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Malignant gliomas are the most common type of primary brain tumor and are in great need of novel therapeutic approaches.
Advances in treatrnent have been very modest, significant improvement in survival has been lacking for many decades, and
prognosis remains dismal. Despite "gross total” surgicat resections and currently availabte radio-chemotherapy, malignant
gliomas inevitably recur due to reservoirs of noteriously invasive tumor cells that infiltrate adjacent and non-adjacent areas
of normal brain parenchyma. In principle, the immune system is uniquely qualified to recognize and target these infiltrative
pockets of tumors cells, which have generally eluded conventional treatment approaches. In the span of the last 10 years,
our understanding of the cancer-immune system relationship has increased exponentially; and yet we are only beginning
to tease apart the intricacies of the central nervous system and immune cell interactions. This article reviews the complex
assoclations of the immune systern with brain turnors. We provide an overview of currently available treatment options for
malignant gliomas, existing gaps in our knowledge of brain tumor immunology, and strategies that might be exploited for
improved design of “custorm immunotherapeutics.” We will also examine major new immunotherapy approaches that are being
actively investigated to treat patients with malignant glioma, and identify some current and future research priorities in

this area.
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Introduction

liomas are the most common tumors of the central

nervous system(CNS) with an incidence of 5-10 per
100,000 population; and following stroke, they account for
the second most common cause of death from neurological
disease™. According to the 2005 annual statistics published
by the American Cancer Society, an estimated 18,500 new
cases of primary malignant brain and central nervous system
(CNS) tumors were diagnosed in the United States in 2005,
with an estimated 12,760 deaths attributed to this disease”.
Gliomas are the most common solid (i.c., non-hematological)
tumor in patients under 18 years of age.

Surgery, radiation, and chemotherapy have been the available
treatment options for malignant gliomas and are the mainstays
of current therapy. However, the recent advances in surgery,
radiation oncology, neuro-oncology, neuro-pathology, and
neuro-radiology have unfortunately not helped to significandy

- Immunotherapy - Antibody - Vaccines.

increase survival rates of patients with high-grade gliomas. The
vast majority of malignant brain tumors cannot be permanendy
eradicated by even the most meticulous surgery and aggressive
radio-chemotherapy. As of 2002, patients with glioblastoma
multiforme(GBM) still had an average survival of just under
one-year””. Bven with the addition of standard chemotherapy;
survival rate for GBM at one year is only about 28%, with a
two-year survival rate of 8% and a five-year survival of <3%"".
Over the past several years, a few chemotherapy drugs have
been FDA-approved as adjuvant therapy to surgery and ra-
diation for malignant glioma®. First, there was the Gliadel”,
wafer, which is a biodegradable polymer that is inserted into
the resection cavity at the time of surgery that continuously
and locally delivers the chemotherapeutic agent carmustine
(BCNU) over the next several weeks to the remaining tumor
cells in the brain. Studies by Brem et al. have shown a survival
advantage of only about 2 months, with Gliadel wafers im-
proving survival from a median of 10.1 months to 12.6 mon-
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ths®. More recently, the oral systemic chemotherapeutic drug te-
mozolomide (Temodar™) has been used following surgery,
concomitant with radiation, and post radiation. Stupp et al.
have demonstrated improved two-year survivals at 24% using
adjuvant daily temozolomide during radiation followed by
adjuvant five-day per month temozolomide in the post ra-
diation setting, However, the overall survival advantage afforded
by temozolomide for the majority of patients was still only
about 2 months, from 12.1 to 14.6 months®. It is unclear
what accounts for the 10.1-month versus 12.1-month median
survival in the control arms of the Gliadel”, and the temozo-
lomide trials, respectively. However, it is well-known that
historical/treatment controls often vary between institutions
and study protocols. Regardless of whether the true median
survival of glioblastoma patients is currently 10.1 versus 12.1
months, there clearly is still an unmet clinical need for further
improving treatment outcomes for patients with these tumors.

Brain tumor immunology and the central nervous system

Despite currently available treatment modalities, malignant
gliomas inevitably recur. Active tumor cells infiltrate adjacent
areas of normal brain, and this reservoir of tumor likely leads
to recurrence. A better method of killing these residual pockets
of microscopic cells must be found to improve survival rates.
In principle, the immune system is uniquely qualified to be
an instrument for cancer therapy*”. An immune response di-
rected against cells bearing tumor antigens could provide a
specific and effective mechanism for killing unresectable, in-
filcrating residual tumor. While the theoretical background
for immunotherapy as a treatment for brain tumors is elegant
and persuasive, a substantial clinical breakthrough has yet to
be made and most clinical investigations have not yet translated
into FDA-approved therapies for brain tumor patients.

