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Abstract T-cell mediated immunotherapy is a conceptually attractive treat-

ment option to envisage for glioma, since T lymphocytes can actively seek out

neoplastic cells in the brain, and they have the potential to safely and specifi-

cally eliminate tumor. Some antigenic targets on glioma cells are already

defined, and we can be optimistic that more will be discovered from progress

in T-cell epitope identification and gene expression profiling of brain tumors. In

parallel, advances in immunology (regional immunology, neuroimmunology,

tumor immunology) now equip us to build upon the results from current

immunotherapy trials in which the safety and feasibility of brain tumor immu-

notherapy have already been confirmed. We can now look to the next phase of

immunotherapy, in which we must harness the most promising basic science

advances and existing clinical expertise, and apply these to randomized clinical

trials to determine the real clinical impact and applicability of these approaches

for treating patients with currently incurable malignant brain tumors.
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48.1 Introductory Remarks

Is our immune system capable of recognizing and destroying tumor cells in the
brain, either spontaneously or after ‘‘doping’’ by some immunotherapeutic
strategy? After some decades of uncertainties concerning tumor immunity
and its applicability to the CNS, the answer in the twenty-first century is yes,
but with a number of caveats that can best be summarized as ‘‘under certain
conditions.’’ The aim of this chapter is to overview the science that may help us
to understand the particular circumstances under which elements of the
immune system can recognize and destroy tumor in the brain, and then to
assess how this information has been put to the test in current clinical trials.

48.2 Immune Privilege and Cancer Immunosurveillance

The dialogue between the immune system and brain tumors has been strongly
influenced by two key hypotheses, immune privilege and cancer immunosurveil-
lance, both of which originated more than 50 ago. In the 1940s, Medawar
reported that allografts in the CNS survived longer than those in other tissues
(Medewar, 1948), which led Barker and Billingham to coin the term immune
privilege to describe such sites (Barker and Billingham, 1977). The concept of
limited immune responsiveness in the brain was interpreted as being consistent
with the overriding need to control inflammatory reactions and their potentially
damaging consequences to neuronal networks with low regenerative capacity.
The absence of a lymphatic system within the CNS and the presence of a
specialized blood-brain barrier (BBB) in most CNS compartments suggested
immune isolation achieved by restricting entry of blood-born molecules such as
immunoglobulins, as well as leukocytes, albeit by mechanisms that are under
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constant revision (Bechmann et al., 2007). With several decades of more
detailed observations of immune responses in the CNS, it is now clear that
both protective (e.g., antiviral) and pathogenic (e.g., autoimmune) immune
responses can and do occur in the CNS, but these may be quantitatively and
qualitatively different to those occurring in other sites. In a reappraisal of CNS
immune privilege (Bechmann et al., 2007), many compelling arguments were
made for a redefinition of privilege, underlining that it is a relative state, and
only applicable to the parenchyma of the intact, noninflamed brain.

Moreover, perhaps in view of the longstanding, oversimplistic interpretations
of immune privilege, one of the cornerstones of modern tumor immunology, the
cancer immunosurveillance hypothesis of Burnet and Thomas (Burnet, 1970) was
not immediately seen to directly concern brain tumors. The theory proposes that
the immune system continually surveys the organism and recognizes and destroys
abnormal cells. Recognition of cancer certainly occurs, but it is now clear that the
outcome of such detection is not always protective immunosurveillance. This led
to a refined theory of immunoediting (Dunn et al., 2006) in which different
outcomes are described following cancer and immune system interaction:
namely, elimination, equilibrium, and tumor escape. Analysis of mouse models
with clearly defined immunodeficiencies shows that both innate and adaptive
immune responses influence tumor outgrowth: mice lacking T lymphocytes, B
lymphocytes, natural killer (NK) cells, and those with deficiencies in Type 1 or
Type 2 interferons (IFNs) have higher tumor incidence. Moreover, analyses of
large cohorts of immunosuppressed patients show that incidence of not only
virally associated cancers but also cancers with no known association with
infection is increased. However, to date, brain tumors have not been among the
tumors noted to occur more frequently. This is likely due to the lower expected
frequency of these malignancies, but it may also be because brain tumors are
rarely eliminated spontaneously, and more likely persist in equilibrium with the
host. Or else they rapidly escape immune control, as would appear to be the case
once malignant gliomas are detected. In this case, the notion of immunoediting
predicts that outgrowing tumors will have been sculpted by interaction with the
immune system, for example, by selection of tumors able to neutralize immune
effector mechanisms, as will be discussed (see below).

It should be noted that these ideas are in the context of spontaneous immunity
against spontaneous cancers. When this occurs, and when we can study it, we
should do so. Indeed, naturally occurring immune mechanisms endowed by
millennia of selection and evolution may provide precious information for
rational immunotherapy design.

48.3 The Stages of Tumor Immunity

Spontaneous tumor immunity can be conveniently divided into a minimum of
three chronologically distinct events (innate immune activation, induction of
adaptive immunity, and effector phase of adaptive immunity) that occur in two
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distinct anatomical sites: the tumor site and secondary lymphoid tissue (Fig. 48.1).
Immunotherapies must reinforce, reproduce, or substitute for each of these
phases. We will outline the general features of how and where the stages of an
idealized spontaneous antitumor immune response occur, indicating the particu-
larities of the CNS.

48.3.1 The Tumor First Stimulates Innate Immune Sentinels,
at the Site of the Malignancy

48.3.1.1 Detection

The first step in tumor immunity is alerting the immune system to the presence
of tumor; this is achieved by innate immunity. The innate immune system
comprises soluble factors such as components of the complement system, but
more important for tumor immunity are the cells, such as the macrophages/
microglia, granulocytes, NK cells, and dendritic cells (DCs). These cells

Fig. 48.1 The stages of T-cell mediated tumor immunity. The tissue damage and stress
associated with tumor growth will alert cells of the innate immune system, including
microglia. Resident or recruited APC (i) phagocytose tumor-derived antigen (e.g., cellular
debris) and transport it to LNs (ii). Tumor antigens can also arrive in the LN following
peripheral vaccination (iii). Immigrant DC or LN resident DC presents antigen to naı̈ve T
cells, leading to their activation and clonal expansion (iv). Activated T cells exit the LN and
infiltrate the site of tumor growth (v) to exert their effector functions
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efficiently detect pathogen-associatedmolecular patterns bymeans of germline-
encoded pathogen-recognition receptors (PRRs) that include the toll-like recep-
tors (TLRs). However, their role is now understood to be wider than merely
detecting infection by a pathogen; they can also detect perturbations to the
organism that can be considered ‘‘dangerous’’ (Matzinger, 1994), and PRR can
also be viewed as ‘‘pattern’’ recognition receptors able to deliver danger signals.
For example, endogenous ligands have been identified for all human TLRs
except for TLRs 5 and 10. These include the heat shock proteins (HSPs)
upregulated by stressed cells (binding to TLRs 2 and 4) and nucleic acids
released by dying tumor cells (binding to TLRs 3, 7, and 9) (Barrat and Coff-
man, 2008; Barton and Medzhitov, 2002; Pulendran, 2005).

Detection of cancer will be initially mediated by tissue-resident sentinel cells
of the innate immune system, which for most tissues are the DCs and the
macrophages. But for the brain, DCs are not resident in the parenchyma
(although they may appear at later stages of a response), and the most impor-
tant endogenous sentinels are the microglial cells (Hanisch and Kettenmann,
2007). These specialized brain macrophages are widely distributed throughout
the brain parenchyma and may actually be recruited to the site of glioma
occurrence, where they can represent up to a third of the cells composing the
tumor (Graeber et al., 2002). Microglia express several TLRs, including TLR 4
that is proposed to bind several factors produced by dying cells in the glioma
microenvironment (Hussain et al., 2006). If TLR ligation leads to full activation
of the microglial cell, subsequent functions potentially include phagocytosis,
chemokine and cytokine release, antigen presentation, and even tumor cell
killing. However, other less useful outcomes have been suggested, including
neurotoxicity and enhancement of tumor invasiveness through the upregula-
tion ofmetalloproteinases. These contrasting functions may be attributed to the
extreme plasticity of microglia in response to their local milieu. Indeed, the
brain microenvironment in which they must function is also comprised of
astroglial cells which exhibit characteristics of innate immune function, includ-
ing PRR expression, activation to a reactive state, and secretion of cytokines
and chemokines (Farina et al., 2007). Furthermore, in the case of malignancy,
microglial function will also be subject to modulation by the local tumor
microenvironment (Hussain et al., 2006; Markovic et al., 2005).

48.3.1.2 Innate Immune Functions

In a protective antitumor immune response, once the endogenous sentinels of
innate immunity are alerted, there are two subsequent events: to limit (or
eliminate) the source of danger by innate effector functions of resident cells
and to recruit further resources (particularly T cells, as discussed in the next
section). For glioma, there is little in vivo evidence to suggest that tumoricidal
microglia spontaneously restrain brain tumor growth (Graeber et al., 2002).
The other innate effector cell that has the potential to recognize and kill tumor
cells is the NK cell, which has been the subject of intensive investigations to
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characterize the receptors that regulate its function. In order to mediate cyto-
lysis, NK cells must receive a signal through one of their activating receptors
such as NKG2D, but to result in activation, there must be an absence of
signaling through inhibitory receptors (e.g., members of the CD158 family
of receptors) (Lanier, 2008). Expression of ligands for NKG2D is low on
normal cells, but upregulated on cells subjected to genotoxic stress, as
occurs in neoplastic transformation. Indeed, certain human glioma fulfill
the requirements for NK cell recognition and activation, with expression of
the NKG2D ligands MICA/B (major histocompatibility complex (MHC)
class I-chain-related molecules A and B) and UL16-binding proteins
(ULBP) 1–3 (Eisele et al., 2006), and a downregulation of some HLA mole-
cules which are ligands for the CD158 inhibitory receptors (Facoetti et al.,
2005). NK cells are not only cytotoxic but also an early source of IFN-g, which
can be angiostatic and can amplify T-cell mediated tumor immunity. How-
ever, little is known about the NK cells or their potential impact at the tumor
site in human glioma; although in a murine intracranial tumor model (B16
melanoma), interactions between DCs, NK cells, and T cells facilitated
protective tumor immunity (Prins et al., 2006c).

48.3.2 The Induction of Adaptive Immune Responses Against
Brain Tumors: From the Brain to the Lymph Node

Althoughmacrophages andmicroglia are the major components of the immune
infiltrate in brain tumors at every stage of the response, after initial detection of
the malignancy they will be joined by T lymphocytes, which are responsible for
the cell-mediated immune responses of adaptive immunity. The B lymphocytes,
giving rise to antibody-secreting plasma cells and the humoral arm of adaptive
immunity, are probably not a major component of spontaneous immunity to
brain tumors. On the other hand, antibodies administered therapeutically have
important applications in glioma therapy and will be covered elsewhere in this
book (see Chapter 36). In this chapter, the focus is on T cells (both CD4 and
CD8 subsets), which once activated have the potential to infiltrate tumors and
mediate potent effector functions including cytotoxicity and local cytokine
release. It will become clear that while these potentially useful effector functions
may be T-cell mediated, their initiation is totally dependent on innate immune
cooperation.

48.3.2.1 Generation of Naı̈ve CD4 and CD8 T Cells

T cells that are mature and naı̈ve (i.e., cells not yet stimulated by their cognate
antigen) are generated in the thymus, and then travel in the blood and lymph to
recirculate between secondary lymphoid organs such as the spleen and LNs.
Although the majority of naı̈ve T cells do not efficiently enter nonlymphoid
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tissues, including the CNS, exceptions have been reported (Brabb et al., 2000).

Such atypical T-cell trafficking probably does not account for a significant

proportion of T cells under normal conditions and may even be associated

with tolerance induction rather than induction of efficient antitumor immunity.

