
Immunotherapy of malignant brain
tumors

Summary: Despite aggressive multi-modality therapy including surgery,
radiation, and chemotherapy, the prognosis for patients with malignant
primary brain tumors remains very poor. Moreover, the non-specific
nature of conventional therapy for brain tumors often results in incapaci-
tating damage to surrounding normal brain and systemic tissues. Thus,
there is an urgent need for the development of therapeutic strategies that
precisely target tumor cells while minimizing collateral damage to
neighboring eloquent cerebral cortex. The rationale for using the immune
system to target brain tumors is based on the premise that the inherent
specificity of immunologic reactivity could meet the clear need for more
specific and precise therapy. The success of this modality is dependent on
our ability to understand the mechanisms of immune regulation within
the central nervous system (CNS), as well as counter the broad defects in
host cell-mediated immunity that malignant gliomas are known to elicit.
Recent advances in our understanding of tumor-induced and host-mediated
immunosuppressive mechanisms, the development of effective strategies to
combat these suppressive effects, and a better understanding of how to
deliver immunologic effector molecules more efficiently to CNS tumors
have all facilitated significant progress toward the realization of true clinical
benefit from immunotherapeutic treatment of malignant gliomas.
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Immunotherapy of malignant brain tumors

Immunotherapy holds the promise of targeting tumor cells for

destruction with an exquisite specificity and efficiency, while at

the same time almost completely sparing normal cells from

harm. The sensitivity and specificity of the immune system is

refined to the point at which the body is capable of recognizing

foreign pathogens such as viruses within minutes of infection,

responding with an array of innate, humoral, and cellular

effector mechanisms that can control a rapidly expansive viral

infection, and eliminating almost every infected cell from the

body. For more than 100 years, tumor immunologists have

hoped to harness this amazing cytotoxic power for use against

malignant cancer cells, which, although following entirely

different physiologic mechanisms for invasion than viruses,

also spread through the body with deadly consequences.

The immunologic treatment of high-grade malignant brain

tumors has discriminating considerations compared with other
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malignant diseases with regard to its central nervous

system (CNS) immune privilege and concerns of organ-

specific autoimmunity. The development of effective

immunotherapy against brain tumors, therefore, represents a

unique challenge in the field of tumor immunotherapy. Despite

aggressive multimodality therapy, including surgery, radiation

therapy, and chemotherapy, the prognosis for patients

diagnosed with high-grade brain tumors remains very poor.

Patients diagnosed with glioblastoma multiforme (GBM), the

most aggressive and unfortunately most common type of adult

brain tumor, have a median survival of only 15 months (1). In

addition, the standard treatments for malignant brain tumors

often result in debilitating motor and neurological deficits in

treated patients. Therefore, there is a paramount need for the

development of more effective and specific therapies, such

as immunotherapy for the treatment of malignant brain

tumors.

The present day thinking within the field of tumor

immunology has moved beyond a debate as to whether

tumors express antigens that can be recognized and targeted

by the immune system. Experimental cancer models have

undoubtedly demonstrated that the immune system is highly

capable of effectively eradicating malignant tumor cells.

Classical transplantation models were used in the first

experiments examining the immunogenicity of tumors to

demonstrate that chemically-induced tumors contain antigens

that can lead to the specific recognition and rejection of tumors

in immunocompetent mice (2). Although chemically-induced

tumor cell lines demonstrated the capacity of the immune

system to mediate tumor rejection, their strong immunogenic

properties did not closely parallel the presumably non-

immunogenic nature of most human tumors. Subsequently,

using more relevant tumor models, it was demonstrated that

even less immunogenic or non-immunogenic tumor cell lines

expressed antigens that could be recognized by the immune

system (3). These experiments demonstrated the existence of

tumor antigens in rodent tumor lines, but the first human

tumor antigens were discovered in malignant melanoma

through the notable efforts of van der Bruggen et al. (4) and

Boon et al. (5). Since that time, an explosion has occurred in the

identification of tumor antigens and the development of

approaches toward the immunologic treatment of cancer.

Current research focuses on continuing to identify new

antigens in human tumors, understanding how tumors

effectively evade the physiologic anti-tumor immune

response, and translating the preclinical successes in

experimental tumor immunotherapy models into a clinical

reality in human patients.

Early efforts in tumor immunotherapy focused on the use of

non-specific immune stimulators to expand an anti-tumor

immune response in the host. Injection of adjuvants, such as

heat-killed bacille Calmette-Guerin or Corynebacterium, directly

into peripheral tumors was attempted to treat malignant

melanoma and other cancers but was generally unsuccessful.

However, there have been a few notable successes, such as the

treatment of bladder cancers with locally injected, non-specific

adjuvants, that supports the validity of non-specific adjuvant

approaches to treating malignancy (6).

In recent years, more potent immunostimulatory agents that

act directly on antigen-presenting cells (APCs) and effector

cells of the immune system, such as Toll-like receptor agonists,

have gained interest in immunotherapy (7, 8). These agonists

lead to signaling through a family of Toll-like receptors on

APCs of the immune system that results in the upregulation of

costimulatory molecules and cytokine production such as

interferon g (IFNg) and interleukin-12 (IL-12) (9). Toll-like

receptor agonists such as lipopolysaccharide (LPS) (10),

double-stranded RNA (11), heat shock protein 70 (12),

imiquimod (13), and CpG oligonucleotides (8) have all

demonstrated the capacity to enhance immunologic responses

against malignant gliomas (and other tumors). Although these

agonists alone can enhance physiologic anti-tumor immune

responses, most experimental protocols with demonstrated

anti-tumor efficacy use the agonists in combination with

some form of specific anti-tumor immunotherapy.

The majority of current efforts in immunotherapy are

directed primarily at the induction of specific immune

responses against tumor antigens using either active

immunization strategies, called ‘cancer vaccines,’ or adoptive

transfer of tumor-specific effector cells or antibodies. While it

was initially believed that effective immune responses against

tumors within the CNS would be prevented by the

‘immunoprivileged’ status of the brain, studies have

demonstrated that immune effector cells and antibodies can

gain access to the CNS and leverage potent effector mechanisms

against recognized target cells within the brain (reviewed

in 14).

CNS immunity

The wide variety of aberrantly expressed and mutated proteins

present in tumor cells should, in theory, permit them to be

identified as foreign and ultimately rejected by the immune

system. This concept of tumor surveillance as a normal

function of the immune system has supporting evidence in

that physiologic anti-tumor immune responses can be detected
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in patients with cancer, although obviously at an insufficient

level of function to prevent the progression of malignancy.

Circulating tumor-specific antibodies and cytotoxic T lympho-

cytes (CTL) have been isolated from the peripheral blood of

patients with malignant glioma (15). It is also evident, how-

ever, that normal immune mechanisms are not sufficient, as

tumors indeed continue to grow in the face of an apparently

intact immune response. The potential conclusions are that in

patients who present with cancer, the immune system either

mounts a response that is incapable of eradicating tumor cells,

or that by the time malignant tumor growth reaches clinical

detection, the resulting tumor has been selected for immuno-

logic escape under the pressure of what was once an effective

physiologic anti-tumor immune response (16).

Malignant gliomas and the surrounding CNS each supply

additional challenges to an already inadequate cancer response.

A purported immune privilege of the brain and a glioma-

induced local and systemic immunosuppression may further

limit the efficacy of any existing natural or therapeutically

manipulated immune responses against malignant brain tumor

cells.

Immunologic privilege

It has long been contended that the immune system has

limited access to the brain and thus would have negligible

contact with neoplastic cells that are harbored within the CNS.

The concept of CNS immune privilege has its origins in studies

by Medawar in 1948 (17), who demonstrated the failure to

reject allogeneic tissue grafts placed within the brains of

experimental animals. The capacity for allografts to survive in

the CNS was attributed to the presence of the blood–brain

barrier, the absence of a lymphatic drainage system within the

brain, and a void of resident specialized APC within the CNS

(18, 19).

This model of immune privilege has been challenged,

particularly as it has become evident that connections do exist

between cerebrospinal fluid (CSF) compartments and cervical

lymphatics (20), that microglia can fill the role of resident APC

within the CNS (21), and that professional APCs (i.e. dendritic

cells) are present in both the choroid plexus (22) and

meninges (23). Furthermore, careful studies have

demonstrated that an active pattern of T-cell trafficking to and

from the brain indeed does occur (24). In fact, up to 30–60%

of primary human glial tumors contain mononuclear infiltrates

at the time of pathologic examination (25, 26). Thus, the

question of whether immune responses are mounted within

the CNS may be more refined to the degree of intensity of these

responses compared with the periphery, rather than an anergic

state of the CNS with respect to immunity. Nevertheless, while

it is now clear that the CNS is not isolated from immune

surveillance, access is also clearly not liberal, and if a major

mechanism of tumor escape from immunologic destruction is

inadequate access to the CNS by effector immune cells, then the

potential exists to develop ways to increase the delivery of these

cells to CNS lesions and produce an effective immunologic

response (16).

Immune responses to antigen in the brain

Animal studies have demonstrated that antigen presentation in

cervical lymph nodes occurs due to drainage via non-classical

lymphatic pathways along cranial nerves and that activated

lymphocytes enter the brain despite the presence of the

blood–brain barrier (27). While it is clear that immunologic

responses to CNS antigens are normally induced, the presence

of the blood–brain barrier creates a carefully regulated envir-

onment with distinct composition of immunoregulatory mo-

lecules such as neuronal growth factors, cytokines, chemokines,

and neuropeptides. Thus, response to antigens within the CNS

occurs with a distinct hierarchy in terms of the types of

responses induced (humoral, cellular, and innate) and the

character of these responses (28). Antigen draining the CNS

induces responses initially in the periphery within the context

of the cervical lymph nodes. This response is characterized by a

strong antibody response, the priming of cytotoxic T-cell

responses, but an absence of the induction of delayed-type

hypersensitivity (DTH) responses (29). Furthermore, the

microenvironment of the brain permits the full development

of effector function of B lymphoblasts (antibody secretion) but

inhibits the full development of cell-mediated immunity(CMI)

either entirely (DTH) or partially (cytotoxic T-cell responses)

(28). Thus, the net effect of antigens introduced into the CNS is

a T helper-2 (Th2) skewing of T-cell responses and the

induction of strong humoral responses to antigenic challenge

(27–32). While there is a bias toward Th2 responses to

antigens derived from the CNS, this skewing can be affected

by changes in the inflammatory microenvironment within the

brain, alteration in the composition of immune cells accumu-

lating at sites of antigenic challenge, or a shift in the production

of cytokines or other immunoregulatory molecules within the

CNS. Therefore, the microenvironment of the CNS is entirely

capable of supporting the full spectrum of cellular and humoral

immune responses observed during immune responses in the

periphery, although with a significant skewing toward Th2

lymphocyte and humoral responses.
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Antigen presentation and APCs/microglia

A consideration of the flow of cerebral extracellular fluids,

cerebral interstitial fluid (CIF) and CSF, is essential to under-

standing antigen presentation within the CNS. CIF is secreted at

the blood–brain barrier (BBB) and flows within the spaces

between cells of the brain parenchyma. CSF is formed by the

choroid plexus within the ventricles and subarachnoid

membrane and circulates in a rostral to caudal direction

through the ventricles to the basal cisterns. CSF then moves

into the subarachnoid space, which is contiguous with the

spinal cord (27, 33). Although the brain is absent of specia-

lized lymphatic vessels, there is efficient drainage of CIF to the

deep cervical lymph nodes via the nasal submucosa, along

cranial nerve tracks, and around perivascular sheaths. Convec-

tive flow of CSF allows for antigens to gain access to outlets

within the arachnoid membrane and cribiform plate. These

fluids exit the subarachnoid space through flow across the

arachnoid granulations and through drainage along the olfac-

tory nerve across the cribriform plate into the blood and

cervical lymph pathways (29, 34, 35). Thus, the initial site of

immune activation for CNS-derived antigens occurs at extra-

cranial sites within the deep cervical lymph nodes. Antigen

draining to cervical lymph nodes from the CNS can encounter

cognate B lymphocytes and also be processed and presented to

circulating naive T cells by professional APC such as dendritic

cells (DCs) present within these lymph nodes and lead to the

activation of immune effector mechanisms. While naive lym-

phocytes do not cross the BBB, activated lymphocytes patrol

the CNS freely and are actively recruited to sites of inflamma-

tion. It is less clear what immune mechanisms are utilized

within the parenchyma of the brain for the reactivation of

effector lymphocytes, due to the fact that immunologic

responses in the CNS are the result of a complex interaction

between resident immune cells such as microglia and astro-

cytes, as well as recruited macrophages, lymphocytes, and DCs

from the periphery (36–39).

