IFN-γ.  Five anti-angiogenesis-related genes were 

upregulated following IFN-γ treatment, including the chemokines CXCL9 (Mig), CXCL10 

(IP-10), and CXCL11 (I-TAC).  Four pro-angiogenesis genes were downregulated following 

exposure to IFN-γ, including vascular endothelial growth factor (VEGF) and platelet derived 
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growth factor-D (PDGF-D).  These results suggest that direct binding of IFN-γ on Ad5E1 

tumor cells may affect angiogenesis by altering expression of these genes, leading to tumor 

ischemia and resolution.
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Figure 18.  Confocal microscopy of eyes obtained from FITC-dextran injected mice. To 

quantitate tumor vessel density, tumor-bearing animals were injected IV with the plasma 

marker FITC-dextran as described in Materials and Methods.  Eyes were then collected, 

fixed in formalin, embedded in paraffin, and cut into 5-micron sections.  Sections were 

stained with Evan’s blue, and fluorescence was examined by confocal microscopy.  

Histological examination of naïve C57BL/6 eyes reveal the diffusion of FITC-dextran into 

the blood vessels of the iris at A), 200X and B), 630X..  C), Tumor-bearing β2M KO mice at 

day 14 post-tumor injection reveal a small tumor, with blood vessels extravasating from the 

iris into the tumor mass (200X).  At day 22 post-tumor injection, a larger tumor in β2M KO 

mice reveals extensive vascularization, with FITC-dextran accumulating along D), cross-

section of an intraocular tumor, and E), longitudinal cuts of blood vessels (630X).  Structures 

observed include the cornea (CO), iris (I), lens (L), and tumor (T).        
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Figure 19.  CD31 staining reveals increased tumor vasculature in IFN-γ KO mice.  Tumor-

bearing eyes of C57BL/6 (A and B) or IFN-γ KO mice (C-F) were harvested on day 13-post 

tumor injection.  Paraffin sections were prepared and stained with either an isotype control 

antibody (A, C, and E) or rat anti-mouse CD31 (B, D, and F). C57BL/6 mice are essentially 

devoid of CD31 staining, whereas IFN-γ KO mice display abundant staining of CD31 

(arrows), indicating the presence of numerous tumor blood vessels.  Photographs were taken 

at 800X.     
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Table 2.  Differential expression of pro- and anti-angiogenic genes by IFN-γ treated Ad5E1 

tumor cells, as determined by microarray analysis. 

      

Probe Set ID Gene Title Angiogenic effect 
Fold 

change
       

1418652_at CXCL9 (Mig) inhibits angiogenesis 27.64 

1418930_at CXCL10 (IP-10) inhibits angiogenesis 14.56 

1459636_at Angiopoietin 2 anti-angiogenic 13.2 

1419697_at CXCL11 (I-TAC) inhibits angiogenesis 4.08 

1416729_at Plasminogen 
aka angiostatin-negative 
regulator of angiogenesis 3.5 

1419300_at 
FMS-like tyrosine 
kinase 1 (VEGF) 

patterning of blood 
vessels -3.04 

1421424_a_at 

alanyl 
aminopeptidase 
(CD13) pro-angiogenic -6.49 

1431981_at 

hypoxia inducible 
factor 1, alpha 
subunit (HIF-1) pro-angiogenic -7.25 

1456532_at 

platelet-derived 
growth factor, D 
polypeptide 

promotes vascular 
survival; pro-angiogenic -12.88

 

 74



 
THE ROLE OF CD4+ T CELLS IN THE IMMUNE REJECTION OF 

INTRAOCULAR TUMORS 

 

Progressive growth of intraocular tumors in CD4-deficient mice 

I confirmed previous observations that CD4+ T cells were required for the rejection of 

intraocular Ad5E1 tumors [64].  Ad5E1 tumor cells were injected into the AC of wild-type 

C57BL/6 and CD4 KO mice.  Whereas Ad5E1 tumors were rejected in C57BL/6 mice, 

tumors grew progressively in CD4 KO mice (Figure 20).  Also, C57BL/6 mice that were 

depleted of CD4+ T cells by periodic injections of anti-CD4 (GK1.5) antibody developed 

progressively growing intraocular Ad5E1 tumors (Figure 21). 

 

CD4+ T cells infiltrate intraocular Ad5E1 tumors 

Previous studies have noted by histological analysis that CD4+ T cells were present in 

intraocular Ad5E1 tumors [64].  However, this was only briefly mentioned and no specific 

numbers of CD4+ T cells were reported.  In order to verify this observation, and to quantitate 

the relative numbers of CD4+ T cells infiltrating these tumors, I harvested tumor-bearing eyes 

(experimental group), naïve eyes (negative control), and splenocytes (positive control) at the 

early onset of intraocular tumor resolution (days 11-13).  I then performed FACS analysis to 

detect the presence of CD4+CD3+ T cells.  A significant number of CD4+CD3+ cells were 

present in Ad5E1 tumor-bearing eyes (Figure 22).  No CD4+CD3+ cells were found present 

in naïve eyes (Figure 22), indicating that CD4+ T cells migrate to the eye only after tumor has 

been injected into the AC. 
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Figure 20.  Intraocular tumor growth in C57BL/6 and CD4 KO mice.  Ad5E1 tumor cells 

(3x105 cells/5µl) were injected into the AC on day 0.  Tumor growth was scored as the 

percentage of AC occupied by tumor.   Tumors were rejected in C57BL/6 mice (n=5) but not 

in CD4 KO mice (n=5).  This experiment was repeated an additional time with similar 

results. 
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Figure 21.  Intraocular tumor growth in C57BL/6 and CD4+ T cell-depleted mice.  Ad5E1 

tumor cells (3x105 cells/5µl) were injected into the AC on day 0.  Tumor growth was scored 

as the percentage of AC occupied by tumor.   To obtain CD4  T cell-depleted mice, C57BL/6 

mice were injected i.p. with 500 µg of goat anti-mouse CD4 antibody (GK1.5) on day –2 and 

the day of injection, and then twice weekly throughout the course of tumor growth.  

+

Tumors 

were rejected in C57BL/6 mice (n=5) but not in CD4+ T cell-depleted mice (n=5).  This 

experiment was an additional time with similar results.   
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Figure 22.  CD4+ T cells are present in Ad5E1 tumor-bearing eyes.  C57BL/6 mice bearing 

Ad5E1 tumors were sacrificed between days 11-13 post-tumor injection, and tumor-bearing 

eyes, naïve eyes, and spleens were harvested.  Single-cell suspensions from all tissues were 

stained for the presence of CD4+CD3+ cells, using anti-CD4-PE and anti-CD3-FITC 

antibodies.  Staining was assessed by flow cytometric analysis.  CD4+CD3+ cells were 

present in splenocytes (positive control) and Ad5E1 tumor-bearing eyes.  CD4+CD3+ cells 

were absent in naïve eyes, indicating these cells migrate only to tumor-bearing eyes 

following injection of tumor. 
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Adoptive transfer of CD4+ T cells from tumor rejector mice confers tumor immunity to 

SCID mice 

Many studies have identified the necessity of CD4+ T cells in tumor eradication as 

solely helper cells needed for the generation of CD8+ CTLs, and are not directly cytotoxic.  

To determine if CD4+ T cells are directly responsible for the rejection of Ad5E1 tumors 

alone, rather than serving the solely as helper cells for the activation of CD8+ CTLs, I 

adoptively transferred CD4+ T cells from C57BL/6 mice that had rejected an intraocular 

challenge of Ad5E1 tumor cells into SCID mice.  Briefly, splenocytes from rejector mice 

were harvested, and CD4+ T cells were isolated by magnetic bead sorting.  Contaminating 

CD8+ T cells were removed by anti-CD8 antibody plus complement treatment.  Following 

adoptive transfer of CD4+ T cells, SCID mice were then challenged in the AC with Ad5E1 

tumor cells.  Figure 23 reveals that SCID mice that received CD4+ T cells from rejector mice 

eliminated their intraocular Ad5E1 tumors, whereas tumors grew progressively in naïve 

SCID mice.  Also, SCID mice that received CD4-/CD8- cells from rejector mice did not 

reject Ad5E1 tumors, indicating that NK cells and macrophages were not capable of rejecting 

intraocular Ad5E1 tumors (data not shown). 
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Figure 23.  Adoptive transfer of CD4+ T cells from C57BL/6 mice that have previously 

rejected Ad5E1 tumors protects SCID recipients from intraocular Ad5E1 tumor growth.  

Following rejection of an AC challenge of Ad5E1 tumor cells (day 21), C57BL/6 mice were 

sacrificed, and their splenocytes harvested.  CD4+ T cells were isolated from splenocytes by 

magnetic bead sorting, and further purified by treatment with anti-CD8 antibody plus 

complement.  CD4+ T cells were injected IV into SCID recipients at a 1:1 donor: recipient 

ratio (~ 1 x 107 cells/mouse).  SCID mice were then challenged in the AC with Ad5E1 tumor 

cells on the same day as the adoptive cell transfer, and tumor growth was monitored 2-3 

times per week.  Tumor growth was scored as the percentage of AC occupied by tumor.  

Tumors grew progressively in naïve SCID mice (n=5), but were rejected in SCID mice that 

received rejector CD4+ T cells (n=5).  This experiment was repeated two additional times 

with similar results.      
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CD4+ T cells produce IFN-γ  in response to Ad5E1 tumor antigens 

IFN-γ secretion by CD4+ T cells has been proposed to be important for the anti-tumor 

effects of CD4+ T cells [122, 123].  An IFN-γ ELISA was used to determine if CD4+ T cells 

from mice that have rejected intraocular Ad5E1 tumors produce IFN-γ in response to Ad5E1 

tumor antigens in vitro.  Splenocytes were harvested from rejector mice, and CD4+ T cells 

were isolated by magnetic bead seperation.  These CD4+ T cells were then subjected to 

various conditions: 1) medium alone (negative control), 2) anti-CD3 stimulation (positive 

control), 3) Ad5E1 tumor cells, or 4) APCs pulsed with Ad5E1 tumor cells (experimental 

groups).  Even though Ad5E1 tumor cells are MHC class II negative, CD4+ T cells were still 

able to recognize Ad5E1 tumor antigens and produce IFN-γ (Figure 24).  IFN-γ production 

was further increased when APCs were present in the culture, possibly explaining the 

importance of class II+ APCs such as macrophages in rejection of Ad5E1 tumors [65].   