In the past five years, major work has been directed and evo-
Ived towards understanding the limitations and mechanisms
of immune responses by cells of the human central nervous

73)

system’”. These areas include :

- active escape mechanisms by the tumor cell’*”,

- interactions of antigen processing and effector T-cell function
via the major histocompatability complex(MHC)">",

- biology of (ineffective) antigen processing events (APC,

macrophage, microglia 6570

- activation and migration of armed T cells?,

- regulation of inflammation to prevent brain injury>*”,

- role of soluble factors'”'¥.

Types of immunotherapy for CNS neoplasms
Approaches to immunization and thus “tumor immuno-
therapy” are borrowed from the infectious disease model

and can generally be classified into three categories™ :

1. Passive
2. Adoptive
3. Active

Passive immunotherapy

Pussive (serological) immunotherapy consists of introducing
target-specific exogenous antibodies into the padent. Clinically
useful monoclonal antibodies(mAb) typically use a combination
of mechanisms in directing their cytotoxic effects on tumor
cells. Most mAbs interact with components of the immune
system through antibody-dependent cellular cytotoxicity
(ADCC) or complement-dependent cytotoxicity(CDC), while
some may alter signal transduction within tumor cells or act
to climinate critical cell-surface antigens. Among these mecha-
nisms, ADCC is the major method of cell killing by passive
immunotherapy. ADCC occurs when antibodies bind to an-
tigens on tumor cells and the antibody Fc domain engage Fe
receptors(FcR) on the surface of immune effector cells (e.g.,
mononuclear phagocytes and/or human natural killer cells)
to carry out tumor cell lysis”. In addition to ADCC, some
antibodies bind noncompetitively to antigens (or specific re-
ceptors) on tumor cells and are used to localize radio-isotopes
and/or toxins to effect cytolysis of their target.

Problems associated with monoclonal antibody therapy relate
to creating truly tumor-specific antibodies, to delivery of su-
fficient doses of the antibodies to the invasive areas of tumor
cells, and to the generation of potentially harmful immune
reactivity to non-human (ie., murine) components. Most of
the antigens expressed by tumor cells are not tumor-specific,
only tumor-associated antigens(TAA). Available target antigens
consist mostly those differentially expressed at higher levels on
tumor cells compared with normal cells, or antigens that are
expressed in tumor and in undifferentiated, immature cell ty-
pes. One target, which may be specific to tumor cells, is a mu-
tant form of the epidermal growth factor receptor(EGFR)
found in 17% of glioblastomas”. EGFRVII probably con-
tribute to the proliferative abilities of glioma cells. Sampson
et al. have described 77 vivo studies of an unarmed, tumor-
specific monoclonal antibody against this mutant receptor,
which could be a potential avenue for future therapy of brain
tumors®.

Antibodies also have the potential to reduce the tumor-in-
duced immuno-suppression mediated by soluble receptors,
major histocompatability complex molecules, or other su-
ppressive factors™”*””. Furthermore, recent advances in linking
information generated from gene-expression profiling and
proteomics of CNS tumors to the identification of precise
immunogenic epitopes could allow such antigens to serve as
useful targets for designing new tumor-specific monoclonal
antibodies(mAb). The translation of passive immunotherapy
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Table 1. Summary of clinical trials of passive immunotherapy for malignant gliomas

MY Yang, et al.

Therapy Phase Tumor histology Responses Survival Reference
17.8% RR with bulk .
13| gbeled Phase | (n=20);  GBM (91); o 66W(|>°/ " Y edian 05 = 19 mos Riva et al., 1999
esions, O = .
anfitenascin mAb  Phase Il (n=91) AA(10) 510 , [Ref. 54]
with small lesions
Py _piotinylated GBM (16); AA (8) 25% RR; Paganelli et al.,, 2001
! i Phase | (n=24) NR
anfitenascin mAb irecurrent] 50% SD after 2 mos. [Ref. 42]
3 abeled hase Il (1=33) GBM (27); AAIO (6) Median OS = 86.7 wks. Reardon et al., 2002
antitenascin mAb B [newly diagnosed] (79.4 wks. for GBV) [Ref. 52]
128 _iabeled 425 GBM; AA Median OS = 13.4 mos. GBM; Quang et al., 2004

Phase I/Ii (n=180)

anti—EGFR mAb [newly diagnosed]

Median OS = 50.9 mos. AA [Ref. 48]

mAb = monoclonal anfibedy; GBM = glioblastoma multiforme; AA = anaplastic astrocytoma; AC = anaplastic cligodendroglionma; RR = response rate; OS = overall sunival;

NR = not reported

from the laboratory to the clinic has already occurred, with
some encouraging results. Local-regional administration of
specific antibodies has resulted in impressive clinical responses
in certain brain tumor patients (Table 1).