Therefore, for understanding the generation of efficacious tumor immunity, the

‘‘conventional’’ trafficking and activation of T cells in LNs will be considered

here.
A large number of T cells are generated in each individual, with each bearing

clonally distributed antigen receptors that are generated by somatic rearrange-

ment of a limited number of gene segments. These encode a heterodimeric T-cell

receptor for antigen (TCR) comprised of a and b chains for the main T-cell

population that will be discussed here, and of g and d chains for receptors used
by a minority gd T-cell population. The ligands for the TCR of CD8 T cells are

short peptides of around 8–10 amino acids bound to class I MHC molecules,

whereas CD4 T cells recognize slightly longer peptides (�13–17 amino acids)

bound to MHC class II molecules. Since TCR are randomly generated, the

repertoire potentially includes receptors of any conceivable specificity, but the

frequencies of naı̈ve T cells expressing a TCR of a given specificity in the whole

T cell population are very low (in the order of 1 in 106 cells), necessitating

significant clonal expansion in order for T cells to achieve a biological effect

in vivo.

48.3.2.2 Naı̈ve T-Cell Activation Requires Two Signals

If naı̈ve T cells receive only a single signal via ligation of their TCR by anMHC/

peptide complex, they may become anergic, i.e., without effector function and

refractory to further stimulation. Full activation of naı̈ve T cells to become

effector cells requires a second signal, which is usually delivered by costimula-

tory molecules such asmembers of the B7 family (particularly CD80 andCD86)

expressed by antigen presenting cells (APCs) of the innate immune system, the

most efficient of which are the DCs (Fig. 48.2). Activation of naı̈ve T cells

(priming) by APCs within the secondary lymphoid tissue triggers clonal expan-

sion of T cells and a differentiation program that will influence the magnitude

and quality of the antitumor immune response, i.e., T-cell effector functions

(cytotoxicity, cytokine release, suppression), tissue tropism, and persistence as

T effector or Tmemory cells. Although this is occurring in the LN, these factors

are principally predetermined by the innate immune reaction, upstream at the

tumor site (or at a vaccination site). The resulting clonally expanded T cells

(now highly enriched for tumor antigen specificity) can then exit the LN via the

efferent lymph, enter the bloodstream, and traffic more or less efficiently to the

tumor site, depending upon the pattern of adhesion molecules and chemokine

receptors (their ‘‘homing phenotype’’) with which they have been programed to

express by the DC.
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48.3.2.3 How Does Antigen from the Tumor Site Reach

the Naı̈ve T Cells in the Lymph Node?

The best understood route for antigen transport to the LN is via DCs, which

are able to phagocytose tumor-derived antigens, then migrate via lymphatic
vessels to the T-cell zones of draining LN, wherein they can await encounter

with a recirculating naı̈ve T cell with specificity for the captured antigen
bound to an MHC molecule. For brain tumors, this scenario is complicated

by the particularities of CNS cellular composition and anatomy: there are
no lymphatic vessels in the brain, and there are no resident DCs in the

healthy brain parenchyma. Nevertheless, several different experimental
approaches all now confirm that functional antigen drainage from the

brain parenchyma to lymphoid tissues occurs, principally to the cervical
LNs (Cserr and Knopf, 1992).

Fig. 48.2 T-cell activation in the lymph node. Naı̈ve T cells are activated (primed) in secondary
lymphoid tissue by DCs that are able to present tumor antigens (i.e., exogenous antigens) on
MHC class I (cross-presentation) and MHC class II molecules to CD8 and CD4 T cells,
respectively. In addition, all DCs present endogenous antigens to CD8 T cells. The DCs also
express costimulatory molecules (e.g., CD80/CD86) that deliver a second signal to receptors on
the T cells, ensuring T-cell activation rather than tolerance (see text)
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48.3.2.4 Cell-Free Drainage of Antigen

Early studies examined transport of soluble products which flow with inter-
stitial tissue fluid via the perivascular spaces, to drain either into the subarach-
noid space or to lymphatics via arachnoid sheaths of certain cranial nerves and
spinal nerve roots to reach the cervical LNs (Bechmann et al., 2007). More
recently, particulate material was also shown to reach cervical and submandib-
ular LN after intracerebral injection (Walter and Albert, 2007). These studies
confirm functional drainage in the absence of lymphatics, but they do not
adequately explain the initiation of adaptive immunity. For this to occur with-
out induction of immune tolerance, there must be not only antigen presented to
T cells in the cervical LN but also a second signal indicating danger or infection.
The best understood source of such a second signal is an APC that has sensed
danger at its source, i.e., at the tumor site in the brain.

48.3.2.5 Cell-Mediated Transport of Antigen from the Brain to the Lymph Node

A cell able to transport brain tumor-derived antigenic material to LNs and
stimulate T cells therein should have the following properties: it should be pha-
gocytic; it should be able to process and present tumor antigens on MHC class I
and class II molecules; it should express costimulatory molecules; and it should be
migratory. Themicroglia are the most abundant phagocytes in the brain, and they
can be induced to express costimulatory molecules, and they can present antigens
to MHC class II restricted CD4 T cells in vitro (Aloisi et al., 2000). The more
demanding function of cross-presentation, i.e., uptake of exogenous antigens and
presentation of processed peptides derived therefrom on MHC class I molecules,
has only been reported in one in vitro study using ovalbumin as antigen
(Beauvillain et al., 2008). Whether these in vitro results apply to microglia in
vivo is debatable, partly because of the criteria used to define microglia, such as
morphology, anatomic location, and level of expression of macrophage associated
markers, and even function (Davoust et al., 2008). Indeed, efficient antigen
presentation in vitro requires a phenotype and function of a reactive, or activated
microglial cell, which is virtually indistinguishable from any activated macro-
phage. The final function necessary for in vivo initiation of T-cell immunity is
migration to the LN. Expression of the chemokine receptor CCR7 is associated
with migration to LN and has been reported for murine microglia (Dijkstra et al.,
2006), but functional LN homing experiments were not performed.

In vivo studies suggest that brain APC function for presentation of peptides to
CD4 T cells resides in a population of perivascular cells originally characterized
by their radiosensitivity (Platten and Steinman, 2005). In fact, these cells may
represent ‘‘differentiated’’ microglia that can express the DC marker CD11c and
that morphologically resemble DCs (Fischer and Reichmann, 2001). However,
phenotypic studies do not always allow extrapolation to function, and in differ-
ent mouse models, CNS DC interactions with T cells have been defined as either
stimulatory (Fischer and Reichmann, 2001; Ling et al., 2008) or inhibitory (Suter
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et al., 2003). Overall, these studies confirm that the plasticity of microglial cells
may give rise to cells that resemble macrophages or DCs, but they do not give
definitive answers for the origins and identity of the cell that is ultimately able to
form the link between innate immune detection of malignancy in the brain and
the induction of adaptive immunity in the LN. This could still be a conventional
DC or a precursor recruited either from peripheral brain regions rich in CD11c-
expressing cells (choroid plexus, meninges) or from venous blood in response to
initial microglial and astroglial activation.

An alternative approach to address the issue of CNS to LNAPCmigration has
been to inject labeled DCs in the brain and track their subsequent migration. Such
approaches have in some cases confirmedmigration to cervical LNs (Carson et al.,
1999; Ehtesham et al., 2003; Karman et al., 2004; Kuwashima et al., 2005),
although there may be limitations to the interpretation of such systems. First,
the migratory behavior of injected DCs may not accurately reflect endo-
genous pathways, and second, the volume and site of injection within the
CNS (brain parenchyma vs. ventricles) may influence the migration pattern
(Bechmann et al., 2007; Hatterer et al., 2006; Thomas et al., 2008). How-
ever, despite these considerations, T-cell activation and expansion is
observed in the cervical LNs in brain tumor models reliant on endogenous
APCs (Calzascia et al., 2005; Prins et al., 2008b; Walter and Albert, 2007).

48.3.3 The Effector Phase of the T-Cell Mediated Antitumor
Response: From the Lymph Node to the Brain

Activated T cells enriched for tumor specificity can be primed in various ways:
in a spontaneous immune response, after vaccination, or even in vitro. But in all
cases, to impact on the tumor, they need to enter the site harboring the
malignancy, infiltrate the tumor bed, and exert their effector functions in the
local tumor microenvironment. Although certain general properties of effector
T cells apply to any tumor in any site, optimal antitumor function in the context
of a cerebral malignancy requires specific features in the T-cell response.

48.3.3.1 T-Cell Entry to the Brain and Antigen Specificity

Most reports suggest that the principle factors influencing entry of T cells to the
brain are the activation or differentiation status of the T cell, and the activation
status of the vasculature. Nevertheless, an antigen-specific component of CD8
T-cell recruitment to brain was proposed in a study in which peptide was injected
intracerebrally, then subsequently presented on the luminal surface of endothelial
cells (Galea et al., 2007). However, it is currently unclear whether endothelial cells
would be as efficient in phagocytosing and cross-presenting tumor-derived anti-
gens as they are in presenting soluble peptide, and so it remains to be determined
whether such a mechanism will have relevance for tumor immunity. Generally,
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there are considered to be more opportunities for T cells to interact with their
specific antigen once they traverse the endothelium barrier, as demonstrated by
the preferential retention in the brain of autoreactive and virus-specific CD4 T
cells (Hickey, 1999) and of tumor specific CD8 T cells (Calzascia et al., 2003).

48.3.3.2 Antigen-Independent T-Cell Extravasation to the Brain

General features of leukocyte extravasation are common to all tissues because of
similar hemodynamic constraints. The enormous velocity of the T cell in the
bloodstream relative to the static endothelial cell forming the vessel structure is
initially reduced by transient adhesive interactions between the T cell and the
endothelium. Selectins (e.g., E-selectin, P-selectin) on the endothelium engage their
ligands on T cells, slowing the flow of the T cells so that they begin to roll along the
vessel wall. This facilitates contact between chemokine receptors on the T cell
(such as CCR5) and corresponding immobilized chemokines on the luminal face
of the endothelial cell (such as CCL5). Chemokine receptor signaling leads to
conformational changes in T-cell-expressed integrins, allowing firm adhesion to
the cell adhesion molecules on the endothelium, arrest, and diapedesis (Butcher
et al., 1999). Tissue-specific combinations of adhesion molecules and chemokines
allow selective recruitment of particular T-cell populations (Luster et al., 2005).

Many of the underlying concepts of immune cell entry into the CNS are based
on CNS autoimmune conditions, principally multiple sclerosis (MS) in patients
and experimental autoimmune encephalomyelitis (EAE) in mice (Engelhardt,
2006). This precious information may also apply to cerebral malignancies but
will require validation. Indeed, there is a preponderance of information on CD4 T
cells in EAE, but less on CD8 T cells, and furthermore, certain molecular con-
siderations of homing are proposed to be influenced by the mouse strain, and the
precise CNS region, factors that have not yet been addressed for tumors. Never-
theless, several key findings do now appear to apply to different strains, species,
and neuropathologies (Table 48.1).