 

IFN-γ-activated NK cells are not cytotoxic to Ad5E1 tumors 

The production of IFN-γ by CD4+ T cells can mediate tumor rejection by several 

mechanisms.  My data demonstrate that IFN-γ directly binds to Ad5E1 tumors, resulting in 

increased apoptosis, decreased proliferation, and the production of anti-angiogenic 

chemokines.  Another possible mechanism of intraocular Ad5E1 tumor rejection is the 

activation of NK cells by CD4+ T cell-derived IFN-γ.  I previously determined by FACS 

anlysis that NK cells were present in Ad5E1 tumor-bearing eyes of C57BL/6 mice (data not 

shown).  To determine if NK cells play a role in Ad5E1 tumor rejection, I activated NK cells  
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Figure 24.  CD4+ T cells produce IFN-γ in response to Ad5E1 tumor antigens.  CD4+ splenic 

T cells from tumor bearing (day 25-30 post-tumor inoculation) C57BL/6 mice were 

harvested by microbead separation, and treated with medium alone (negative control), with 

anti-CD3 antibody (positive control), with mitomycin C-treated Ad5E1 tumor cells, or with 

APCs pulsed with mitomycin C-treated Ad5E1 tumor cells for 72 hours.  Cell supernatants 

were harvested and IFN-γ secretion was determined by ELISA.  CD4+ T cells produced 

significant levels of IFN-γ in response to Ad5E1 tumor antigens, both by the direct 

recognition of tumor or through the recognition of tumor antigens bound to APC class II 

molecules (p=0.0001).  This experiment was repeated two additional times with similar 

results.           
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with IL-2 (positive control) or various doses of IFN-γ, and tested their cytotoxicity against 

Ad5E1 tumors in a 4-hour 51Cr-release assay.  IL-2 activated NK cells (LAKs) were able to 

induce cytotoxicity of Ad5E1 tumors at various E:T ratios (Figure 25A).  However, IFN-

γ activated NK cells were unable to lyse Ad5E1 tumor targets at any dose or any E:T ratio.  

IL-2 activation of NK cells is unlikely to occur in vivo, as CD4+ T cells produce only 35 

pg/ml (8.75 U/ml) IL-2 in response to Ad5E1 tumor antigens (Figure 25B).  These results, 

along with previous data demonstrating that mice depleted of NK cells with anti-NK1.1 

antibody were still able to reject Ad5E1 tumors [64], makes it appear unlikely that the 

mechanism of CD4+ T cell-mediated rejection of Ad5E1 tumors involves NK cells. 

 

Macrophages are necessary for rejection of intraocular Ad5E1 tumors 

The macrophage is another accessory cell that may be activated by CD4+ T cell-

derived IFN-γ and become cytotoxic to Ad5E1 tumor cells.  Macrophages are required for 

the spontaneous rejection of Ad5E1 tumors [65].  Boonman et al. showed that depletion of 

ocular macrophages through subconjunctival injection of clodronate liposomes resulted in 

progressive Ad5E1 tumor growth [65].  However, the macrophage’s role as either APCs to 

CD4+ T cells or as cytotoxic effector cells has not been determined.  Accordingly, I 

examined the presence of F4/80+ macrophages in tumor-bearing eyes.  FACS analysis 

revealed that macrophages infiltrated Ad5E1 tumors (Figure 26), confirming the histological 

results of Boonman et al. [65].  I also confirmed that local depletion of ocular macrophages 

through SCJ injection of clodronate liposomes 
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Figure 25.  IFN-γ-activated NK cells are not cytotoxic to Ad5E1 tumor cells.  A), LAK cells 

were generated by a 72-hour incubation of splenocytes with either IL-2 or IFN-γ.  Following 

generation of LAK cells, 51Cr-labelled Ad5E1 tumor cells were mixed with LAK cells at 

various E:T ratios, and cytotoxicity was assessed using a 4 hour 51Cr release assay.  IL-2-

activated NK cells produced significant levels of tumor cell lysis, however IFN-γ-activated 

NK cells did not. B), CD4+ T cells stimulated with Ad5E1 tumor antigens produce very low 

levels (~35 pg/ml) of IL-2.  Thirty-five pg/ml is roughly equivalent to 8.75 U/ml activity.  

Therefore, this pathway of NK cell activation is unlikely to occur.   
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Figure 26.  Macrophages are present in Ad5E1 tumor-bearing eyes. C57BL/6 mice bearing 

Ad5E1 tumors were sacrificed between days 11-13 post-tumor injection, and tumor-bearing 

eyes, naïve eyes, and spleens were harvested and used to generate single cell suspensions.  

All tissues were stained for the presence of F4/80+ cells using an anti-F4/80-PE antibody and 

analyzed by flow cytometric analysis.  F4/80+ cells were present in splenocytes suspensions 

(positive control) and Ad5E1 tumor-bearing eyes.  The percentage of F4/80 positive cells is 

indicated in the upper-left quadrant of each FACS profile.  F4/80+ cells were absent in naïve 

eyes (data not shown), indicating these cells migrate only to tumor-bearing eyes following 

injection of tumor.   
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led to progressive Ad5E1 tumor growth (Figure 27), indicating that macrophages are 

necessary for tumor rejection.     

To determine if macrophages function as APCs or cytotoxic effector cells, we first 

examined whether CD4+ T cells from mice depleted of macrophages produced IFN-γ in 

response to Ad5E1 tumor antigens.  If macrophages function solely as APCs to activate 

CD4+ T cells, then mice depleted of macrophages should not develop primed T cells that can 

respond to Ad5E1 tumor antigens.  We found that mice depleted of macrophages developed 

CD4+ T cells that were unable to produce IFN-γ in response to Ad5E1 tumor cells (Figure 

28), indicating that macrophages serve as APCs that prime and activate Ad5E1-specific 

CD4+ T cells. 

To determine if macrophages also function in the effector phase in Ad5E1 tumor 

rejection, we adoptively transferred CD4+ T cells from tumor rejector donors into SCID 

recipients as described earlier.  However, SCID mice were depleted of ocular macrophages 

by subconjunctival injection of clodronate liposomes prior to receiving the adoptively 

transferred CD4+ T cells.  Therefore, these mice received primed effector CD4+ T cells, but 

did not have ocular macrophages present to serve as effector cells.  SCID mice that received 

immune CD4+ T cells, and were depleted of ocular macrophages, failed to reject intraocular 

Ad5E1 tumors (Figure 29).  By contrast, SCID mice that had both immune CD4+ T cells and 

macrophages (PBS liposome control) were able to reject Ad5E1 tumors.  These results 

indicate that macrophages are involved in the effector phase of the Ad5E1 specific antitumor 

immune response.  However, macrophages alone are not sufficient to mediate tumor 

rejection, as naïve SCID mice had progressively growing Ad5E1 tumors.     
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Figure 27.  Macrophages are necessary for rejection of intraocular Ad5E1 tumors.  C57BL/6 

mice were injected in the AC with 3x105 Ad5E1 tumor cells.  Following tumor injection, 

some mice were injected SCJ with clodronate liposomes or PBS liposomes every 3-4 days.  

Ad5E1 tumors were rejected in naïve (n=10) and PBS liposome-treated mice (n=10), but 

grew progressively in clodronate liposome-treated mice (n=10).  This experiment was 

repeated with similar results.  
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Figure 28.  CD4+ T cells from clodronate treated mice are not primed, unable to produce 

IFN-γ in response to Ad5E1 tumor antigens.  CD4+ T cells were harvested from PBS and 

clodronate liposome treated mice, and incubated for 72 hours either in medium alone 

(negative control), anti-CD3 antibody (positive control), or APCs pulsed with Ad5E1 tumor 

antigens.  Following incubation, supernatants were harvested and IFN-γ levels were 

examined by ELISA.  CD4+ T cells from clodronate liposome treated mice were unable to 

produce IFN-γ in response to Ad5E1 tumor antigens, indicating that these cells are not 

primed in the absence of macrophages. 
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Figure 29.  Macrophages directly contribute to the rejection of Ad5E1 tumors.  Purified 

CD4+ splenic T cells from C57BL/6 mice that had rejected intraocular Ad5E1 tumors were 

adoptively transferred (~ 1 x 107 cells/mouse) to SCID mice.  SCID mice were then 

challenged in the AC with 3x105 Ad5E1 tumor cells. Immediately following tumor injection, 

SCID mice were treated with either clodronate liposomes or PBS liposomes.   Liposome 

injection was repeated every 3-4 days.  Primed CD4+ T cells alone were insufficient to 

mediate tumor rejection, as mice that received clodronate liposomes (n=5) developed 

progressively growing Ad5E1 tumors.  Primed CD4+ T cells and macrophages together could 

mediate tumor rejection, as mice that received PBS liposomes (n=5) rejected Ad5E1 tumors.  

Macrophages alone did not mediate Ad5E1 tumor rejection, as naïve SCID mice (n=5) 

developed progressively growing tumors.     
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THE ROLE OF CD8+ T CELLS IN THE IMMUNE REJECTION OF 

INTRAOCULAR TUMORS 

 

CD8+ T cells infiltrate intraocular Ad5E1 tumors 

Although CD8+ T cells are not necessary for rejection of intraocular Ad5E1 tumors, 

CD8+ T cells may still play a role in their rejection.  Schurmans et al. briefly mentioned that 

CD8+ T cells were present in intraocular Ad5E1 tumors, as detected by 

immunohistochemistry [64].  In order to verify this observation, and to quantitate the relative 

numbers of CD8+ T cells infiltrating intraocular Ad5E1 tumors, tumor-bearing and naïve 

eyes were obtained from C57BL/6 mice 13 days after tumor injection.  Ocular tissue was 

homogenized, stained with antibodies to detect the presence of CD8+CD3+ T cells, and 

analyzed by flow cytometry.  Splenocytes served as a positive control for staining.  We found 

a significant population of CD8+CD3+ T cells infiltrating Ad5E1 tumor-bearing eyes (Figure 

30).  CD8+CD3+ T cells were not present in naïve eyes, indicating that these cells are absent 

in normal eyes but migrate to the eye in a tumor-dependent manner.   

 

Adoptive transfer of CD8+ T cells from C57BL/6 mice that have previously rejected 

Ad5E1 tumors protects SCID recipients from Ad5E1 tumor outgrowth  

Although CD8+ T cells migrate to intraocular tumors, we do not know if they are 

tumor-specific effector cells.  Also, we do not know if they can mediate tumor rejection on  
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Figure 30.  CD8+ T cells are present in Ad5E1 tumor-bearing eyes.  C57BL/6 mice bearing 

Ad5E1 tumors were sacrificed between days 11-13 post-tumor injection, and tumor-bearing 

eyes, naïve eyes, and spleens were harvested and prepared as single cell suspensions.  All 

tissues were stained for the presence of CD8+CD3+ cells, using anti-CD8-PE and anti-CD3-

FITC antibodies.  Staining was then assessed by flow cytometric analysis.  CD8+CD3+ cells 

were present in splenocytes (positive control) and Ad5E1 tumor-bearing eyes.  CD8+CD3+ 

cells were absent in naïve eyes, indicating these cells migrate only to tumor-bearing eyes 

following injection of tumor. 
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their own without the contribution of tumor-specific CD4+ T cells.   Accordingly, I injected 

Ad5E1 tumor cells into in the eyes of normal C57BL/6 mice.  Following intraocular tumor 

rejection, CD8+ T cells were harvested from spleens obtained by magnetic bead sorting.  