Professional APCs such as DCs have not formally been

demonstrated in the CNS parenchyma (40). It has been

suggested that microglia might be the major or exclusive APC

in the CNS, and human microglial cells have been shown to

have phenotypic and functional characteristics of both

macrophages and DCs (41, 42). Strong evidence has been

provided that these cells, predominately located in the

perivascular spaces and the leptomeninges, are bone marrow-

derived cells capable of presenting antigen to helper T cells in

vivo (43). Although resting microglial cells appear quiescent

with regard to endocytic and secretory function, they

constitutively express class II antigens in situ (42, 44) express

T-cell costimulatory molecules such as leukocyte function-

associated antigen-1 (LFA-1), LFA-3, intercellular adhesion

molecule-1 (ICAM-1), and B7 (45), can cluster CD41 T cells

(42), and can induce T-cell responses in a mixed lymphocyte-

type reaction in vitro (42, 45). Incidentally, astrocytes also

express ICAM-1 and LFA-3, although to a lesser degree than

microglia (45). Astrocytes, while capable of processing and

presenting antigens to lymphocytes and being activated to

produce immunoregulatory cytokines, are thought to be

relatively poor APCs and unlikely to efficiently lead to

activation of T lymphocytes (46).

T-cell trafficking

Naive T cells are not found within the CNS due to their inability

to pass through the BBB. When T cells have been activated

against neurotrophic pathogens or CNS autoantigens, they

cross the BBB and are restimulated upon encounter with their

cognate antigen on target cells and local APCs. Murine models

of experimental autoimmune encephalitis (EAE) have demon-

strated that activated T cells infiltrating the CNS secrete effector

cytokines but do not proliferate and undergo apoptosis (46,

47). Recent studies, however, employing brain tumor models

have shown conflicting data, with the brain microenvironment

promoting the proliferation of tumor-specific T cells within

brain parenchyma and differentiation into cells with enhanced

effector function (48). While activated T cells are thought to

patrol the CNS in an antigen-independent manner, cells that

encounter their cognate antigen are retained for longer periods

within the CNS than those that do not encounter target antigen

within the brain (48). Studies examining the exit of T cells

from the brain have shown these cells to uniformly pass the

cribroid plate and reach the naval mucosa and eventually

cervical lymph nodes (49).

Antibody penetration

It is a generally held notion that antibodies do not effectively

penetrate the CNS except in cases of disruption of the BBB due

to inflammatory processes. This assumption is based largely on

the low prevalence of globulin proteins within the CSF

compared with peripheral blood of normal individuals. How-

ever, careful experimental studies have demonstrated rapid

accumulation of antibodies within the CSF and brain parench-

yma after passive or active peripheral immunization in experi-

mental animals (50). These studies confirmed that antibodies

distribute throughout the CNS with similar kinetics to other

peripheral organs, albeit at a ratio of approximately 0.1-1% the
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titer of antibody found in the serum. While it is apparent that

antibody penetrates the CNS in the absence of BBB disruption,

it is unclear whether the levels of antibody achieved within the

CNS in the absence of BBB disruption are sufficient to mediate

effector functions in the brain. Evidence supportive of the

physiologic relevance of CNS antibody titers come from studies

of active or passive immunization in which antibodies seem to

play a significant role.

The interesting case of Alzheimer’s vaccines

The apparent clinical efficacy and the rather dramatic toxicity

recently attributed to vaccines targeting amyloid-b (AB) pro-

tein in patients with Alzheimer’s disease (AD) has recently

provided a number of novel insights into the potential role of

immunotherapy against diseases within the CNS. It has also

raised a number of questions, which mostly remain unan-

swered.

AB protein has long been suspected to play a role in AD. This

role is supported by significant genetic and pathologic data.

Mice transgenic for amyloid precursor protein (APP) mutants

also develop early onset forms of AD that mirrors the human

condition. Monitoring AB plaque burden and behavioral

endpoints in these models provided the initial evidence that

vaccinations with AB peptide may have efficacy in this disease

(51, 52). The hypothesis driving these initial studies was that

AB peptide vaccinations would produce antibodies that would

bind AB and enhance clearance or prevent deposition.

In human trials, antibodies to AB were induced, but titers

failed to correlate with clinical responses and a dramatic

meningoencephalitis developed in a small but significant

subset (approximately 6%) of patients who received the

vaccine, resulting in the trials being halted prematurely. The

bulk of evidence currently supports a CD41CD45RO1 T-cell-

mediated mechanism for the meningoencephalitis but still

supports an antibody-mediated mechanism for the efficacious

effects (53, 54).

Three distinct, not mutually exclusive, and possibly

overlapping mechanisms have been proposed for the ability of

even passive antibody-based immunotherapy to reverse or

prevent the pathologic and clinical effects of AB-peptide

plaque accumulation. The first two require that antibodies

enter the CNS and once there either directly dissolve the

plaques (55) or mediate opsonization and clearance of the AB

peptide in a microglial dependent manner (56, 57). The third

hypothesis postulates that antibody restricted to the periphery

sequesters AB-peptide and establishes a concentration gradient

that drives efflux from the CNS (58).

A successful humoral immunotherapy for CNS diseases,

especially within the context of an intact BBB, was

counterintuitive, given the known limited penetration of large

molecules like antibodies across the BBB. As a result, the early

reports in animals and humans demonstrating the effectiveness

of an active immunotherapy against AD were reviewed with

surprise and some skepticism.

Further evidence that physiologically relevant levels of

antibody can accumulate in non-inflamed CNS is supported

by the observation that passive administration of AB-specific

antibodies is sufficient to produce most if not all of the

beneficial effects of the vaccination in murine models (56,

57). Intraperitoneally administered antibody can be detected

clearly within the CNS, and where strong antibody staining was

found, it correlated with efficacy of the antibodies (56).

Further support for the theory that antibodies must penetrate

the CNS to be efficacious in this context is provided by the

finding that microglia were capable of removing amyloid

plaque material from mouse and human brain sections only in

the presence of intact, AB-specific antibodies (56). AB-specific

antibodies were also detected in the brains of vaccinated

humans postmortem. Although the antibody levels were not

higher than in unimmunized controls (53), this may have been

due to the time elapse between the vaccination and autopsy. In

vaccinated humans, AB was also found to be associated with

microglia, and microglia Fc receptor staining was increased,

consistent with Fc-mediated phagocytosis (53) as seen in

mouse models (56).

The best evidence to support a physiologic role for vaccine-

induced antibodies within the CNS thus comes from the above-

described trials targeting AB plaques in patients with AD. While

it remains under debate whether the antibodies induced by

these vaccines are responsible for any clinical responses and

whether or not the antibodies entered the CNS to mediate such

effects (58), much of the data supports this conclusion and

provides a rationale for using systemically derived antibody

therapies against intracranial tumors (53, 56, 57, 59). A recent

Phase I clinical trial in eight patients using a systemically

administered chimeric monoclonal antibody (ch806) that

recognizes mutant forms and overexpressed epidermal growth

factor receptor (EGFR) but not normal EGFR demonstrated

surprising efficient localization of antibody to tumor in a

patient with malignant glioma (anaplastic astrocytoma) (60).

Specific accumulation of indium-111-labeled antibody was

visualized by single photon emission computed tomography

(SPECT) imaging by day 3 after injection, and antibody

deposition at the tumor site accumulated over the 7-day

observation period. This study showed that human CNS
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tumors can serve as a ‘sink’ for the extravasation of passively

administered antibody across the BBB from the periphery, if

competing target antigen is absent elsewhere in the body, and

thus, further supports the notion that the BBB may not be as

significant a barrier to immunity as once thought.

Immunosuppression

Patients with malignant gliomas typically exhibit a compre-

hensive suppression of their cell-CMI, which serves not only to

disrupt their physiologic immune responses but to hinder the

success of immune-based therapies as well (reviewed in 61).

Cutaneous anergy, lymphopenia, impaired antibody produc-

tion, reduced lymphocyte protein synthesis, and diminished

lymphocyte responsiveness have all been reported (62–75).

Defects in the T-cell compartment are especially well documen-

ted, as peripheral blood lymphocytes (PBLs) from glioma

patients proliferate poorly in response to T-cell mitogens, anti-

CD3, and T-dependent B-cell mitogens (76–79). Although

invariably present, T-cell lymphopenia does not sufficiently

explain the CMI impairment, since purified T-cell populations

also demonstrate a limited ability to respond to mitogenic

stimulation (73, 76, 77, 80). Interestingly, many of the

proliferative defects appear to be concentrated in the CD41

subset of T cells (77), and these fail to provide helper activity in

allogeneic pokeweed mitogen cultures (81). Thus, defects

intrinsic to the CD41 T-cell pool appear to play a major role in

the impairment of CMI.

Immunosuppressive cytokines: transforming growth factor-
b, vascular endothelial growth factor

One possible explanation for the impairment of CMI suffered

by patients with primary brain tumors is the secretion of

transforming growth factor-b (TGF-b) by their tumors

(82–84). TGF-b is a homodimer of two disulfide-linked

subunits, each with a molecular mass of 12.5 kDa. It has been

isolated from malignant glioma cell supernatants, and subse-

quently, the gene for TGF-b2 was cloned from a malignant

glioma cell line (85). TGF-b has been shown to suppress the

generation of CTLs from PBLs and tumor-infiltrating lympho-

cytes by IL-2, to inhibit IL-2 receptor expression on T cells

(86), to reduce IL-1 (87) and IL-2 (86, 88), to be involved in

proliferation of T and B lymphocytes, to depress the cytotoxi-

city of natural killer (NK) cells and their activation by IFN-g
(89), to inhibit the development of CTLs (90), to reduce IFN-g
production (91), and to downregulate major histocompatibil-

ity complex (MHC) class II-dependent antigen expression (92,

93). The potential of immunosuppressive factors, such as TGF-

b, to abolish a cell-mediated anti-tumor immune response has

been demonstrated experimentally. Torre-Amione et al. (94)

transfected a highly immunogenic and easily rejected tumor

cell line with TGF-b and demonstrated that, after transfection,

it was able to completely escape immune rejection. Thus,

immunosuppressive factors, such as TGF-b, which are com-

monly secreted by primary brain tumors, may have a tremen-

dous negative impact on the efficacy of active, specific

immunotherapies. In addition, the dependence of many

patients with malignant gliomas on corticosteroids may also

have a significant impact. Corticosteroids, including hydrocor-

tisone (t1/2 = 8–12 h), prednisone (t1/2 = 18–36 h), or dexa-

methasone (t1/2 = 36–54 h), are known to decrease migration

of leukocytes into inflamed tissues, reduce peripheral blood

counts of all leukocyte subsets but especially T cells, decrease

immunoglobulin G (IgG) levels, and impair cutaneous DTH

responses (95, 96).

