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Abstract

High grade malignant gliomas are genetically unstable, heterogeneous and highly infiltrative; all
characteristics that lend glioma cells superior advantages in resisting conventional therapies.
Unfortunately, the median survival time for patients with glioblastoma multiforme remains
discouraging at 12—15 months from diagnosis. Neuroimmunologists/oncologists have focused their
research efforts to harness the power of the immune system to improve brain tumor patient survival.
In the past 30 years, small numbers of patients have been enrolled in a plethora of experimental
immunotherapy Phase | and Il trials. Some remarkable anecdotal responses to immune therapy are
evident. Yet, the reasons for the mixed responses remain an enigma. The inability of the devised
immunotherapies to consistently increase survival may be due, in part, to intrinsically-resistant
glioma cells. It is also probable that the tumor compartment of the tumor-bearing host has
mechanisms or produces factors that promote tumor tolerance and immune suppression. Finally, with
adoptive immunotherapy of ex vivo activated effector cell preparations, the existence of suppressor
T cells within them theoretically may contribute to immunotherapeutic failure. In this review, we
will summarize our own studies with immunotherapy resistant glioma cell models, as well as cover
other examined immunosuppressive factors in the tumor microenvironment and immune effector
cell suppressor populations that may contribute to the overall immune suppression. An in-depth
understanding of the obstacles will be necessary to appropriately develop strategies to overcome the
resistance and improve survival in this select population of cancer patients.
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(ICAM-1); Killer immunoglobulin-like receptors (KIRS); Leukocyte function antigen-1 (LFA-1);
Major histocompatibility complex (MHC); MHC class I-related (MIC); Mixed lymphocyte reaction
(MLR); Natural killer (NK); Peripheral blood mononuclear cells (PBMNC); Prostaglandin E2,
(PGEZ2); Signal transducer and activator of transcription-3 (STAT-3); T cell receptor (TCR); T helper,
(Th); T regulatory cell (Treg); Transforming growth factor (TGF); Tumor associated antigens (TAA);
Tumor infiltrating lymphocytes (TIL); Tumor necrosis factor (TNF)

[. Introduction

The majority of primary tumors of the central nervous system (CNS) are of astrocytic lineage
(CBTRUS, 2005). Of the astrocytomas, the most malignant form, glioblastoma multiforme
(GBM), is diagnosed at a much higher frequency than lower grade astrocytomas. The median
survival time for GBM patients is poor, approximating 12—-15 months even with aggressive
upfront treatment (Stupp et al, 2005). Several obstacles prevent the complete eradication of
GBM by conventional therapies. GBMs locally but diffusely infiltrate neighboring brain tissue
through white matter tracts, perivascular, and periventricular spaces, and often invading cells
are found centimeters away from the primary tumor mass (Hochberg and Pruitt, 1980). As a
consequence, GBM patients are rarely cured of their tumors by surgical intervention. The
significant degree of genetic instability (Louis and Gusella, 1995) and cellular heterogeneity
within GBM ensures that not all cellular variants will respond to radiation or chemotherapy.
For example, glioblastoma cells downregulate p53 (Shu et al, 1998) or upregulate DNA repair
enzymes such as O8-methylguanine-DNA methyltransferase (Bandres et al, 2005) as a means
to avoid radiation and chemotherapy induced-cell death, respectively. In addition, the physical
isolation of brain tumors by the blood—brain barrier (BBB) and drug efflux pumps integrated
into the membranes of endothelial cells at the BBB interface prevents efficient delivery of
systemically administered chemotherapeutic agents (Doolittle et al, 2005).

To circumvent these limitations, researchers have tried to make the tumor cells more visible
to the immune system (Paul and Kruse, 2001). To date, knowledge of the complex coordination
of anti-tumor immune responses within the brain remains limited. Often translation of brain
tumor immunotherapies is partially based upon knowledge of anti-tumor immune responses
from tissues outside the brain or in xenograft models with defective endogenous immune
compartments. Despite these restrictions, promising results have been observed in brain tumor
patients treated with a variety of immunotherapeutic approaches (Kruse etal, 1997; Quattrocchi
et al, 1999; Kruse and Rubinstein, 2001; Yu et al, 2004; Liau et al, 2005). Unfortunately, as is
often the case with radiation and chemotherapy, patients might initially respond to a biologic
therapy but then fail to respond to subsequent administrations of the immune therapeutic agent
(Restifo et al, 1996; Rosenberg et al, 2003). Indeed, tumors have employed multiple
mechanisms of immune evasion both in vitro and in vivo (Walker et al, 1997; Medema et al,
1999, 2001; Teitz et al, 2000; Wiendl et al, 2002).

Here, we review the unique immunologic aspects of the brain, intrinsic tumor tolerance
mechanisms, and glioma-associated immune suppression and evasion. The generation and
characterization of immunotherapy resistant (ITR) glioma models may allow for the
development of strategies to overcome the resistance. Last, extensive characterization of
immune infiltrates or immune effector cell populations for the presence of significant numbers
of suppressor T cells may indicate that selective depletion of the suppressor T cell compartment
is warranted before adoptive transfer into brain tumor patients, or before ex vivo activated
cytotoxic effectors are generated.
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II. Immunologic aspects of the brain

The brain was defined long ago as an immune privileged organ (Medewar, 1948). This term
was coined to describe the observed higher degree of tolerance to allografts exhibited by the
brain relative to those placed in other anatomical sites. The concept appeared to be logically
based since the brain would require protection from uncontrolled and/or severe inflammatory
events that would raise intracranial pressure and lead to death of neurons within vital CNS
structures. The physical isolation of brain parenchyma from systemic circulation by the BBB
(Doolittle et al, 2005), low or absent expression of human leukocyte antigens (HLA) on brain
cells (Lampson and Hickey, 1986; Read et al, 2003), absence of lymphatic drainage (Walker
etal, 2002) and resident dendritic cells (DCs) (Hickey, 2001), all suggest that the requirements
for initiation of immune responses within the brain are significantly more stringent.
Collectively, these observations led many to accept the idea that immune surveillance does not
occur within the brain.