CD8+ T cell suspensions were purged of contaminating CD4+ T cells by lysis with anti-CD4 

antibody plus complement.  Purified CD8+ T cells were then adoptively transferred (~ 1 x 107 

cells/mouse) to SCID mice by IV injection.  SCID mice were then simultaneously challenged 

with AC injections of Ad5E1 tumor cells.  Surprisingly, adoptive transfer of rejector CD8+ T 

cells led to Ad5E1 tumor rejection in SCID mice, whereas naïve SCID mice exhibited 

progressive tumor growth (Figure 31).  Thus, CD8+ T cells function as anti-tumor effector 

cells, and mediate tumor rejection independently of CD4+ T cells once they have been 

primed in normal C57BL/6 mice that have rejected intraocular Ad5E1 tumors. 

 

Ad5E1-specific CTL activity is not observed in tumor rejector mice 

Often, tumor specific CD8+ T cells are also termed CTLs.  The ability of CD8+ T 

cells to mediate tumor rejection is often reflected by their ability to lyse tumor targets in vitro 

by a standard CTL assay.  In this assay, radioactively (51Cr) labeled tumor targets cells are 

mixed with boosted splenocytes from tumor-rejector mice, and following a four-hour 

incubation, lysis of tumor cells is directly proportional to the amount of 51Cr that is released 

into the culture medium.  We performed a CTL assay with a variety of mice injected with 

Ad5E1 tumor cells.  Surprisingly, no CTL acitivity was found against Ad5E1 tumor cells 

(Figure 32).  This included C57BL/6 mice injected either in the AC or SC with Ad5E1 cells.  

No CTL activity was found in IFN-γ KO and CD4 KO mice that were susceptible to 
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Figure 31.  Adoptive transfer of CD8+ T cells from C57BL/6 mice that have previously 

rejected Ad5E1 tumors protects SCID recipients from Ad5E1 tumor outgrowth.  Following 

rejection of an AC challenge of Ad5E1 tumor cells, C57BL/6 mice were sacrificed, and their 

splenocytes harvested.  CD8+ T cells were isolated from splenocytes by magnetic bead 

sorting, and further purified by treatment with anti-CD4 antibody plus complement.  CD8+ T 

cells were injected IV into SCID recipients with a 1:1 donor to recipient ratio (~ 1 x 107 

cells/mouse).  SCID mice were then challenged in the AC with Ad5E1 tumor cells (3 x 105/5 

µl) on the same day as adoptive transfer.  Tumor growth was monitored 2-3 times per week 

and was scored as the percentage of AC occupied by tumor.  Tumors grew progressively in 

naïve SCID mice (n=5), but were rejected in SCID mice that received rejector CD8+ T cells 

(n=5).  This experiment was repeated two additional times with similar results.      
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Figure 32.  Ad5E1 tumors do not elicit tumor-specific CTL activity.  C57BL/6, IFN-γ KO, 

and CD4 KO mice were injected either in the AC or SC with Ad5E1 tumors (3 x 105/5 µl).  

C57BL/6 were also injected SC with P815 mastocytoma cells (3 x 105/5 µl).  Three weeks 

later, splenocytes were harvested and boosted in vitro with their in vivo equivalent tumor 

antigens for 72 hours.  Following a 3-day in vitro boost, the splenocytes were tested in a 4-

hour 51Cr-release assay.  None of the mice injected with Ad5E1 tumors displayed detectable 

CTL activity.  Mice injected SC with P815 displayed significant CTL activity toward P815 

tumor targets (positive control), but not toward B16LS9 tumors (antigen specificity negative 

control).  This experiment was repeated with similar results.      
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progressive tumor growth.  An allogeneic tumor CTL response was detected in my positive 

control; that is, C57BL/6 mice injected SC with the DBA/2 mastocytoma (P815).  The 

absence of CTL activity against Ad5E1 tumors indicates that the “CD8+ anti-tumor effector 

cells” were not “CTLs”.       

 

CD8+ T cells do not utilize IFN-γ, FasL, perforin, or TRAIL to mediate Ad5E1 tumor 

rejection 

Since CD8+ T cells can mediate tumor rejection, I attempted to determine the 

mechanisms of CD8+ T cell-mediated Ad5E1 tumor rejection.  CD8+ T cells can utilize 

multiple mechanisms to mediate tumor rejection, including the expression of IFN-γ, FasL, 

perforin/granzyme, TRAIL, and TNF [176-179].  I examined each of these mechanisms to 

determine how CD8+ T cells reject Ad5E1 tumor cells.  The first mechanism of tumor 

rejection explored was CD8+ T cell-derived IFN-γ.  Ad5E1 tumor cells grow progressively in 

the eyes of IFN-γ KO mice [22], and  I have shown that IFN-γ invokes several anti-tumor 

properties upon binding to Ad5E1 tumor cells, including the induction of apoptosis, the 

inhibition of proliferation, and the prevention of tumor angiogenesis.  Therefore, I examined 

whether CD8+ T cells from C57BL/6 rejector mice produced IFN-γ in response to Ad5E1 

tumor antigens.  I isolated CD8+ T cells by microbead separation from spleens obtained from 

C57BL/6 mice 25 days post-tumor injection.  I then treated these CD8+ T cells with medium 

alone (negative control), with anti-CD3 antibody (positive control), with mitomycin C-

treated Ad5E1 tumor cells, or APCs pulsed with mitomycin C-treated Ad5E1 tumor cells.  I 

discovered that CD8+ T cells did not produce IFN-γ, either in response to Ad5E1 tumor cells 
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alone or when cocultured with APCs and Ad5E1 tumor antigens (Figure 33).  On the other 

hand, CD4+ T cells from C57BL/6 rejector mice did produce significant levels of IFN-γ in 

response to Ad5E1 tumor antigens.  Thus, CD8+ T cells most likely do not utilize IFN-γ to 

reject intraocular Ad5E1 tumors.    

Next, I determined if CD8+ T cells utilize FasL to mediate Ad5E1 tumor rejection.  

Since FasL is abundantly expressed on activated CD8+ T cells [180], we examined the 

expression of Fas receptor on Ad5E1 tumor cells.  Ad5E1 tumor cells were incubated with an 

anti-mouse Fas antibody, and antibody staining was examined by flow cytometry.  

Splenocytes were used as a positive control for Fas expression.  I found that Ad5E1 tumor 

cells do not express Fas (Figure 34).  Moreover, stimulation of Ad5E1 tumor cells with IFN-

γ, which is known to upregulate Fas expression on cells [181], did not induce Fas expression.  

This indicates that Ad5E1 tumor cells are Fas-negative and suggests that CD8+ T cells cannot 

utilize FasL to mediate Ad5E1 tumor rejection.   

Additional experiments examined if CD8+ T cells could utilize perforin or TRAIL to 

mediate Ad5E1 tumor rejection.  Perforin is a well-defined molecule used by CD8+ T cells to 

mediate tumor rejection, and TRAIL is known to mediate Ad5E1 tumor cell apoptosis [22].  

To determine if CD8+ T cells utilize perforin or TRAIL, I injected Ad5E1 tumor cells into 

the eyes of perforin KO and TRAIL KO mice.  These mice are able to reject an intraocular 

challenge of Ad5E1 [64].  I hypothesized that these mice are able to reject Ad5E1 tumors by 

the presence of IFN-γ expressing CD4+ T cells.  However, it is possible that CD8+ T cells 

were also generated and could contribute to tumor rejection.  To test this, I harvested CD8+  
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Figure 33.  CD8+ T cells do not produce IFN-γ in response to Ad5E1 tumor antigens.  CD4+ 

and CD8+ splenic T cells from tumor bearing (day 25-30 post-tumor inoculation) C57BL/6 

mice were harvested by microbead separation, and treated with medium alone (negative 

control), with anti-CD3 antibody (positive control), with mitomycin C-treated Ad5E1 tumor 

cells, or with APCs pulsed with mitomycin C-treated Ad5E1 tumor cells for 72 hours.  Cell 

supernatants were harvested and IFN-γ secretion was determined by ELISA.  CD4+ T cells 

produced significant levels of IFN-γ in response to Ad5E1 tumor antigens, both by the direct 

recognition of tumor or through the recognition of tumor antigens bound to APCs 

(p=0.0001), whereas CD8+ T cells did not.  This experiment was repeated two additional 

times with similar results.          
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Figure 34.  Ad5E1 tumor cells do not express Fas.  Ad5E1 tumor cells were incubated for 72 

hours with either medium alone or medium containing 20 U/ml IFN-γ.  Tumor cells were 

then stained with either anti-Fas antibody or an isotype control antibody and evaluated by 

flow cytometry.  Freshly isolated splenocytes were used as a positive control.    Ad5E1 tumor 

cells did not express Fas.  Moreover, IFN-γ treatment did not upregulate expression of Fas.  

This experiment was repeated with similar results.   
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T cells from tumor rejector mice by magnetic bead sorting, and purged the cells suspensions 

of CD4+ T cells with anti-CD4 antibody and complement as described earlier.  CD8+ T cell 

suspensions were adoptively transferred to SCID recipient mice.  SCID mice were 

immediately challenged with an AC injection of Ad5E1 tumor cells.  I found that SCID mice 

were able to reject Ad5E1 tumor following an adoptive transfer of either perforin KO CD8+ 

T cells (Figure 35A) or TRAIL KO CD8+ T cells (Figure 35B).  By contrast, Ad5E1 tumors 

grew progressively in naïve SCID mice.  My results indicate that CD8+ T cells do not utilize 

either perforin or TRAIL in the rejection of intraocular Ad5E1 tumors.       

 

CD8+ T cells utilize TNF-α to mediate Ad5E1 tumor rejection  

 I next examined whether CD8+ T cells utilize TNF-α to mediate Ad5E1 tumor 

rejection.  I first examined the susceptibility of Ad5E1 tumor cells to undergo apoptosis 

when exposed to various doses of TNF-α.  Ad5E1 tumor cells were incubated for 24-72 

hours with medium alone (negative control), with medium containing 3 µg/ml stauroporine 

(positive control), or with medium containing 1-100 ng/ml TNF-α.  Levels of apoptosis were 

determined by Annexin V staining.  When Ad5E1 tumor cells were cultured with various 

doses of TNF-α, they exhibited high levels of TNF-α mediated apoptosis (Figure 36A). 