Radioactive antibody targeting

Direct targeting of radio-isotopes is a theoretically possible
consequence of antigen-antibody specificity. An antibody spe-
cific for a tumor antigen conjugated to a radio-isotope delivers
high-dose radiation to malignant cells, reducing the morbidity
caused by less closely targeted radiotherapy (e.g., interstitial
brachytherapy or external beam radiotherapy). Clinical ex-
periences with radio-labeled anti-tenascin monoclonal antibody
(mAb) 81C6 have resulted in statistically significant increases
in survival and prolonged disease stabilization”. Tenascin, a
large multi-domain extra-cellular matrix protein, is a glyco-
protein found differentally in glioma cells versus normal brain
tissue. *'I-labeled murine mAbs against tenascin were assessed
by Riva et al. in the treatment of recurrent and newly diagnosed
gliomas™. 111 patients, 58 with newly diagnosed malignant
gliomas and 53 with recurrent disease, were accrued between
February 1990 and December 1997. Loco-regional radio-
immunotherapy was administered via an indwelling catheter to
the surgically created resection cavity at a dosage of up to 300
Gy per injection. Three courses of therapy were given at in-
tervals of 30~60 days. This treatment produced no systemic
or CNS toxicity, although there were a few cases of mild and
transient headache and nausea. 69% of the patients developed
human anti-mouse antibody(HAMA) responses. HAMA was
dose-dependent, and all patients who completed three or more
cycles of therapy were HAMA™. HAMA-positive patients did
not exhibit allergic or anaphylactic symptoms on further the-
rapy. Median survival for the patients was 19 months. Survival
was increased by near-complete surgical resection prior to radio-
immunotherapy. The response rate (complete response + partial
response + no evidence of disease) was 17.8% for those patients
with bulky lesions, with a median survival of 17 months; while
response rate was 66.6% for patients with smaller lesions, with

a median survival of 25 months’”. These results are encou-
raging, which have led to further clinical trials with this radio-
labeled monoclonal antibody.

T a more recent trial, Reardon et al. concluded that median
survival achieved with "'I-labeled 81C6 exceeded historical
controls treated with conventional radiotherapy and chemo-
therapy, even after accounting for established prognostic
factors including age and Karnofsky performance status(KPS).
In a Phase 11 tial, 120 mCi of "'I-Habeled murine anti-tenascin
mAb 81C6 was injected directly into the surgically created
resection cavities of 33 patients with newly diagnosed malignant
gliomas (27 GBM, 4 anaplastic astrocytoma, and 2 anaplaastic
oligodendroglioma). Median survival for all patients and those
with GBM were 86.7 weeks and 79.4 weeks, respectively. These
median survival times compared favorably with either **’I
interstitial brachytherapy or stereotactic radiosurgery(SRS) and
was associated with a significantly lower rate of re-operation
for radionecrosis™.

In another study, patients with primary high-grade gliomas
or recurrent astrocytomas were treated with an average of three
intravenous or intra-arterial administrations of '*’I-labeled anti-
EGFR mAb 425 over a two-week period. Rather than loco-
regional administration, this study used systemic (i.v. or i.a.)
administration of the anti-EGFR mAb. Although the integrity
of the blood-brain barrier(BBB) is often compromised in gl-
iomas, there are issues of accessibility to the tumor bed using
systemic routes of antibody administration, which may account
for the relatively unimpressive survival results of the glioblas-
toma patients in this study. Total T dosing ranged from 40
to 296 mCi, with an average of 148 mCi. This regimen was
of relatively low toxicity (one case of chronic hypothyroidism),
with only one patient who received a single dose of more than
60 mCi experiencing acute toxicity. No evidence for human
anti-mouse antibodiestHAMA) was found. Overall median
survival for patients with glioblastoma (GBM, grade IV) and
AA (anaplastic astrocytoma, grade IIT) was 13.4 and 50.9 mon-
ths, respectively, with Karnofsky Performance Status(KPS)
ranging from 40 to 100 and age ranging from 11 to 75 years.
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Table 2. Summary of clinical trials of adoptive cellular immunotherapy for malignant gliomas