Other studies have demonstrated that the brain is not as completely immunologically silent as
was once thought. The induction of CNS autoimmune diseases (De Simone et al, 1995) and
anti-viral immune reactions to neurotropic viruses (Klein et al, 2005) were reported. Although
non-activated T lymphocytes are incapable of penetrating the BBB, activated T lymphocytes
are capable of traversing the BBB. The presence of tumor infiltrating lymphocytes (TIL)
suggests that anti-tumor responses are engendered in response to malignant lesions within the
brain (Quattrocchi et al, 1999).

Controversy exists with respect to the ability of microglia, CNS macrophage, to initiate immune
responses. Recent studies have shown that brain resident microglia process antigen (Aloisi et
al, 1998), and express class Il major histocompatibility complex (MHC) and co-stimulatory
molecules (De Simone et al, 1995; Aloisi et al, 1998). In addition, our laboratory showed that
microglia ingest T cell damaged glioma cells in vitro and in vivo (Kulprathipanja and Kruse,
2004). They can stimulate T cell proliferation, maturation (Carson et al, 1999) and cytokine
secretion (Aloisi et al, 1998). Microglia can also produce anti-inflammatory molecules such
as IL-10 (Seo et al, 2004) and prostaglandin E2 (Watters et al, 2005), both of which may inhibit
antigen presentation by microglial cells. Schartner and colleagues have shown that tumor-
associated microglia display an impaired capacity to upregulate class Il MHC antigens relative
to normal brain microglia, even upon stimulation with potent microglial activators (Schartner
et al, 2005).

It has been postulated that cervical lymph nodes act as the drainage site of the brain interstitial
fluid, thus constituting the afferent arm of immune responses within the CNS (Karman et al,

2004). In agreement with this notion, Tsugawa and colleagues demonstrated that DCs injected
into intracerebral tumors localized to cervical lymph nodes in animal models (Tsugawa et al,
2004). Migration of DCs to the cervical lymph nodes may facilitate the activation of peripheral
anti-tumor T cell responses. It has become clear that the brain is more immunologically active
than originally thought.

[ll. Intrinsic mechanisms of tumor tolerance

Given the ability of T lymphocytes and natural killer (NK) cells to injure tumor cells, it is
surprising that cancers are prevalent in the human population. So what prevents an
immunocompetent animal from rejecting brain tumors? Immunological tolerance to cancer, in
part, is mediated by the expression and presentation of self-antigens by neoplastic cells. The
tolerance mechanisms designed to inhibit autoimmunity also protect tumors from their
rejection.

Gene Ther Mol Biol. Author manuscript; available in PMC 2006 June 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gomez and Kruse Page 4

A. Central tolerance

Central tolerance is mediated by macrophages, DCs, and epithelial cells of the thymus, all of
which participate in the processing and display of self-antigens to immature T cells within the
thymus (Gallegos and Bevan, 2004). Self-peptide is expressed and displayed in the thymus,
an activity that plays an essential role in shaping the T cell repertoire of the host. Immature T
cells expressing T cell receptors (TCRs) with extremely low avidity to MHC: self antigen
complexes survive the process of positive selection while those with high avidity are signaled
to undergo apoptosis during the process of negative selection (Gett et al, 2003; Gallegos and
Bevan, 2004; Gronski et al, 2004; Mathis and Benoist, 2004). In this way, the thymus purges
the host of autoreactive T cells. Under experimental conditions, the frequency of CD8* T cells
recognizing gp100, tyrosinase and MAGE, all self derived peptides that are also expressed by
malignant gliomas, was less than 1 in 10,000 (Zippelius et al, 2002). With the exception of
high thymic output of MART-1 melanoma antigen-specific T cells (Gallegos and Bevan,
2004), the result of this selective process is a population of T cells with only low to intermediate
reactivity to self-tumor antigens. Thus, autoreactive T cells of sufficiently low avidity to
survive negative selection are incapable of responding to tumor antigens with high avidity.

B. T cell anergy

Cells surviving thymic selection are subjected to peripheral tolerance mechanisms. Tumor
cells, including glioma cells, express MHC:self-peptide ligands, but do not express the
necessary co-stimulatory molecules to effectively activate naive T cells (Wintterle et al,
2003). T cells can become anergic if they bind to MHC:self antigen ligands in the absence of
costimulatory signals. Anergic T cells do not proliferate or differentiate into armed effector
cells upon re-encounter of self antigen even if they receive costimulatory signals. These
interactions lead to tumor specific T cell ignorance. Two additional mechanisms used to
maintain tumor tolerance are T cell anergy induced by tumor-associated immature DCs
(Kusmartsev et al, 2005) and activation-induced T cell death due to repeated tumor antigen
stimulation (Saff et al, 2004). Recent data suggest that DCs loaded with self-antigen migrate
into the thymus to induce tolerance to self antigens expressed in peripheral organs (Gallegos
and Bevan, 2004).