   To determined if CD8+ T cells utilize TNF-α to mediate Ad5E1 tumor rejection, I 

injected Ad5E1 tumor cells into the eyes of TNF-α KO mice.  These mice are able to reject 

an intraocular challenge of Ad5E1 tumors [64].  I hypothesized that these mice are able to 

reject Ad5E1 tumors by the presence of IFN-γ expressing CD4+ T cells.  However, it is 

possible that CD8+ T cells were also generated and could contribute to Ad5E1 tumor 
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rejection.  To test this, I harvested CD8+ T cells from tumor rejector TNF-α KO mice by 

magnetic bead sorting, and purged the cell suspensions of CD4+ T cells with anti-CD4 

antibody and complement as described earlier.  CD8+ T cell suspensions were adoptively 

transferred to SCID recipient mice.  SCID mice were immediately challenged with an AC 

injection of Ad5E1 tumor cells.  Ad5E1 tumors grew progressively in the eyes of SCID mice 

that received TNF-α KO CD8+ T cells.  Ad5E1 tumors grew in these mice at roughly the 

same tempo as they grew in naïve SCID mice (Figure 36B).  Thus, CD8+ T cells require 

TNF-α in order to reject intraocular Ad5E1 tumors.    
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Figure 35.  CD8+ T cells do not utilize perforin or TRAIL to reject intraocular Ad5E1 

tumors.  Following rejection of an AC challenge of Ad5E1, perforin KO and TRAIL KO 

mice were sacrificed, and their splenocytes harvested.  CD8+ T cells were isolated from 

spleen cell suspension by magnetic bead sorting, and were further purified by treatment with 

anti-CD4 antibody plus complement.  CD8+ T cells were injected IV into SCID recipients 

with a 1:1 donor: recipient ratio (~ 1 x 107 cells/mouse).  SCID mice were then challenged 

with an AC injection of Ad5E1 tumor cells on the same day as adoptive transfer.  Tumor 

growth was monitored 2-3 times per week and scored as the percentage of AC occupied by 

tumor.  A), Tumors grew progressively in naïve SCID mice (n=5), but were rejected in SCID 

mice that received perforin KO CD8+ T cells (n=5).  B), Tumors grew progressively in naïve 

SCID mice (n=5), but were rejected in SCID mice that received TRAIL KO CD8+ T cells 

(n=5).   
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Figure 36.  CD8+ T cells utilize TNF-α to mediate Ad5E1 tumor rejection.  A), Ad5E1 tumor 

cells are highly sensitive to TNF-α mediated apoptosis.  Ad5E1 tumor cells were incubated 

with medium alone (negative control), staurosporine (positive control), or various doses of 

TNF-α for 24, 48, and 72 hours.  Apoptosis was determined by flow cytometry using the 

TACS Annexin V FITC kit.  TNF-α induced highly significant (p<0.001) apoptosis 

compared to the medium control at all doses and all timepoints.  B), CD8+ T cells utilize 

TNF-α to mediate Ad5E1 tumor rejection.  Following rejection of an AC challenge of 

Ad5E1, TNF KO mice were sacrificed, and their splenocytes harvested.  CD8+ T cells were 

isolated from splenocytes by magnetic bead sorting, purified by treatment with anti-CD4 

antibody plus complement, and injected IV into SCID recipients at a 1:1 donor: recipient 

ratio (~ 1 x 107 cells/mouse).  SCID mice were then challenged in the AC with Ad5E1 tumor 

cells on the same day as adoptive transfer.  Tumor growth was monitored 2-3 times per week 

and was scored as the percentage of the AC occupied by tumor.  Tumors grew progressively 

in naïve SCID mice (n=5) and SCID mice that received TNF-α KO CD8+ T cells (n=5). 
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CHAPTER FOUR 

DISCUSSION AND FUTURE RESEARCH 

 
THE ROLE OF INTERFERON-GAMMA IN THE IMMUNE REJECTION OF 

INTRAOCULAR TUMORS 

 
 

The rejection of intraocular tumors can occur by two processes that have profoundly 

different histopathological patterns and consequences to the host.  Phthisical rejection of 

tumors resembles a localized DTH reaction, based on a characteristic histopathology 

involving: a) damage to microvascular endothelium: b) ischemic bulk necrosis; c) innocent 

bystander destruction of normal host tissues; and d) absence of host effector cell-to-tumor 

cell contact in tumor death [55]. In sharp contrast, non-phthisical rejection of tumors is 

characterized by a piecemeal destruction of tumor cells without innocent bystander damage 

to normal host tissue [55].   The presence of infiltrating mononuclear cells is not a hallmark 

restricted to either of these pathways, as both patterns of rejection are observed to have 

mononuclear infiltrates.  My data demonstrate that non-phthisical rejection of Ad5E1 tumors 

is mediated by IFN-γ produced by infiltrating CD4+ T cells.  

Rejection of intraocular tumors leading to phthisis is undesirable, as blindness is 

likely.  The hallmarks of such rejection are known, however the mechanisms of phthisical 

rejection are not.  I hypothesize that phthisical rejection is a combination of two things.  First, 

I hypothesize that innate immune cells play a far larger role in phthisical rejection.  The 

quantitiy of tumor infiltrating macrophages, eosinophils, and neutrophils may be larger in 
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phthisical rejection, where they infiltrate the tumor site and produce cytotoxic oxygen 

radicals (nitric oxide, myeloperoxidase, etc.) that induce tumor cell damage and innocent 

bystander damage to ocular tissue.  Secondly, I believe phthisical rejection of intraocular 

tumors occur due to the lack of anti-angiogenic factors in tumor rejection.  This would result 

in a larger tumor bulk for the immune system to encounter upon induction of the adaptive 

immune response.  Lymphocytes extravasate into the tumor and attack both the tumor cells 

and the developed vascular endothelium.  This results in perivascular cuffing of the vascular 

endothelial cells, endothelial swelling and necrosis, the formation of microemboli, the 

transudation of plasma resulting in the activation of the fibrin clotting cascade, fibrin 

deposition, infarction of the capillaries, and ultimately ischemic necrosis.  Ischemic necrosis 

will result in simultaneous cell death of the bulk of the tumor.  This would result in a release 

of huge amounts of dead cell particles, proteases, and lysosomal enzymes that contribute to 

innocent bystander cell death.  The reason that phthisis may not occur in some cases may be 

that the tumor does not reach a large enough size to result in necrosis.  IFN-γ may be key to 

this phenomenon, as its negative effect on angiogenesis may cause the tumor to never reach a 

large size.  As the tumor initially grows, it cannot develop the necessary blood vessels to 

maintain growth.  Therefore, once the tumor reaches critical mass, it can never proceed any 

larger due to limitations in nutrition.  Then, the adaptive immune response can then further 

kill tumor cells by other cytokines such as TNF-α.  This results in both a piecemeal necrosis 

and apoptosis, the latter of which does occur in Ad5E1 tumor rejection [22].     

Of the two pathways of intraocular tumor rejection, the non-phthisical form is the 

most desirable, as the tumor is eradicated and the eye is preserved. Wang et al. have 
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previously shown that hosts deficient in IFN-γ had a profound reduction of TRAIL 

expression on intraocular tissues and were unable to reject intraocular Ad5E1 tumors [22]. 

These findings, along with the observation that intraocular tumor rejection was accompanied 

by extensive tumor cell apoptosis led us to suspect that the non-phthisical form of intraocular 

tumor rejection was mediated by TRAIL, which is normally expressed on multiple 

intraocular tissues [21, 22].  Other data supporting this hypothesis include:  1) Ad5E1 cells 

express TRAIL-R2 and are susceptible to TRAIL-induced apoptosis, 2) IFN-γ enhances 

TRAIL expression on CD4+ T cells and ocular cells, 3) IFN-γ enhances tumor cell 

susceptibility to TRAIL-induced apoptosis, 4) CD4+ T cells, corneal endothelial cells, and 

iris ciliary body cells express TRAIL and are capable of inducing apoptosis of tumor cells in 

vitro, and 5) in vitro apoptosis induced by either CD4+ T cells or corneal cells is partially 

blocked with anti-TRAIL Ab [22].  However, TRAIL does not appear to be necessary for 

mediating intraocular Ad5E1 tumor rejection, since tumors resolved unabatedly in TRAIL 

KO mice.   

Immune-mediated tumor rejection has been thought to be mediated primarily by 

CD8+ CTLs.  In many models, CD8+ T cells, in the absence of CD4+ T cells, are effective in 

eliminating tumors [146, 147].  However, other studies have shown that CD4+ T cells, in the 

absence of CD8+ T cells, are effective in eliminating tumors [81]. CD4+ T cell-mediated 

rejection is often thought to occur by direct killing of MHC class II+ tumors [182].  However, 

CD4+ T cell rejection of MHC class II-negative tumors suggests that CD4+ T cells use 

additional effector mechanisms in promoting tumor rejection [81].  IFN-γ is one of the 

immune elements that follows this pathway [81, 174].  Rejection of intraocular Ad5E1 
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tumors is CD4+ T cell-dependent, as CD4 T cell-depleted mice cannot reject the tumor in the 

eye [64].  Rejection is IFN-γ-dependent, as IFN-γ KO mice fail to reject intraocular Ad5E1 

tumors [22].  Therefore, it is likely that IFN-γ-expressing CD4+ T cells are the primary 

mediators of intraocular Ad5E1 tumor rejection.   

My data demonstrate that CD8+ T cells are not necessary for rejection of intraocular 

Ad5E1 tumors.  Earlier reports offer conflicting conclusions.  Schurmans et al. initially ruled 

out CD8+ T cell participation, as mice depleted of this population of T cells were able to 

reject an intraocular Ad5E1 challenge [64].  However, the same group reported that Ad5E1-

specific CTLs could be generated in vitro, and adoptively transferred to SCID recipients 

resulting in intraocular tumor rejection [63].  I used two mouse models deficient in CD8+ T 

cells, β2M KO mice and CD8 KO mice, to resolve this discrepancy.  My results were 

ambiguoius as CD8 KO mice rejected intraocular tumors, while β2M KO mice harbored 

progressively growing intraocular tumors. These results led to alternative hypotheses to 

explain these contrasting results, as the absence of CD8+ T cells is not indicative of Ad5E1 

tumor growth.  The first hypothesis explaining the progressive growth of Ad5E1 tumors in 

β2M KO mice proposed that NKT cells mediated tumor rejection, as β2M KO mice are 

deficient in NKT cells [183].  Tumor rejection by NKT cells has been previously 

documented [184], and their production of IFN-γ is important for their anti-tumor activity 

[185].  However, intraocular Ad5E1 tumors are not rejected in MHC class II deficient mice 

[64] and TAP-1 KO mice, both of which have normal  NKT cell repertoires [169, 186], 

suggesting that the inability of β2M KO mice to reject Ad5E1 tumors is not due to the 

absence of NKT cells.  Also, CD4+ T cells from TAP-1 KO mice cannot produce IFN-γ in 
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response to Ad5E1 tumor antigens. This indicates that MHC class I, and not NKT cells, is 

responsible for efficient production of CD4+ T cell-derived IFN-γ.   