Therapy Phase Tumor Histology Responses Survival Reference
GBM (17); AO (2); Merchant et al., 1988
LAKcells +1L-2  Phase | (n=20) (175: A0 (2 NR PFS = 25 * 6 weeks e
sarcoma (1) [Ref. 37]
GBM (2); AA (1); AAJAQ patients with Kruse ef al., 1997
Allo—CTL + IL-2 Phase | (n=5 NR
(n=3) AO (2) [recurrent] SD > 28 mos. [Ref. 28]
; GBM; AA Quattrocchi et al.
Tits + 1L-2 Phase | (n=6) ’ 1CR; 2P N '
[recurrent] ¢ R R 1999 [Ref. 49]
B ; 4);
Activated CTL from GBM (6); AN(4) ) Plautz et al., 2000
Phase | (n=12) LGA (2) 4 PR 3 patients > 2 yrs
lymph nodes , [Ref. 44]
[newly diagnosed]
Activated CTL from GBM; AA Wood et al., 2000
Phase | (n=9) ' 3PR 2/9 patients > 4 yrs '
PBMC lrecurrent] 9 pa 4 [Ref. 801
Lymphocytic
GBM; AA Hayes et al., 2001
LAK cells + IL-2 Phase | (n=28) infiltration; locally 6/28 patients > 2 yrs v
lrecurreni] [Red. 20]
TIL-2 & IFN—y
GBM (3); AA (6 Ishikawa et al., 2004
NK cells Phase | (n=9) ©) © 3 PR 2 MR NR [
[recurrent] [Ref. 25]
34% 1-year survival; Dillman et al., 2004
LAK cells Phase | (n=40 GBM [rec I NR
(n=40) recurren] Median O = 17.5 mos.  [Ref. 14]

CIL = cytotoxic T lymphocyte; TIL = tumor—infitrating lymphocyte; LAK = lymphokine—activated killer; NK = natural killer; GBM = glioblastorna mutiforme; AA = anapiastic
astrocytoma; AO = anaplastic oligodendroglioma:; LGA = low—grade (grade 1) asirocytoma; PFS = progression—free sunival, CR = complete response; PR = partial response;

MR = minimat response; OS = overdl sunvival, NR = not reported

Prognostic factors (KPS and age) correlated positively with
increased survival, with KPS the most important determinant
of median survival. GBM and AA patients under age 40 years
with a Karnofsky performance status >70 had an actuarial
median survival of 22.5 and 65 months, respectively™.
More recent studies have used **Y-labeled biotin as part of
a pre-targeting three-step method for the locoregional radio-
immunotherapy of recurrent high grade gliomas, with some en-
couraging results™. When two cycles of temozolomide chemo-
therapy was added to this regimen, the overall outcomes were
significantly improved, with a median progression-free survival
of 10 months and a median overall survival of 25 months®.

Targeted immunotoxins

Clinical trials of immunotoxins for CNS neoplasia have been
conducted using TEN-CRM107 (human diferric transferrin
+ Diphtheria toxin mutant CRM107)" and Pseudomonas
aeruginosa exotoxin A mutants conjugated to interleukin-4
(IL-4-PE38KDEL)™, interleukin-13 (IL-13-PE38QQR)**,
or transforming growth factor-alpha (TP-38)%. These initial
trials of passive serotherapy have shown some significant anti-
tumor effects, which have spurred further multi-center Phase
II and Phase III trials.

Of particular note, IL13-PE38QQR cytotoxin was found
to be highly potent and selective in killing IL-13R-expressing
glioblastoma cells 77 vitrd®. In contrast, normal cells (e.g., brain,
immune cells, and endothelial cells) were generally not affect
by this immunotoxin due to scant expression of IL-13R in non-
tumor cells. 7z vivo pre-clinical studies for safety and toxicity

were performed in mice, rats, and monkeys, and I1-13 cyto-
toxin was found to be well-tolerated by both systemic and
intracerebral administrations. 1L13-PE38QQR (also known
as cintredekin besudotox) was shown to mediate remarkable
efficacy in pre-clinical animal models of human brain tumors™.
Based on these pre-clinical studies, IL13-PE38QQR has been
tested in four Phase I/II clinical trials in adult patients with
recurrent malignant glioma, with some encouraging results™?.
These clinical trials involved convection-enhanced delivery
(CED) of IL13-PE38QQR cytotoxin either intratumorally or
intraparenchymally after resection of tumor™”. At the time of
this writing, a pivotal Phase I1I randomized, controlled clinical
trial (PRECISE, sponsored by Neopharm, Inc.) comparing
intraparenchymal CED of IL13-PE38QQR cytotoxin ad-
ministration with Gliadel”, wafer placement has been completed
and subjects are currently being monitored for safety and sur-

vival endpoints®.