Table 48.1 Key adhesionmolecules and chemokine receptors proposed for T-cell extravasation
to the CNS

Receptor/molecule on T cell Ligand/counterreceptor

Adhesion molecules*

LFA-1 (aLb2 integrin, CD11a/CD18) ICAM-1, ICAM-2, JAM-A

a4b1 integrin (VLA-4, CD49d/CD29) VCAM-1, JAM-B

E- and P-selectin ligands (several, contain sialo-fucosylated
Lewis carbohydrates)

E-selectin, P-selectin

CD6 ALCAM (CD166)

Chemokine receptors*

CXCR3 CXCL9, CXCL10, CXCL11

CCR5 CCL3, CCL4, CCL5, CCL8,
CCL3L1

CCR7 CCL19, CCL21

*Non-exhaustive listing, referring only to molecules discussed in text.
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48.3.3.3 Role of Integrins in CNS Tropism

The adhesion molecule that is consistently implicated in T-cell entry to the CNS
inmost species andmodels tested is a4 integrin (CD49d). Integrins are expressed
as heterodimers and a4 partners with either b1 (CD29) or b7 integrin chains. For
the CNS, the a4b1 integrin (also called VLA-4) and its interaction with VCAM-
1 on endothelial cells are central. In EAE, a4b1 may facilitate both lower affinity
rolling interactions and higher affinity arrest, according to the particular CNS
microvasculature involved (Engelhardt, 2006). In mouse brain tumor models,
a4b1 integrin was also shown to be a key molecule for T-cell entry to the tumor
site. We found that high levels of a4b1 integrin are induced on tumor-specific
CD4 T cells (PRW and PYD unpublished data) and CD8 T cells (Calzascia
et al., 2005), when they are primed by endogenous APC in the cervical LN of
brain tumor-bearing mice. This was functionally relevant since a4-specific
blocking antibody significantly reduced brain entry of these T cells. Further
exploration of the role of integrins in brain tropism has been performed on CD8
T cells polarized toward different cytokine-secreting profiles. Mouse CD8 T
cells with a type 1 profile (IFN-g-secreting) expressed higher levels of a4b1
integrin and trafficked to the brain more efficiently than type 2, interleukin
(IL)-4 secreting CD8 T cells (Sasaki et al., 2007). This finding is particularly
relevant for brain tumor immunotherapy, since T cells receiving the same in
vitro or in vivo stimuli can manifest two key characteristics for efficacious
antitumor function: appropriate tissue tropism and cytokine expression. The
same key a4b1 integrin is also implicated in CNS entry of T cells in humans.
Patients withMS receiving a novel treatment in which a4 integrins were targeted
using the humanized antibody natalizumab had reduced levels of inflammatory
leukocytes in the cerebrospinal fluid, and generally showed some clinical
improvement (Stuve et al., 2006). Taken together, the results from these differ-
ent studies unequivocally establish an important role for a4b1 integrin in T-cell
homing to the CNS. However, this should not be interpreted to mean that a4b1
specifically targets T cells to the brain, since most of the studies have analyzed a
single tissue, the brain. Rather, it is likely that if a4b1 integrin is abundantly
expressed by a T cell; this molecule can facilitate entry to the CNS. Never-
theless, since the inhibition or blocking of a4b1 does not totally abrogate T cell
entry to the CNS, other molecules are probably also involved and may either
substitute for or synergize with a4b1.

48.3.3.4 Role of Non-integrin Adhesion Molecules

To date, there are mixed findings for the involvement of non-integrin adhesion
molecules in T-cell entry to the CNS. Nearly all of this data derives from studies
on EAE andMS, with findings that are often specific for particular CNS regions
and specific stages of the disease. Roles in T-cell extravasation to brain tumors,
either in spontaneous immunity or in immunotherapy applications, cannot be
excluded. An induction of E- and P-selectin ligands on tumor-specific CD8T cells
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dividing in the cervical LN was observed in mice harboring intracranial tumors,
but the functional significance of this observation was not analyzed (Calzascia
et al., 2005). P-selectin (and to a lesser extent, E-selectin) and their ligands were
found to contribute to T-cell rolling on certain inflamed CNS microvessels using
intravital microscopy and in vitro studies. This study concluded that CD8 T cells
from MS patients preferentially rolled via P-selectin, whereas CD4 T cells rolled
via a4 integrin (Battistini et al., 2003). However, others have found that CNS
inflammation was not altered following genetic ablation or overexpression of
E- and P-selectins or their ligands, or after antibody blocking (Engelhardt, 2006).
Therefore, the real in vivo significance of the selectins, at least in EAE, has been
difficult to establish.

A further adhesion molecule that may influence T-cell adhesion to endothe-
lium is lymphocyte function-associated antigen-1 (LFA-1), which is expressed
by naı̈ve and activated T cells. Intercellular adhesion molecules 1 and 2 (ICAM-
1, ICAM-2) are the ligands for LFA-1 and are present either constitutively or
after activation on CNSmicrovessels, including those of human glioma (Engel-
hardt, 2006; Kuppner et al., 1990). In vitro studies in EAE suggested potential
roles for LFA-1 particularly during the transendothelial migration of T cells. In
vivo experiments have been difficult to interpret, probably because LFA-1 and
ICAM interactions are also critical for the immunological synapse that facil-
itates the antigen-specific interactions between T cells and APC or target cells.

A recent observation highlighted the role of activated leukocyte cell adhesion
molecule (ALCAM) in facilitating CNS infiltration of T cells and monocytes
(Cayrol et al., 2008). Expression of ALCAM was noted to be higher on BBB
endothelial cells than endothelium from other organs, and it was upregulated in
inflamed vasculature. Antibody blockade experiments showed that CD4 T cell
and monocyte transmigration across brain endothelial cells was partially
ALCAM dependent, and ALCAM neutralization in vivo reduced EAE sever-
ity. It was noteworthy that among the T cells, only the CD4 T-cell subset
appears to use ALCAM during transmigration, since CD8 T cells were totally
unaffected, even though they express similar levels of the CD6 ALCAM recep-
tor. These findings, if confirmed in the context of brain tumor immunity, may
open up future possibilities to modulate T-cell subset brain infiltration in future
immunotherapies.

48.3.3.5 Role of Chemokines and Chemokine Receptors

Chemokines are low molecular weight chemoattractant cytokines that function
by binding to G-protein coupled receptors expressed on a wide range of cells,
including leukocytes. Unraveling the roles of individual chemokines (�50) and
their receptors (�20) is complex because chemokines can bind multiple recep-
tors, and receptors can bind multiple chemokines. Furthermore, in the context
of brain tumors, the tumor itself is a source of chemokines which may influence

et al., 2006, Brown et al., 2007; Jordan et al., 2008). Chemokines are proposed to
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influence multiple steps of CNS infiltration, from the blood to migration within
the brain parenchyma, although not all steps have been validated in vivo in the
CNS (Rebenko-Moll et al., 2006). In the lumen of CNS microvessels, chemo-
kines immobilized on endothelial cells can trigger integrin activation of tethered
leukocytes (particularly a4b1 in the context of brain tropic T cells) and facilitate
high-affinity interactions and arrest. Diapedesis can then be promoted by
chemokines mediating locomotion to interendothelial junctions. T cells may
then sample abluminal chemokines by extending processes through intercellu-
lar junctions. And finally, chemokine gradients exist within the brain parench-
yma to attract T cells to the tumor site.

Concerning the role of specific chemokines in T-cell infiltration of brain
tumors, very few in vivo studies have been performed, and conclusions are
mostly based on EAE, MS, or infection with neurotropic viruses (Rebenko-
Moll et al., 2006). The proportion of T cells expressing CXCR3 is enhanced
among T cells present in the cerebrospinal fluid of patients with MS and in
EAE, and the levels of two of its ligands, CXCL9 and CXCL10, are elevated in
the CSF during acute phase ofMS. However, in vivo experiments with blocking
antibodies and CXCR3 deficient mice have yielded conflicting results, probably
because CXCR3 influences EAE at multiple levels (e.g., IFN-g production) and
not just at the level of trafficking. Similar considerations exist for CCR5 and its
ligand CCL5, which are suggested to have roles in CNS viral infection (includ-
ing West Nile virus, HIV, and coronavirus) but probably relate to T-cell
function rather than trafficking. Another chemokine receptor expressed on T
cells, CCR7, and its ligands CCL19 and CCL21may have multiple roles in CNS
pathologies. The cerebrospinal fluid of patients with MS and brain lesions of
mice with progressive EAE accumulate CCR7-expressing T cells. Moreover, in
addition, two ligands of CCR7, CCL19 and CCL21, are expressed at the BBB
in brain of mice with EAE and at least in vitro, canmediate adhesion of CCR7+

T cells. However, studying the in vivo functional significance of this is difficult
when using blocking antibodies or gene deficient mice, since naı̈ve T cells, a
subset of memory T cells (Tcm), as well as some DCs, all express CCR7.

48.3.3.6 Suboptimal Trafficking of T Cells to Brain Tumors May Lead

to Suboptimal Tumor Therapies

As the previous sections indicate, there is little direct data about the properties
of protective T cells able to traffic efficiently to brain tumors. Nevertheless, the
level of infiltration of tumor-specific T cells will be a factor that will limit the
efficacy of immunotherapies. Many current tumor T-cell immunotherapy pro-
tocols are adapted directly from therapies being tested for tumors in other sites,
and yet the tumor pathology is fundamentally different. The lethality of most
extracranial tumors is due to metastases, and the goal of T-cell immunotherapy
will be that therapeutic T cells can reach the many sites of tumor dissemination.
For primary CNS malignancies such as malignant glioma, the situation is
different; these tumors are unique in oncology because they very rarely

1178 P.R. Walker et al.



metastasize from their tissue of origin. The immunological problem for such
tumors is thus strictly one of regional immunity. Thus, promoting efficient
brain tropism of protective immune cells will undoubtedly benefit future glioma
immunotherapies. For this it will be necessary to not only understand and
induce the key molecules for T cell-entry to the CNS but also avoid induction
of a homing phenotype that may lead to their entrapment elsewhere (for
example, the mucosal surfaces if there is high a4b7 and CCR9 expression). In
this regard, preclinical models in which multiple sites are studied will be helpful
(Calzascia et al., 2005), for which the emerging technology of whole body
imaging will be particularly appropriate (Prins et al., 2008b). A further refine-
ment would be to ensure infiltration of only protective T cells, since a gross
augmentation of any inflammatory infiltrate will be inappropriate and danger-
ous for the brain. An understanding of how subset-specific trafficking can be
achieved would be a useful objective in the optimization of therapies.

48.3.4 The Effector Phase of the T-Cell Mediated Antitumor
Response: At the Tumor Site

48.3.4.1 CD8 T Cells

In an idealized antitumor immune response, tumor-specific CD8+ cytotoxic
T lymphocytes (CTLs) that have penetrated the brain parenchyma and made
contact with the tumor will kill malignant cells by direct cell-mediated cyto-
toxicity. This occurs in some preclinical brain tumor models, and to date,
possibly for a minority of malignant cells forming the intracranial tumor mass
in patients with glioma. If the CD8 T cell has been fully activated in the
periphery, the tumor cell needs only to express MHC class I/peptide (costimu-
latory molecules are not essential at the effector stage) for it to become a CTL
target. Cytotoxicity occurs by the polarized exocytosis of the contents of
cytotoxic granules into the immunological synapse formed between the CTL
and the tumor target, and it is exquisitely specific, with no bystander killing.
The granule contents include perforin and granulysin that perturb the tumor
cell membrane and serine proteases known as granzymes that induce tumor cell
death mainly through caspase-dependent pathways. Secondary cytotoxic
mechanisms also exist, through cell-associated or cell-secreted cytotoxic mole-
cules, including Fas ligand (CD95L), tumor necrosis factor (TNF), and lym-
photoxins (LTs).

Antitumor effects can also be mediated by CD8 T cells after indirect recogni-
tion of tumor derived antigenic peptides on MHC class I molecules of an APC,
i.e., by cross-presentation. As already discussed, the role of APCs in priming
CD8 T-cell responses in the LN is essential, but they may also have a role at
the effector stage of the response. Indeed, local APCs can potentially amplify
T-cell-mediated antitumor effects occurring at a low level after direct T cell-
tumor cell contact (Karman et al., 2006; Masson et al., 2007), or they may
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substitute for this contact in the absence of direct antigen presentation by the
tumor cell, for example, because of MHC downregulation. One of the key
factors proposed for an indirect antitumor effect is IFN-g, which impedes
tumor growth by acting on IFN-g receptor expressing tumor stroma and
inhibiting angiogenesis (Qin et al., 2003).