Another soluble factor secreted by tumor cells that may play

a significant role in immunosuppression is vascular endothelial

growth factor (VEGF). VEGF, produced by most solid cancers,

plays a key role in tumor angiogenesis but also has been found

to be directly responsible for inhibition of the maturation of

DCs from progenitor cells from the bone marrow (97, 98). The

molecular mechanism by which VEGF inhibits DC maturation

has been shown to be a VEGF-induced inhibition of NF-

kB signaling in hematopoietic progenitor cells. Furthermore,

inhibition of VEGF production using an anti-VEGF monoclonal

antibody was shown in murine tumor models to enhance the

efficacy of cancer immunotherapy when given in combination

with DC vaccination (99), highlighting that VEGF-mediated

immunosuppression may represent a reversible axis of

immunologic inhibition in patients with malignancy.

Malignant gliomas are notoriously vascularized tumors that

produce abundant quantities of VEGF and TGF-b, which very

likely contributes significantly to the immunosuppressed

phenotype observed in these patients. The development of

pharmacological agents that inhibit the production of these

factors, however, offers a tremendous opportunity to evaluate

the capacity to enhance immunotherapy against malignant

gliomas through synergistic use of agents that block the VEGF

and TGF-b pathways. Anti-VEGF monoclonal antibody

treatment (bevacizumab) has already been shown to have

efficacy in the treatment of a variety of tumors, including

malignant gliomas (100, 101). Besides the known anti-

angiogenic effects of VEGF-specific antibodies (102, 103), it is

possible that inhibition of VEGF-mediated immunosuppression

may play a significant role in the efficacy of bevacizumab against

human tumors.
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Tumor defenses: B7-homolog 1, Fas/Fas ligand

In addition to the production of soluble ligands that inhibit

immunologic function, malignant gliomas also produce sur-

face ligands that can directly downregulate immunologic

effector mechanisms. B7-homolog 1 (B7-H1) is a recently

identified homolog of B7.1/2 (CD80/86) that has been shown

to exert immune regulatory function on T lymphocytes. B7-H1

has been shown to mediate attenuation of T-cell receptor (TCR)

function through engagement of the programmed death-1

(PD-1) receptor on the surface of T cells. This engagement

leads to rapid phosphorylation of the Src homology region 2-

containing protein tyrosine phosphatase-2, which downregu-

lates TCR signaling (104). In addition, B7-H1 engagement of

PD-1 on T cells promotes apoptosis and renders immunologic

tumor cells resistant to immune-mediated rejection in murine

tumor models (105). The finding of ubiquitous expression of

B7-H1 in all malignant glioma lines and the increased expres-

sion of this molecule in response to IFN-g, suggests that B7-H1

expression may be a potent mechanism for immunologic

escape in malignant gliomas. The loss of phosphatase and

tensin homolog (PTEN), a genetic alteration frequented in

malignant gliomas, results in increases in B7-H1 expression in

gliomas and correlates with immunoresistance (106). Several

experimental model systems have demonstrated that blockade

of the B7-H1/PD-1 pathway can lead to increased cytokine

production, improved DC function, reactivation of anergic T-

cell lymphocytes, and improved anti-viral and anti-tumor

immune responses (107–115).

Fas ligand (FasL, CD95L) is a membrane protein belonging

to the tumor necrosis factor (TNF) family that is responsible for

induction of apoptosis in Fas-bearing cells (116). It is utilized

by CTLs as an effector molecule for cytolytic killing, and the

Fas/FasL interaction has been suggested to mediate the relative

immune privilege of cells within the eye and testis, which

express FasL on the surface of restricted cell types at these organ

sites (117–119). Malignant gliomas have been shown to

frequently express both Fas and FasL on the cell surface, and

FasL positive gliomas can induce cell-contact-dependent

apoptosis in Fas-expressing lymphocytes and other target cells

(120, 121). However, the co-expression of Fas/FasL on

gliomas also offers the opportunity to mediate apoptosis of

tumor cells through engagement of Fas signaling within the

malignant tumor cells. While it is unclear what mechanisms

prevent the autolytic killing of Fas/FasL co-expressing tumor

cells, engagement of Fas on the surface of glial tumors using

soluble FasL (122) or agonistic antibodies to CD95 induces

apoptosis in human malignant glioma cells in vitro (123). The

co-expression of Fas/FasL by human gliomas in vivo, however,

and the finding of soluble FasL in the cyst fluids of malignant

gliomas (124) calls into question whether these tumors will be

susceptible to Fas-mediated apoptotic mechanisms in a

therapeutic setting.

Regulatory T cells

Although immunotherapy has emerged as a means of design-

ing more tumor-specific treatment, the success of this modality

is linked to our ability to understand and counter the broad

defects in host CMI that malignant gliomas are known to elicit.

Decades of patient studies have revealed lymphocyte prolifera-

tive defects that are concentrated in the T-cell IL-2/IL-2R

system (76, 125), but their underlying cause is yet to be well

elucidated.

In the late 1990s, however, the concept of T-cell-induced

tolerance re-emerged with the identification of a population of

T cells designated as regulatory T cells (Tregs). Tregs represent

a physiologic subset of CD41 T cells that constitutively express

high levels of CD25, the IL-2Ra chain (126). They potently

inhibit T-cell activation and proliferative responses by

downregulating IL-2 production in their target responder cells

(127–129), a penchant, which recapitulates exactly those

defects observed in the peripheral blood of patients with

malignant glioma. Tregs require stimulation through their

TCR for activity, and though anergic in vitro, may be induced to

proliferate in vivo in an antigen-specific fashion (130, 131). As

they recognize self-antigens (132–134), Tregs are now known

to elicit tolerance to tumor antigens, and supra-physiologic

levels of functional Tregs have been found in the peripheral

blood and/or tumors of patients with a variety of cancers

(135–140). Tumor models employing in vivo depletion or

inhibition of Tregs have demonstrated prolonged survival

when used as a single modality treatment as well as enhanced

efficacy of tumor cell- and DC-vaccines when used in

conjunction with immunotherapy (141, 142).

Upon even the initial discovery that purified T-cell

populations from patients with glioma were not capable of

normal responsiveness and that defects intrinsic to the T-cell

compartment were at least partially responsible for impaired

patient CMI, it was suggested that the ‘results might indicate

the expansion of an otherwise normally present subpopulation

of cells which . . . are capable of modulating the responsiveness

of other lymphocytes’ (73). The existence of suppressor cells

had first been proposed by Gershon in 1971 (143), and others

had shown them to be maximally responsive at suboptimal

concentrations of mitogen, a notion which remains today, and

which was also consistent with the observed pattern of
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mitogenic responsiveness for patient lymphocytes at the time.

As a result, an entire paper was dedicated to the assessment of

the presence of ‘Concanavalin-A-activated, glass-adherent, and

spontaneous, nonspecific suppressor cells’ (71). The authors

concluded that although suppressor cell activity was inducible

in patients with primary brain tumors, it did not differ from

normal activity.

Another paper, however, found that of six patients studied

before surgical exploration, all six exhibited significantly

depressed levels of PHA responsiveness in association with

notably increased levels of regulatory cell function, where

regulatory activity was defined as being indomethacin-

sensitive, glass-adherent, and/or preculture-sensitive.

Furthermore, two of four patients with recurrent disease

demonstrated reduced T-cell function in association with

enhanced immunoregulatory cell activity. This study also

examined the existence of a lymphocyte-mediated

immunoregulation and found that two of nine patients

demonstrated significantly increased lymphocyte-mediated

suppressor activity. This activity was determined simply by

depleting peripheral blood mononuclear cells (PBMCs) of

latex-ingesting cells and evaluating the ability of the

remaining patient lymphocytes to regulate lymphocyte DNA

synthesis when co-cultured with normal allogeneic cells (68).

Similar co-culture experiments by Roszman et al. (81) using

polkweed mitogen as the stimulator instead did not reproduce

these results, and it was asserted in the literature that increased

suppressor cell activity was not at the root of lymphocyte

proliferative defects in patients with glioma.

It is now established that the T-cell repertoire of normal

animals is indeed able to thwart pathological responses toward

self-antigens. For years, the model of central tolerance had

been one in which the thymus clonally deleted self-reactive T

cells with high avidity TCRs specific for self-antigens that are

thymically presented (144, 145). These mechanisms alone,

however, prove insufficient, as self-reactive T cells with

pathogenic potential (including those directed against normal

brain) are present in the periphery of normal individuals (146,

147). T-cell-mediated autoimmune diseases can be produced

in rodents by elimination of a sub-population of peripheral

CD41 T cells, suggesting that a model of central tolerance is

incomplete and that the thymus may also produce a population

of immunoregulatory T cells capable of inhibiting self-reactive

T cells in the periphery (126, 148, 149). It is now known that

this ‘immunoregulatory’ cell activity is concentrated neither

within the monocyte sub-fraction nor the CD81 T-cell subset,

but instead, is focused in the CD251 (IL-2Ra1) fraction of

CD41 T cells (Tregs) (126, 148, 150–156).

Studies into their generation and antigen specificity

requirements have yielded that Tregs are generated in the

thymus by means of a moderate avidity interaction with self-

peptide presented by the thymic epithelium (132–134).

Furthermore, the presence of their relevant autoantigen in the

periphery is requisite for their generation, as Tregs preventing

organ-specific autoimmunity fail to be generated in vivo if the

relevant organ is removed early in development (157). The

requirement for thymic presentation of antigen to select Tregs

of a given specificity is perhaps most elegantly demonstrated by

the fact that mice transgenic for a TCR specific for an antigen

not expressed in the thymus will develop Tregs only in the

event that endogenous a-chain rearrangement allows co-

expression of a second TCR on the Treg surface that is

permissive of thymic selection (132, 158). Conversely, the

same TCR transgenic mice bred onto a recombinase activating

gene knockout (RAG KO) background, in which no a-chain

rearrangement is permitted, fail to develop Tregs.