C. T regulatory (Treg) cells

1. CD4*/CD25" T cells—Sakaguchi and colleagues were the first to identify a subset of
CD4™* T cells expressing the CD25 activation marker, IL-2 receptor a-chain, that when depleted
in vivo, resulted in severe autoimmune diseases (Sakaguchi et al, 1995). Reconstitution with
CD4*CD25* T cells reversed the autoimmunity. Treg cells also inhibit DC maturation and
their antigen presentation function (Misra et al, 2004), and T cell activation and proliferation
(Sakaguchi et al, 1995; Misra et al, 2004). The mechanism of T cell suppression is contact-
dependent and often mediated by IL-10 and TGF-B (Sakaguchi et al, 1995).

2. CD8*/CD25* & CCR7*/CD45RO*/CD8* T cells—Recently identified human
CD8*CD25* lymphocytes were capable of suppressing allogeneic and autologous T cell
proliferation in a cell contact-dependent manner. TCRs on CD8*CD25" cells are thought to
bind to HLA-E/self peptide complexes displayed on the cell surface of self-antigen activated
T cells (Maggi et al, 2005; Jiang and Chess, 2006). The TCR/HLA-E/peptide interactions bring
the Treg and autoreactive T cells in direct physical contact and subsequently autoreactive T
cell activity is downregulated. Breakdown of this peripheral tolerance mechanism is thought
to contribute to the pathogenesis of various autoimmune diseases. Another type of suppressor
CD8™* Treg cell was identified in the tumor environment in patients with ovarian carcinoma.
Plasmacytoid DCs in tumor ascites induced IL-10*/CCR7*/CD45R0O*/CD8" cells that were
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found to significantly inhibit mature myeloid DC-mediated tumor associated antigen (TAA)-
specific CTL effector function through IL-10 production (Wei et al, 2005).

Recent studies have shown that in vivo depletion of T reg cells mediates regression of
tolerogenic tumors (Liyanage et al, 2002; Ghiringhelli et al, 2004). In humans, Treg cells are
elevated in the peripheral blood and tumor microenvironment of cancer patients, suggesting
that Treg cells may prevent the initiation of anti-tumor responses directed towards shared self-
antigens (Woo et al, 2001). Preliminary results of a phase I/1l immunotherapy trial employing
Ontak (IL-2 fused to diphtheria toxin) to deplete Treg cells in ovarian cancer patients are
promising (Curiel et al, 2006). Ontak therapy significantly depleted Treg cells in peripheral
blood and increased the percentage of IFN-y expressing CTL without inducing autoimmune
reactions.

IV. Mechanisms of glioma immune suppression and resistance

It is clear that intrinsic tumor tolerance mechanisms represent a significant obstacle to the
induction of potent and persistent anti-tumor immune responses in immunocompetent hosts.
There is evidence however that high avidity tumor-antigen-specific T cells do exist (Zippelius
et al, 2002) and furthermore that immunogenic tumors are efficiently rejected in
immunocompetent hosts (Rubinstein et al, 2004). Failure of the intrinsic tumor tolerance
mechanisms allows for potent immunoselective pressure to nascent transformed cells. The
genetic instability of tumors and their repeated exposure to immune selective pressures increase
the potential for selection of tumor cell variants with an enhanced capacity to evade immune
attack. Many studies have demonstrated that tumor cells utilize multiple immune evasion
strategies and the strategies are described below.

A. Secreted immunosuppressive factors

1. PGE2—The non-steroidal anti-inflammatory drugs target the cyclooxygenase enzymes,
COX-1and COX-2, which convert arachidonic acid to prostaglandins and thromboxane (Wang
and Dubois, 2006). COX-2 derived prostaglandin E2 (PGE2) promotes tumor cell invasion,
motility and angiogensis upon binding to its receptor, EPI-4. In addition, PGE2 induces
immunosuppression by downregulating the production of T helper (Th) 1 cytokines (IL-2, IFN-
v and TNF-a) and upregulating Th2 cytokines (IL-4, IL-10 and 1L-6) (Wang and Dubois,
2006). As well, PGE2 inhibits T cell activation and suppresses the anti-tumor activity of NK
cells (Baxevanis et al, 1993; Chemnitz et al, 2006). A recent report indicates that tumor derived
supernatants containing abundant levels of PGE2 enhanced the suppressive activity of Treg
cells, induced expression of the Treg specific transcription factor, Foxp3, in non-Treg cells,
and COX-2 inhibition reduced Treg activity and tumor burden in vivo (Sharma et al, 2005).
Coculture of human primary glioma cells overexpressing COX-2 with mature DCs, induced
mature DCs to overexpress I1L-10. IL-10 overexpressing DCs then induced a CD4* Treg type
anti-tumor response that was abrogated with COX-2 inhibition (Akasaki et al, 2004).

2. TGF-B—There are three closely related mammalian TGF-p isoforms (TGF-f1, 2, and 3),
all of which signal through transmembrane serine/threonine kinase receptors (Govinden and
Bhoola, 2003). Upon receptor binding, Smad 2 is phosphorylated and associates with Smad 4.
The resulting Smad2/4 complexes then enter the nucleus and mediate the transcription of target
genes. TGF-B is involved in regulating inflammation, angiogenesis and proliferation
(Govinden and Bhoola, 2003). In addition, TGF-f is expressed by a variety of cancers including
astrocytomas (Bodmer et al, 1989). TGF-f32 appears to be the major isoform expressed by
glioblastomas, although more recent studies indicate that TGF-f1 expression is predominately
restricted to glioblastomas (Constam et al, 1992; Kjellman et al, 2000). Rarely do gliomas
express TGF-B3 (Constam et al, 1992). Unlike gliomas, normal glial cells secrete TGF-f1 and
-B2 in a latent form that must be proteolytically cleaved to have biological activity (Constam
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etal, 1992; Kjellman et al, 2000). TGF-B inhibits T cell activation, proliferation (Ranges et al,
1987; Gorelik and Flavell, 2000), and the maturation and function of professional antigen
presenting cells (APCs) (Letterio and Roberts, 1998; Smyth etal, 1991; Thomas and Massague,
2005). As well, TGF- inhibits the synthesis of cytotoxic molecules including perforin,
granzymes A and B, IFN-y, and FasL in activated CTL (Smyth et al, 1991; Thomas and
Massague, 2005). Recently it has been shown that TGF-B1 deficient mice develop lethal
autoimmunity due to a lack of sustained Treg function (Marie et al, 2005). It is likely that TGF-
B plays a role in tumor tolerance by facilitating the conversion of naive T cells to a Treg
phenotype.. Alternatively, TGF-p may recruit Tregs towards the primary tumor site as a means
of immune evasion.