Cross-presentation of antigen to CD8 T cells has been demonstrated in vitro
by microglial cells (Beauvillain et al., 2008), but the principle cross-presenting
APC in vivo is most likely to be the DC (Jung et al., 2002). Cross-presenting
DCs in the brain have not yet been reported, to our knowledge, for human
malignant glioma. One consequence of cross-presentation of antigen is that
antigen-specific T cells will be retained at the site of this cellular interaction.
Indeed, we observed retention of tumor-specific CD8 T cells in the brain in a
mouse model designed to address the issue of cross-presentation (Calzascia
et al., 2003). In this model, intracranially implanted MT539MG astrocytoma
cells were unable to directly present a defined tumor antigen, and so the
presentation of this tumor antigen to T cells in the brain was occurring solely
through cross-presentation, although the identity of the APC in this study was
not determined. In several other experimental situations, indirect stimulation of
CD8 T cells at the tumor site has been achieved by intracranial injection of DCs
(Ehtesham et al., 2003; Kikuchi et al., 2002; Masson et al., 2007; Nishimura
et al., 2006; Pellegatta et al., 2006). The local functions of these cells may be to
enhance T-cell proliferation at the tumor site, promote T-cell retention in the
brain, and/or to amplify effector functions such as IFN-g release.

48.3.4.2 CD4 T Cells

The role of CD4 T cells in brain tumor immunity is complex, because CD4
T cells can differentiate toward at least four different subsets (Th1, Th2, Th17,
and Treg) that are difficult to identify phenotypically and that can have either
pro- or antitumor effects. Moreover, very few (if any) glioma antigens recog-
nized by CD4 T cells have been identified. Nevertheless, it is assumed that an
IFN-g-secreting CD4 Th1 cell component of brain tumor immunity may have
antitumor activity and potentially aid CD8 T-cell accumulation, survival, and
function, as has been demonstrated in certain (but not all) rodent models
(Ciesielski et al., 2008; Wang et al., 2007).

48.4 Glioma Immune Escape

The inevitable progressive growth of malignant glioma indicates that the idea-
lized T-cell mediated antitumor response does not occur spontaneously or that
it is neutralized by the time high-grade gliomas are clinically detectable. There
are a multitude of passive and active immune escape mechanisms that are
proposed to explain this and which may have contributed to the impaired
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cellular immune function in glioma patients that has been reported for decades

(Walker et al., 2003). However, these are putative mechanisms that have not yet

been validated in vivo for malignant glioma in patients, with the exception of

transforming growth factor (TGF)-b, as will be discussed. Arguably, what may

be equally important is the low-level induction of spontaneous antitumor

immunity and the non-immunological treatments (radiotherapy, chemother-

apy, steroidal anti-inflammatory drugs) that may antagonize any nascent pro-

tective immune response.

48.4.1 Passive Immune Escape Mechanisms

Gliomas may attempt to passively escape immune detection by downregulation

of MHC expression or of molecules associated with antigen presentation to

CD8 T cells. Interestingly, these characteristics are associated with higher grade

astrocytomas (Facoetti et al., 2005; Mehling et al., 2007). Of importance for

future immunotherapy strategies are the in vitro observations thatMHC can be

upregulated on glioblastoma cell lines by IFN-g or IFN-a (Yang et al., 2004).

Tumor cells escaping T-cell mediated immunity by downregulating MHC

expression may risk attack by NK cells, which are normally inactive if their

inhibitory receptors are ligated by MHC. However, several adaptations of

malignant glioma may guard against this. Expression of MICA and ULBP2,

ligands for the NKGD activating receptors on NK cells, was low or absent for

WHO grade III and IV astrocytomas (Eisele et al., 2006), whereas an array of

ligands (HLA-E, HLA-G, lectin-like transcript-1) for inhibitory NK receptors

was overexpressed (Roth et al., 2007; Wischhusen et al., 2007). A further major

consideration that can be considered as a factor leading to immune escape is the

presence of areas of hypoxia, well documented in human glioma (Louis, 2006).

These areas of tumor will be a particularly hostile microenvironment for

immune cells, and the function and survival of T cells may be particularly

sensitive to low oxygen tension (Sitkovsky and Lukashev, 2005).

48.4.2 Active Immune Escape

Caution should be exercised in interpreting the role of ‘‘immunosuppressive’’

molecules. Immunosuppressive effects have often been established in vitro or in

some cases in vivo with ectopic overexpression of the molecule under test. The

ultimate in vivo role will depend upon the microenvironmental context, and the

level of expression, which may be very different in the human pathology and in

animal models. Much ingenuity will be needed to determine whether these

molecules will really influence human glioma pathogenesis and response to

treatment, and in the meantime, our conclusions must remain provisional.
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48.4.2.1 Soluble Immunosuppresive Molecules

Soluble factors can act either directly on the effector T cell or through recruit-
ment of a third party ‘‘immunosuppressive’’ cell. In some cases, the same
molecule may function in multiple ways, the most notorious example of
which is TGF-b. This multifunctional cytokine not only directly suppresses
NK and T-cell proliferation and antitumor functions (including granzyme,
FasL and IFN-g expression) but also promotes other suppressive cells (see
below), angiogenesis, and tumor invasion (Wrzesinski et al., 2007). TGF-b
(and in particular the TGF-b2 isoform) is produced by glioma cell lines and
by glioblastoma in vivo (Bodmer et al., 1989; Liau et al., 2005). Moreover, in a
phase I DC vaccination trial for glioblastoma, we noted increased intratumoral
infiltration by CTLs in four of eight patients who underwent reoperation after
vaccination, which was inversely correlated with TGF-b2 expression within the
tumor and positively correlated with clinical survival (P = 0.047) (Liau et al.,
2005). Consequently, TGF-b or its effects have become attractive targets, and
novel therapeutic approaches with inhibitors and antisense oligonucleotides are
being actively explored. Other soluble factors of astrocytoma origin that may
have immunosuppressive potential include prostaglandin E2, gangliosides, and
IL-10 (Walker et al., 2003), but the real in vivo concentration and impact of
these factors has yet to be firmly established.

48.4.2.2 Cell Surface Immunosuppressive Factors

A candidate immunosuppressive molecule is Fas ligand (CD95L), which is
involved in immune homeostasis and cytotoxicity by inducing apoptosis in target
cells. Gliomas express Fas ligand in vitro and in vivo. In vitro, Fas ligand
expressing glioma cell lines can kill Fas (CD95) expressing CD4 and CD8 T cell
lines from the autologous donor, but in vivo, the role of Fas ligand expressing
tumor cells is controversial (Walker et al., 2003, 1997). Gliomas also express
B7-H1 (also called PD-L1), amember of the B7 family that is able to interact with
T-cell expressed programed death-1 (PD-1) receptor expressed by T cells
(Wilmotte et al., 2005; Wintterle et al., 2003), an interaction which negatively
regulates T-cell activation. Interestingly, the expression of B7-H1 has been asso-
ciated with a genetic event in gliomas, the loss of the tumor suppressor PTEN,
which activates the PI3 kinase pathway (Parsa et al., 2007). The immunosuppres-
sive potential of PD-1-B7-H1 interactions in vivo has yet to be explored in
intracranial tumors. CD70 is another cell surface molecule proposed to facilitate
glioma immune escape as it can engage the counterreceptor on immune cells and
induce apoptosis. CD70 is expressed by glioma in vitro and can indeed trigger
apoptosis of immune cells (reviewed by (Walker et al., 2003)). However, the first
in vivo studies of gliomas transfected with CD70 indicated an immune stimula-
tory role, and the authors even suggested exploiting the CD70–CD27 axis in
immunotherapy (Aulwurm et al., 2006). The role of CD70 expressed by non-
manipulated human glioma in vivo therefore awaits clarification.
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48.4.2.3 Immunosuppressive Cells

In recent years, there has been a major resurgence in the interest and under-
standing of cellular-based mechanisms that may regulate or suppress tumor
immunity. Cells of different origin (see below) can be involved in suppressing
immune responses and have valuable roles in regulating autimmmunity and
controlling inflammation. However, these functions may also blunt sponta-
neous or vaccine-induced tumor immunity. Furthermore, immunosuppres-
sive cells can in some cases be recruited or induced by factors (e.g., cytokines
such as TGF-b) produced by tumor cells. Mesenchymal stem cells have
strong anti-inflammatory or antiproliferative effects on immune cells but
may increase glioma cell proliferation. They are attracted by glioma culture
supernatant and purified factors including IL-8, VEGF, and TGF-b
(Birnbaum et al., 2007), but in vivo immunosuppressive roles in glioma
remain to be determined. Myeloid-derived suppressor cells are another
potentially immunosuppressive cell type receiving increasing attention in
the context of cancer, and it is noteworthy that they are stimulated by
prostaglandin E2, which can be secreted by glioma cells (Marx, 2008). Mye-
loid-derived suppressor cells have also been studied in the context of brain
tumor models (Prins et al., 2002), although little is known about their pre-
sence at the brain tumor site in patients.

The cellular mediator of immune suppression that is currently the most
studied in cancer is the CD4+CD25+ regulatory T cell (Treg), which is the best-
defined T suppressor cell (Sakaguchi et al., 2008). Either Tregs are produced as a
functionally mature T-cell subset in the thymus (natural Tregs) or other naı̈ve
CD4 T cells can differentiate into induced Tregs under the influence of certain
cytokines including TGF-b and IL-2. The role of Tregs in immune homeostasis is
now well defined. They maintain immunological tolerance to self-antigens, and
mutations leading to their absence in animals (Scurfy mice) or patients
(IPEX), or their inhibition or ablation, leads to autoimmune and inflamma-
tory disease. Tregs function by an array of cell contact and cytokine-
mediated mechanisms to suppress T cells, B cells, NK cells, macrophages,
and DCs at both the induction and effector stages of immune responses. In
the context of malignancy, Tregs accumulate in many tumors, including
human glioma (El Andaloussi and Lesniak, 2007; Fecci et al., 2006a; Hus-
sain et al., 2006), and Treg depletion or inhibition in murine brain tumor
models can reveal spontaneous tumor immunity, or enhance induced immu-
nity (Curtin et al., 2008; El Andaloussi et al., 2006; Fecci et al., 2006b;
Grauer et al., 2007). While the importance of Treg in the antiglioma immune
response is widely accepted, there are many challenges in identifying and
modulating these cells. Foremost is the lack of a unique marker to identify
Tregs. Most markers are shared with activated effector T cells (e.g., CD25),
and the best specific Treg marker in mice (the transcription factor Foxp3) is
intracellular (and so inaccessible to antibodies in vivo), and expression is not
restricted to Treg in human T cells.
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48.5 Identification of Glioma-Associated Antigens

Advancing our understanding of the mechanisms underlying the induction of
an immune effector response against the tumor, and how it may sometimes be
compromised, is only possible if we are able to define the specificity of tumor
immunity. This is a major and ongoing challenge for human glioma.

48.5.1 Identifying Tumor-Associated-Antigens
(‘‘Reverse Immunology’’)

Significant progress in defining the nature of the antitumor response has been
made by the discovery and characterization of TAAs, beginning with the report
of the first melanoma antigen (MAGE) in 1991 (Van den Eynde et al., 1995; van
der Bruggen et al., 1991). Intensive research is underway into the use of TAAs as
potential targets of immune-based cancer treatments. The key TAAs under
investigation are MAGE-3, MART-1, tyrosinase, TRP-2, and gp100 for mela-
noma (Panelli et al., 2000; Parkhurst et al., 1998, 1996; Ribas, 2006; Ribas et al.,
2000); PSA and PAP for prostate cancer (Murphy et al., 1996 1999); survivin for
many solid tumors (Katoh et al., 2003); and HER-2/neu for breast and ovarian
cancers (Disis et al., 2002, 2004; Knutson andDisis, 2001; Knutson et al., 2001).
A prominent issue that distinguishes cerebral malignancies from other tumors,
such as melanoma, is the paucity of well-defined tumor-specific antigens.
Indeed, the difficulties of immune response monitoring are particularly acute
in patients with malignant gliomas because, in contrast to patients with mela-
noma, there are few extensively characterized tumor antigens that can be
recognized by T cells. Unless advances in this domain occur, rational advances
in immune-based brain tumor therapy may be significantly hampered.