The second hypothesis as to why β2M KO mice fail to reject the Ad5E1 tumor relates 

to insufficient IFN-γ secretion by CD4+ T cells in these animals.  Previous studies have 

shown that β2M KO mice have a severely reduced capacity to produce IFN-γ in response to 

bacterial or viral challenges [166, 167].  Of particular interest was the decreased ability of 

β2M KO CD4+ T cells to produce IFN-γ in response to antigenic challenge [167].  Therefore, 

I tested the ability of CD4+ T cells from β2M KO mice to produce IFN-γ in response to APCs 

pulsed with Ad5E1 tumor antigens.  This hypothesis was confirmed, as β2M KO mice could 

not produce IFN-γ in response to Ad5E1 tumor antigens.  This inability was not due to an 

intrinsic deficiency of β2M KO mice to produce IFN-γ, as they produced normal levels of 

IFN-γ in response to CD3 stimulation.  Rather, it appears that there was an impaired IFN-γ 

response to Ad5E1 tumor antigens in the β2M KO mice.  The exact mechanism resulting in 

impaired IFN-γ production in class I deficient mice is unknown.  However, some data 

suggest that MHC class I genes can influence the development of protective CD4+ Th1 

responses [187].  Therefore, the absence of MHC class I genes could result in an impaired 

Th1 response, and most notably, insufficient IFN-γ expression.  The role of MHC class I and 

its effects on CD4+ T cells merits further investigation.     

My finding that β2M KO mice have deficient IFN-γ responses brings up an intriguing 

point that knockout mice often have multiple deficiencies that accompany the deletion of the 

gene of interests.  Therefore, a brief discussion of these known deficiencies is in order.  IFN-
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γ KO mice have demonstrated a reduced expression of MHC II antigens by macrophages 

[188].  This could result in improper priming of CD4+ T cells and ultimately progressive 

tumor growth. Also, IFN-γ KO mice demonstrate abnormal NK and macrophage function, as 

they have significantly lower resting splenic NK cell activity and macrophages fail to 

produce nitric oxide in response to LPS challenge and exhibit reduced production of 

superoxide anion in response to PMA challenge [188].  TNF-α KO mice completely lack 

splenic primary B cell follicles and cannot form organized follicular dendritic cell networks 

and germinal centers [189] .  TNF-α KO mice also show increased lymphocytes and 

increased neutrophils in the periphery [190].  Macrophages from TNF-α KO mice 

demonstrated a decreased ability of inducing thymocyte proliferation in response to infection 

[191].  CD4 KO mice have increased numbers of peripheral CD8+ cells [192].  Splenocytes 

from IFN-γ R KO mice produce increased levels of IL-4, IL-6, IL-13 and IFN-γ compared to 

wild type mice following antigen stimulation [193].  Interestingly, upon uveoretinitis 

induction, IFN-γ R KO mice have a significant infiltration of eosinophils into the eyes 

compared to wild type [193].  These additional defects in knockout animals may affect 

Ad5E1 tumor growth in these mice, and if questions arise pertaining to these deficiencies, 

then other experiments may be necessary to confirm or eliminate the effects they may exert 

on Ad5E1 tumor growth.      

CD4+ T cell-derived IFN-γ targets either host cells [81, 173, 174] or tumor cells [194, 

195] when mediating tumor rejection.  My data agree with the latter, as mice deficient in 

IFN-γ receptor expression reject intraocular Ad5E1 tumors.  This is further demonstrated by 

the presence of IFN-γ receptor on Ad5E1 tumor cells.  My findings demonstrate that IFN-γ 
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exerts pleiotropic effects on Ad5E1 tumor cells, including: 1) inhibition of proliferation, 2) 

induction of apoptosis, and 3) inhibition of angiogenesis.  The effect of IFN-γ on 

angiogenesis is noteworthy since I found a putative decrease in tumor vessel density by 

CD31 immunohistochemistry and FITC-dextran fluorescence in wild-type mice compared to 

IFN-γ KO mice.   Moreover, my microarray data demonstrate that IFN-γ affected the 

expression of pro-angiogenic and anti-angiogenic genes in Ad5E1 tumor cells.  Of particular 

interest are IP-10, Mig, and I-TAC, three chemokines that are IFN-inducible and 

antiangiogenic [86].  These chemokines bind selectively to CXCR3, a chemokine receptor 

that is expressed on activated T cells and endothelial cells [196].  Therefore, expression of 

these three chemokines is important as they inhibit tumor angiogenesis and attract activated 

T cells to the tumor site to facilitate tumor rejection.  IFN-γ also upregulates MHC class I on 

the tumor cells, which may increase their immunogenicity and facilitate their rejection.  

The present findings also reveal a heretofore unrecognized facet of immune deviation 

in which IFN-γ-independent immune processes can mediate tumor rejection at subcutaneous 

sites, but do not play a role in intraocular tumor rejection.  My results imply that this novel 

IFN-γ-independent immune mechanism is either not induced by intraocular Ad5E1 tumors, 

or is induced, but abrogated in the eye. The exclusion of this IFN-γ-independent mechanism 

of tumor rejection may represent a new facet of ocular immune privilege.    

There are alternative hypotheses pertaining to the growth of Ad5E1 tumors in IFN-γ 

KO mice that should be discussed.  One hypothesis is that IFN-γ KO mice may have 

insufficient polarization of macrophages toward the M1 phenotype.  It is known that this 

cytokine is necessary for M1 development [132].  This, coupled with the fact that 
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macrophages are necessary for Ad5E1 tumor rejection [65], suggests that improper activation 

of macrophages, or skewing of macrophages toward M2 could result in impaired Ad5E1 

tumor rejection.  Secondly, as mentioned above, IFN-γ KO mice have demonstrated a 

reduced expression of MHC II antigens by macrophages [188].  This could result in improper 

priming of CD4+ T cells, a cell necessary for Ad5E1 tumor rejection.  Thirdly, IFN-γ KO 

mice may have reduced expression of adhesion molecules on vascular endothelium, which 

may negatively affect the ability of immune cells to migrate into the tumor site. IFN-γ 

upregulates the expression of intercellular adhesion molecule-1 (ICAM-1) and vascular cell 

adhesion molecule-1 (VCAM-1) [197].  Finally, it may be possible that the lack of IFN-γ 

expression will result in impaired expression of T cell-tropic chemokines from host cells.  I 

found that IFN-γ exposure to Ad5E1 tumor cells resulted in upregulation of IP-10, Mig, and 

I-TAC, which bind to CXCR3 on activated T cells.  It is possible that IFN-γ also causes the 

release of these chemokines from host cells, resulting in infiltration of T cells into the tumor 

site.  IFN-γ KO mice would be unable to induce the release of these chemokines, resulting in 

impaired T cell recruitment.  All these hypotheses are speculative and unlikely, as host 

expression of IFN-γ receptor is not necessary for Ad5E1 tumor rejection as indicated by IFN-

γ receptor KO mice.  This suggests that host responsiveness to IFN-γ is not needed for tumor 

rejection.  However, if IFN-γ receptor KO mice did not have complete eradication of IFN-γ 

receptor expression, then these hypotheses are valid.   
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THE ROLE OF CD4+ T CELLS IN THE IMMUNE REJECTION OF 

INTRAOCULAR TUMORS 

 
Tumor antigens recognized by both CD4+ and CD8+ T cells elicit anti-tumor 

immunity, leading to tumor rejection.  Many tumor models describe the role of CD8+ T cells 

as being the primary effectors of tumor rejection [57, 146, 147], which is mediated through 

the direct recognition of MHC class I and subsequent cytolysis by CTLs.  However, the role 

of CD4+ T cells is not entirely clear.  Many studies have focused on the role of CD4+ T cells 

as accessory cells needed only for the induction of CTLs [96-99].  However, there is 

evidence that tumor-specific CD4+ T cells can orchestrate several effector mechanisms in an 

anti-tumor immune response [103, 104].  Also, adoptive transfer of CD4+ T cells in the 

absence of CD8+ T cells illustrate the singular ability of CD4+ T cells to mediate tumor 

rejection [81, 105, 106].  My data demonstrate that CD4+ T cells are able to bypass immune 

privilege, enter the eye, and infiltrate intraocular Ad5E1 tumors, leading to rejection.  Also, 

adoptive transfer of rejector CD4+CD8- T cells into SCID mice results in rejection of 

intraocular Ad5E1 tumors.    

Since most tumor cells are MHC class II-negative, direct cytolysis of tumors by CD4+ 

T cells may be unlikely.  This suggests that CD4+ T cells use additional effector mechanisms 

in promoting tumor rejection, including cytokine secretion.   Several studies suggest that the 

critical cytokine in CD4+ T cell-mediated tumor rejection is CD4+ T cell-derived IFN-γ [81, 

82, 103, 122, 123].  My data support the hypothesis that CD4+ T cell-derived IFN-γ is needed 

for rejection of Ad5E1 tumors.  In IFN-γ KO mice, Ad5E1 tumor-infiltrating CD4+ T cells 
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are observed (data not shown), but tumors grow progressively in the eyes of these animals.  

This indicates that IFN-γ is not needed for activation of CD4+ T cells or targeting to the 

tumor site, but functions as an effector mechanism for rejection of intraocular Ad5E1 tumors.  

IFN-γ is necessary only at immune privileged sites, as subcutaneous Ad5E1 tumors are 

rejected in IFN-γ KO mice.  

One mechanism that IFN-γ may utilize to facilitate rejection of intraocular Ad5E1 

tumors is direct binding of the IFN-γ receptor expressed by Ad5E1 tumor cells.  Signaling 

through the IFN-γ receptor can induce multiple effects that promote tumor eradication, 

including the upregulation of MHC class I and II expression [123], the inhibition of tumor 

cell proliferation [194], the induction of tumor cell apoptosis  [198], and the induction of 

tumor cell secretion of anti-angiogenic chemokines [174, 199-201].  In many cases, the anti-

angiogenic effect of IFN-γ requires tumor cell responsiveness to IFN-γ, rather than host cell 

responsiveness [174].  IFN-γ binds to IFN-γ receptor on tumor cells, causing the local release 

of anti-angiogenic chemokines such as IP-10, Mig, and I-TAC [86, 200, 201].  These 

chemokines bind to CXCR3, which is expressed on both vascular endothelial cells and 

activated T cells [202, 203]. These chemokines not only inhibit tumor angiogenesis, but also 

serve as chemoattractants for activated tumor specific T cells, further augmenting antitumor 

immunity.  The effect of IFN-γ on Ad5E1 tumor cells is pleiotropic, as IFN-γ inhibited 

proliferation, induced apoptosis, and inhibited angiogenesis of Ad5E1 tumor cells [204].  