Tregs constitute 5–10% of CD41 T cells in both mice and

humans (126, 128, 149, 159, 160). In vitro studies of their

functional properties have revealed that they potently inhibit

polyclonal CD41 T-cell activation and proliferative responses

(127–129). They accomplish this through downregulating IL-

2 production and transcription in their target responder cells

(127, 161), a mechanism, which recapitulates precisely those

defects observed in malignant glioma patient lymphocytes (76,

125). Tregs have also proved capable of inhibiting CD81 T-cell

proliferation and IFN-g production (162–166). Their

suppressive capacities are dependent upon signaling via their

own TCR, and, at least in vitro, upon cell–cell contact with target

T cells (127, 167), a mechanism that may involve surface-

bound TGF-b (168, 169). Human Tregs appear to ‘transfer’

tolerizing function to their targets, eliciting in these cells a

long-lasting anergy and prompting them to secrete the

cytokines IL-10 (170) and TGF-b (171, 172). These two

cytokines, which are also the primary cytokines secreted by

malignant gliomas and the T cells isolated from these patients

(82, 84, 88, 173–175), propagate the transferred tolerance by

further inhibiting surrounding T cells and by even conferring

on them a regulatory phenotype (176–178).

Tregs and cancer

Tregs are capable of not only preventing autoimmunity but also

of decreasing immune responses to non-self-antigens, includ-

ing those involved in the rejection of viral infection (166)

and allogeneic tissue grafts (126, 162). It is now accepted

that Tregs play a role in hindering immunity to tumor

antigens (179, 180), and increased levels of functional Tregs
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have been found in the tumors and/or peripheral blood of

patients with pancreatic (135, 136), breast (135, 136), gastro-

intestinal/colorectal (136–138), esophageal (136, 137), ovar-

ian (139), lung cancer (136, 139, 140), and malignant

glioma (181).

In tumor models, in vivo depletion of Tregs resulted in

prolonged survival without concomitant autoimmunity when

depleted mice were subsequently challenged subcutaneously

with tumor (182–184) and similarly augmented the efficacy of

a tumor cell-based vaccine in both tumor challenge and

therapeutic models (184). We have shown in a murine

astrocytoma model that blockade of Treg function using

an anti-CD25 monoclonal antibody (PC61) leads to an

enhancement of the physiologic immunity against astrocytic

tumors, restores dysregulated lymphocyte function to normal,

and prolongs survival in mice with intracranial tumors (142).

We have shown that patients with malignant glioma exhibit

profound lymphopenia but an elevated proportion of Tregs

compared with normal individuals (181). We observed that

the well-characterized CMI defects in patients with malignant

glioma had significant overlap with know Treg functions

(Table 1), and we demonstrated that these defects could be

reversed by removal of Tregs in vitro, such that Treg-depleted

lymphocytes from patients with GBM functioned equivalently

to normal individuals (181). These studies demonstrated that

Tregs represent a major and, importantly, potentially reversible

source of immunosuppression in patients with malignant

gliomas. The removal of Tregs has therefore gained

justification in the context of tumor immunotherapy and is a

rational approach to investigate toward optimizing anti-tumor

immune responses.

Clinical targeting of Tregs

The most immediately available clinical strategy to eliminate

Tregs from patients is the employment of an immunotoxin to

the IL-2 receptor. Currently, there are two available clinical

grade reagents that have proven capable of successfully target-

ing CD251 cells. The first, anti-Tac(Fv)-PE38 (LMB-2) is an

immunotoxin that contains the variable heavy domain (VH) of

anti-Tac (anti-CD25) fused via a 15 amino acid linker to the

variable light domain (VL), which in turn is fused to the amino

terminus of a 38 kDa truncated form (amino acids 253–364

and 381–613) of the bacterial toxin Pseudomonas exotoxin that is

devoid of its binding domain. LMB-2 has demonstrated

cytotoxicity in phase I trials against hematologic malignancies

that express CD25, including cutaneous T-cell lymphoma

(CTCL), hairy cell leukemia (HCL), Hodgkin’s lymphoma,

and chronic lymphocytic leukemia (CLL) (185). The mode of

cytotoxicity appears to include binding to CD25, internaliza-

tion and processing of the toxin within its translocation

domain, binding of the 35 kDa carboxyl-terminus of the toxin

intracellularly to the KDEL receptor that carries it to the

endoplasmic reticulum (ER), translocation of the toxin into

the cytoplasm, and catalytic adenosine diphosphate (ADP)-

ribosylation of elongation factor 2 (EF-2), leading to apoptosis

and cell death. LMB-2 has demonstrated a degree of non-

specific liver toxicity that appears reducible in mice by site-

specific modification of the molecule with polyethylene glycol

(186). In vitro LMB-2 has been shown to selectively eliminate

CD251 Tregs and showed partial reduction of Tregs in vivo in

patients with malignant melanoma (187, 188).

The second available reagent, denileukin diftitox

(ONTAKs), is a recombinant DNA-derived, 58-kDa cytotoxic

protein composed of the amino acid sequences for diphtheria

toxin fragments A and B (Met1-Thr387)-His followed by the

sequences for IL-2 (Ala1-Thr133). Denileukin diftitox has

demonstrated efficacy in a phase III trial for the treatment of

CTCL (189) and was shown to reduce the levels of peripheral

blood Tregs and enhance immunologic responses to DC

vaccination when administered to patients with renal

carcinoma (190) and to peptide vaccination in patients with

melanoma (191). However, a conflicted report from the Attia

Table 1. Overlap Between Cell Mediated Immune Defects and
Regulatory T cell Functions in Patients with Malignant Glioma

CMI Deficits in Patients with
Malignant Glioma Regulatory T cell functions

Concentrated in CD41 T-cell
subset

Concentrated in CD41 T-cell
subset

T-cell IL-2R defects observed Characterized by CD25 (IL-2Ra)
expression and induce IL-2R
defects in target cells

T-cells anergic: fail to proliferate
and produce IL-2

Anergic. Inhibit T-cell proliferation
and IL-2 production

Tumors produce TGF-b and
IL-10

TGF-b and IL-10 induce regulatory
phenotype in T lymphocytes

Lymphocytes produce TGF-b and
IL-10 in response to stimulation,
and fail to produce IFN-g

Induce TGF-b and IL-10
production in surrounding T-cells,
and inhibit IFN-g production.

The well-described CMI defects found in patients with malignant glioma
(left column) exhibit significant overlap in phenotype with the more
recently described inhibitory properties of CD41CD251FOXP31

Tregs (right column). We found that patients with malignant glioma
have elevated proportion of Tregs amidst an overall diminished CD41 T
cell compartment and proliferative and cytokine production defects
observed in lymphocytes from these patients could be completely
restored by removal of Tregs in vitro (373). These studies suggest that
Tregs are a major source of potentially reversible immunosuppression in
patients with malignant glioma.
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et al. (192) at the National Cancer Institute demonstrated an

inability to modulate Treg levels in patients using denileukin

diftitox and lack of improvement in immunologic responses. It

is unclear whether differences in the dose administration of

denileukin diftitox account for these differences with the group

reporting a depletive effect using successive treatments with 5

mm/kg body-weight and the group reporting no effect on Treg

levels using a single 9 or 18 mm/kg dose.

Targeting Tregs and risks of autoimmunity

In light of the documented expression of normal and fetal brain

antigens on human glioma cell lines (193) and brain tumor

tissue (194–197), attempts to remove barriers to immunity

against tumor antigens that are shared with the normal CNS

and to actively immunize against the same antigens risks

inducing an uncontrolled autoimmune response against the

normal CNS, similar to that of EAE. In models of EAE, myelin

basic protein (MBP) is the most common known antigenic

trigger, but myelin proteolipid protein (MPP) (198, 199),

myelin oligodendrocyte glycoprotein (MOG) (200), glial

fibrillary acidic protein (GFAP), and S-100b (201) are also

antigens whose targeting is sufficient, and many other antigens

remain unidentified. The susceptibility of humans to EAE was

discovered accidentally when patients were vaccinated against

rabies using spinal cord homogenate derived from rabbits that

were infected with the rabies virus (202–206). EAE has also

been induced in monkeys after repeated injections of homo-

genized normal CNS tissue (207) and can be readily induced in

the various species of rats, guinea pigs, mice, sheep, and

monkeys with a single injection of a potent adjuvant and either

autologous or heterologous CNS tissue homogenate or tumor

(208). Given the role of Tregs in preventing autoimmunity, the

risks typically associated with immunotherapy may be com-

pounded by employing Treg depletion as an immunotherapeu-

tic adjuvant. In mice, removal of Tregs alone has not proven

sufficient for eliciting EAE (209). However, the adoptive

transfer of CNS antigen-specific Tregs into EAE-susceptible

mice proved capable of preventing or alleviating the autoim-

munity (158, 210), asserting an EAE-protective role for Tregs

possessing TCRs with CNS-specificity. Furthermore, mice

transgenic for an anti-MBP TCR spontaneously develop EAE

when deficient for the RAG-1 gene (a situation in which no

Tregs develop), while RAG-1 competent transgenic animals

remain protected by Tregs that co-express MBP-specific TCRs

and TCRs with endogenously rearranged a-chains (158). This

finding leaves open the hypothesis that the removal of Tregs

sharing specificity for tumor and CNS antigens could constitute

an intervention predisposing to EAE, particularly if combined

with immunotherapy directed against CNS targets. The poten-

tial for such autoimmune responses must be afforded its due

attention when constructing an immunotherapy platform

directed against tumors harbored within the CNS, where the

consequences of such autoimmunity are exceedingly dire.

The induction of lethal EAE has been described in primates

and guinea pigs after vaccination with human glioblastoma

tissue (208). This situation has raised concerns that vaccination

with DCs pulsed with unfractionated tumor-derived antigens

may similarly elicit autoimmunity. These concerns have

gathered support for the notion of vaccination with DCs

pulsed with defined antigens or total tumor RNA, the latter of

which could allow the use of subtractive hybridization to

reduce the number of shared antigens between tumor and

normal CNS (211). However, clinical studies to date using DCs

pulsed with unfractionated glioma antigens have failed to

induce significant toxicity in human patients (212, 213).

Immunotherapeutic treatment of malignant glioma

The development of more effective and specific therapies, such

as passive immunotherapy, for the treatment of brain tumors is

a high priority for clinicians and patients who deal with this

fatal disease. Immunologic treatments for cancer can take the

form of passive immunotherapy (involving the administration

of antibodies or toxins to patients without specifically inducing

or expanding a host antitumor response), active immunother-

apy (immunization of the tumor-bearing host to expand an

antitumor immune response in vivo), or adoptive immunother-

apy (the ex vivo expansion of effector cells and return of these

effectors to the tumor bearing host).

Passive antibody treatment

Passive immunotherapy may be defined as the transfer of

immunity to a patient in the form of either antibodies (not

developed by the patient) or targeted toxins. The rationale is

that therapeutic use of antibodies, for example, should be

feasible if tumor-specific or operationally specific tumor-

associated antigens can be identified, and if monoclonal

antibodies (mAbs) can recognize them without being signifi-

cantly retained in normal tissue (214).

It is important in discussing some of the stipulations for

antibody therapy to clarify the distinction between tumor-

specific antigens (TSAs) and tumor-associated antigens (TAAs).