In recent years, genome-wide techniques have dramatically accelerated our
ability to obtain molecular profiles of gene defects in gliomas, resulting in a
more readily accessible source of information on the genes and gene products
that produce antigens (TCGA, 2008). Advances in brain tumor ‘‘immunomics’’
have led to the recent identification of several TAAs expressed by human
gliomas. These include tumor-specific antigens unique to the oncogenic trans-
formation process (EGFRvIII) or overexpressed following activation of onco-
genic pathways (EphA2, IL-13Ra) (Husain et al., 2001; Kuwashima et al., 2005;
Okano et al., 2002; Saikali et al., 2007; Shimato et al., 2008; Wu et al., 2006) (see
also Chapter 35), cancer-testes antigens normally expressed only during devel-
opment (cancer-testes antigens; NY-ESO-1, MAGE, GAGE, SART, SSX)
(Bodey et al., 2008; Chi et al., 1997; Sahin et al., 2000), neuroectodermal
antigens involved in pigment synthesis (e.g., melanoma-associated antigens;
gp100, tyrosinase, TRP-1, TRP-2) (Liu et al., 2004a, b; Saikali et al., 2007;
Zhang et al., 2008), and other antigens associated with proliferation and cell
survival (hTERT, Survivin, B-cyclin, Her-2/neu) (Katoh et al., 2003; Liu et al.,
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2004a; Saikali et al., 2007; Ueda et al., 2007; Zhang et al., 2008). Recent studies
have additionally suggested that many human gliomas are latently infected with
human cytomegalovirus (CMV) (Cobbs et al., 2002; Mitchell et al., 2008), and
that CMVmay be a clinically relevant target for immune-based therapies (Prins
et al., 2008a).

Many TAAs were originally identified via serological analysis of tumor
antigens by recombinant cDNA expression cloning (SEREX) in immunogenic
solid tumors such as melanoma (Chen et al., 1997). A similar attempt to identify
antigens recognized by the immune system in an IL-4-secreting rat 9L glioma
immunization successfully identified mouse Id-associated protein 1 (MIDA) as
an antigen that could induce antitumor immunity (Okada et al., 2001). In
human gliomas, however, attempts to identify T-cell antigens have been less
successful (Pallasch et al., 2005; Schmits et al., 2002). Nevertheless, some recent
studies have demonstrated that many established human glioma cell lines
express well-characterized TAAs that can be recognized by antigen-specific
CD8+ T cells (Zhang et al., 2007). Interestingly, the pattern of antigen expres-
sion seems to differ between adult and pediatric human gliomas (Okada et al.,
2008; Zhang et al., 2008).

48.5.2 Microarray Technology and Tumor-Associated-Antigens

With the rapid advances provided by high throughput microarray chip tech-
nology, the entire compendium of genes showing elevated expression in tumors
will soon be established, and the repertoire of potential glioma-specific antigens
defined (Horvath et al., 2006; Liau et al., 2000; Mischel et al., 2003a, b).
Furthermore, recent progress in our understanding of tumor immunology can
link the information generated from gene-expression profiling of CNS tumors
to the identification of precise immunogenic epitopes that can serve as useful
targets for specific immunotherapy (Freije et al., 2004). For instance, since T
cells can only recognize antigens in the context of MHC, tumor-associated
genes can be scrutinized for amino acid sequences that can interact with relevant
MHC molecules and efficiently bind via the proteosomal degradation system.
Candidate tumor-specific peptide epitopes for CTLs can now be identified
using available computer algorithms that predict the MHC binding affinities
of specific peptide and epitope sequences (http://bimas.dcrt.nih.gov/molbio/
hla_bind/, http://www.uni-tuebingen.de/uni/kxi/). By subsequently testing the
stability of MHC molecules with candidate tumor-specific peptides in vitro, an
estimation of the potential immunogenicity of an in silico-identified antigen can
be determined (Maecker et al., 2001). The immunogenicity of human cancer
genes or their predicted CTL peptide epitopes can also be assessed in animal
models using HLA transgenic mice (Butterfield et al., 2001), providing even
better estimates for immunotherapy targets in vivo. Recently, experiments
involving the screening of human tumor samples for CTL reactivity have
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identified human glioma-associated antigen epitopes to EphA2 and IL13Ra
specifically recognized by the immune system and associated with extended

survival (Okano et al., 2002; Ueda et al., 2007). Based on these recent advances,

it is suggested that cancer genomics can be directly linked to tumor immu-

notherapy by ‘‘reverse immunology,’’ which paves the way for the design of

new, more specific targets for brain tumor immunotherapy.

48.6 Preclinical Studies of T-Cell Immunity to Target

Brain Tumors

48.6.1 Passive Immunotherapy

48.6.1.1 Adoptive Transfer

Adoptive transfer of immune cells is the introduction (adoption) into the

patient of either autologous or allogeneic immune cells that may, or may not,

have been stimulated in vitro with tumor antigens (Mitchell et al., 2003). Some-

times, these cells are injected into the tumor cavity to maximize the exposure of

the infused cells to tumor cells, while other strategies call for systemic infusion.

Cytolytic effector cells are cultured in vitro with cytokines to activate them to

attack tumor tissue in vivo. This approach was not clinically applicable until the

discovery of IL-2 and other cytokines that modulate T-cell growth and survival.

Before that time, it was not possible to obtain sufficient numbers of immune

cells and maintain them in culture during the in vitro sensitization period. IL-2,

originally called T-cell growth factor, is a cytokine that mediates lymphocyte

activation and stimulates division.
In recent years, the ability to adoptively transfer defined tumor antigen-

specific T cells has greatly increased our knowledge of critical homing markers,

cytokine dependence and in vivo trafficking patterns necessary to target and

eradicate tumors in the brain. Preclinical studies in rat and murine glioma

models first demonstrated that polyclonal, glioma-specific T cells could eradi-

cate CNS gliomas (Baldwin et al., 1997; Kruse et al., 1990; Plautz et al., 1997;

Rice et al., 1997) and was associated with enhanced trafficking of these lym-

phocytes to the brain (Hazelrigg et al., 2002). Subsequent work demonstrated

that the draining LN population, from which these lymphocytes are isolated,

also includes suppressor populations that can impair the efficacy of the adop-

tively transferred population (Peng et al., 2002). Removal of the CD62Lhigh

population enriched the lymphocyte population with enhanced antitumor

activity (Plautz et al., 1997). This contrasts with other recent studies on adoptive

immunity, in which clonally derived CD8+ T lymphocytes were used. In this

case, the CD62L+ population identified CD8+ T cells of the central memory

phenotype that possess enhanced trafficking, expansion, and survival

(Klebanoff et al., 2005). Different models may account for the differences
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observed but suggest that careful characterization of the cellular infusate is
critical for antitumor activity.

48.6.1.2 Cytokines

Cytokines can influence the priming of tumor antigen-specific T cells prior to
adoptive transfer and subsequently alter their homing patterns, survival, and
antitumor activity. In an adoptive transfer model where antigen-specific CD8+

T cells were polarized to a type 1 (Tc1) cytokine profile using IL-12 and
blocking antibodies to IL-4 (Nishimura et al., 2006), the T cells showed pre-
ferential homing to intracranial tumors (probably due to high expression of
VLA-4/a4b1 integrin, as discussed above) and enhanced antitumor efficacy
(Sasaki et al., 2007). Other work has demonstrated that chemokines, such as

intracranial tumors (Brown et al., 2007). Most recent studies have also demon-
strated that tumor-specific CD8+ T cells primed with antigen, IL-2, and IL-15
can lead to enhanced trafficking to intracranial tumors and migration through
the cervical LNs, spleen, and bone marrow (Prins et al., 2008b). In this adoptive
transfer setting, endogenous host cytokines are also important for the survival
and effector functions of the transferred cells. Host lymphodepletion, via whole
body radiation or cytotoxic chemotherapy, can facilitate the homeostatic
expansion of adoptively transferred T cells by improved competition for endo-
genous cytokines (Gattinoni et al., 2005), such as IL-7 and IL-15, eliminating
endogenous regulatory T cells (Chang et al., 1986) and/or enhancing the intra-
tumoral accumulation of the transferred cells (Wang et al., 2005).

48.6.1.3 Toll- Like Receptor Agonists

More recent work has demonstrated that TLR agonists, such as imiquimod
(Prins et al., 2006b) and STAT-3 inhibitors (Fujita et al., 2008) can increase
serum cytokines and enhance the antitumor activity of adoptively transferred T
cells in intracranial tumor-bearing mice. Such studies collectively suggest that
the cytokine microenvironment can impose phenotypic changes on tumor-
specific T cells that can alter their in vivo trafficking patterns, function, and
tropism for tumors growing in anatomically distinct compartments.

48.6.2 Active Immunotherapy (Tumor Vaccines)

Active immunotherapy strategies (tumor vaccines) require administration of
the antigenic material to induce an (primary) immune response, in effect, a
vaccination. Most tumor antigens are poor immunogens, and thus active
immunotherapy usually includes the use of an ‘‘adjuvant’’ (e.g., Bacille
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Calmette-Guerin or cytokines) that enhances the immune response by prolong-
ing the time of exposure to antigen and by increasing the activity of APCs. DC-
based therapies are one type of active immunotherapy (Liau et al., 1999). Other
approaches have included irradiated whole tumor cell vaccines and cytokine
immuno-gene therapy strategies (Glick et al., 2001; Okada et al., 2003).

48.6.2.1 Dendritic Cell-Based Vaccines

As discussed earlier, DCs are the most potent APCs in the body, due in part to
their high expression of MHC class I and II, and costimulatory molecules, and
their secretion of cytokines that promote T cell priming (e.g., IL-12). Immune
activation by DCs facilitates engagement of all effector mechanisms of the
immune system, such as CTLs and CD4+ helper T cells (Th), as well as NK
cells and antibodies. The use of DCs for cancer immunotherapy became feasible
a decade ago with the advent of new techniques to grow these cells from bone
marrow precursors in animals (Thurner et al., 1999) and from CD14+ mono-
cytes in human peripheral blood (Kiertscher andRoth, 1996). These advantages
prompted a wide array of preclinical studies to define the constraints and
mechanisms by which DC can prime tumor-specific T-cell responses.

DC-based immunotherapy can accommodate many different forms of anti-
gen, but chief among them is the use of materials derived from autologous
tumor cells. DC pulsed with tumor-eluted peptides (Liau et al., 1999), apopto-
tic/necrotic tumor cells (Siesjo et al., 1996), tumor lysates (Aoki et al., 2001; Ni
et al., 2001; Pellegatta et al., 2006), tumor-derived RNA (Insug et al., 2002), and
even glioma neurospheres (Pellegatta et al., 2006) can induce relevant antitumor
immunity for tumors in the brain. The advantage of using such materials is that
this approach is applicable against neoplasms for which immunogenic tumor-
specific or tumor-associated antigens are unknown. The disadvantages, how-
ever, are that such autologous tumor extracts may be heterogeneous and are
therefore difficult to characterize and quantitate. Also, the use of unfractio-
nated tumor material may lead to relatively low concentrations of effective
immunogens in the mixture, as antigenic tumor peptides may conceivably
be diluted by relatively non-immunogenic proteins and thereby lower the
immunogenicity of the vaccine. Furthermore, a risk for inducing immunity
against self-antigens that may lead to autoimmune encephalitis is real
(Bigner et al., 1981).