Another mechanism IFN-γ may utilize to mediate rejection of intraocular Ad5E1 

tumors is macrophage activation [82, 198, 205].  CD4+ T cells coordinate several anti-tumor 

effector pathways independent of CTLs, including the activation of macrophages, which 
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migrate to the tumor site leading to tumor eradication [82, 103].  Others have shown, and we 

have confirmed, that macrophages are necessary for rejection of intraocular Ad5E1 tumors, 

as depletion of ocular macrophages through subconjunctival injection of clodronate-

containing liposomes leads to progressive Ad5E1 tumor growth [65].  We also found that 

macrophages infiltrate intraocular Ad5E1 tumors.  The importance of macrophages may be 

twofold, as they may serve both as APCs for the activation of CD4+ T cells and as effector 

cells contributing to tumor cytotoxicity.  In the Ad5E1 tumor model, it appears that 

macrophages serve as APCs, as the lack of IFN-γ production by CD4+ T cells isolated from 

clodronate treated mice strongly suggests a role for macrophages as APCs.   

As stated above, macrophages can mediate tumor rejection in antitumor immunity 

[82, 103].  IFN-γ, which is necessary for rejection of intraocular Ad5E1 tumors [22], is 

produced by both tumor-specific CD4+ T cells and macrophages [128, 206].  We investigated 

the role of macrophages in the rejection of Ad5E1 tumors with macrophage depleting 

clodronate-containing liposome injections prior to the adoptive transfer of rejector CD4+ T 

cells.  Adoptive transfer of rejector CD4+ T cells was sufficient to mediate Ad5E1 tumor 

rejection.  However, we found that clodronate-containing liposome treated SCID mice that 

received the adoptive transfer of rejector CD4+ T cells were unable to reject intraocular 

Ad5E1 tumors, suggesting that macrophages might contribute to rejection of Ad5E1 tumors.  

Macrophages alone were unable to mediate Ad5E1 tumor rejection, as naïve SCID mice with 

no rejector CD4+ T cells present were unable to reject intraocular Ad5E1 tumors.   Also, we 

were unable to show that macrophages are directly cytotoxic to Ad5E1 tumor cell in vitro 

(data not shown).  Therefore, macrophages and CD4+ T cells cooperate to mediate intraocular 
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Ad5E1 tumor rejection, which is shown by the rejection of intraocular Ad5E1 tumors in PBS 

liposome treated SCID mice. 

The importance of ocular macrophages may be especially important during adoptive 

transfer of T cells to SCID mice.  Following adoptive transfer of cells IV, a majority of these 

cells will soon die.  I hypothesize that the cells that remain must 1) migrate to the tumor site, 

2) recognize Ad5E1 tumor antigens, 3) proliferate and expand following tumor recognition, 

and 4) mediate tumor rejection.  I have some evidence that this pathway may be occurring.  I 

observed CD4+ and CD8+ T cells in wild-type C57BL/6 mice that migrate to the tumor site.  

However, it is not known if adoptive transfer of T cells into SCID mice results in migration 

of these cells to the tumor site.  The migration of adoptively transferred T cells to the tumor 

site can be determined by performing FACS analysis of tumor bearing eyes.  Secondly, I 

hypothesize that T cells, once at the tumor site, must be able to recognize Ad5E1 tumor 

antigens.  Tumor recognition is facilitated by the presence of ocular macrophages, and my 

studies confirm that depletion of ocular macrophages following adoptive transfer results in 

progressive tumor growth.  Thirdly, the proliferation of T cells following adoptive transfer 

can be tested by the adoptive transfer of CFSE-labeled T cells into SCID mice.  Following 

tumor injection AC, we should be able to harvest and isolate T cells from tumor-bearing 

eyes.  The decreased fluorescence of CFSE-labeled T cells would indicate that these cells 

proliferate in vivo.  Finally, I know that adoptively transferred T cells mediate tumor 

rejection.  However, I do assume that the adoptively transferred T cells are pure, and that this 

pure population of T cells is serving as antitumor effector cells.  This could be tested by 

adoptively transferring rejector T cells to SCID mice, and then treating the SCID mice with 
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specific antibodies that deplete the specific adoptively transferred T cell.  If T cells are 

responsible for Ad5E1 tumor rejection following adoptive transfer, then depleting antibody 

treatment should result in progressive Ad5E1 tumor growth  

  We suggest the following working model for CD4+ T cell-mediated rejection of 

Ad5E1 tumor cells:  naive CD4+ T cells are primed by ocular macrophages.  Following 

activation, activated CD4+ T cells produce multiple cytokines, including IFN-γ, that activate 

macrophages.  Activated macrophages then produce IFN-γ themselves, which supplements 

the IFN-γ produced by CD4+ T cells.  Also, ocular macrophages continuously present antigen 

to CD4+ T cells in the eye, keeping the CD4+ T cells in an activated state and increasing their 

IFN-γ production in response to Ad5E1 tumor antigens.  This combination of CD4+ T cell- 

and macrophage-derived IFN-γ leads to the rejection of Ad5E1 tumors in the eye through the 

induction of tumor cell apoptosis, the inhibition of tumor cell proliferation, and a prevention 

of tumor cell angiogenesis. It is unlikely that macrophages mediate Ad5E1 tumor rejection 

by the expression of nitric oxide, as this oxygen radical is not tumor specific and can induce 

significant damage to the normal ocular tissue, whereas we observe an extremely pristine 

tumor rejection that results in no damage to normal ocular tissue.  If macrophages are 

utilizing nitric oxide to mediate Ad5E1 tumor rejection, it is possible that damage to normal 

ocular tissue is prevented by the presence of antioxidants in the ocular environment.  The AH 

has abundant levels of ascorbic acid (Vitamin C), a known antioxidant, which can lead to 

decreased levels of nitrite in the eye [207].   

It is also unlikely that macrophages mediate Ad5E1 tumor rejection by the expression 

of TNF-α.  TNF-α can be produced by macrophages [208], and I have shown that Ad5E1 
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tumor cells are highly sensitive to TNF-α-mediated apoptosis.  However, peritoneal exudate 

cells (PECs) do not secrete TNF-α in response to Ad5E1 tumor antigens, as determined by 

ELISA (data not shown), suggesting that macrophages do not utilize TNF-α to mediate 

Ad5E1 tumor rejection in the eye.   
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THE ROLE OF CD8+ T CELLS IN THE IMMUNE REJECTION OF 

INTRAOCULAR TUMORS 
 
 

 

The rejection of intraocular Ad5E1 tumors does not require CD8+ T cells, as these 

tumors reject in CD8+ T cell-depleted and CD8+ T cell KO mice [64].  However, the 

observation of CD8+ T cells in intraocular Ad5E1 tumors led me to investigate the role of 

CD8+ T cells in tumor rejection.  There are documented cases of tumors being eliminated by 

only CD4+ T cells without the necessity of CD8+ T cells.  The tumor model of Mumberg et 

al. greatly mirrors the Ad5E1 tumor model.  Their tumor (the UV-induced fibrosarcoma 

6132A-PRO ) is class II negative, and tumor rejection requires CD4+ T cells and CD4+ T 

cell-derived IFN-γ, yet does not require CD8+ T cells [81].  Ad5E1 tumor cells are class II 

negative, and tumor rejection requires CD4+ T cells and IFN-γ, yet does not require CD8+ T 

cells [22, 64].  However, several important discrepancies do exist between the two tumor 

models.  Most importantly, my model of tumor rejection occurs in the immune privileged 

environment of the eye, where T cells are able to circumvent immune privilege and mediate 

tumor rejection without the induction of innocent bystander damage to ocular tissue.  The 

Mumber model of tumor rejection involves tumor growth at the skin, a non-immune 

privileged site.  Secondly, I demonstrate that CD8+ T cells, although not required, still 

contribute to tumor rejection, while Mumberg’s adoptive transfer of CD4- cells containing 

CD8+ T cells did not mediate tumor rejection.  To my knowledge, the Ad5E1 model of tumor 

rejection is the first to describe a role of CD8+ T cells in mediating tumor rejection through 

an ancillary pathway.    
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Interestingly, Ad5E1 tumor cells do not undergo CTL-mediated lysis, as determined 

by a 4-hour 51Cr release assay.  This is intriguing, as CD8+ T cells can mediate tumor 

rejection, as shown by adoptive transfer of rejector CD8+ T cells to susceptible SCID mice, 

yet the same CD8+ T cells do not exhibit CTL activity.  This underscores the functional 

plasticity of CD8+ effector cells and demonstrates that CD8+ T cells are not limited to 

perforin-mediated processes to rid the host of a tumor.  A previous study has shown that 

tumor rejection can occur in wild-type mice without the presence of any detectable CTL 

activity [209].  Yamaguchi et al. showed that Meth A tumor cells, which express viral 

antigens, were resistant to CTL-mediated killing, yet underwent rejection in wild-type mice 

[209].  When compared to another tumor cell line that induced significant CTL activity, CTL 

resistant Meth A tumor cells were rejected in wild-type mice at a similar time course [209].  

This indicates that in vitro CTL activity is not necessarily a true measure of CD8+ T cell-

mediated rejection in vivo.   

 The reason for the inability of Ad5E1 tumors to undergo CTL-mediated rejection 

remains a mystery.  However, two hypotheses come to mind.  The first hypothesis suggests 

that Ad5E1 tumor cells do not induce the generation of CTLs.  However, Ad5E1 tumor cells 

constitutively express MHC class I molecules, and this expression is further upregulated by 

IFN-γ.  Therefore, Ad5E1 tumors should be recognized by CD8+ T cells and induce an anti-

tumor CTL response.  A second hypothesis proposes that Ad5E1 tumor cells induce a CTL 

response, yet are resistant to CTL-mediated cytolysis.  For example, some tumors express 

serine protease inhibitors, such as SPI-6, which protects tumor cells from granzyme-mediated 

 129



 
apoptosis [210].  Understanding the underlying mechanisms that disarm the host’s perforin-

dependent CTL-mediated tumor cell lysis merits further investigation.   