3. Interleukin-10 (IL-10)—IL-10, originally named cytokine synthesis inhibitory factor, is
similar to TGF-p in many respects (Grutz, 2005). IL-10 inhibits IL-2 induced T cell
proliferation (Grutz, 2005), the DC and macrophage activation of T cells (Hishii et al, 1995),
downmodulates class Il MHC on APCs (Hishii et al, 1995), and is expressed by Treg cells
(Sakaguchi, 2005) and human gliomas (Hishii et al, 1995). Other studies suggest that IL-10 is
not always immunosuppressive but acts by promoting brain tumor growth inhibition in vivo
(Book et al, 1998).

B. Impairment of adhesive effector: tumor cell interactions and protective tumor cloaks

1. Extracellular Matrix (ECM) Proteins—Adhesive interactions and membrane triggered
signals induced upon cell-cell contact play an important role in immune cell function. One
interaction required for efficient effector cell lysis of tumor cells is effector binding to tumor
cell surfaces. Tumor cells have developed strategies to prevent their adhesion by immune
effector cells. ECM proteins have recently been recognized to participate in T cell activation
(Hemesath et al, 1994). In particular, tenascin-C extracts from the U251 glioma cell line were
shown to inhibit T lymphocyte proliferation and cytokine production (Hemesath et al, 1994;
Puente Navazo et al, 2001). In addition, TIL proliferation and IFN-y production was inhibited
by tenascin C (Parekh et al, 2005). Other studies convincingly established that glioma cells
producing thick glycosaminoglycan coats, composed predominately of hylauronic acid, are
protected from allogeneic CTL responses (Gately et al, 1982; Dick et al, 1983; Oberc-
Greenwood et al, 1986).

2. Intercellular adhesion molecule-1 (CD54)—Adhesion molecules are known to
mediate cell-cell interactions, particularly those between T cells and antigen-presenting or
target cells. Intercellular adhesion molecule-1 (ICAM-1) functions as a cell surface receptor
for leukocyte function antigen-1 (LFA-1) present on CTL and NK cells. LFA-1/ICAM-1
interactions facilitate T cell recognition of TAA presented class | MHC (Kikuchi et al, 2004;
Fiore et al, 2002). Multiple studies have shown that ICAM-1 expression is required for tumor
rejection in vivo (Kikuchi et al, 2004) and in vitro tumor cell lysis by multiple effector cell
types (Kikuchi et al, 2004; Fiore et al, 2002; Schiltz et al, 2002). Disruption of LFA-1/ICAM-1
interactions inhibits target cell lysis and consequently constitutes one mechanism of evasion
from tumor specific T and NK cell lysis (Schiltz et al, 2002; Fiore et al, 2002).

3. HLA class | defects—MHC class | molecules, also known as human leukocyte antigens
(HLA), are required for presentation of endogenous or foreign antigenic peptides to cytotoxic
T lymphocytes (Slingluff et al, 2000; Read et al, 2003) and for the engagement of receptors
that regulate NK cell activity (O’Connor et al, 2006). In humans, MHC class | molecules
comprise the classical HLA-A,B,C (class la) and several non-classical HLA molecules (class
Ib) that include HLA-E, -F, -G and -H, MHC class I-related (MIC)-A and -B and CD1
(Bjorkman and Parham, 1990; Braud et al, 1999).

Gene Ther Mol Biol. Author manuscript; available in PMC 2006 June 6.
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Classical HLA class I genes code for a 45 kDa a chain that folds into three domains (a4, ay
and a3). The a chain binds to proteolytically processed peptides (8-10 amino acids) and
establishes noncovalent bonds with the 12 kDa B,-microglobulin (B2-m) protein to form a
trimolecular complex displayed at the plasma membrane (Restifo et al, 1996). Cells presenting
immunogenic peptides in the context of classical HLA class | molecules are susceptible to
CTL-mediated lysis. All classical HLA-A,-B and -C and a significant proportion of non-
classical HLA class I genes are located on chromosome 6 while B,-m is encoded by a gene
mapped to chromosome 15 (Braud et al, 1999). Detailed studies of human tissues revealed that
the majority of nucleated cells express classical HLA class | molecules (Daar et al, 1984). Some
tissues such as cornea, testis, thyroid and parathyroid glands and the brain, display low or absent
levels of class | HLA (Daar et al, 1984; Lampson and Hickey, 1986; Read et al, 2003).

In contrast to classical HLA genes, non-classical HLA genes are less widely expressed and
polymorphic (Braud et al, 1999). Much like the classical HLA class | molecules, HLA-E, -F,
-G, and —H molecules all noncovalently associate with Bo-m and antigenic peptides. With the
exception of HLA-F, the functions of the class Ib molecules were recently clarified, as detailed
in the comprehensive review by Braud and colleagues (Braud et al, 1999).