Alternative forms of antigen loading for DC-based vaccines include the use
of defined peptides and genetic transfection (Morse et al., 2005; Ribas, 2006).
As such, it was demonstrated that tumor-specific, MHC class I-restricted pep-
tides can be pulsed onto DCs and used to induce significant antitumor immu-
nity to intracranial tumors (Ciesielski et al., 2008; Hatano et al., 2004; Heim-
berger et al., 2002, 2003; Prins et al., 2003). Similarly, viral transduction of DCs
with tumor antigens (Broder et al., 2003), cytokines (Kim et al., 2006; Tsugawa
et al., 2004; Yamanaka et al., 2003b), and/or fusions of DCs and tumor cells
(Kjaergaard et al., 2005) has generated antitumor immunity that is being
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translated into clinical trials. Currently, DCs are recognized as a promising
vehicle for active immunotherapy of cancer. Numerous animal experiments
have demonstrated the potential of DC-based immunotherapy in both protect-
ing mice from tumor formation and eliminating established tumors. However,
other work has shown that DC vaccination is more effective at priming tumor-
specific T-cell responses but relatively inefficient for boosting the same response
(Jouanneau et al., 2006). Thus, there is a rationale for incorporating DC
vaccination with chemotherapy, adjuvants, and/or viral vectors that may syner-
gize to induce therapeutic antitumor immunity.

48.6.2.2 Adjuvants

It is becoming clear from preclinical studies and human trials that enhancement
of DC vaccines with adjuvants will be required to generate an antitumor
immune response that is both reproducibly effective and long lasting. DCs
express numerous TLRs (see above) that are important in host defense against
bacteria and other microbial pathogens (Barrat and Coffman, 2008; Barton and
Medzhitov, 2002; Pulendran, 2005). Stimulation of TLRs ultimately results in
gene expression profiles that lead to the production of cytokines including
TNF-a, IL-1, IL-6, and IL-12 as well as type I and type II IFNs (IFN-a and
IFN-g) (Barton and Medzhitov, 2002; Pulendran, 2005). TLR ligation on DC
induces a maturational signal that can up-regulate MHC and costimulatory
molecule expression, induce migration to LNs, and induce expression of cyto-
kines that can promote and enhance T-cell priming against tumors (Steinman
and Banchereau, 2007). Since it is commonly believed that activated DCs can
prime T-cell responses more effectively (Steinman and Banchereau, 2007),
numerous groups have utilized adjuvants to effectively mature DCs for cancer
immunotherapy. For example, the TLR-7 agonist, imiquimod (Aldara1),
could synergize with peptide-pulsed DC vaccination paradigms to induce effec-
tive antitumor immunity to intracranial tumors (Prins et al., 2006b). Imiquimod
enhanced not only DC survival and trafficking to LNs but also the priming of
self, tumor antigen-specific T cells (Prins et al., 2006b). Similar findings were
reported with poly-ICLC, a TLR-3 agonist (Zhu et al., 2007), and CpG, a TLR-
9 agonist (Wu et al., 2007).

48.6.2.3 Blocking Regulatory T Cells (Tregs)

The blockade of immuno-inhibitory molecules can also generate antitumor
immunity and/or synergize with active vaccination approaches for the treat-
ment of CNS tumors. Tregs (see above) have recently been shown to accumulate
in the peripheral blood and tumors of mice (Grauer et al., 2007) and patients
(El Andaloussi and Lesniak, 2007; Fecci et al., 2006a) with malignant glioma,
and this was associated with the degree of malignancy and immune competency
(El Andaloussi and Lesniak, 2007; Fecci et al., 2006a; Heimberger et al., 2008;
Learn et al., 2006). These data suggest that a tumor-derived factor may
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influence this type of immune evasion so as to prevent proper immune surveil-
lance of tumors arising in the CNS. As such, recent studies have demonstrated
that blockade of the negative costimulatory molecule, CTLA-4, can ameliorate
changes to the CD4+ T-cell compartment and confer long-term survival in
intracranial tumor-bearing animals (Fecci et al., 2007). Similarly, others have
recently demonstrated that functional blockade of Tregs with in vivo CD25mAb
administration can enhance the antitumor immunity to vaccines in a prophy-
lactic setting (Fecci et al., 2006b; Grauer et al., 2008). However, these studies
highlight the difficulties of Treg depletion, since the CD25 mAb (PC61) used
therein can also bind and inhibit activated T cells, completely removing any
beneficial effect of an active vaccination immunotherapy in established intra-
cranial tumor-bearing mice (Curtin et al., 2008). Such studies highlight the
importance of the T-cell compartment in CNS tumor immunity. New meth-
odologies are being explored to functionally reverse the Treg influence in com-
bination with antitumor vaccination strategies.

48.6.2.4 Immune Gene Therapy

Other studies of cancer vaccines have used irradiated whole tumor cells mod-
ified with cytokine genes (reviewed in (Okada and Pollack, 2004)), viral vectors
(reviewed in (Curtin et al., 2005)), or even live, attenuated bacterial vectors
(Liau et al., 2002; Prins et al., 2006a) to generate antitumor immunity. The
pioneering cytokine gene therapy studies performed over a decade ago demon-
strated that cytokine-secreting tumor cells could induce antitumor immunity.
With CNS tumor models, cytokine-gene therapy studies have been able to
demonstrate efficacious antitumor immunity to intracranial gliomas by induc-
tion of IL-2, IL-4, IL-6, IL-7, IL-12, GM-CSF, mM-CSF, and IFN-a/b/g (Glick
et al., 2001, Dey et al., 2006). Such cytokine-secreting tumors revealed that
multiple facets of the cellular immune response could be mobilized to induce
antitumor immunity. Other groups have utilized intracranial injections of viral
vectors, which encode cytokines and/or conditional cytotoxicity (HSV-TK)
(Ali et al., 2005; Curtin et al., 2005) (see also Chapters 46 and 47).

48.6.2.5 Bacterial/Viral-Based Vaccines

Live bacteria and/or viruses may also serve as the basis for active immunothera-
pies against brain tumors (Chabalgoity et al., 2002). Viral/bacterial infections
and the resulting tissue damage can also provide the appropriate ‘‘danger
signals’’ (Matzinger, 1994) to attract professional APC necessary for adequate
antigen presentation. CTL-mediated immunity can be induced using live, atte-
nuated bacterial or viral vectors that both stimulate the innate immune system
and simultaneously deliver antigens (Chabalgoity et al., 2002).

For instance, Listeria monocytogenes (LM) is a facultative, gram-positive
intracellular bacterium that is able to enter host cells, escape from the endocytic
vesicle, multiply within the cytoplasm, and spread directly from cell to cell
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without encountering the extracellular milieu. Antigens expressed by LM can
access both MHC class I and class II processing pathways and are presented to
both CD8+ and CD4+ T cells. Additionally, LM has been shown to stimulate
TLRs (Barton and Medzhitov, 2002) on the surface of APC and activate
internal pattern recognition molecules, which may contribute to its
immuno-stimulatory action (Ulevitch, 2004). In published studies, it has
been demonstrated that immunization with an attenuated, recombinant
Listeria monocytogenes (rLM) expressing the lymphocytic choriomeningitis
virus nucleoprotein (LCMV-NP) led to the rejection of a glioma expressing
the heterologous NP antigen (Liau et al., 2002). Interestingly, animals
clearing these tumors were subsequently immune to re-challenge with sub-
cutaneous and intracranial glioma cells that did not express NP, suggesting
that epitope spreading had occurred, which is a phenomenon whereby T
cells can recognize other endogenous glioma epitopes along with the tar-
geted antigen(s) (Liau et al., 2002). Given the heterogeneity of human brain
tumors and the possibility for the immune escape, exploiting the process of
epitope spreading will be valuable in the clinical context of future tumor
vaccine design. These studies reveal the complexity of the multiple mechan-
isms by which antitumor immunity can be generated.

48.7 Clinical Trials of Cellular Immunotherapy for Brain Tumors

48.7.1 Lymphokine-Activated Killer Cells

The majority of previous clinical adoptive immunotherapy trials for brain
tumors have employed lymphokine-activated killer (LAK) or mitogen-
activated killer cells. LAK cells are peripheral blood lymphocytes functionally
defined by their ability to lyse NK-resistant tumor targets in vitro following
stimulation with IL-2 and/or mitogens. LAK cells have been implanted into the
resection cavity during surgery (Dillman et al., 2004; Hayes et al., 1995;
Merchant et al., 1988a, b), and sporadic clinical responses were observed.
However, LAK cell therapy is nonspecific in that the cells are not stimulated
in vitro with any glioma-specific antigens. The limitations of LAK cell adoptive
transfer to eradicate tumor cells in clinical trials may be due to its inherent non-
specificity, the fact that cells do not migrate efficiently to tumor sites, and/or the
induction of diffuse cerebral edema from IL-2 and other cytokines.

48.7.2 Cytotoxic T Lymphocytes

One refinement to the previous adoptive transfer approaches is to stimulate
lymphocytes in vivo with autologous tumor cells to generate MHC class
I-restricted CTLs that are then expanded in vitro and re-infused into patients

48 Harnessing T-Cell Immunity to Target Brain Tumors 1191



(Kruse et al., 1997;Merchant et al., 1997). The theory is that antigen-stimulated
CTLs would be more specific than LAK cells. Clinical trials using adoptive
transfer of activated CTLs have produced somewhat encouraging initial results
(Kruse et al., 1997; Plautz et al., 2000; Wood et al., 2000). However, because
these pilot phase I trials were designed primarily to demonstrate feasibility and
safety, definitive evaluation of efficacy will require further study.

Often, pilot trials of adoptive immunotherapy have suggested efficacy (Ishi-
kawa et al., 2004; Quattrocchi et al., 1999), but they have not been followed up
with phase II or III larger trials designed to show true improvement in survival.
Adoptive transfer studies in melanoma have been particularly encouraging, and
currently �50% of treated patients will have an objective clinical response by
RECIST criteria (Dudley et al., 2005). However, the ability to clone and expand
high-affinity tumor-infiltrating lymphocytes is currently restricted to a few centers.

A newer option that may become feasible in the future, when glioma-specific
TCRs are cloned, will be to use genetic engineering to specifically confer tumor
recognition to normal lymphocytes (Morgan et al., 2006). Alternatively, the use of
bispecific antibodies, which have the potential to engage all CTLs in patients for
lysis of cancer cells, may have therapeutic potential for the treatment of malignant
diseases. Contrary to other antibody-based approaches, which call for injection of
massive doses of purified antibodies, a recent study has shown tumor regression in
non-Hodgkin’s lymphoma patients by treating patients with very low doses of
recombinant bispecific antibodies (blinatumomab), which render the cancer cells
sensitive to almost all CTLs that they may encounter (Bargou et al., 2008).
Conceivably, such bispecific single-chain antibodies, where one variable region
recognizes an antigen on tumor cells and the other variable region binds to CD3,
may be engineered for solid tumors, such as malignant gliomas.

Overall, it appears that adoptive immunotherapy may offer certain advan-
tages that active vaccination strategies cannot provide: (1) T cells are expanded
in the absence of tumor-derived soluble factors and (2) CTLs can be grown to
extremely large numbers sufficient for infusion (Wang et al., 2004). A summary
of recently published clinical trials of adoptive cellular immunotherapy for
malignant gliomas is presented in Table 48.2.

