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From the L eader ship:

It isagreat pleasurdfce to submit this Report of the Brain Tumor Progress Review Group (BT-
PRG) to the Director and Advisory Committee to the Director of the National Cancer Institute
(NCI), and to the Director and National Advisory Neurological Disorders and Stroke Council of
the National Institute of Neurological Disorders and Stroke (NINDS). At the beginning of 1999,
the BT-PRG accepted the charge of Dr. Richard Klausner, Director of the NCI, and Dr. Gerald
Fischbach, Director of the NINDS, to develop anational plan for the next decade of brain tumor
research. Although thisis the 4" in the series of PRGs, it is the first to be sponsored by 2
institutes, reflecting the importance of both cancer biology and neurobiology to the brain tumor
field. The expertise and efficiency of the BT-PRG members and of the participants of the BT-
PRG Roundtable Meeting have produced this exciting report in aten-month period, reflecting the
energy and enthusiasm of the clinical, research, industrial and advocacy communities for finding
acure for brain tumors.

The Report of the Brain Tumor Progress Review Group highlights the scientific research
priorities that represent the next steps toward understanding the biological basis of brain tumors,
and toward devel oping effective therapies for brain tumors. We look forward to discussing these
priorities with the leadership of the NCI and NINDS.

Respectfully,
’ o ¢ S M — 62\ L4
.
David N. Louis, M.D. Jerome Posner, M.D. Thomas Jacobs, Ph.D. Richard Kaplan, M.D.
Co-chair, PRG Co-chair, PRG Executive Director, PRG Executive Director, PRG

National Institute of National Cancer |nstitute
Neurological Disorders
and Stroke
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Foreword

This report represents the collaborative efforts of scientists, clinicians, industry representatives,
and patient advocates who were charged by the National Cancer Institute and the National
Institute of Neurological Disorders and Stroke with the task of setting overall priorities for brain
tumor research. The report and its appendices highlight those prioritiesin light of the biological
and clinical complexity of brain tumors and the formidable challenges that have slowed progress
toward their cure. Many priorities and directions need to be pursued in brain tumor research, and
these are discussed in the appendices. Common themes emerge, however, and the Brain Tumor
Progress Review Group considers the priorities delineated in this report to be the best guide to
the future direction of brain tumor research. This report, and additional related information are
available at the Brain Tumor Progress Review Group Web site
(http://osp.nci.nih.gov/Prg_assess’PRG/BTPRG. Thereader also isreferred to the Web sites of
the National Cancer Institute (www.nci.nih.gov) and the National Institute of Neurological
Disorders and Stroke (www.ninds.nih.gov).
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About the Brain Tumor Progress Review Group

The Nationa Cancer Institute (NCI) supports basic, clinical, and population-based
research to identify and study the causes, biology, prevention, early detection, and treatment of
cancer, while the National Institute of Neurological Disorders and Stroke (NINDS) isthe
Nation’s leading supporter of biomedical research on disorders of the brain and nervous system.
Through years of dedicated research, researchers supported by both Institutes have amassed a
significant knowledge base about brain tumors, and this knowledge, coupled with new
technologies, is providing awealth of new scientific opportunities. At the sametime, increasing
research needs and scientific opportunities require that the Institutes determine the best uses for
their resources. It is necessary to identify clear scientific priorities, both to provide guidance for
the scientific community and to create a benchmark against which progress can be measured.

Progress Review Groups (PRGs) were originally established to assist the NCI in assessing
the state of knowledge and identifying scientific opportunities and needs within its large, site-
specific research programs. PRGs fit within the NCI's overal planning framework, which
embraces the use of expert panels and includes the establishment of Working Groups, which are
specifically focused on aspects of scientific discovery and technology, as well as more broadly
focused Program Review Groups. The Brain Tumor Progress Review Group (BT-PRG) was the
first PRG to bejointly established between NCI and another NIH Institute, in recognition of the
importance of brain tumor research to both Institutes.

CHARGE TO THE PRG

The BT-PRG was charged with assisting NCI and NINDS in addressing the two
Institutes’ brain tumor research programs. PRG members were asked to take a broad view in
identifying and prioritizing unmet scientific needs and opportunities that are critical to the
advancement of the research field. The BT-PRG was specifically charged with the following:

1. Identify and prioritize scientific research opportunities and needs, and the scientific
resources needed to address them, to advance medical progress.