Tumor cells displaying aberrant HLA class | expression may evade T cell detection and
subsequently induced cytotoxicity. There are several molecular or genotypic phenotypes to
describe abnormal HLA class | presentation in transformed cells (Figure 1). A complete HLA
class | loss may be caused by mutations of both B,-m alleles. This would inhibit translation of
Bo-m mRNA (Restifo et al, 1996;Rosenberg et al, 2003). In the absence of B,-m expression,
HLA class | heavy chain/B,-m/peptide complexes will not form nor be transported to the cell
surface (Figure 1B). f,-m mutations leading to total loss of HLA class | expression have been
identified in melanomas obtained from recurrent patients who initially experienced clinical
responses to T cell-based immunotherapy (Rosenberg et al, 2003;Restifo et al, 1996;Jager et
al, 1997;Chang et al, 2005). In HLA class | allelic loss, such as the loss of one HLA-A allele
(Figure 1C), the phenotype produced may result from loss of a gene(s) encoding for the heavy
chain of the lost HLA class | allele(s) or by mutations that inhibit their transcription or
translation (Marincola et al, 1994;Wang et al, 1999;Facoetti et al, 2005;Demanet et al, 2004).
Immunotherapy refractory tumors often demonstrate selective HLA class | allelic loss (Chang
etal, 2003;Jager etal, 2002), indicating that the HLA defects contributed to the lack of response
in the patients. In contrast to these findings, Hiraki and colleagues recently demonstrated that
chondrosarcoma cells with HLA-A11 loss were lysed by autologous CTL thus indicating that
the tumor was able to present antigenic peptides with the remaining HLA-A24 allele (Hiraki
et al, 2001). Loss of a HLA class | haplotype (Figure 1D) may be caused by loss of portions
of the short arm of chromosome 6 (Maeurer et al, 1996;Chang et al, 2003). In the phenotypes
presented (Figure 1), it is more reasonable to assume that with the phenotype shown in Figure
1B the CTL susceptibility may be lost, with little possibility that it could be restored with
exogenous IFN-y treatment (Read et al, 2003); whereas the CTL susceptiblity would be reduced
with the phenotypes presented in Figures 1C and 1D.

Finally, other defects have been implicated as providing mechanisms of T cell evasion in animal
models (Mukherjee et al, 2003): 1) total HLA class | downregulation may be the result of
epigenetic gene silencing, e.g. hypermethylation (Coral et al, 1999), 2) altered chromatin
structure of the HLA class | promoter may occur (Nie et al, 2001), or 3) loss of antigen
processing machinery components such as transporter associated with antigen processing-1
may cause aberrancy (Facoetti et al, 2005). In some cases, alteration or absence of one of the
components of the trimolecular structure, such as the loss of TAA peptides, rather than HLA
class I loss, might also occur (Slingluff et al, 2000).

Gene Ther Mol Biol. Author manuscript; available in PMC 2006 June 6.
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C. How do HLA class | deficient tumor cells evade NK cell killing?

NK cells are capable of killing cancer and virally-infected cells without prior sensitization
(O’Connor et al, 2006). NK cells are responsible for the direct killing of HLA class | deficient
tumor cells (O’Connor et al, 2006). The binding of inhibitory killer immunoglobulin-like
receptors (KIRSs) expressed by NK cells to class I HLA molecules on normal cells maintains
NK cell tolerance. Under pathological conditions including viral infections or neoplasms, HLA
class | expression is often altered, thus breaking NK cell tolerance. As such, the rapid growth
of HLA class | defective tumors in the face of NK cell immune selective pressure seems
contradictory to the established anti-tumor function of NK cells.

Ectopic HLA-G expression is a recently described mechanism of tumor evasion of T and NK
cell lysis (Wiendl et al, 2002). HLA-G was initially believed to display antigenic peptides to
T cells at the materno-fetal interface since placental trophoblasts do not express classical HLA
class I antigens (Rouas-Freiss et al, 1999). It is now thought that HLA-G protects the fetus
from allorejection by the maternal NK and T cells. HLA-G binds to the NK and T cell inhibitory
receptor, ILT2 to mediate its immunotolerant function (Hofmeister and Weiss, 2003). Not
surprisingly, HLA-G is expressed by several tumors including primary glioblastomas, and as
well, by established glioma cell lines (Wiendl et al, 2002). HLA-G expression rendered glioma
cells resistant to alloreactive CTL lysis (Wiendl et al, 2002). HLA-G-mediated inhibitory
signals are strong enough to counteract NK activating signals. It is conceivable that ectopic
tumor HLA-G expression may provide concurrent protection to T and NK cell lysis.

D. Mechanisms of protection to Fas induced apoptosis

The Fas receptor and its ligand, FasL, are members of the tumor necrosis factor (TNF) family
of receptors and ligands (Ozoren and El-Deiry, 2003). Binding of FasL to Fas initiates a
signaling cascade resulting in apoptosis of cells expressing Fas. The Fas apoptosis pathway
constitutes one mechanism by which NK and activated T cells regulate tumor growth. Tumor
cells may disrupt the Fas pathway at many levels within this signaling cascade (Figure 2).

At the receptor level, downregulation of Fas surface expression (Leithauser et al, 1993) or
secretion of the soluble decoy for FasL, decoy receptor 3 (DcR3), lacking a transmembrane
region may inhibit Fas-induced apoptosis (Pitti etal, 1998; Roth etal, 2001). DcR3 is expressed
by lung, colon and brain tumors (Pitti et al, 1998, Roth et al, 2001). In 9L experimental gliomas,
DcR3-expressing tumors displayed reduced numbers of tumor infiltrating CD4 and CD8 T
cells (Roth et al, 2001).