48.7.3 Dendritic Cell Vaccination Trials

Approaches that combine adoptive transfer of antigen-pulsed DCs for tumor
vaccination in malignant glioma patients are currently under active investiga-
tion at several different centers around the world (Caruso et al., 2004;
De Vleeschouwer et al., 2008; Kikuchi et al., 2004, 2001; Liau et al., 2005;
Yamanaka et al., 2003a, 2005; Yu et al., 2004; Yu et al., 2001). This strategy
involves ex vivo exposure of a patient’s DCs to their tumor antigen followed by
their in vivo infusion to stimulate an endogenous immune response (Liau et al.,
1999; Prins et al., 2003). The theory behind this therapeutic strategy is based
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upon evidence that tumor cells are poor APCs, and do not adequately stimulate

endogenous professional APCs. The lack of immune activation may affect not

only CD8+ T cells but also the CD4+ ‘‘helper’’ T cells (Th) that require antigen

presentation in association with MHC class II. Unless tumor antigens are

secreted as soluble proteins and can be processed by professional APCs, the

CTL response will be handicapped by the lack of critical Th function such as

cytokine secretion and full DC activation. Soluble antigen may be released by

tumor cells in later stages with the development of necrotic areas; but by this

time, the tumor may be past the threshold from which its growth can be

impeded by immune activity. To circumvent this, investigators are using ex

vivo cytokine stimulation of DC and antigen exposure of autologous DCs with

autologous tumor lysate, tumor peptides, or tumor cell fusions (Table 48.3).

Table 48.2 Summary of clinical trials of adoptive cellular immunotherapy for malignant
gliomas

Therapy Phase
Tumor
HISTOLOGY Responses Survival References

Allo-CTL
+ IL-2

Phase I (n = 5) GBM (2); AA
(1); AO (2)
[recurrent]

NR AA/AO
patients with
SD > 28
months

Kruse et al.
(1997)

TILs +
IL-2

Phase I (n = 6) GBM; AA
[recurrent]

1 CR; 2 PR NR Quattrocchi
et al.
(1999)

Activated
CTL
from
lymph
nodes

Phase I (n = 12) GBM (6);
AA(4);
LGA (2)
[newly
diagnosed]

4 PR 3 patients> 2 yr Plautz et al.
(2000)

Activated
CTL
from
PBMC

Phase I (n = 9) GBM; AA
[recurrent]

3 PR 2/9 patients >
4 yr

Wood et al.
(2000)

LAK cells
+ IL-2

Phase I (n = 28) GBM; AA
[recurrent]

Lymphocytic
infiltration;
locally " IL-2
& IFN-g

6/28 patients >
2 yr

Hayes et al.
(2001)

NK cells Phase I (n = 9) GBM (3); AA
(6)
[recurrent]

3 PR; 2 MR NR Ishikawa
et al.
(2004)

LAK cells Phase I (n = 40) GBM
[recurrent]

NR 34% 1-yr
survival;
Median
OS = 17.5
months

Dillman
et al.
(2004)

TIL = tumor-infiltrating lymphocyte; GBM = glioblastoma multiforme; AA = anaplastic astro-
cytoma; AO = anaplastic oligodendroglioma; LGA = low-grade (grade II) astrocytoma; PFS =
progression-free survival; CR = complete response; PR = partial response; MR = minimal
response; OS = overall survival; NR = not reported.
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In a recent phase I clinical trial with 5-year follow-up, 12 patients with newly
diagnosed (n¼ 7) or recurrent (n¼ 5) glioblastoma were enrolled. Patients
received standard of care, which included surgery followed by external beam
radiation therapy. Glioma cells were dissociated from the tumor specimen and
cultured in vitro. After approximately 5 weeks in culture, MHC-bound tumor
peptides were eluted from the surface of the tumor cells using an acid-elution
protocol (Liau et al., 1999). The patient’s own autologous DCs were then
harvested from peripheral blood mononuclear cells and subsequently loaded
with the autologous acid-eluted tumor peptides. The patients then received
three intradermal injections of peptide-pulsed DCs at 2-week intervals.
Although this phase I study was not powered to detect clinical efficacy, it
provided further evidence on the feasibility, safety, and in vivo bioactivity of
autologous peptide-pulsed DCs in patients with glioblastoma, as did other
similar studies (Kikuchi et al., 2004, 2001; Liau et al., 2005; Yajima et al.,
2005; Yamanaka et al., 2003a; Yu et al., 2004, 2001). Although admittedly a
select population of patients, prolonged survival times and significant immu-
nological responses were observed in some of these patients, which supports the
possibility of an immune-related effect on tumor control. A recent study corre-
lated quantitative T-cell immune responses, as measured by IFN-g enhance-
ment, with clinical time to tumor progression (TTP) and survival (Wheeler
et al., 2008). Proof of clinical benefit from DC-based vaccines remains to be
established in future multi-center phase II clinical trials for malignant glioma
patients, which are currently underway.

The following conclusions can be drawn from these DC-based clinical trial
data to date. First, DC therapy appears to be relatively safe and well tolerated.
For the most part, no serious side effects have been observed with any of these
trials. Second, many of these trials report induction of cellular immunity,
humoral immunity, or both, against vaccine components. Most importantly,
some of these trials report complete/partial response rates or prolonged survi-
val, which suggest that DC-based immunotherapy can significantly impact
disease-free and overall survival. The true benefit of these therapies still needs
to be assessed in rigorously controlled randomized trials, some of which are
underway.

48.7.4 Bacterial and Viral Tumor Vaccine Trials
for Malignant Glioma

Salmonella typhimurium is a gram-negative enterobacterium that causes
typhoid fever. These are motile bacteria that have an anaerobic metabolism
and, therefore, will thrive in hypoxic environments such as those occurring in
tumors. Salmonella typhimurium, attenuated by genetically modifying the purI
and msbB genes responsible for virulence and innate immune recognition,
respectively, were found to specifically target and localize to transplantable
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murine tumors and partially inhibit tumor growth in vivo (Clairmont et al.,
2000; Rosenberg et al., 2002). These preclinical results led to a phase I clinical
trial of the intravenous administration of attenuated Salmonella typhimurium
(VNP20009) to patients with metastatic melanoma (Rosenberg et al., 2002).
This clinical study showed that the VNP20009 strain of Salmonella typhimurium
could be safely administered to patients and that some tumor colonization by
Salmonella was observed at the highest tolerated dose. However, no antitumor
effects were seen (Toso et al., 2002).

Viral vaccines have also been investigated for the treatment of malignant
gliomas (Schneider et al., 2001). More recently, a Newcastle disease virus
vaccine (MTH-68/H) was used in four patients with advanced high-grade
glioma, with purported survival times of 5–9 years (Csatary et al., 2004). In a
similar, expanded study, a vaccine prepared from patients’ tumor cell cultures
infected with Newcastle disease virus was used and followed by gamma-irradia-
tion. This was a non-randomized study of 23 vaccinated patients compared with
87 non-vaccinated controls. The 2-year survival rate in the vaccinated patients
was 39% as compared with 11% for the controls (p<0.001). This viral-based
vaccine appeared to be feasible and safe, and the improved prognosis of the
vaccinated patients was substantiated by observed antitumor immune
responses (Steiner et al., 2004).

Each of the immune-based therapies outlined above utilizes principles of
basic immunology to find a strategy that hopefully brings us closer to the goal
of killing the residual microscopic tumor cells that lead to inevitable recurrence
of malignant gliomas. Major improvements in our understanding of glioma
molecular biology and tumor immunology are now being translated into inno-
vative clinical trials that provide new hope for patients with this devastating
disease (see Tables 48.2 and 48.3).

48.8 Conclusion

There is challenging work being done today to take basic immunology into the
clinical realm. To date, clinical trials of immunotherapy for CNS gliomas have
not yet demonstrated objective proof of clinical efficacy in rigorous multi-
center phase II and III studies. Nevertheless, such trials should be pursued
because of encouraging results in many phase I studies (Salgaller and Liau,
2006). As future testing in this field continues, our ability to design effective,
targeted immune therapies will mature and hopefully yield increased therapeu-
tic success.

With this in mind, the priority areas of research and scientific investigation
that appear to be most critical at this time involve (1) developing techniques of
new antigen identification, based on readily available sources of information on
the genes and gene products that are abnormally expressed by primary tumor
cells (Ryu et al., 2006) and by examining which of them produce immunogenic
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antigens (Andersen et al., 2001); (2) characterizing both CNS and systemic
immune responses in patients with brain tumors; (3) developing immunothera-
pies that are optimized for the particularities of the brain (efficient homing of
effector cells and acceptable levels of local inflammation); and (4) considering
the problems and challenges posed by patient and tumor heterogeneity. It
should be noted that as with any other targeted treatment modality for brain
tumors, immunotherapy trials might only realize significant potential clinical
efficacy if given to the appropriate subgroup of patients and/or if administered
in combination with other therapies. With the current experience in cancer
treatments, it appears that simultaneously targeting several components essen-
tial to the neoplastic process should provide maximal chances of tumor control.
Therefore, therapies based on immuno-enhancement and cancer vaccines could
be combined with the traditional surgery, radiation, and chemotherapies, along
with molecularly targeted biological agents. Such integrated treatment strate-
gies may prove to be of low toxicity and should be synergistic. In addition, the
combined use of conventional treatments within the context of clinical trials of
immunotherapy will allow evaluation of efficacy, yet retain the ethical require-
ments for human investigation.

Over the next decade, the concept of stimulating a patient’s natural immu-
nity to produce antitumor responses may lead to the approach of ‘‘customized
immunotherapy’’ (Salgaller, 2000) for patients with malignant glioma. Such
‘‘personalized immunotherapeutics’’ may be a potential solution to deal with the
important observations of patient and tumor hetereogeneity. However, there
are still significant obstacles for developing highly patient-selective treatments –
the patient accrual on clinical trials is slower, the potential market for an
approved product is lower, and so development times to clinical applications
are prolonged.

Furthermore, there are significant manufacturing challenges that face the
clinical development of many immunotherapeutics, especially with regard to
patient-specific vaccines. This is arguably the greatest technical (and financial)
hurdle to getting these types of treatments into large-scale, pivotal trials.
Because so-called GMP-level facilities on many academic campuses do not
meet the stricter regulations of the FDA for non-pilot studies, further clinical
development of cellular therapies and biologic agents for brain tumors will require
partnerships between international academic medical centers, government
agencies, and biotechnology companies in order to overcome the manufactur-
ing challenges that currently impede large-scale, multi-center phase III clinical
trials.

As we have pointed out above, there is already a plethora of small-scale
phase I/II brain tumor immunotherapy trials that still await confirmation of
clinical efficacy. In order to obtain meaningful biological and clinical data from
more complicated trials of customized immunotherapy in selected patient
groups, larger multi-institutional studies need to be performed with more
structured collaborations from academic and community medical centers, the
biotechnology industry, and patient advocacy groups.
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Currently, immunotherapy is cautiously and deliberately making its way to
the patient bedside, as adjuncts to standardmodalities of surgery, radiotherapy,
and chemotherapy. While the number of clinical trials evaluating such immu-
notherapeutic strategies is still limited, current advances in the high-throughput
production of clinical-grade cellular/biologic therapeutics and molecular/
genetic target identification will hopefully spur future clinical development.

Abbreviations

APC antigen presenting cell
BBB blood–brain barrier
CTL cytotoxic T lymphocyte
DC dendritic cell
EAE experimental autoimmune encephalomyelitis
IFN interferon
LAK lymphokine activated killer (cell)
LN lymph node
MHC major histocompatibility complex
MS multiple sclerosis
NK natural killer (cell)
TAA tumor-associated antigen
TCR T-cell receptor (for antigen)
TGF transforming growth factor
TLR toll-like receptors
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Glossary of Key Immunological Terms

Autologous The cells, tissues, and molecules derived from self, as opposed to
another individual (cf. syngeneic, allogeneic).

Adaptive Immunity Immunity mediated by antigen-specific T and B lympho-
cytes, so called because it adapts to become more efficient upon repeated
exposure to antigens (cf. innate immunity), and can provide immunological
memory once the initial source of antigen has been eliminated.

Adoptive Transfer The introduction into the patient or animal of biological
material (usually cells) of autologous, syngeneic, or allogeneic origin. For
tumor immunotherapy, adoptive transfer offers the possibility of adminis-
tering cells enriched for specific cell types (e.g., CTLs) or specificities (e.g., for
tumor-specific or tumor-associated antigens) by appropriate in vitro stimula-
tion and expansion.