The term ‘tumor-specific’ may truly only be applied when

referring to an antigen that is expressed solely by tumor and

never anywhere in the normal tissues of the body. In the case of

brain tumors, a truncated variant of the EGFR, referred to as
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EGFRvIII, is the lone consistently expressed TSA discovered to

date (215). TAAs, instead, are those that are only relatively

overexpressed in tumors as compared with expression in

normal tissue. The archetype TAA is the MAGE-1 antigen,

discovered on malignant melanoma (3). Its concomitant

expression in normal testis, making it part of the cancer-testes

antigen group, designates it as a TAA. With the emergence of

powerful tools such as serial analysis of gene expression (SAGE)

and tissue microarray analysis and the subsequent availability of

invaluable gene expression information for brain tumors

(216), a number of TAAs have indeed been, and continue to

be, identified for gliomas, thereby providing potentially useful

targets for immunotherapy. A major limitation of this type of

antigen discovery, however, is that genetic mutations in normal

proteins that are truly TSAs and more likely to serve as potent

rejection antigens are not identified by these techniques, which

focus on relative expression levels for identifying candidate

genes of interest. Once target antigens are identified, they can

be used in vaccine preparations for active immunotherapeutic

applications or antibodies raised against these targets can be

used in passive immunotherapeutic strategies. Antibodies

raised against TAAs or TSAs have been used as biologic

response modifiers (217) and as delivery systems for a range

of other effector agents such as chemotherapeutic agents, plant

or bacterial toxins, or a host of radionucleotides (218).

mAbs as biologic response modifiers

EGFR is expressed on the plasma membranes of up to 100% of

malignant glioma cells, but it is essentially absent from normal

brain (219, 220). Unpublished observations in our laboratory

have demonstrated the presence of EGFR on every one of more

than 100 consecutive malignant glioma samples. It has long

been established that growth factors and their receptors,

including EGFR, play a role in oncogenesis and tumor progres-

sion (221). The logical theory that evolves is that blockade of

such an overexpressed receptor should inhibit proliferation of

the tumor cells (222). In 1996, Faillot et al. (223) established

the ability of EMD55900 (an anti-EGFR mAb) to bind specifi-

cally and without toxicity to in vivo malignant gliomas, when

administered to human patients in a single intravenous dose. In

the same year, Stragliotto et al. (214) published results of a

phase I/II trial involving repeated intravenous administration

of EMD55900 to 16 recurrent glioma patients. Unfortunately,

therapeutic response was poor, as no measurable tumor

regression was observed (214). Despite evidence of accumula-

tion of antibody in malignant gliomas using a systemic route of

administration, this may have limited the levels of effective

antibody at the tumor site as a possible confounding factor

(224). Targeting of EGFR still exhibits potential, however, and

imaging studies have demonstrated that appreciable antibodies

can reach intracranial tumors through systemic route of

administration (60). Partial responses have been obtained by

directing the anti-EGFR mAb C225 against a variety of non-

CNS tumors (225, 226), and recently published early phase

trials have demonstrated objective responses to humanized

forms of anti-EGFR antibodies (227–229). Improvements in

survival over standard therapy alone, however, have not been

demonstrated, although phase II and III trials are ongoing.

Although studies targeting EGFR in brain tumors have

generally met with disappointment, a still promising use of

antibodies as response modifiers involves targeting a mutant

variant of EGFR, known as EGFRvIII. Through use of reverse

transcriptase-polymerase chain reaction (RT-PCR) and

fluorescent in situ hybridization (FISH), it has been estimated

that the wildtype EGFR gene is amplified in approximately

45–62% of grade III/IV gliomas (230–233). Often, the

amplified gene has undergone a rearrangement, resulting in

one of a number of deletion-induced truncations (221, 234,

235). The most common of these is EGFRvIII, which RT-PCR

and FISH have detected on 21–66.7% of the grade III/IV

gliomas that have amplified EGFR (231, 236, 237). EGFRvIII

exhibits a deletion of exons 2–7, producing a truncated protein

with constitutively active tyrosine kinase activity (235, 238).

In addition, a novel glycine is inserted at the fusion junction

of normally distant parts of the extracellular domain, resulting

in a tumor-specific epitope. By very sensitive, quantitative

fluorescent activated cell sorting (FACS) analysis, 50% of

GBMs were found to be positive for EGFRvIII (239).

In preclinical studies, targeting of EGFRvIII with a single

intratumoral injection of Y10 (anti-EGFRvIII) increased the

median survival of mice bearing EGFRvIII-expressing tumors

in the brain by an average of 286% (218). In vitro, Y10 was

found to inhibit DNA synthesis and cellular proliferation, and

to induce autonomous, complement-mediated, and antibody-

dependent cell-mediated cytotoxicity. Treatment with Y10 in

Fc receptor-knockout mice demonstrated the activity of Y10 to

be Fc receptor dependent (218). These data on efficacy and

mechanism support further study into the use of unarmed

tumor-specific antibodies as biologic response modifiers.

Perhaps the most exciting and promising advance in the use

of mAbs as biologic response modifiers has been the use of the

anti-VEGF mAb bevacizumab (Avastins) in combination with

standard chemotherapy in the treatment of patients with

recurrent glioma. Patients with recurrent GBM have an

extremely poor prognosis with a reported median survival of

3–6 months. Recent studies examining the capacity to inhibit
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the growth of recurrent disease by combination of blockade of

the VEGF axis with bevacizumab and chemotherapy with

irinotecan have shown promising response rates and evidence

of prolongation of survival in patients with recurrent GBM

(101, 240). It is unclear what mechanisms allow for the

synergy between the anti-tumor effects of bevacizumab and

chemotherapy, but increased permeability of tumor blood

vessels to chemotherapy, disruption of critical cancer cell

‘niches’ within the perivascular space, and attenuation of the

development of angiogenic blood vessels and resultant slowing

of tumor growth have been advanced as possible explanations

for the efficacy seen with anti-VEGF mAb treatment (102, 241,

242). Understanding the mechanisms of the anti-tumor effects

of VEGF mAb therapy and its synergistic effects with

chemotherapy are areas of intense study at our institution and

others.

mAbs as delivery systems: delivery of radionucleotides

Unconjugated antibodies may not be sufficient to mediate anti-

tumor effects, particularly if the recognized target does not play

a key role in tumorigenesis. However, the specificity of an

antibody for a TAA maintains its use as a delivery system for a

variety of effectors that may be conjugated artificially to the

antibody. These effector molecules are guided specifically to

their tumor targets by the antibody specificity. Radionucleo-

tides have been the most commonly utilized conjugate in mAb

therapy, and although antibodies to EGFR have been used for

delivery (243, 244), tenascin has been the most widely

evaluated antigenic target. Tenascin is a distinct extracellular

matrix protein that is prominent in mesenchymal tumors and

carcinomas, including gliomas (217). Furthermore, its promi-

nence among gliomas increases with tumor malignancy, such

that it is present in up to 99% of GBMs (245). It has therefore

frequently been the target of trials using radioimmunotherapy.

At our institution, we have administered the radiolabeled

antibody 81C6 in a number of clinical studies (217, 246–249).

81C6 reacts with an alternatively spliced segment of the

tenascin molecule at the fibronectin type III domain (250),

and its immunoreactivity and tumor-localizing capacity have

been reported as superior to other anti-glioma mAbs (251). It

has demonstrated both safety and the ability to increase

survival in patients with leptomeningeal neoplasms (246),

recurrent glioma (217, 248), and newly diagnosed glioma

(247, 249). This latter application, in particular, has

demonstrated promising results (247, 252). Reardon et al.

(252) treated 33 patients with newly diagnosed malignant

glioma (GBM, n = 27; AA, n = 4; and AO, n = 2) with 120mCi

of (131) I-labeled murine 81C6 into the surgically created

resection cavity and observed a median survival of 86.7 weeks

for all patients and 79.4 weeks for patients with GBM. These

results were favorable in comparison with prognostic factor-

matched historical controls and an acceptable toxicity profile

was observed during this trial (252). A phase III study of the

clinical efficacy of 81C6 mAb treatment is planned based on

these encouraging data.

Our group also reported a long term response in a patient

with a neoplastic meningitis that developed secondary to

malignant melanoma when the patient was treated with

intrathecal 131I-labeled Mel-14 F(ab0)2 (253). Neoplastic

meningitis typically represents a terminal stage of malignant

melanoma. Yet, despite having an expected survival of only 2–6

months following diagnosis (254), the patient in this report

demonstrated no abnormal contrast enhancement on cranial

magnetic resonance imaging (MRI) even 3 years pursuant to

treatment (253).

Focus in recent research has been directed toward the use of

alternative radioisotopes. At present, the a-emitter astatine-

211 (211At) is generally considered the most promising

radionuclide for radiotherapeutic applications. Because it

possesses an electron capture branch, 211At also emits

polonium K X-rays of 77–92 keV. These X-rays are of

sufficient energy and quantity as to permit both g-counting of

tissue samples and external imaging, including SPECT (255).

mAbs labeled with a-particle emitting radionuclides such as
211At (as opposed to b-emitters like 131I) may be valuable in

the treatment of CNS malignancies (256) for several reasons.

The range of 211At a-particles in tissue is only 55–70 mm, so

their toxic effects are confined to a region equivalent to only a

few cell diameters. Toxicity is thus limited to those normal cells

that are in immediate proximity to tumor cells. Their high

energy and short range combine to give 211At a-particles a

linear energy transfer (LET) that is about 500 times higher than

the LET for the b-particles of 131I (257). The LET of 211At a-

emissions is nearly ideal for maximizing biologic efficacy, as

the distance between ionizing events approximates the distance

between DNA strands. Thus, the probability of inducing

irreparable double-strand DNA breaks is high, thereby

increasing the potential for cytotoxicity (258). Indeed, a-

particles have been shown to be exquisitely cytotoxic, with a

D0 equivalent to o 10 211At atoms bound per cell (259).

Preclinical studies have demonstrated decreased thyroid

uptake, increased tumor retention, and increased therapeutic

efficacy in an athymic mouse/human glioma xenograft model

(260). In a phase I safety study at our institution, 18 patients

were treated with 211At-labeled antitenascin mAb administered

into a surgically created resection cavity and then treated with
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salvage chemotherapy (261). There were no dose-limiting

toxicities observed, and promising median survival in patients

with recurrent GBM (52 weeks) were observed. This study

demonstrated that regional administration of 211At-81C6 is

feasible, safe, and associated with promising antitumor benefit

in patients with malignant gliomas.

Immunotoxins and convection enhanced delivery

Plant and bacterial toxins represent alternative biologic effec-

tors that may be conjugated to either antibodies or peptide

ligands in order to produce either immunotoxins or fusion

toxins, respectively (262). These, in turn, are designed to

selectively deliver toxins into tumors. Once arrived at their

target, the toxins exhibit cytotoxicity via a mode characteristic

of their natural mechanisms of action. Such mechanisms may

hold important advantages for targeted toxins over modalities

employing simply radiation or chemotherapeutic agents. Tox-

ins are effective against hypoxic cells (the main instigators of

radiation resistance in gliomas), and they are far more potent as

well: in some cases, even a single molecule can react enzyma-

tically within the cytosol to cause cell death (263). It is

therefore conceivable that cancer cells exhibiting resistance to

both radiotherapy and chemotherapy may nonetheless be

susceptible to the cytotoxic effects of a targeted toxin. Further-

more, selective targeting of toxins with, for instance, targeted

antibody delivery systems, limits the toxins’ otherwise non-

specific side effects.

Secondary to increased iron requirements, transferrin

receptors (Tfr) are often highly expressed both in vitro and in

vivo on rapidly dividing cells, including those of GBM (264).