During signal transduction, expression of Fas-associated death domain-like IL-1b-converting
enzyme inhibitory protein (cFLIP) inhibits the activation of caspase-8, rendering tumor cells
resistant to apoptotic signals transduced by Fas and other death receptors (Medema et al,
1999; Kamarajan et al, 2003). Inhibition of Fas-induced glioma cell apoptosis can also be
mediated by the family of apoptosis inhibitory proteins (IAPs). IAPs can inhibit caspase activity
(French and Tschopp, 2002).

E. Tumors expressing FasL may counterattack activated effector T lymphocytes

The observation of tolerance to FasL™ testis grafts bolstered the hypothesis that FasL could
grant tissues an immune privileged status (Bellgrau et al, 1995). Researchers in the
transplantation field sought to capitalize on this finding by introducing the FasL gene into cells
or tissues prior to their transplantation (Duke et al, 1999; Nelson et al, 2000). Tumor
immunologists focused their attention on the role of FasL as a mechanism of immunoresistance.
In several studies FasL was detected on a variety of tumor cell types both in vitro and in vivo
(Saas et al, 1997; Walker et al, 1997; Husain et al, 1998; Gastman et al, 1999). Primary tumor
explants and tumor cell lines expressing FasL induced apoptosis of Fas* target cells including
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T lymphocytes (Saas et al, 1997; Walker et al, 1997; Husain et al, 1998; Gastman et al,
1999). A similar counterattack mechanism involving CD70, also a TNF family member, on
gliomas and its receptor, CD27 on activated T cells, was recently described (Chahlavi et al,
2005).

Controversy exists as to the role of FasL in suppressing immune reactions. Allison and
colleagues documented a rapid rejection of transplanted islet p cells that was accompanied by
granulocytic infiltrates (Allison et al, 1997). Other researchers also found that FasL gene-
modified tumors were rapidly rejected by what appeared to be a granulocyte-dependent
mechanism. Some malignant glioma cells were observed to coexpress Fas and FasL, suggesting
the possibility that Fas/FasL interactions may induce tumor cell apoptosis as well (Arai et al,
1997; Husain et al, 1998).

F. Novel tumor immunosuppressive mechanisms

1. B7-H1—The recently identified B7 homologue 1, B7-H1, possesses costimulatory and
immunomodulatory activity (Wintterle et al, 2003). B7-H1 binds PD-1 to exert its immune
modulation. Glioma cell lines and primary glioma specimens but not normal brain tissue exhibit
B7-H1 expression (Wintterle et al, 2003; Wilmotte et al, 2005). In gliomas, it appears that B7-
H1 inhibits allogeneic T cell activation and cytokine secretion (Wintterle et al, 2003; Wilmotte
et al, 2005). Interestingly, under inflammatory conditions such as experimental allergic
encephalomyelitis, microglial cells upregulate B7-H1 expression, suggesting that microglial
associated B7-H1 plays a role in limiting autoimmune-induced tissue damage (Wintterle et al,
2003; Magnus et al, 2005).

2. Signal transducer and activator of transcription-3 (STAT-3)—Multiple tumor cell
types display a persistent activation of STAT-3 (Kortylewski et al, 2005; Rahaman et al,
2005; Wang et al, 2004). Constitutive STAT-3 activation in tumor cells suppresses
proinflammatory cytokine and chemokine release (Wang et al, 2004). As a result, the induction
of tumor-specific T cell responses is inhibited. Blockade of STAT-3 signaling leads to the
release of cytokines such as TNF-a, IL-6, IFN-B, chemokine related proteins such as RANTES
and interferon-gamma-inducible 10 kD protein or IP10, and the activation of innate immunity
and DCs.

In addition to regulating the expression of immunomodulatory factors, STAT-3 positively
regulates the expression of anti-apoptotic proteins such as Bcl-2, Bcl-X , Mcl-1, survivin and
cFLIP in glioma cells (Rahaman et al, 2005; Konnikova et al, 2003; Akasaki et al, 2006).
Silencing of STAT-3 expression in glioma cells induced their apoptosis in the absence of an
apoptotic stimulus, but did not in normal human astrocytes (Konnikova et al, 2003). As
expected, STAT-3 knockdown led to the downregulation of the pro-apoptotic proteins.

It is plausible that the upregulation of pro-apoptotic proteins as a result of constitutive STAT-3
activation may contribute to glioma cell resistance to radiation, chemotherapy, and CTL-based
immunotherapies. The use of STAT-3 inhibitors would clarify the role of STAT-3 in providing
gliomas with protection to the cytotoxic therapies. Interpretations of such experiments require
careful consideration of the fact that STAT-3 inhibitors may also have inhibitory effects on
other pathways, such as that dealing with epidermal growth factor receptor signaling (Gazit et
al, 1991). In addition, the tyrosine kinase inhibitor, AG-490, once thought to be a STAT-3
pathway specific inhibitor, was recently shown to suppress T cell proliferation (Wang et al,
1999).

3. Indoleamine 2,3-dioxygenase (IDO)—IDO is required for degradation of the essential

amino acid, tryptophan. In conditions of tryptophan shortage, T cells undergo cell cycle arrest.
Interestingly, expression of IDO in the placenta plays an essential role in preventing rejection
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of semi-allogeneic fetuses (Munn and Mellor, 1999, 2004). Based upon these observations,
Uytennhove and colleagues postulated that IDO expression may create a local tryptophan
shortage that could starve T cells and thus induce tumor tolerance (Uyttenhove et al, 2003).
IDO expression was detected in multiple primary human tumors including glioblastomas. In
immunocompetent syngeneic animals, local tryptophan degradation by IDO* tumors provided
a mechanism of immune resistance. In turn, the pharmacologic inhibition of IDO expression
resulted in the rejection of IDO* tumors. As predicted, IDO* tumor-bearing mice display a
reduced number of TAA specific CTL (Uyttenhove et al, 2003). Treatment of tumor cells with
exogenous IFN-y results in increased IDO activity. Conceivably, T cell secretion of IFN-y may
inadvertently stimulate glioma cells to upregulate their IDO activity thus creating a local
tryptophan shortage (Shirey et al, 2006).