T-cell activation Resting T cells do not proliferate and exert their immunolo-
gical functions (cytotoxicity, cytokine release) until their TCRs engage their
cognate ligand (antigenic peptide associated with an MHC molecule). The
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initial antigen-specific activation of mature T cells is referred to as priming
and requires particularly stringent conditions to occur. These are generally
only achieved by professional APCs (e.g., DCs) which express costimulatory
molecules in addition to MHC–peptide complexes. The optimal and most
clearly understood conditions for T cell priming are in secondary lymphoid
tissues. The conditions for subsequent activation of a T cell that has already
been primed (i.e., in a secondary immune response, sometimes referred to as
re-activation or re-stimulation) are less demanding and can be achieved by
various cell types (including tumor cells) that express the appropriate
MHC–peptide complex, without costimulation, and in nonlymphoid tissues
including the CNS.

Allogeneic The cells, tissues, and histocompatibility molecules derived from a
genetically different individual (cf. syngeneic, allogeneic).

Anergy A T cell (or a B cell) that is unable to respond to its specific antigen.
One way in which this may occur is when antigen is initially presented in the
absence of costimulatory molecules; this can limit autoimmune reactions but
may also limit antitumor reactions.

Antigens Material that can be recognized by the T and B lymphocytes of the
adaptive immune system via their antigen receptors. The portion of the
material that bound by the antigen receptors is the epitope (see also tumor-
specific and tumor-associated antigens)

Antigen processing and presentation Antigen processing and presentation are
divided into three major categories. In the first, exogenous antigens in the
extracellular milieu such as cellular debris and opsonised microbes are taken
up by antigen presenting cells (APCs), then degraded within acidic endo-
somes to generate short peptides, certain of which bind to MHC class II
molecules and reach the cell surface to be recognized by CD4 T cells. In the
second major route, endogenous antigens (i.e., normal, viral, or aberrant
proteins synthesized within the cell) are degraded by the proteasome within
the cytosol then transported into the endoplasmic reticulum wherein peptide
binding toMHC class I molecules can occur, followed by transport to the cell
surface for recognition by CD8 T cells. A third category of antigen presenta-
tion called cross-presentation is important in tumor immunology and immu-
notherapy. Cross-presentation is the pathway in which exogenous antigen is
taken up by professional APCs, then processed (degraded into short pep-
tides) and presented at the cell surface bound to MHC class I molecules. The
most important cell responsible for cross-presentation is the DC. Cross-
presentation is particularly important when malignant transformation
occurs in parenchymal cells, rather than in professional APCs. For CD8 T
cells to be alerted to such threats requires the intervention of an adjacent
professional APC such as a DC, which can acquire material derived from the
transformed cell (e.g., from dying cells or cellular debris) and cross-present
this exogenous antigen to activate naı̈ve CD8 T cells. Tumor vaccines used in
immunotherapy need to exploit the cross-presentation pathway in order to
activate tumor-specific CD8 T cells.
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Antigen Presenting Cells (APCs) Cells capable of presenting peptide antigens

bound to MHC molecules to T cells. The so-called professional APCs (DCs,

macrophages, B cells) also express costimulatory molecules and are capable

of activating naı̈ve T cells. The most potent professional APCs are the DCs

which (unlike the other professional APCs) have no other major biological

function.
Autoimmunity A T- or B-cell mediated response directed against antigens of

the individuals own body.
B cells or B-lymphocytes Lymphocytes of the adaptive immune system that

develop in the bone marrow, which express clonally distributed antigen

receptors, and which are stimulated by antigen in secondary lymphoid organs

to differentiate into plasma cells that secrete antibodies.
Costimulatory molecules and signals For activation of naı̈ve T cells, they must

receive a first signal fromMHC-peptide antigen, and a second costimulatory

signal delivered by costimulatorymolecules on the APC. CD80 andCD86 are

major costimulatory molecules on APC, which bind to CD28 on T cells,

which then transduces a costimulatory signal to the cell.
Cytotoxic T lymphocytes (CTLs) Fully activated CD8 T cells able to kill target

cells expressing their cognate MHC-peptide antigen. A major cytotoxic

mechanism (shared by NK cells) is the polarized release of the contents of

lytic granules stored within the effector cell directly onto a target cell (e.g., a

tumor cell). The principle cytotoxic molecules are perforin, granzymes, and

granulysin, and they function by inducing apoptosis in the target cell. Other

cytotoxic mechanisms can include cell surface molecules such as Fas ligand,

and cytokines such as tumor necrosis factor.
Dendritic Cells (DCs) The most efficient professional APCs, of bone marrow

origin, which have a branched, dendritic morphology. They fulfill different

functions according to their differentiation state. In nonlymphoid tissues,

DCs are efficient at phagocytosing and processing antigens and are termed

immature. Upon activation via receptors such as TLRs, DCs become mature

and migrate to secondary lymphoid tissue, they express high levels of costi-

mulatory and MHC molecules, and they efficiently activate naı̈ve T cells.
Epitope The part of an antigen that is bound by an antibody molecule (a B-cell

epitope), or that can bind to anMHCmolecule and stimulate T cells (a T-cell

epitope).
HLA transgenic mice Transgenic mice that express a human histocompatibility

molecule. These models allow in vivo studies of mouse T-cell immune

responses specific for antigens defined in humans of the same HLA-type.
Immunological Synapse The immunological synapse is the stable interface

between a T cell and target cell presenting cognate MHC peptide. It forms

through cell–cell interaction of adhesion and signaling molecules. Polarized

release of cytokines or cytotoxic molecules into the space formed at the

synapse can ensure antigen specificity of T-cell effector function even when

mediated by antigen non-specific molecules.
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Innate Immunity Host immune defenses that react rapidly to infection or
danger bymeans of germline-encoded pattern or pathogen recognition recep-
tors. In contrast to adaptive immune responses, innate improve responses do
not become more efficient upon repeat exposure to the original stimulus.

Lymphocytes A class of mononuclear leukocytes capable of migrating in
blood, lymph, lymphoid, and nonlymphoid tissues according to their state
of activation or differention. The small lymphocytes of the blood encompass
the B and T cells of the adaptive immune system, which bear clonally
distributed antigen receptors. Mature lymphocytes are termed naı̈ve before
they are stimulated by antigen. Large granular lymphocytes are the NK cells
of the innate immune system.

Lymphoid Organs Primary lymphoid organs are the organized tissues where
lymphocytes are formed, i.e., the bone marrow (for B cells) and the thymus
(for T cells). The secondary lymphoid organs are the main site of encounter
between APC and naı̈ve T and B lymphocytes, and subsequent lymphocyte
activation. The principal secondary lymphoid tissues are the spleen, lymph
nodes (LNs), and the mucosa-associated lymphoid tissues (such as the tonsils
and Peyer’s patches).

Major Histocompatibility Complex (MHC) A cluster of genes encoding MHC
molecules, a family of polymorphic cell surface glycoproteins called HLA
molecules in humans, which are responsible for presenting peptide antigens
to T cells. MHC class I molecules present peptides to CD8 T cells and are
constitutively expressed on most cells of the body (but notably, are absent or
at low levels on astrocytes, oligodendrocytes, and neurons). MHC class II
molecules are mainly expressed on professional APCs and present peptide
antigens to CD4 T cells.

Macrophages and microglial cells Macrophages are a family of large mono-
nuclear phagocytes that can exist in many forms in different tissues and
pathologies. They derive from blood monocytes which are in turn derived
from the bone marrow. They can function as APCs (although they do not
migrate to lymphoid tissue like DCs), they can exert effector functions
against pathogens and tumors, but they can also promote tumor invasion
and angiogenesis. Macrophages associated with the CNS can be distin-
guished according to the compartment in which they are found. Macro-
phages in the perivascular space, the leptomeninges, and the choroid plexus
are phenotypically very similar to other tissue macrophages. Macrophages of
the brain parenchyma on the other hand express only low levels of most
classical macrophage markers under non-inflammatory conditions and have
a ramified morphology. These cells are referred to as microglial cells, and
upon activation they can differentiate to acquire macrophage phenotype and
function and may even express the DC marker CD11c under some
conditions.

Natural Killer (NK) Cells These cells are large, granular, cytotoxic lympho-
cytes, but unlike the T and B lymphocytes, they mediate innate immune
responses. Their most important functions are cytotoxicity and IFN-g
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secretion, which are regulated by the balance of signals transduced through
activating and inhibitory receptors expressed at the NK cell surface.

Pathogen/Pattern Recognition Receptors These receptors are germline encoded
and detect conserved patterns present on pathogens, as well as material from
stressed or dying cells. Cells of the innate immune system always express
some of these receptors, but they are present on other cell types as well. They
include the toll-like receptors (TLRs).

Serological Identification of Antigens by Expression Cloning (SEREX) A tech-
nique by which patient antibodies from serum can be used to screen tumor
cell proteins for those which elicit immune responses. A cDNA expression
library is initially made of a tumor. This library is subsequently probed in an
unbiased fashion with autologous patient serum to search for tumor proteins
that elicit host immune responses.

Syngeneic The cells, tissues, and histocompatibility molecules derived from a
genetically identical individual (cf. syngeneic, allogeneic), such as an identical
twin, or fully inbred strains of laboratory animals.

T Cells or T lymphocytes Lymphocytes of the adaptive immune system that
mature in the thymus from bone marrow-derived progenitors, which express
clonally distributed antigen receptors, and which are stimulated by APC in
secondary lymphoid organs to express different effector functions. The two
major populations of T cells are based on the expression of CD4 or CD8 cell
surface glycoproteins. CD4 T cells recognize peptide antigen associated with
MHC class II molecules and are subdivided into subsets based largely on
cytokine secretion profiles for the T-helper cells: Th1 (IFN-g), Th2 (IL-4), and
Th17 (IL-17). For Treg, the definition is based on a range of phenotypic
markers (including Foxp3) and function (suppression of other immune
cells). CD8 T cells recognize peptides bound to MHC class I molecules and
generally have cytotoxic potential (see CTLs) but can also secrete cytokines
(especially IFN-g).

T-Cell Receptor for antigen (TCR) A highly variable receptor expressed exclu-
sively by T cells, in a clonally distributed manner. It is not germline encoded
but is generated by somatic rearrangement of gene segments. The ligand is a
short peptide epitope bound to anMHCmolecule expressed at the surface of
another cell.

Tolerance Immunological tolerance refers to the unresponsiveness of T and B
cells to a particular antigen. Central tolerance is established in the bone
marrow for B cells and in the thymus for T cells, wherein cell highly reactive
with self-antigens (autoreactive cells) can be eliminated. Residual popula-
tions of autoreactive cells that escape deletion are restrained by different
mechanisms of peripheral tolerance. Tumor immunotherapy often aims to
exploit these cells that may react to tumor expressed TAAs and may thus
need to attempt to ‘‘break’’ tolerance.

Tumor-associated antigens (TAAs). These antigens are expressed by malignant
cells but also by normal cells. They may still be useful targets for immu-
notherapy because tumor cells may express the TAA at a higher level than
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normal tissue, or because normal cells express the TAA only at a certain stage
of development, or in specific sites that may be shielded from immune attack
(e.g., the so-called cancer-testis antigens). These antigens may be common to
many patients, facilitating defined targeting and immune monitoring. How-
ever, since TAAs are self-antigens, it may be difficult to induce effective
immune responses because of partial or complete immunological tolerance,
and if this is overcome, there is a risk of inducing autoimmune pathology.

Tumor-specific antigens (TSAs) These antigens are only expressed by malig-
nant cells (e.g., following mutations). They present advantages for immu-
notherapy because the patient should have no central tolerance to these
antigens, and there is no risk of immune effector mechanisms damaging
normal tissues because they do not express the antigen. However, many of
these antigens are unique to individual patients, meaning that defined target-
ing and immune monitoring would need to be personalized.
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