Thus, the natural ligand (transferrin) may be used to deliver

therapeutic molecules via Tfr. Laske and colleagues conjugated

human transferrin (tf) to a mutated diphtheria toxin

(CRM107) that lacked native toxin binding ability and

adopted a high flow microinfusion technique to administer

the recombinant toxin intratumorally. This represented the first

clinical use of what has been called convection-enhanced

delivery (CED) or intratumoral microinfusion. Clinical

response rate was significant but was hampered by dose-

limiting toxicity (265). Tfrs are expressed at substantial levels

on the endothelial cells of normal brain capillaries (266), and it

was thought that the local brain injury observed in this study

may be due to the targeting of endothelial cells by the

diphtheria conjugate.

The rationale for delivery of to the brain using CED is as

follows: diffusion of most therapeutic agents within the brain

is severely limited, as the rate of diffusion is (i) dependent on a

concentration gradient, (ii) inversely related to the size of the

agent, and (iii) usually slow relative to tissue clearance. Thus,

diffusion results in inhomogeneous distribution of most

agents, with steep concentration gradients evolving between

the point of delivery and the advancing tumor border.

Consequently, lethal tumor cell populations that exist only a

few millimeters beyond the tumor border may escape exposure

to the therapeutic agent. In contrast to diffusion, however, CED

has been predicted to produce a bulk flow current that

possesses the potential to homogeneously distribute even

large molecules over much greater distances in the

extracellular spaces of the brain (267). Such enhancement of

drug distribution has already been demonstrated in animal

models (268, 269) and has been confirmed in our clinical

studies using SPECT imaging to track distribution of the large

molecules delivered via CED. Therefore, CED should allow

delivery of large therapeutic constructs to a greater portion of

the tumor and should saturate invasive neoplastic cells far from

the site of infusion.

Imaging studies of the biodistribution of macromolecules

delivered by CED into the brain of large animals and humans

have shown the potential for this modality to significantly

enhance drug delivery to the tumor bed lining resection

cavities using CED but also have demonstrated that target-

tissue anatomy and patient-specific physiology play significant

roles in actual drug distribution (270–275). These studies

highlighted the need to improve prospective selection of

catheter trajectories to achieve adequate drug distribution in

all the areas at risk for tumor recurrence lining the resection

cavity.

The truncated form of the Pseudomonas exotoxin has also been

used as a targeted toxin, which was conjugated to a circularly

permuted IL-4 (276) as a ligand-toxin moiety. The use of IL-4

as the delivery system made avail of a proposed enrichment of

IL-4 receptor (IL-4R) on the surface of malignant glioma cells

(277). The IL-4-toxin conjugate is internalized after binding

IL-4R, and subsequently, the exotoxin ADP-ribosylates EF-2,

arresting tumor cell protein synthesis (278). One patient

remained disease-free more than 18 months after the

procedure, and no systemic toxicities were observed. Yet,

seven of nine patients treated required craniotomy during the

protocol for the relief of increased intracranial pressure (276).

Further studies are underway, although there has been some

debate as to the true existence of IL-4R on glioma cells in vivo.

A similar line of preclinical work has recently been translated

into clinical trials and entails targeting of the IL-13 receptor 2 a
chain (IL-13R2a). IL-13Rs are known to be expressed on a

significant proportion of gliomas, although the relevance of

this expression is yet to be determined (279, 280). However,
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a wide array of human glioblastoma cell lines expressing the IL-

13R were killed by a chimeric protein (IL-13PE38QQR)

composed of human IL-13 and a mutated form of Pseudomonas

exotoxin (279). Furthermore, a variety of intratumoral dosing

schedules proved effective against subcutaneous human U251

glioblastoma tumors in nude mice (280). Recently published

results of clinical trials using intracerebral CED of IL-

13PE38QQR showed capacity to induce tumor necrosis but no

clinical benefit in over 50 treated patients with malignant

glioma (271). Also, a recently completed phase III study of

treatment of first recurrence of GBM with CED of IL-

13PE38QQR compared with carmustine wafers showed that

IL-13PE38QQR was comparable but not statistically superior to

Gliadels (authors’ unpublished data). The conclusions from

these trials demonstrate the need for better catheter placement,

accurate modeling of in vivo drug distribution, or novel delivery

mechanisms to improve outcomes using this promising

modality of localized drug delivery. Also, a reported

significant heterogeneity in the expression of the intended

target of IL-13PE38QQR, IL-13R2a, among malignant glioma

specimens, underscores the challenges but potential benefits of

identifying patients prospectively who are likely to respond to

targeted therapies (281).

Our group recently reported progress on a phase I/II trial

using TP-38 in patients with malignant brain tumors. TP-38 is

a recombinant chimeric protein composed of TGF-a (which

binds wildtype EGFR with high affinity) and a genetically

engineered form of the Pseudomonas exotoxin, PE-38. Patients

enrolled on the trial (n = 20) had recurrent malignant glioma

and o 5 cm lesion and received microinfusion of TP-38 in a

dose-escalation trial to define the MTD. Therapy was well

tolerated, and although the median survival for all patients

was not significantly longer than historical controls (23

weeks), three patients had demonstrated radiographic

responses. One patient with a bifrontal tumor has experienced

a durable near complete radiographic response, with no further

therapy administered (282).

Advantages and disadvantages of passive antibody therapy

Results of passive immunotherapy trials have left reason for

optimism. Indeed, they offer much improvement over current

modalities in the arena of specificity. However, a number of

limitations still exist on the clinical efficacy of targeted treat-

ment with antibodies or operationally tumor-specific ligands.

The main unresolved problem stems from the question

whether treatments administered systemically can achieve

clinically significant levels of the targeting molecule at the site

of intracranial tumors. Systemic therapy with antibodies, as in

the phase I/II trial with EMD55900 discussed above (214), may

not have been successful for a number of reasons. Sufficient levels

of antibody to mediate an antitumor response may not have been

achieved with the dosage and systemic route of administration.

Our group has demonstrated in human imaging studies using an

antigen-specific radiolabeled mAb that 0.0006–0.0043% of the

total injected dose localized to the intracerebral tumor following

systemic intravenous administration (224); thus, sufficient tar-

geting of intracranial tumors may require higher or more

sustained doses of antibody in the peripheral blood or a lack of

any competing antigen source for binding antibody in the

periphery to facilitate tumor accumulation. Clinical attempts to

‘open up’ the BBB to drug delivery with mannitol or RMP-7, a

bradykinin agonist, have met with both failure and toxicity

(283–286).

The BBB aside, other problems remain for systemic delivery.

High interstitial pressures in the tumor and surrounding tissue

are prohibitive for perfusion (287). Furthermore, systemic

administration would require clearance by the liver and/or

kidney. This would be particularly problematic during delivery

of conjugated radioisotopes or toxins, for it would tend to

concentrate the toxic substances in these organs.

As a result, antibodies have been administered in an almost

exclusively loco-regional fashion, providing them operational

specificity and enhanced targeting. Because gliomas

demonstrate a very low propensity for spread outside the CNS

(0.1–0.5% of cases) (288, 289), this regional mode of delivery

is perhaps more apropos for gliomas than for other tumors,

and its effectiveness has been further enhanced by the

emergence of CED.

Other challenges exist for the passive immunotherapy of

gliomas. Even afforded a TSA, the heterogeneity of these

tumors makes it extraordinarily unlikely that targeting a single

antigen would produce a curative therapeutic effect. In

addition, the use of antibodies introduces a problem unique

unto itself, as the antibodies themselves are antigenic. The

development of human anti-mouse antibodies (HAMA) and

human anti-human antibodies (HAHA) against the therapeutic

Igs is a not infrequent event. In one of Riva’s RAIT trials, HAMA

generation evolved in 59% of the patients, although no clinical

correlate was identified in this case (290). This outcome may

impose strict limitations regarding repeated use of the therapy,

however.

Active immunotherapy strategies

The term active immunotherapy defines a strategy wherein

antitumor immunity is initiated in vivo following immunization
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with tumor antigen. With evidence mounting that such

peripherally administered immunizations are capable of indu-

cing responses against tumors located within the CNS

(291–293), it seems likely that peripheral immunization may

successfully bypass the immune privilege of the brain. This

rationale supports a number of trials in active immunotherapy.

In 1983, Mahaley et al. (294) administered monthly

subcutaneous inoculations consisting of one of two human

glioma cell lines to 20 postoperative patients with malignant

glioma. Each patient also received levamisole. Patients

inoculated with one of the cell lines (U-251MG) exhibited

prolonged survival when compared with historic controls

(294). This represented one of the earliest trials to adopt an

active strategy. Since its publication, numerous immunotherapy

studies have followed suit.

DC therapy

DC are the specialized APCs of the immune system that have

established a foundation for therapeutic immunizations against

cancers such as lymphoma, multiple myeloma, melanoma,

prostate cancer, renal cell carcinoma, non-small cell lung

carcinoma, colon cancer, and malignant gliomas (295–297).

The discovery of DCs has redirected the approach to cancer

immunotherapy (298). The capacity to generate large numbers

of DCs in vitro from monocytes or myeloid bone marrow

precursor cells (107, 112, 299–304) led to the emergence of

ex vivo loading of DCs with tumor antigens and administration

of ‘DC vaccines’ as a prominent strategy for induction of

antitumor immunity.

Preclinical studies have shown DCs to be the most potent

activators of de novo and recall responses in B and T lymphocytes

and therefore are regarded as one of the most promising

entities for the realization of successful tumor

immunotherapy. The safety and efficacy of DCs pulsed with

tumor antigens and administered as vaccines for the treatment

of malignant glioma has been evaluated in a number of

reported and ongoing clinical trials (305–312). In the initial

clinical study, conducted by Yu et al. (293), a demonstrable

increase in tumor-specific cytotoxicity was successfully

developed in four out of seven testable patients who received

DCs pulsed with MHC class I peptides eluted from the surface

of autologous glioma cells. Furthermore, two out of four that

underwent re-operation demonstrated robust CD81 and

memory (CD45RO1) T-cell infiltrates in areas of tumor. Based

on the small sample size, no reliable data on survival could be

generated, but the treatment proved safe (293).

A phase I clinical trial at Duke University has been completed in

which 16 patients with malignant gliomas received intradermal

immunizations with autologous DCs pulsed with a keyhole limpet

hemocyanin (KLH) conjugate of a peptide spanning the mutated

region of EGFRvIII (PEPvIII). The intradermal route of

administration is supported by evidence that DCs delivered in this

manner will migrate to lymph nodes (313, 314) and subsequently

present antigen to T lymphocytes, as well as by prior studies

comparing the ability of various routes of administration to elicit

strong T-cell-mediated immunity (315). The enrolled patient

population consists of adults with malignant gliomas who have

undergone gross total tumor resection and radiotherapy. Patients

undergo leukapheresis to remove autologous PBMCs, which are

cultured in granulocyte-macrophage (GM)-CSF and IL-4 to

generate DCs. These are pulsed with PEPvIII/KLH and matured in

a cocktail of TNF-a, IL-1b, and IL-6 [but not prostaglandin E2, due

to some concern over a counterproductive effect on DC IL-12

production (316)] before being delivered back to the patient in

three biweekly intradermal injections.

Sixteen patients have completed vaccination with no adverse

events. No patient showed a positive DTH reaction to KLH or

PEPvIII before vaccination, and of the evaluable patients after

vaccination, 13/13 (100%) patients reacted to KLH and 5/13

(38.5%) reacted to PEPvIII. In vitro proliferation in response to

PEPvIII was seen in 10/13 (76.9%) and to KLH in 12/13

(92.3%) patients tested. Two patients, one with anaplastic

astrocytoma and one with GBM with residual radiographic

disease after resection and radiation, have had a nearly

complete response following completion of vaccination.