Adoptive cellular immunotherapy

Adoptive transfer of immune cells is the cell-mediated ana-
logue of passive immunotherapy : The introduction (adoption)
into the patient of either autologous or allogeneic immune cells
that may, or may not, have been stimulated 7z vitro with tumor
antigens™**%. Sometimes, these cells are injected into the
tumor cavity to maximize the exposure of the infused cells to
tumor cells, while other strategies call for systemic infusion.
Cytolytic effector cells are cultured 7 vitro with cytokines to
activate them to attack tumor tissue in vivo. This approach

was not clinically applicable until the discovery of interleukin-2
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Table 3. Summary of clinical trials of active immunotherapy (Tumor vaccines) for adult malignant gliomas

Therapy

Tumor Histology

Responses

Survival

Reference

Tumor cells modified
with Newcastle—Disease
Virus (NDV)

DC pulsed with acid—
eluted tumor peplides

DC—glioma cell fusions

Tumor cell + IL4—-
fransfected fibroblasts

DC pulsed with tumor

Phase I/l (n=10)

GBM

[newly diagnosed]

GBM (7); AA (2)
[recunrent]

GBM; AA

GBM

GBM (7); AA (3)

Local skin reaction

2/4 patients with

T iymphocytic

infiliration

4/5 patients with T
CD16+ & CD56+ cells;
TIFN-7 in peripheral
blood

Local CD4+, CD8+, and
CD1a+ T cells Twith
IL~4 produced at
injection site

2/5 patients with TELISPOT

Median OS = 46 wks.

NR

Patient survived 10 mos.

NR

Schneider et al., 2001
[Ref. 62]

Yu et al., 2001
[Ref. 85]

Kikuchi et al., 2001
[Ref. 27]

Okada et al., 2003
[Ref. 40}

Yamanaka et al.,

lysate {infradermal + activity; 3/10 with T DTH; 2003 [Ref. 82]
intratumoral via 2 with Tlymphocytic
Ommaya reservoir) infiltration
DC pulsed with tumor Phase | (n=14)  GBM (8); AA (6) 610 with TIEN=7 in Median OS = 133 wks.  Yu et o, 2004
lysate [recurrent] peripheral blood:; 3/6 [Ref. 84]

with Tlymphocytic

infiltration
DC—-glioma cell fusion + Phase | (n=15) GBM; AA 4/15 with > 50% Jiumor  NR Kikuchi et al., 2004
IL-12 size [Ref. 26]
Tumor cell modified Phase Il (n=23) GBM 1 DTH; Ttumor— Medion OS = 100 wks.  Steiner et al., 2004
with Newcastle—Disease infitrating lymphocytes {vs. 49 wks. in confrols,  [Ref. 66}
Virus (NVD) n=87); 39% 2-vyear

survival rate

DC pulsed with acid~ Phase | (n=12)  GBM (12) [7 newly  6/12 with TCTL Median OS = 23.4 mos.; Lliou et al., 2005

eluted tumor peptides diagnosed; 5

recurrent]

activity; 4/8 Ttumor—
infiltrating lymphocytes rate

50% 2—year survival [Ref. 34]

DC = dendiitic cell: GBM = glioblastoma multiforme: AA = anaplastic astrocytoma; DTH = delayed—type hypersensitivity; CTL = cytotoxic T lymphocyte: IFN = inferferon; PR =

partial response; OS = overcl survival, NR = not reported

(IL-2) and other cytokines. Before that time, it was not possible
to obtain sufficient numbers of immune cells and maintain
them in culture during the i vitro sensitization period. I1-2,
originally called T-cell growth factor, is a cytokine that mediates

lymphocyte activation and stimulates division.

Lymphokine-activated Killer(LAK) cells

The majority of previous clinical trials that have used adoptive
immunotherapy for brain tumors have employed lymphokine-
activated killer(LAK) or mitogen-activated killer(MAK) cells™.
LAK cells are peripheral blood lymphocytes functionally de-
fined by their ability to lyse natural killer(NK)-resistant tumor
targets in vitro following stimulation with IL-2 and/or mitogens.
LAK cells have been implanted into the resection cavity during
surgery'*. LAK cell therapy is non-specific in thar the cells
are not stimulated 772 vitro with any glioma-specific antigens.
The limitations of LAK cell adoptive transfer to eradicate tumor
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cells in clinical trials may be due to its non-specificity (i.e., not
stimulated #7 vitro with any tumor-specific antigen) and the
fact that cells do not migrate specifically to tumor sites.

Cyrotoxic T Lymphocytes(CTL)

One refinement to the previous adoptive transfer approaches
is to stimulate lymphocytes in vivo with autologous tumor cells
to generate MHC Class [-restricted cytotoxic T lymphocytes
(CTL) that are then expanded in vitro and re-infused into
patients”®*, The theory is that antigen-stimulated CTL would
be more specific than LAK cells. Clinical trials using adoptive
transfer of activated cytotoxic T-cell therapy have produced

28,4
84480 However, because

somewhat encouraging initial results
these pilot Phase I trials were designed primarily to demonstrate
feasibility and safety, definitive evaluation of efficacy will require
further study.