4. Galectin-1 (Gal-1)—Gal-1 is a secreted p-galactoside binding protein with wide tissue
distribution and immunomodulatory functions (Liu, 2000; Yamaoka et al, 2000). A role for
Gal-1 in establishing tumor tolerance was recently reported by Rubinstein and colleagues in a
B16 melanoma tumor model (Rubinstein et al, 2004). Gal-1 expressing melanomas evaded
immune-mediated rejection by inducing T cell apoptosis. Established human and rat glioma
cell lines express Gal-1 and Gal-1 mRNA levels correlated with the tumor grade (Rubinstein
et al, 2004; Camby et al, 2002). The role of Gal-1 in suppressing glioma specific T cell
responses has yet to be determined. Thus far, it appears that Gal-1 promotes glioma growth,
migration, and invasion (Camby et al, 2002).

V. Know your enemy: immunotherapy resistant glioma variants and Treg

cells

The same mechanisms in place that protect gliomas from rejection by the host immune system
may also impede the ability of brain tumor immunotherapies to eradicate the tumors or to
suppress their growth. In agreement with this notion, the emergence of immunotherapy
refractory melanoma cells has been observed among patients treated with activated autologous
T lymphocytes (Restifo et al, 1996; Rosenberg et al, 2003). As well, brain tumor patients
receiving immunotherapy often fail to respond to subsequent administrations of the
immunotherapeutic agent or biologic (Kruse et al, 1997; Quattrocchi et al, 1999; Kruse and
Rubinstein, 2001; Yu et al, 2004). It is important to develop strategies to circumvent the
resistance if an improvement in survival is to occur. Our understanding of the obstacles can be
enhanced with the generation and use of glioma cell models of immunotherapy resistance
(ITR). The ITR models would allow for the determination of the reasons why not all brain
tumor cells succumb to the therapy. With such knowledge the therapy may be improved upon.
In cases involving adoptive T cell immunotherapy, the presence of immunosuppressive T cells
such as Tregs within the starting effector cell populations may limit the efficacy of the therapy.
In theory, selective depletion of the suppressor T cell compartment in ex vivo activated effector
cell preparations might improve the T cell therapy.

A. Glioma cell models resistant to alloreactive CTL

The observation that glioma cells, unlike normal neurons and glia, express relatively abundant
levels of class I HLA indicated that gliomas might be amenable to local adoptive
immunotherapy with HLA-restricted alloreactive cytotoxic T lymphocytes (aCTL) (Read et
al, 2003; Lampson and Hickey, 1986). In a pilot clinical trial, six recurrent malignant glioma
patients were treated over a ten-month period with multiple intracranial infusions of
recombinant human interleukin-2 and aCTL, sensitized to patient HLA antigens (Kruse et al,
1997; Kruse and Rubinstein, 2001). One patient survived 40 months, and the remaining two
are >11 years from the start of immune therapy and entrance into protocol. Although the results
of this study were promising, we wanted to explore the reason(s) why not all patients responded
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well to the therapy. One possibility was the existence of intrinsically ITR cells within the
heterogeneous primary glioblastoma cell mass.

We generated aCTL resistant glioma cell models for study using in vitro immunoselection.
Immunoselective pressure was applied with multiple aCTL populations to 13-06-MG
glioblastoma cells obtained from a patient at initial diagnosis (Gomez et al, 2006). Two glioma
cell clones, 13-06-1R29 and 13-06-1R30, were isolated from continuously immunoselected
13-06-MG cell populations. Compared to the immunosensitive 13-06-MG parental cells, the
ITR clones resisted aCTL lysis for some time in the absence of selective pressure (Gomez et
al, 2006). Relative chromosomal imbalances and structural abnormalities were identified that
were associated with the ITR phenotype (Gomez et al, 2006).

Additional studies showed no impairment of aCTL adhesion to ITR derived ECM proteins and
ITR cells (Gomez and Kruse, 2006b). Downregulation of HLA class | or ICAM-1 molecules
that would inhibit aCTL recognition also was not detected in the ITR clones. Changes in HLA-
G and FasL expression also were not observed. Statistically significant upregulation of the
immunosuppressive cytokine TGF-B was associated with the ITR phenotype and corresponded
to ITR clone gains (based upon triploid as the reference ploidy) of chromosome 1 and arm 19q
where encoding of TGF-B2 and B1 lies, respectively. This finding is intriguing since TGF-f
inhibits the synthesis of the cytotoxic molecules perforin, granzymes A and B, IFN-y and FasL
in activated CTL (Smyth et al, 1991; Thomas and Massague, 2005).

The ITR variants exhibited cross resistance to two other allogeneic, non-HLA-restricted
effector cells (Gomez and Kruse, 2006b). After noting an inhibition in ITR clone apoptosis
induction, stimulated by their coincubation with aCTL, we performed pathway specific cDNA
array analysis to detect gene expression changes of apoptosis-related genes between the aCTL
sensitive parental cells and the two ITR clones (Gomez and Kruse, 2006a). Downregulations
of key proapoptotic genes involved in apoptosis such as Apaf-1, ATM, Asc, Caspases 3 and 8
were observed. The downregulation of the majority of the genes correlated with the
chromosome losses observed in the ITR clones. The downregulation of Apaf-1 at the protein
level was verified in clone 13-06-IR29 (Gomez and Kruse, 2006a), which makes it valuable
for ascertaining the role that Apaf-1 might play in the ITR phenotype by knock-in experiments.