These patients have remained stable for 4 66.7 and 56.9

months, respectively. Of the 14 patients without

radiographically evident disease, 2/14 (14.3%) have not

progressed at 70.2 and 65.9 months with a median overall

time to progression of 13.2 months. For patients with GBM,

the median survival time was 25.6 months, which compares

favorably with recently published trials. These findings suggest

that autologous mature DCs loaded with the tumor-specific

antigen PEPvIII are safe and may induce a beneficial

immunologic response in patients with malignant gliomas.

We have also targeted the EGFRvIII mutation in patients with

malignant glioma using the same PEPvIII/KLH conjugate

administered as a peptide-based vaccine in combination with

GM-CSF in two consecutive and one multi-institutional phase II

immunotherapy trials. These trials have demonstrated the

capacity to induce potent EGFRvIII-specific immunity in treated

patients and have shown promising survival times (317). A

multi-institutional randomized phase III trial is underway for

formal evaluation of the efficacy of this treatment.

Liau et al. (305) reported the results of a phase I trial of DCs

pulsed with peptides acid-eluted from the surface of resected
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autologous tumor and administered to 12 GBM patients in

three bi-weekly intradermal injections. There were no adverse

effects of treatment, and evidence of increased immunologic

responses against autologous tumor was observed in half of the

treated patients. Promising prolongation of survival (median

survival 23.4 months) compared with historical controls was

observed and a multi-center randomized clinical trial has been

initiated based on these results.

Sloan et al. (318) have reported the results of an in vitro

human DC study that examined the ability of different DC-

based strategies to induce effective T-cell responses against

malignant astrocytomas. DCs were generated from patient

PBMCs and were fused with autologous tumor cells or pulsed

with total tumor RNA or tumor lysate. They were then assayed

for their respective abilities to stimulate tumor-specific T-cell

proliferation and CTL responses in vitro. No significant

differences were found between the various DC arms in their

T-cell stimulatory capacity; all showed enhanced cytotoxicity

that was further augmented by addition of CD40 ligand during

T-cell stimulation (318). The data should be helpful in

designing protocols for DC-based immunotherapy of

malignant astrocytomas.

Immunization with DCs is an attractive route to pursue in

the search for more specific and more effective treatments for

malignant brain tumors. Currently, no consensus exists on the

optimal DC subtype, generation, loading method, maturation,

dose, or route of delivery. An understanding of the roles

that each of these factors plays in influencing clinical

outcomes is essential.

Adoptive immunotherapy strategies

Adoptive immunotherapy encompasses treatments that involve

transfer of immune cells manipulated in some fashion ex vivo to

patients. Treatment approaches have differed in the types of

cells administered, the route of administration, and the activa-

tion status of the cells. Cell types that have been used in

adoptive immunotherapy include (i) PBMCs (319, 320), (ii)

lymphokine-activated killer cells (LAKs) (321–323), (iii)

mitogen-activated killer cells (MAKs) (324, 325), (iv) tumor-

infiltrating lymphocytes (TILs) (326), and (v) antigen-specific

and unselected CTLs (327, 328). Routes of administration have

generally been either systemic or into the tumor cavity

(intralesional or loco-regional).

PBLs/PBMCs

One of the earlier trials to establish the feasibility of adoptive

immunotherapy for tumors of the CNS was performed in 1984

by Steinbok et al. (319). In the years before the study, it was

observed that approximately 30% of GBM patients demon-

strated lymphocytic infiltrates within their tumors at autopsy

(319). Mounting clinical opinion at the time contended that

these infiltrates marked an attempted immune response by the

patient and that they might be beneficial (329, 330). With this

opinion and with some knowledge of the immune deficits that

glioma patients suffered, Steinbok et al. (319) obtained PBMCs

from four patients and simply reinfused them through a

reservoir into the resection cavity. The theory adopted was that

such direct infusion of cells into the brain would circumvent

whatever afferent and efferent limb defects were operating and

would likewise avoid any ‘blocking factors’ present in the

serum that had allegedly been elaborated by the tumor. The

study established the safety of such an experimental design but

provided no measurable benefit to the patients enlisted (319).

LAK cells

The emphasis shifted toward the use of PBMCs activated in vitro

by IL-2 and cultured to become LAK cells. Rosenberg et al.

(331) demonstrated that LAK cells had the capacity to lyse a

wide variety of autologous and allogeneic tumors but had little

cytotoxicity against normal tissues. Although the antigenic

recognition mechanisms used by LAKs were and still remain

largely not understood, efforts to treat tumors with the use of

LAK cells were initiated in the early 1980s. High-dose IL-2 was

also infused directly into patients to expand tumor-specific

lymphocytes in vivo, but these efforts were limited drastically by

dose-dependent toxicity, particularly in patients with brain

tumors (332).

In 1986, Jacobs et al. (333) locally infused LAK cells to

patients with brain tumors and were able to avoid the toxicity

of systemic IL-2 while providing the advantages of

preactivation of the infused lymphocytes. It was hoped that

IL-2 culture ex vivo would bypass the in vivo ability of gliomas to

depress lymphocyte activation and induction of cytolytic

function. This trial, along with others using LAK cell therapy,

demonstrated minimal benefit to the treated patients but did

show the overall safety of the approach (334–336). One trial of

note, conducted by Hayes et al. (321), was able to demonstrate

a median survival of 53 weeks in patients with recurrent GBM

or anaplastic astrocytoma treated by LAK therapy and IL-2,

compared with a chemotherapy-treated control group, which

had a median survival of 26 weeks.

In 2004, Dillman et al. (337) performed a clinical trial using

40 patients with GBM who all received a placement of

autologous LAK cells into the tumor cavity. The median

interval from the original diagnosis of glioma to LAK

treatment was 10.9 months. Patients received an average of
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2.0� 1.0� 109 LAK cells, with a viability of 91� 6.8%. The

treatment was well tolerated by patients. At the median follow-

up of 2.5 years, the median survival post-LAK was 9 months,

and 34% of the patients sustained 1 year of survival. This

clinical trial supported the safety and feasibility of the

treatment but was inconclusive for a survival benefit.

Ishikawa et al. (338) presented the efficiency of NK cells in

the cellular immune response against gliomas. They used

PBMCs prepared from patients with malignant gliomas, and

co-cultured them with an irradiated human feeder cell line,

HFWT, in RHAM-a medium supplemented with 5%

autologous plasma and IL-2. These enriched NK effector cells

were then infused into nine patients (six grade III gliomas and

three cases of GBM) over 16 different courses. The mean

frequency of NK cells among lymphocytes was 82.2� 10.5%.

There was no severe neurological toxicity observed in any of

the cases. NK cells were successfully expanded ex vivo from

PBMCs in all of the cases and this approach was safe and

partially effective in these patients.

The not well-understood mechanism by which LAK cells

recognize and kill various tumor cells has limited application of

LAK therapy. Also these cells do not home specifically to tumor

sites (339). This lack in homing capacity requires loco-

regional administration, which may not be a severe limitation

with brain tumors because of restriction to CNS. However, the

demonstration that tumor-specific T-cell lymphocytes are more

effective in killing tumor targets on a cell-by-cell basis than

LAK cells has shifted the major emphasis of adoptive cellular

therapy of glioma and other tumors away from the use of LAKs

in adoptive immunotherapy protocols to the use of T

lymphocytes in this modality.

Tumor-draining lymph node T cells and TILs

Additional trials with adoptive therapy were fashioned to solve

some of the above problems by increasing the specificity of the

cells delivered. In 1987, Kitahara et al. (328) isolated PBLs from

patients and sensitized them in vitro with autologous tumor cells

in the presence of IL-2 to generate CTLs, which were then

re-administered intracranially. This strategy offered the advan-

tage of tumor specificity but required isolation and mainte-

nance of tumor cells, whose availability is frequently limited.

Newer approaches proposed to avoid this prerequisite for

tumor cell isolation by stimulating instead with anti-CD3, an

antibody against a costimulatory molecule of the TCR complex

(327). Engagement of CD3 by the antibody was sufficient to

elicit activation of the T cells. However, none of the approaches

using this strategy are necessarily antigen specific.

Another means to select for the most tumor-specific cells

has been to isolate the lymphocytes that have already infiltrated

the tumor (TILs) at the time of resection (326). These cells,

although limited in number, presumably already possess

specificity for tumor and, in initial trials, were simply

redelivered into the tumor cavity with IL-2. In a study by

Quattrocchi et al. (326) involving six patients, there were no

serious complications, although all developed transient

cerebral swelling. One patient, with a diagnosis of AA,

demonstrated no radiologic evidence of disease at 45-month

follow-up (326).

One of the most interesting trials in adoptive therapy,

however, has exhibited some success by taking advantage of

purported differences in the level of MHC antigen expressed by

gliomas and normal CNS. Normal brain expresses exceedingly

low amounts of MHC, with expression generally limited to

non-neuronal cells such as those of the vascular endothelium

(340, 341). By contrast, in vitro cell lines derived from human

gliomas have demonstrated the capacity for moderate levels of

expression of MHC class I (342, 343). Although the results of

studies looking at in vivo tumor expression levels have varied

(340, 341, 344, 345), this may potentially afford the right to

consider any MHC class I expression by glioma cells to be that

of a TAA. With this idea, and with the understanding that

antigenic responses to allogeneic antigens are stronger than

those to syngeneic antigens, Kruse et al. (346) removed CTLs

from healthy non-immunosuppressed donors, sensitized them

in vitro to the patients’ MHC, and administered them into the

resection cavity of five patients with recurrent glioma. Two

patients with diagnoses of anaplastic oligodendroglioma had

no evidence of disease 80 months following the initiation of

therapy (347).

Toward a more specific cellular therapy

Infusing T-cell populations previously activated against specific

tumor antigens that have been identified in a specific tumor is

one strategy of improvement for adoptive T-cell therapy.

However, the lack of identified glioma-specific antigens poses

as an obstacle for this method of treatment with brain tumors.

EGFRvIII once represented the only identified glioma antigen

that could potentially be targeted using an antigen-specific

based approach in malignant glioma (348–350). While vac-

cine-induced responses against EGFRvIII in both rodents and

humans have been reported, no reports targeting this antigen

using adoptive T-cell therapy have been published (350, 351).

Recently, glioma antigens that may be suitable for targeted

immunotherapy have been identified such as IL-13R2a (with
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caveat that reported to be expressed also in the kidney) (281,

352–354), survivin (355), and telomerase (356). Another

identified glioma antigen that is recognized by T cells is the

UDP-Gal:bG1cNAc b1, 3-galactosyltransferase, polypeptide 3,

in which several peptides have been identified that can elicit

tumor-reactive CTL induction (357). Other T-cell antigens have

been identified in brain tumors, including SART3, ADP-

ribosylation factor 4-like protein, and tyrosinase-related pro-

tein-2 (358–360). Interestingly, we and others (361, 362)

have found viral antigens unique to human cytomegalovirus to

be expressed within the vast majority of high-grade gliomas

but not within surrounding normal brain, lending the possibi-

lity of leveraging these highly immunogenic and well-charac-

terized viral antigens as tumor-associated targets. Each of these

antigens lends themselves to inducing antigen-specific T cells

for use in cellular immunotherapy through either in vivo

vaccination or in vitro expansion of antigen-specific T cells by

potent APCs such as DCs. Antigen-specific T-cell populations

can be purified with the use of newly developed methodolo-

gies, such as tetramer-based sorting or cytokine secretion-

based sorting protocols, making it feasible to generate highly

pure populations of T cells that recognize these specific

antigens (363–365).