Often, pilot trials of adoptive immunotherapy have suggested
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efficacy™®, but they have not been followed up with Phase
IT or 11T larger trials designed to show true improvement in
survival. Studies by Dudley and Rosenberg in melanoma have
been particularly encouraging; however, the ability to clone
and expand high-affinity TILs is currently restricted to a few
centers around the world. Nevertheless, it appears that adoptive
immunotherapy may offer certain advantages that active va-
ccination strategies cannot provide : 1) T-cells are expanded
in the absence of tumor-derived soluble factors; and 2) CTLs
can be grown to extremely large numbers sufficient for infu-
sion”. A summary of recently published clinical trials of
adoptive cellular immunotherapy for malignant gliomas is pr-
esented in Table 2.

Active immunotherapy (Tumor vaccines)

Active immunotherapy requires administration of the anti-
genic material to induce a (primary) immune response, in
effect, a vaccination. Most tumor antigens are poor immu-
nogens, and thus active immunotherapy usually includes the
use of an “adjuvant” (e.g., Bacille Calmette-Guerin or cytokines)
that enhances the immune response by prolonging the time
of exposure to antigen and by increasing the activity of antigen
presenting cells(APC). Dendritic cell(DC)-based therapies
are one type of active immunotherapy®”. Other approaches
have included irradiated whole tumor cell vaccines and cytokine

164D which have also been

immuno-gene therapy strategies
tested in Phase I trials for patients with malignant brain tumors
(Table 3). One of the primary advantages of tumor vaccines
(especially cell-based immunotherapies) is their favorable to-
xicity profiles compared with current chemotherapy and small

molecule therapies.

Dendritic cell-based vaccines

Dendritic cells are the most potent professional APCs in the
body, as evidenced by their abilities to stimulate allogencic
mixed leukocyte reactions and prime naive T lymphocytes.
Approaches that combine adoptive transfer of antigen-pulsed
DC for tumor vaccination in malignant glioma patients are
currently under active investigation at several different centers

around the world!?26:77:3481-89

. This strategy involves ex vivo
exposure of a patient’s dendritic cells to their tumor antigen
followed by injection of these DCs primed with tumor antigen
to stimulate an endogenous immune response™*”. The theory
behind this therapeutic strategy is based upon evidence that
tumor cells are poor APCs. The lack of activation especially
affects the CD4" “helper” T-cells (Th) that require antigen
presentation in association with MHC class II. Unless tumor
antigens are secreted as soluble proteins and can be processed
by professional APCs, the immune response will be handi-
capped by the lack of Th-produced cytokines required for
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expansion of the cytotoxic T-cell population. Soluble antigen
may be released by tumor cells in later stages with the devel-
opment of necrotic areas; but by this time, the tumor is probably
past the threshold when it can be checked by immune activity.
To circumvent this, investigators are using ex vivo cytokine
stimulation of DC and antigen exposure of autologous den-
dritic cells with autologous tumor lysate, tumor peptides, or
tumor cell fusions (Table 3).

In a recent Phase I clinical trial with five-year follow-up, 12
patients with newly diagnosed (n=7) or recurrent (n=5) glio-
blastoma were enrolled. Patients received standard of care,
which included surgery followed by external beam radiation
therapy. The glioma cells were cultured 7 vitro and MHC-
bound tumor peptides were eluted from the surface of the
tumor cells™. The patient’s own autologous DC were harvested
from peripheral blood mononuclear cells(PBMC) and sub-
sequently loaded with autologous acid-cluted tumor peptides.
Three injections of peptide-pulsed DC were administered
intradermally at two-week intervals. Although this Phase 1
study was not powered to detect clinical efficacy, it provides
further evidence on the feasibility; safety, and i vivo bioactivity
of autologous peptide-pulsed DC in patients with glioblasto-
ma?o? eSS Alchough admittedly a select population
of patients, prolonged survival times and significant immu-
nological responses were observed in some of these patients,
which support the possibility of an immune-related effect on
tumor control. Proof of dlinical benefit from DC-based vaccines
remains to be established in future multi-center Phase IT clinical
trials for malignant glioma patients, which are currently un-
derway [http : //www.nwbio.com].

Cytokine immuno-gene therapy
Other studies of cancer vaccines have used irradiated whole

164040 (51 viral vec-

tumor cells modified with cytokine genes
tors”%>*9 to generate anti-tumor immunity. The pioneering
studies were performed over a decade ago now and demon-
strated that cytokine-secreting tumor cells could induce anti-
tumor immunity.