The isolation of these and more ITR glioma cell models will act as tools for further examining
the factors and mechanisms by which glioma cells may resist immunotherapy withaCTL. Thus
far the data indicate that disruption of the TGF-p signaling pathway, or perhaps upregulation
of proapoptotic proteins using gene therapy may circumvent the resistance. The generation of
more ITR glioma cell models from recurrent gliomas previously subjected to in situ radiation
and chemotherapy selective pressures, and those derived from patients at initial diagnosis,
would help us more comprehensively understand the factors involved in determining the
sensitivity of glioma cells to adoptive T cell immunotherapy. Moreover, such models would
also be useful in improving immunotherapies aimed at activating glioma specific T cell
responses.

B. Selective depletion of Treg cells to improve cellular immunotherapy of brain tumors

Given the ability of Treg cells in maintaining tolerance to self-antigens displayed by normal
and neoplastic cells, it is conceivable that selective Treg cell depletion of the tumor host prior
to treatment with ex-vivo-sensitized autologous T lymphocytes to glioma associated antigens
(GAA) (Powell et al, 2005), or to vaccination with GAA-pulsed autologous DCs could extend
survival of glioma patients (Yajima et al, 2005; Zhang et al, 2006). Both approaches have
mediated tumor regressions in animal models. Preliminary results of a phase I/11
immunotherapy trial employing Ontak (IL-2 fused to diphtheria toxin) significantly depleted
the number of Treg cells in the peripheral blood of ovarian carcinoma patients and increased
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the percentage of IFN-y expressing CTL without inducing autoimmune reactions (Curiel et al,
2006). Alternatively, selective depletion of the suppressor T cell compartment may be achieved
with cyclophosphamide (CPA). CPA depletion of Treg cells allowed adoptive T cell
immunotherapy to be curative of established tumors in mice (Kruse et al, 1993; Ghiringhelli
et al, 2004).

Treg cells constitute a fairly low percentage (approximately 5 to 15%) of peripheral blood
mononuclear cells (PBMNC) and variable numbers have also been detected in a wide variety
of tumors (Powell et al, 2005). Upon ex-vivo expansion of TIL with exogenous IL-2, or
activation of precursor allogeneic T lymphocytes in one-way mixed lymphocyte reactions
(MLR), the proliferation of Treg cells may ensue. The expansion of Treg cell numbers may
dampen the activation and proliferation of tumor sensitized T cells or precursor alloreactive
CTL. Therefore, we plan to determine the frequency of Treg cells present in the donor PBMNC
before and after stimulation of the PBMNC in one-way MLR. In addition, we are currently
exploring whether selective Treg cell depletion, prior to the activation of precursor aCTL will
increase the number of aCTL generated in the MLR, and whether an improvement in their
cytolytic activity is achieved.

VI. Concluding remarks

Significant advances in the field of immunology have paved the way for the development of
immune therapeutic strategies to combat primary intracranial neoplasms. Malignant gliomas
are adept at evading the host immune system. The various immunotherapeutic regimens tested
thus far have resulted in mixed responses. To overcome the immunoresistance it is necessary
to determine the ways in which gliomas resist the immunotherapies. The creation and
characterization of ITR glioma models should allow for the formulation of strategies to enhance
the current therapies. Analysis of tumor cells and the tumor microenvironment may shed some
light on two compartments that participate in tumor tolerance and the immune suppression.
For cellular therapy strategies, however, investigating the immune effector cell compartment
for the presence of suppressor T cells may also yield important information leading to
modification of experimental procedures to eliminate suppressor cells. If an improvement in
survival is to materialize for this select population of cancer patients, we need to understand
the obstacles present in all three compartments to appropriately develop strategies to overcome
immune resistance.
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Figure 1.

Depiction of normal class | HLA presentation and other aberrant HLA phenotypic defects in
tumors. (A) Normal HLA class | allele presentation is shown on a tumor cell. The heavy HLA
class | a chains associate with the invariant $2-m chain (black circle) and antigenic peptide
(open circle) at the plasma membrane surface. (B) Loss of HLA antigen expression at the tumor
cell surface is shown. Inactivating mutations of the 2-m genes may prevent $2-m expression,
leading to a total loss of HLA class I. (C) Specific HLA allelic dropout is demonstrated. In this
instance we show HLA class | A allelic downregulation that decreases the number of HLA/
peptide complexes at the cell surface. (D) HLA haplotype loss is shown. As a result of loss of
portions of chromosome 6, a complete loss of maternal or paternal HLA would be displayed
as a HLA class | downregulation that would more drastically decrease the number of HLA/
peptide complexes at the cell surface than what is depicted in C.
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Figure 2.

Disruption of Fas-induced apoptosis or upregulation of FasL may provide tumor cell protection
to T lymphocyte induced cell injury. Decreased Fas expression by the glioma cells or their
secretion of the FasL decoy receptor, DcR3, can inhibit death receptor induced apoptosis. The
transduction of apoptotic signals by way of the Fas receptor is inhibited when tumor cells
express cFLIP or IAPs. The cFLIP protein inhibits caspase 8 activity. The AP family members
suppress caspase 3 and caspase 9 activity. Tumor cells may counterattack T cells by expressing
FasL, which can engage Fas on the T cell plasma membrane to initiate T cell apoptosis.
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