 CD8+ T cells can mediate tumor rejection by several mechanisms.  These include the 

expression of IFN-γ, FasL, perforin, TRAIL, and TNF-α [176-179].  In order to determine 

which one of these was utilized to mediate Ad5E1 tumor rejection, I systematically tested 

each of these components.  IFN-γ was the first candidate, since previous work has shown the 

importance of IFN-γ in Ad5E1 tumor rejection [22, 211].  However, unlike CD4+ T cells, 

CD8+ T cells did not secrete IFN-γ in response to Ad5E1 tumor antigens.  Thus, it is unlikely 

that CD8+ T cells utilize IFN-γ to mediate Ad5E1 tumor rejection in the eye.  I also 

systematically ruled out CD8+ T cell expression of FasL, perforin, and TRAIL as 

mechanisms of tumor rejection. Ad5E1 tumor cells are Fas-negative, thus ruling out Fas-

induced apoptosis as a mechanism utilized by CD8+ T cells for the rejection of intraocular 

Ad5E1 tumors.  Perforin-and TRAIL-induced apoptosis are unlikely candidates as effector 

mechanisms, as CD8+ T cells from perforin KO and TRAIL KO mice produced Ad5E1 

tumor rejection when adoptively transferred to SCID mice.  Surprisingly, Ad5E1 tumor cells 

were highly sensitive to TNF-α.  Even 1 ng/ml of TNF-α mediated 70% apoptosis in just 24 

hours after being mixed with Ad5E1 tumor cells.  SCID mice adoptively transferred with 

CD8+ T cells from tumor rejector TNF-α KO mice were not protected from Ad5E1 tumor 

outgrowth.  This indicates that CD8+ T cells require TNF-α for the rejection of intraocular 

Ad5E1 tumors.  The importance of CD8+ T cell-derived TNF-α has been demonstrated in 

mediating tumor rejection at non-immune privileged sites [178, 212, 213].  By contrast, my 

study demonstrates that CD8+ T cells utilize TNF-α to mediate tumor rejection in an immune 
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privileged environment without inflicting significant damage to bystander ocular tissue.  This 

is intriguing, as increased TNF-α levels in the eye have been implicated in ocular tissue 

damage and scarring [214].  However, TNF-α may remain as a membrane-bound form on 

CD8+ T cells and not be actively secreted.  A previous report showed that following 

engagement of the T cell receptor (TCR), a membrane-bound form of TNF-α was increased 

and mediated cytolysis of a TNF-sensitive tumor, whereas soluble TNF-α was not detected 

[178].  This suggests a direct and localized effect of TNF-α-mediated cytolysis, and may 

explain the rejection of intraocular Ad5E1 tumors without inducing damage to neighboring 

ocular tissue. 

 In addition to directly causing apoptosis of Ad5E1 tumor cells, CD8+ T cell-derived 

TNF-α could be playing other roles in the rejection of intraocular Ad5E1 tumors.  One 

hypothesis is that CD8+ T cell-derived TNF-α is involved in the activation of ocular 

macrophages, leading to tumor eradication.  Studies have shown that treatment of peritoneal 

exudate cells with TNF-α induced the activation and tumoricidal activity of macrophages 

[215].  The lack of TNF-α on adoptively transferred CD8+ T cells may lead to progressive 

Ad5E1 tumor growth through improper activation of macrophages.  A second hypothesis is 

that CD8+ T cell-derived TNF-α is needed for the upregulation of adhesion molecules that 

allow the extravasation of leukocytes into the tumor site.  The expression of VCAM-1 is 

tightly regulated by TNF-α [216], and the absence of TNF-α may cause reduced or absent 

VCAM-1 expression, negatively affecting T cell infiltration to the tumor site.  Thirdly, it may 

be possible that my adoptive transfer of CD8+ T cells to SCID mice is contaminated with 
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another type of effector cell responsible for inducing tumor rejection through TNF-α.  The 

purity of adoptively transferred cells is usually ~95% CD8+ T cells.  It could be possible that 

the remaining 5% of cells are the effector cells responsible for tumor rejection through TNF-

α, and that the lack of TNF-α on these effector cells through adoptive transfer of TNF-α KO 

cells to SCID mice results in progressive Ad5E1 tumor growth.  One candidate cell that 

comes to mind could be the macrophage, as TNF-α expression on these cells has been shown 

to be cytotoxic towards tumor targets [217].       
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MODEL OF INTRAOCULAR AD5E1 TUMOR REJECTION 

 
 
 

 Following injection of Ad5E1 tumor cells into the eye, I hypothesize that innate 

immune cells migrate to the tumor-bearing eye, specifically macrophages.  These 

macrophages serve as antigen-presenting cells to present Ad5E1 tumor antigens to both 

CD4+ T cells and CD8+ T cells.  These T cells then mediate tumor rejection through two 

distinct pathways.  The first pathway involves activated CD4+ T cells, which migrate to the 

eye and infiltrate the intraocular Ad5E1 tumor.  CD4+ T cells secrete IFN-γ, which induces 

tumor rejection through the inhibition of proliferation, the induction of apoptosis, and the 

prevention of tumor angiogenesis.  Also, IFN-γ, along with other cytokines, induces the 

activation of ocular macrophages.  Activated macrophages then produce IFN-γ themselves, 

which supplements the IFN-γ produced by CD4+ T cells.  Also, ocular macrophages 

continuously present antigen to CD4+ T cells in the eye, keeping the CD4+ T cells in an 

activated state and increasing their IFN-γ production in response to Ad5E1 tumor antigens.  

This pathway of tumor rejection is necessary, as Ad5E1 tumors do not reject in the absence 

of CD4+ T cells, IFN-γ, or macrophages.  The second pathway of intraocular Ad5E1 involves 

CD8+ T cells, which migrate to the eye and infiltrate intraocular Ad5E1 tumors.  Activated 

CD8+ T cells produce TNF-α, which induces significant tumor cell apoptosis.  This pathway 

of tumor rejection is not necessary, as Ad5E1 tumors reject in the absence of CD8+ T cells.  

My working model of intraocular Ad5E1 tumor rejection is illustrated in Figure 37.  This 

model is only my hypotheses of how CD4+ T cells, macrophages, IFN-γ, and CD8+ T cells  
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Figure 37.  Model of intraocular Ad5E1 tumor rejection 
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contribute to rejection, and is not to be interpreted as the definitive description of Ad5E1 

tumor rejection. 

 My study is unique because it describes the mechanisms of intraocular tumor 

rejection by two distinct pathways that result in a pristine, non-phthisical form of tumor 

rejection.  This model of tumor rejection seems to be confined to immune privileged 

environments, as this tumor is rejected when injected subcutaneously in IFN-γ KO and CD4+ 

T cell KO mice.  This suggests that IFN-γ- and CD4+ T cell-independent tumor rejection can 

occur at extraocular sites, but is excluded from the eye.  It is curious as to why IFN-γ- and 

CD4+ T cell-independent tumor rejection is excluded from the eye.  I speculate that other 

forms of tumor rejection are dominant at the skin (i.e. DTH or NK cells), yet immune 

privilege prevents these mechanisms from occurring in the eye (ACAID prevents DTH 

responses in the eye; MIF expression in the eye downregulates NK cell responses).  These 

immune responses are prevented from occurring because the immune privilege mechanisms 

of the eye protect the eye from immune-mediated damage.  The eye can sustain these 

immune responses, because bystander damage does not compromise the skin’s normal 

function.  If these responses are prevented from occurring in the eye, then another form of 

tumor rejection must take over, namely IFN-γ and CD4+ T cell-dependent responses.  In this 

case, immune privilege is not sufficient to prevent infiltration of CD4+ T cells from entering 

the eye, infiltrating intraocular Ad5E1 tumors, and expressing IFN-γ, which culminate in 

tumor rejection.  These immune responses are not prevented in the eye because they are less 

likely to cause damage to ocular tissue.     
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 This study is also unique as it describes the role of macrophage and CD4+ T cells in 

non-phthisical intraocular tumor rejection.  It is previously known that macrophages are 

necessary for intraocular Ad5E1 tumor rejection [65].  However, I found that macrophages 

must collaborate with CD4+ T cells present in order to reject intraocular Ad5E1 tumors.  

Also, macrophages contribute to intraocular Ad5E1 tumor rejection in a non-phthisical 

manner.  This most likely rules out the most common cytokine associated with macrophage-

mediated cytotoxicity, nitric oxide.  

 Finally, this study is unique as it shows that CD8+ T cells, although not necessary for 

rejection, can mediate rejection of intraocular Ad5E1 tumors if the dominant CD4+ T cell-

dependent pathway is inactivated or absent.  CD8+ T cells mediate Ad5E1 tumor rejection 

through TNF-α, and not through IFN-γ, FasL, or TRAIL.  This study also demonstrates that 

anti-tumor CD8+ T cells are not conventional perforin-dependent CTLs, as no CTL activity 

was detected against Ad5E1 tumor cells and perforin expression was not necessary for CD8+ 

T cells to reject the intraocular tumors.  

 This work may enhance our scientific knowledge of how to combat tumors in an 

immune privileged environment without inducing damage to normal tissue.  As stated earlier, 

uveal melanoma is the most common intraocular malignancy, and approximately half of 

uveal melanoma patients will die 10 to 15 years after diagnosis of the primary tumor.  My 

work demonstrates that intraocular tumors can undergo rejection, and identifies IFN-γ as the 

key cytokine in intraocular tumor rejection.  However, IFN-γ responsiveness is not the only 

key to eliminating intraocular tumors.  Work has shown that uveal melanoma cells isolated 

from patients demonstrate IFN-γ responsiveness [218, 219].  Unlike human uveal melanoma 
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cells, Ad5E1 tumor cells express distinct viral antigens.   These viral antigens enhance the 

immunogenicity of Ad5E1 tumors compared to parental mouse embryonic fibroblasts 

(MEFs).  Therefore, the combination of enhancing the immunogenicity of uveal melanoma 

along with maintaining IFN-γ responsiveness could be a potential treatment modality for 

uveal melanoma patients.  Along with intraocular tumors, brain tumors and testicular cancer 

can all benefit with understanding immune-mediate rejection of tumors in immune privileged 

environments.  
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FUTURE RESEARCH 

 
 
 In attempting to determine the role of IFN-γ in the rejection of intraocular Ad5E1 

tumors, I discovered that angiogenenesis-related gene expression was altered in Ad5E1 

tumors following IFN-γ exposure (Table 2).  Of the five anti-angiogenic genes that were 

upregulated, three were chemokines: CXCL9 (Mig), CXCL10 (IP-10), and CXCL11 (I-

TAC).  These chemokines selectively bind to CXCR3, a chemokine receptor that is 

expressed on activated T cells and endothelial cells [196].  CXCR3 KO mice have been 

recently created by Jackson Laboratories (B6.129P2-Cxcr3 /J)tm1Dgen .  Future experiments 

may include the injection of Ad5E1 tumors into the AC of CXCR3 KO.  It is hypothesized 

that following tumor injection, IFN-γ will bind to Ad5E1 tumors, inducing the release of the 

above-mentioned chemokines.  However, these chemokines will not be able to bind to their 

target receptor, as these mice lack CXCR3.  The result should show: 1) decreased migration 

of activated T cells, and 2) increased angiogenesis since vascular endothelial cells of newly 

growing tumor blood vessels may not receive an inhibitory signal.  This may result in 

progressive Ad5E1 tumor growth in CXCR3 KO mice.  This would demonstrate that the 

inhibition of angiogenesis is the primary role of IFN-γ in intraocular Ad5E1 tumor rejection.    