With CNS tumor models, cytokine-gene therapy studies have
been able to demonstrate efficacious anti-tumor immunity to
intracranial gliomas by secreting IL-2, IL-4, IL-6, IL-7, 1L-12,
GM-CSE mM-CSE and IFN-a/8/y"**3, These studies reveal
the complexity of the multiple mechanisms by which anti-

tumor immunity can be generated.

Bacterial and viral tumor vaccines

Live bacteria and/or viruses may also serve as the basis for
active immunotherapies against brain tumors'”. Viral/bacterial
infections and the resulting tissue damage can provide the
appropriate “danger signals™® to attract professional APC



necessary for adequate antigen presentation. CTL-mediated
immunity can be induced using live, attenuated bacterial or
viral vectors that both stimulate the innate immune system
and simultaneously deliver antigens'”.

For instance, Listeria monocytogenes(LM) is a facultative,
gram-positive intracellular bacterium that is able to enter host
cells, escape from the endocytic vesicle, multiply within the
cytoplasm, and spread disectly {from cell to cell without en-
countering the extracellular milieu. Antigens expressed by LA
can access both MHC class [ and class IT processing pathways,
and are presented to both CD8" and CD4" T cells. Additi-
onally, ZM has been shown to stimulate Toll-like receptors
(TLR)” on the surface of APC and activate internal pattern
recognition molecules, which may conuibute to its immuno-
stimulatory action’. In recent studies, it has been demonst-
rated that immunization with an attenuated, recombinant
Listeria monocytogenes(rLM) expressing the lymphocytic
choriomeningitis virus nucleoprotein(LCMV-NP) led to the
rejection of a gliomas expressing the heterologous NP antigen™.
Interestingly, animals clearing these tumors were subsequently
immune to re-challenge with subcutaneous(s.c.) and intrac-
ranial(i.c.) glioma cells that did not express NI, suggesting that
epitope spreading had occurred, which is a phenomenon wh-
ereby T cells can recognize shared endogenous glioma epitopes
along with the targeted antigen(s)**”. Given the heterogeneity
of human brain tumors and the possibility of immune escape
of tumor cells, exploiting the process of epitope spreading will
obviously be valuable in the dinical context of designing tumor
vaccines in the future.

Tn other studies, Rosenberg et al. have recently investigated
an attenuated strain of Salmonella typhimurium (VNP20009)
in pre-clinical studies and clinical trials™. Salmonella typhi-
murium genetically modified at the purf and msbB genes were
found to specifically target and localize to transplantable murine
tumors and partially inhibit tumor growth 7 vive'>*”. These
pre-clinical results led to a Phase I clinical trial of the intrav-
enous administration of attenuated Sabmonella typhimurium
VNP20009 to patients with metastatic melanoma. This clinical
study showed that the VINP20009 strain of Salmonella typhi-
murium could be safely administered to patients and that some
tumor colonization by Salmonella was observed at the highest
tolerated dose. However, no anti-tumor effects were seen”".

Viral vaccines have also been investigated for the treatment
of malignant gliomas. Csatary et al. recently reported on the
use of a Newcastle Disease Virus vaccine (M TH-68/H) in four
patients with advanced high-grade glioma, with purported
survival times of 5~9 years'. More recently, Steiner et al. re-
ported the results of a pilot clinical trial using a vaccine prepared
from the patient’s tumor cell cultures infected with Newcastle
Disease Virus, followed by gamma-irradiation. This was a non-
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randomized study of 23 vaccinated patients compared with
87 non-vaccinated controls, which showed a 39% two-year
survival rate in the vaccinated patients compared with an 11%
two-year survival in the controls. This viral-based vaccine app-
eared to be feasible and safe, and the improved prognosis of
the vaccinated patients was substantiated by observed anti-
tumor immune responses®”.

Each of the immune-based therapies outlined above utilizes
principles of basic immunology to find a strategy that hopefully
brings us closer to the goal of killing the residual microscopic
tumor cells that lead to inevitable recurrence of malignant
gliomas. Major improvements in our understanding of glioma
molecular biology and tumor immunology are now being tran-
slated into innovative clinical trials that provide new hope
for patients with this devastating disease (see Table 1,2, 3).

Effects of corticosteroids on immunotherapy

With regard to incorporating experimental immunothera-
peutic strategies with standard treatments, the use of corti-
costeroids needs to be considered. Although this is not directly
an anti-cancer agent, steroids are almost always part of standard
care for brain tumor patients at some point. Some immu-
notherapy trials appear to allow the use of dexamethasone, while
others do not because corticosteroids are known to suppress
the immune response.