While it is believed that targeting such antigens and selecting

for enriched populations of T cells with amplified specificity

will lead to more effective treatment strategies, such

approaches will also have to contend with the reality that not

all tumor cells within a given tumor will likely express a single

antigen, as demonstrated in the case of EGFRvIII (366).

Consequently, a highly effective T-cell therapy that targets a

single antigen will likely select for escape variants, as has been

observed in adoptive T-cell therapy trials targeted against

melanoma-specific antigens (367, 368). The most effective

strategies in using highly enriched populations of tumor-

specific T cells for adoptive immunotherapy are likely to be

those that target multiple specific antigens or the total antigenic

content of the tumor cells and allow for the isolation and

expansion of this broad repertoire of tumor-reactive

lymphocytes.

Future developments in cellular immunotherapy

Although earlier trials in adoptive T-cell therapy for gliomas

have demonstrated the potential for the immune system to

mediate regression of high-grade tumors in the CNS, current

research realizes that these early trials involved the infusion of

inefficiently activated T-cell populations. Such populations

contained a small portion of potentially tumor-reactive cells,

and the small number of clinical responses in these trials

represents the expectation of being able to significantly im-

prove adoptive immunotherapeutic protocols. There has been a

considerable gain in experience with the maintenance and

expansion of T cells ex vivo, but this experience is only the

beginning of understanding how to make a ‘better T cell’ for

therapy. Hence, the future of adoptive T-cell therapy for the

treatment of malignant brain tumors involves exciting new

developments at all phases of T-cell activation, expansion, and

in vivo trafficking, maintenance, and effector function.

CTLA-4 inhibition and Treg blockade

Specific mAbs that block immunosuppressive pathways in

tumor-bearing hosts have demonstrated considerable benefit

in preclinical and clinical immunotherapy settings. CTLA-4 is a

receptor constitutively expressed on Tregs and upregulated

during activation of effector T cells, whose engagement with

its ligands mediate downregulation of the immunologic re-

sponse in activated lymphocytes (369–371). The use of block-

ing antibodies to CTLA-4 has shown considerable efficacy in

enhancing antitumor immunity in preclinical tumor models as

well as efficacy in patients with advanced malignancy (372).

We have shown CTLA-4 blockade to be a potent modality for

mediating the immunologic rejection of advanced intracranial

astrocytomas in our murine models and reversing glioma-

induced immunosuppression (373) and are currently pursuing

evaluation of the clinical safety and efficacy of this modality in

patients with malignant gliomas. CTLA-4 blockade led to

resistance to Treg-mediated suppression in effector cells in

treated mice without affecting the suppressive capacity of Tregs

from CTLA-4 treated animals, indicating that despite constitu-

tive expression of CTLA-4 on Tregs, the major impact of CTLA-

4 blockade is on activated effector cells (Fig. 1).

Strategies to block the function of Tregs have shown promise

in other clinical settings, and recent studies from our

laboratory and others have demonstrated the potential benefits

of Treg blockade using anti-CD25 mAbs in enhancing

immunotherapeutic treatment of malignant gliomas in

preclinical settings (142, 181, 374). We have shown that anti-

CD25 mAb treatment only partially depletes Tregs but renders

remaining Tregs incapable of mediating suppression in in vitro

assays (142). While the mechanisms of this functional inhibition

are under study, these studies suggest that CTLA-4 and anti-CD25

mAb treatments represent potentially complementary strategies

for overcoming Treg immunosuppression in patients with

malignant glioma. Studies in human patients with malignant

glioma employing Treg blockade with mAbs have not yet

been reported.
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Lymphodepletion and homeostatic proliferation

Dudley et al. (375) demonstrated a breakthrough in achieving

high and sustainable numbers of tumor-specific T cells in

human patients by using a lymphodepleting chemotherapy

conditioning regimen that was given to patients before the

transfer of melanoma-specific T-cells. Six of 13 patients with

widespread malignant melanoma had objective clinical re-

sponses, and another four had mixed responses with significant

shrinkage of one or more metastatic deposits. The advantage of

lymphodepletion T-cell infusion for the maintenance and

function of adoptively transferred T cells was noted in early

animal studies and is now being born out as being of

paramount importance in clinical treatment involving adoptive

T-cell transfer (376). An understanding of the factors that

promote the survival of the transferred T cells in this setting

may lead to the ability to substitute lymphodepletive che-

motherapy with more specific forms of supplementation or

depletion of specific cell subsets. Vaccination against tumor-

specific antigens during recovery from periods of lymphopenia

has also shown promise as a method to enhance cellular

therapy against malignant tumor cells (377–379).

TILs were effective in mediating regression of malignant

disease in lymphodepleted hosts, while similar attempts using

melanoma-specific clones expanded from PBLs failed to persist

and did not initiate any responses in treated patients (375,

380). It is unknown whether intrinsic differences between TILs

and PBLs or differences in the methods used in the generation

of these cells account for the marked difference in the efficacy

observed in these trials. TILs, theoretically, are enriched for

tumor-specific T cells that have migrated into the tumor site

and therefore have been proposed to be an advantageous source

of T cells for use in adoptive transfer (381, 382). However, few

studies have examined whether TILs in fact possess any

intrinsic advantages over T cells expanded from PBLs, a much

more readily available source of lymphocytes (381).

Although it is clear that the major effector cell in adoptive T-cell

therapy protocols is the CD81 CTL, the importance of the presence

of CD41 T cells for the survival and function of transferred CTLs

has been highlighted in adoptive T-cell therapy trials against viral

diseases, such as cytomegalovirus infection and Epstein-Barr virus

(383, 384). Just as the understanding of the mechanisms of T-cell

activation has evolved significantly since the earliest attempts at
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Fig. 1. CD25 and CTLA-4 blockade: complementary strategies to overcome regulatory T-cell immunosuppression. Systemic CTLA-4 blockade in
experimental mice enhances CD41CD25– T-cell proliferation and makes them resistant to Treg-mediated suppression but does not alter Treg function
(373). Systemic anti-CD25 administration only partially depletes Tregs but renders remaining Tregs incapable of mediating T-cell suppression (142).
Thus, CD25 and CTLA-4 blockade represent potentially complementary strategies for overcoming Treg-mediated immunosuppression in patients with
malignant glioma. The diagram shows potential synergistic effects of anti-CTLA-4 and anti-CD25 mAb treatment in enhancing activation of tumor-
specific lymphocytes. Antigen released by dying tumor cells is taken up and processed by resident or infiltrating APCs and presented as peptides to
CD41 and CD81 T cells. Tregs, which are elevated in proportion in patients with malignant glioma, attenuate these responses through interaction with
APCs and T cells, and these suppressive effects may be counteracted through anti-CD25 treatment to partially deplete Tregs and functionally inactivate
remaining Tregs as well as through CTLA-4 blockade, which renders activated effector cells resistant to Treg-mediated immunosuppression.
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adoptive T-cell therapy, it is now apparent that the role of the CD41

T cell cannot simply be substituted by administration of IL-2

(385–387). In fact, adoptive transfer of pure populations of

tumor-specific CD41 T cells has been shown to have efficacy

against experimental brain tumors, highlighting the many

functions of these cells (386). A major area of future

development in cellular immunotherapy will be the identification

of brain tumor antigens recognized by CD41 T cells and the

development of methods of enriching and expanding tumor-

specific CD41 T cells in addition to CTLs in vitro and in vivo.

The modification of T cells through genetic engineering for

enhanced T-cell function continues to be an area of great interest.

Genetic engineering has been used to enhance the longevity and

efficacy of administered T cells by augmenting the secretion of

cytokines such as IL-2 and TNF-a (388). The specificity of T

cells has been redirected toward tumor recognition through the

transfer of genes encoding for tumor-specific TCRs or T-cell

chimeric receptors composed of an intracellular T-cell signaling

domain coupled to an extracellular antibody recognition domain

(389, 390). The use of TCR or chimeric TCR gene transfer

allows for the desired high frequency of tumor-specific T cells to

be achieved without complex and often unpredictable antigen

presentation platforms.

Tumor blood vessels

A stimulating new approach to immunotherapy for tumors

involves the immunologic targeting of tumor endothelial cells

for destruction instead of the targeting of the tumors them-

selves. Tumor endothelial cells express distinct antigenic mar-

kers that are largely absent from the normal vasculature and can

be exploited for recognition by the immune system in potent

vaccine strategies (391–393). We are currently investigating

whether such strategies involving the adoptive transfer of

tumor endothelium-specific T cells can effectively inhibit

tumor growth through the cutting off of the blood supply to

the growing tumor. There are several theoretical advantages to

this approach: (i) the potential for killing many more tumor

cells per effector lymphocyte generated through the disruption

of blood vessels that supply many tumor cells; (ii) the ability to

avoid escape mutations because the tumor vasculature

represents a non-malignant, genetically stable target; and (iii)

the lack of concern of T-cell trafficking across the BBB because

the endothelial targets are in constant contact with the blood.

Such a cytotoxic approach toward targeting angiogenic vessels

may also overcome the observed limitations of cytostatic

angiogenic inhibitor therapy, in which escape mechanisms

can frequently emerge (394).

‘Brain tumor stem cells’

A small subset of tumor cells in GBM have been identified that

are uniquely capable of unlimited self-renewal and of recapitu-

lating the heterogeneity of the original tumor when orthotopi-

cally transplanted into immunoincompetent mice (395–397).

These brain tumor stem cells (BTSCs), which have been isolated

by the neural stem cell surface marker CD133, are widely

believed to be responsible for tumor propagation and resistance

to conventional radiation (398, 399) and chemotherapy (400),

although not definitively established. Still, indiscriminate anti-

tumor approaches may spare BTSCs because of their idiosyn-

cratic properties and divergent gene expression (398–400), and

therapeutic approaches that target the molecular properties that

define these cells may have a greater biologic impact and even

reduce the need for intensive conventional therapies.

Although BTSCs appear resistant to radiation (398, 399) and

chemotherapy (400), their susceptibility to immunotherapeutic

attack has not been formally tested. A recent study in a murine

glioma model has shown that the immunologic targeting of

brain tumors using DCs pulsed with lysates from tumor cells

grown in stem-cell culture media was more efficacious than DCs

pulsed with tumor lysates from cells grown in standard culture,

suggesting that the targeting of BTSCs may be of therapeutic

benefit (401). Thus, the identification of antigens expressed in

BTSCs and development of immunotherapy that effectively

targets these cells is a promising approach toward improving

the outcome of immunotherapy for malignant gliomas.

These exhilarating advances contain great promise for the

development of cellular immunotherapies that will ultimately

lead to significant and reliable anti-tumor responses. They also

hold significant promise for having a favorable impact on patient

survival. Although immunotherapy is not likely to emerge as a

single-modality treatment for brain tumors that will replace

surgery, radiation, and chemotherapy, it will almost certainly

take its place as a very effective adjuvant therapy for the treatment

of patients with malignant brain tumors.
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