 Also, my studies revealed that host expression of IFN-γ receptor was not necessary 

for Ad5E1 tumor rejection, suggesting that IFN-γ receptor expression is necessary on the 

Ad5E1 tumor cell.  Future studies may want to attempt to knockout Ad5E1 tumor expression 

of IFN-γ receptor.  Work done by Coughlin et al. involved the transfection of tumor cells 

with a dominant negative mutant form of IFN-γ receptor [194].  This resulted in increased 
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tumorigenicity and increased tumor angiogenesis due to IFN-γ unresponsiveness.  This same 

approach could be utilized with Ad5E1 tumor cells, and the same plasmid could be possibly 

obtained from the above researchers.  Following transfection of this plasmid, Ad5E1 tumors 

should become unresponsive to IFN-γ treatment.  This should result in transfected cells not 

exhibiting any decreased proliferation or increase in apoptosis following IFN-γ exposure.  

Once injected into C57BL/6 mice, mutant-transfected Ad5E1 tumors should grow 

progressively, whereas parental and mock-transfected Ad5E1 tumors would be rejected.  

Creating an IFN-γ unresponsive variant would underscore the importance of Ad5E1 tumor 

responsiveness to IFN-γ during non-phthisical tumor rejection.   

 In examining the role of CD4+ T cells in the rejection of Ad5E1 tumors, I discovered 

that macrophages were necessary for rejection of Ad5E1.  This was demonstrated by mice 

depleted of ocular macrophages through SCJ injections of clodronate liposomes exhibited 

progressive Ad5E1 tumor growth.  I showed that these macrophages are not needed to serve 

as APCs, as CD4+ T cells harvested from clodronate liposome-treated mice could produce 

IFN-γ in response to Ad5E1 tumor cells.  However, I did not show that these CD4+ T cells 

could later mediate tumor rejection when macrophages were again present.  Therefore, future 

studies should harvest CD4+ T cells from clodronate-treated C57BL/6 mice, and adoptively 

transfer them into to SCID mice.  If these mice are then subsequently injected with Ad5E1 

tumor cells AC, adoptively transferred CD4+ T cells should be able to mediate tumor 

rejection in these mice with macrophage cooperation.  This would emphasize that CD4+ T 

cells from clodronate treated animals are primed in these animals, yet they cannot mediate 

tumor rejection without macrophage assistance.  
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 I showed that macrophages are necessary for rejection of intraocular Ad5E1 tumors, 

and hypothesized that they may be functioning as anti-tumor effector cells.  If this is the case, 

then future studies may explore the mechanisms behind macrophage-mediated tumor 

rejection.  First, showing macrophage-specific tumor cytotoxicity would demonstrate that the 

macrophages are directly tumoricidal.  In my work, I attempted to show that macrophages 

were cytotoxic to Ad5E1 tumor cells, yet I could never show significant killing.  I assayed 

both 3H-thymidine-labeled Ad5E1 tumors, similar to the work done in Isaiah Fidler’s 

laboratory [220], and 51Cr-labeled Ad5E1 tumors, similar to a CTL assay.  Both assays 

utilized thioglycolate elicited PECs as effector cells, and used both resting and IFN-γ/LPS-

activated macrophages.  Other assays could be utilized to determine if macrophages are 

cytotoxic to Ad5E1 tumors.  Subsequently, studies can then be undertaken to determine how 

these macrophages mediate tumor rejection.  I hypothesize that macrophages elaborate IFN-γ 

in response to Ad5E1 tumors, and this cytokine contributes to tumor rejection in various 

ways as described earlier.  It is unlikely that macrophages utilized nitric oxide to mediate 

tumor rejection, as this compound would induce significant damage to both tumor cells and 

normal ocular tissue. To prove that nitric oxide is not involved, inducible nitric oxide-

synthase (iNOS) KO mice (B6(129P2) Nos2 -chtl/J) could be utilized.  These mice are 

deficient in nitric oxide production [221].  If nitric oxide is necessary for macrophage-

mediated Ad5E1 tumor rejection, then injecting iNOS KO mice with Ad5E1 tumors should 

result in progressive tumor growth.  If nitric oxide is not necessary, then these tumors should 

reject. 

tm1Lau

 140



 
 My studies also revealed that CD8+ T cells mediate Ad5E1 tumor rejection in a TNF-

α-dependent manner.  CD8+ T cells, once primed in C57BL/6 tumor rejector mice, mediate 

tumor rejection independently of CD4+ T cells.  I hypothesize that the reason why CD8+ T 

cells do not reject intraocular tumors in CD4+ T cell KO mice is because CD4+ T cells are 

needed to serve as T helper cells for the induction of immune CD8+ T cells.  I showed that 

depletion of ocular macrophages resulted in progressive tumor growth, and CD4+ T cells 

were unprimed and did not produce IFN-γ.  This leads one to ask why CD8+ T cells do not 

reject Ad5E1 tumors in clodronate-treated animals.  CD8+ T cells may not be primed since 

CD4+ T cells seem to be unprimed in clodronate-treated animals.  This could be tested by 

adoptively transferring CD8+ T cells from clodronate liposome-treated mice to SCID 

recipients and determine if they mediate tumor rejection.  Also, one could hypothesize that 

CD8+ T cell and macrophage cooperation is needed for Ad5E1 tumor rejection.  TNF-α can 

activate macrophages [222], and it is possible that CD8+ T cell-derived TNF-α is necessary 

for the activation of macrophages and subsequent rejection of Ad5E1 tumors.  One could 

adoptively transfer rejector CD8+ T cells to SCID recipient mice, challenge them with Ad5E1 

tumors in the AC, and then deplete these mice of ocular macrophages by SCJ clodronate 

liposome injections.  If CD8+ T cell and macrophage cooperation is necessary for Ad5E1 

tumor rejection, then these mice should exhibit progressive tumor growth. 

 In studying the role of CD8+ T cells in the rejection of Ad5E1 tumors, I discovered 

that no detectable CTL activity was observed toward Ad5E1 tumor cells.  I developed two 

hypotheses as to why this phenomenon occurs.  The first hypothesis is that Ad5E1 cells do 

not elicit a CTL response.  I can test this hypothesis by injecting Ad5E1 tumor cells 
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subcutaneously into BALB/c mice.  The Ad5E1 tumor cells are C57BL/6 origin and thus, 

should elicit an allogeneic response towards the Ad5E1 tumor cells.  I could then harvest 

splenocytes from these mice, boost them in vitro with Ad5E1 tumor cells, and then test their 

CTL response in a CTL assay.  Cytotoxicity observed toward Ad5E1 tumor cells would 

indicate that Ad5E1 tumor cells can elicit a CTL response.   

The second hypothesis as to why no CTL activity is observed toward Ad5E1 tumor 

cells is that Ad5E1 tumor cells are resistant to CTL-mediated lysis.  Several studies have 

shown that some tumor cells exhibit resistance to CTL-mediated lysis [209, 210].  To test 

this hypothesis, BALB/c mice could be injected with C57BL/6 mouse-derived splenocytes.  

This would generate an anti-C57BL/6 allogeneic response in these animals.  Seven days 

later, splenocytes would be harvested from these mice, and further boosted in vitro with 

mitomycin-C-treated C57BL/6 splenocytes.  Seventy-two hours later, BALB/c splenocytes 

would be harvested and mixed with 51Cr-labeled Ad5E1 tumor cells.  If cytotoxicity is 

observed, then Ad5E1 tumor cells are not resistant to CTL-mediated lysis.  If cytotoxicity is 

not observed, the Ad5E1 tumor is resistant to CTL-mediated lysis.  Further explorations can 

then be made to determine what mediates Ad5E1 resistance to CTL-mediated lysis.    

In my studies, I found that CD8+ T cells did not produce IFN-γ in response to Ad5E1 

tumor antigens.  The lack of IFN-γ secretion can be interpreted two ways.  First, as stated 

above, CD8+ T cells simply do not utilize IFN-γ in order to reject these tumors, and that 

when they encounter Ad5E1 tumor antigens, either directly through tumor expression of 

MHC class I or indirectly through cross-presentation of Ad5E1 tumor antigen by APCs, 

CD8+ T cells do not express IFN-γ.  A second hypothesis as to why CD8+ T cells do not 
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express IFN-γ in response to Ad5E1 tumor antigens is that they cannot recognize Ad5E1 

tumor antigens.  As shown earlier, MHC class I expression is very low on unstimulated 

Ad5E1 tumor cells.  Therefore, the recognition of Ad5E1 tumor cells in vitro by CD8+ T 

cells may be limited.  To test this hypothesis, I could stimulate Ad5E1 tumor cells with IFN-γ 

in vitro to induce the upregulation of MHC class I.  Then, after washing, mix CD8+ T cells 

with IFN-γ-stimulated and unstimulated Ad5E1 tumor cells, and determine the secretion of 

IFN-γ from CD8+ T cells by IFN-γ ELISA.  Alternatively, I could measure the proliferation 

of CD8+ T cells in response to IFN-γ stimulated and unstimulated Ad5E1 tumor cells by 3H-

thymidine incorporation assay.  These in vitro assays would address the hypothesis that CD8+ 

T cells may not recognize Ad5E1 tumor cells.  To ensure that CD8+ T cells recognize Ad5E1 

tumor cells in vivo, I would do several things.  My first experiment would be to follow my 

previous protocol for adoptively transferring rejector CD8+ T cells into SCID mice.  Then, 13 

days after adoptive transfer and tumor injection, harvest tumor-bearing eyes and look for the 

presence of CD8+CD3+ T cells.  If CD8+CD3+ are present, it would confirm that my 

adoptively transferred CD8+ T cells are migrating to the tumor site.  My second experiment 

would be to perform a similar adoptive transfer, but this time, treat SCID mice with an MHC 

class I blocking antibody.  If direct recognition of Ad5E1 tumor cells is necessary for tumor 

rejection, then blocking MHC class I would result in CD8+ T cells being unable to recognize 

Ad5E1 tumor cells, and ultimately result in progressive tumor growth.           

As a whole, this study describes the role of IFN-γ, CD4+ T cells, and CD8+ T cells in 

the rejection of intraocular tumors.  This work will hopefully increase the scientific 

community’s understanding of immune-mediated rejection of tumors in immune privileged 
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environments without inducing damage to normal tissues, and potentially provide a building 

block in the creation of possible treatments of such tumors. 
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