In a recent study, an effect of dexamethasone on the efficacy
of local IL-2 immunotherapy was examined by injecting IL.2-
secreting cells intracranially into tumor-bearing mice treated
with either 1mg/kg or 10mg/kg of dexamethasone. The results
suggested that while high doses of dexamethasone can com-
pletely inhibit the immune response observed with IL-2, lower
and more likely therapeutic doses of dexamethasone did not
inhibit local IL-2 immunotherapy’”. In another study, dexa-
methasone was added to cytotoxicity assays to test whether
the immunosuppressive effects of corticosteroids affected the
Iytic function of alloreactive cytotoxic T lymphocytes(aCTL)
against primary human glioma cell lines 7% vitro. This study
also demonstrated that the addition of dexamethasone did not
significantly impair the lytic function of adoptively transferred
human aCTL". These results suggest that low-dose steroids
probably do not affect passive and adoptive immunotherapy
approaches, which are relatively host-independent.

However, it is stll unknown as to whether active vaccination
strategies, which require the induction of a host anti-tumor
response, may be negatively impacted by corticosteroid treat-
ment. In one study, dexamethasone was found to abolish
the inflammatory response in an experimental glioma animal
model”, while another study showed that treatment with de-
xamethasone did not affect dendritic cell-induced tumor cell

phagocytosis i vitro or inhibition of tumor growth iz vivd™.
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Because there is still controversy regarding whether dexame-
thasone significantly suppresses the induction of ant-glioma
immunity or not, optimization of tumor vaccine trials should
take advantage of the brief and precious window of opportunity
during the post-operative period while tumor burden is mi-
nimal and when steroids are not clinically required.

Conclusion

here is challenging work being done today to take basic

immunology into the clinical realm. To date, clinical
trials of immunotherapy for CNS gliomas have not yet de-
monstrated objective proof of clinical efficacy in rigorous multi-
center Phase IT and III studies. Nevertheless, such trials should
be pursued because of encouraging results in many Phase I
studies™. As future testing in this field continues, our ability
to design effective, targeted immune therapies will mature
and hopefully yield increased therapeutic success.

With this in mind, the priority areas of research and scientific
investigation that appear to be most critical at this time involve :
1) developing techniques of antigen identification, resulting
in readily available sources of information on the genes and
gene products that are co-expressed in primary tumor cells™
and that produce immunogenic antigens4); 2) characterizing
both CNS and systemic immune responses in patients with
brain tumors; and 3) considering the problems and challenges
posed by patient and tumor heterogeneity.

It should be noted that, as with any other targeted treatment
modality for brain tumors, immunothreapy trials might only
realize significant potential clinical efficacy if given to the app-
ropriate subgroup of patents and/or if administered in com-
bination with other therapies. With the current experience
in cancer treatments, it appears that simultaneously targeting
several components essential to the neoplastic process should
provide maximal chances of tumor control. Therefore, therapies
based on immuno-enhancement and cancer vaccines could
be combined with the traditional surgery, radiation, and che-
motherapies, along with molecularly targeted biological agents.
Such integrated treatment strategies may prove to be of low
toxicity and should be synergistic. In additon, the combined
used of conventional treatments within the context of clinical
trials of immunotherapy will allow evaluation of efficacy, yet
retain the ethical requirements for human investigation.

Over the next decade, the concept of stimulating a patients
natural immunity to produce anti-tumor responses may lead
to the approach of “customized immunotherapy™® for patients
with malignant glioma. Such, “personalized therapeutics” may
be a potential solution to deal with the important observations
of patient and tumor hetereogeneity. However, there are still
significant obstacles for developing highly patient-selective

treatments : the patient accrual on clinical trials is slower, the
potential market for an approved product is lower, and so de-
velopment times to clinical applications are prolonged.

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

As we have pointed out above, there is already a plethora of
small-scale Phase I/II brain tumor immunotherapy trials that
still await confirmation of clinical efficacy. In order to obtain
meaningful biological and clinical data from more complicated
trials of customized immunotherapy in selected patient groups,
larger multi-institutional studies need to be performed with
more structured collaborations from academic and community
medical centers, the biotechnology industry, and patient ad-
vocacy groups.

Currently, immunotherapy is cautiously and deliberately
making its way to the patient bedside, as adjuncts to standard
modalities of surgery, radiotherapy, and chemotherapy. While
the number of clinical trials evaluating such immunothera-
peutic strategies s still limited, current advances in the high-
throughput production of dlinical-grade cellular/biologic thera-
peutics and molecular/genetic target identification will ho-
pefully spur future clinical development.
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