2. Compare and contrast these priorities with an NCI-prepared analysis of its cancer
research portfolio.

3. Develop aresearch plan of action that addresses unmet opportunities and needs.

4, Prepare awritten report describing the PRG’ s findings and recommendations for

deliberation by the Advisory Committee to the Director (ACD) of NCI.

Thisreport isthe final product of the Brain Tumor PRG’s (BT-PRG) efforts and
deliberations. This report describes the group’ s findings and recommendations for advancing
brain tumor-related research. The following section details the process used in producing this and
other PRG reports.

About the Brain Tumor Progress Review Group 1



THE PRG PROCESS

The BT-PRG members were prominent scientists, clinicians, consumer advocates, and
industry representatives from the U.S. and Canada who together represented the full spectrum of
scientific expertise required to make comprehensive recommendations for the NCI’s and
NINDS s brain tumor research agenda. Members were also selected for their ability to take a
broad view in identifying and prioritizing scientific needs and opportunities that are critical to
advancing the field of cancer research.

In February 2000, the PRG Leadership finalized an agenda and process for the PRG
Planning Meeting. At the Planning Meeting, participants were identified to take part in a
subsequent Roundtable meeting. Topics were identified for Roundtable breakout sessions to
which those participants were ultimately be assigned and for which the PRG members served as
co-chairs.

The Brain Tumor PRG Roundtable Meeting (July 2000) brought together approximately
125 leading members of the cancer research and advocacy communities, representing diverse
institutions and scientific disciplines. These experts met in an open forum in which they
formulated key scientific questions and priorities for the next 5-10 years of brain tumor research.
NCI and NINDS provided the PRG Roundtable with extensive information about their research
programs for use in their review. The research priorities and resource needs that the Roundtable
identified in the course of their deliberations are outlined in this report.

DEVELOPMENT OF THE PRG REPORT

After the Roundtable Meeting, an intermediate draft report was prepared, multiple
iterations of which were reviewed by the PRG Leadership and PRG Members. Upon completion
of the final draft, the report was submitted for deliberation and acceptance by the NCI Advisory
Committee to the Director and the NINDS Council. The report will be widely disseminated and
integrated into each Ingtitute’ s planning activities. In Spring 2001, the PRG will meet with the
NCI and NINDS Director to discuss the Institutes' response to the report.

PRG reports on breast, prostate, and colorectal cancer are available on line at
osp.nci.nih.gov/Prg_assess. Other PRG reports currently in development or being planned
include reports on pancreatic cancer; leukemia, lymphoma, and myeloma; gynecologic cancers,
kidney and bladder cancer; stomach and esophageal cancers; liver and bile duct cancers; and skin
cancer.
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INTRODUCTION

Brain tumors represent a unique challenge in
that they affect the organ that is the essence
of the “self.” Furthermore, because each area
of the brain serves a different but vital
function, the therapy that is most effective
for other cancers—surgical removal of either
the entire organ or the tumor with a generous
surround of normal tissue—cannot be used
to cure brain tumors. Unfortunately, most
brain tumors are relatively insensitive to
other cancer treatment, including radiation
and chemotherapy.

Coupled with the difficulty in treating brain
tumors is the unique biology of the brain:

» Braintumorsoccur in an organ that is
enclosed in abony canal that allowslittle
room for growth of the tumor without
compressing and damaging normal
brain.

* Many brain tumors extensively invade
normally functioning brain, making
complete surgical removal impossible.

* Intheir early stages, brain tumors are
protected behind a blood-brain barrier;
even when this barrier is disrupted in the
bulk of the tumor, infiltrating tumor cells
at the growing edge remain protected.

» Disruption of the blood-brain barrier
leads to edema, which the brain tolerates
poorly because of the limited intracranial
space and the lack of lymphaticsto rid
itself of the products of edema and other
debris.

* Thebrainitself isrich in expressed
genes and therefore is afertile field for
the growth of both primary tumors and
metastases.

* Thebrain and brain tumors appear to be
less susceptible to attack by the immune
system than are tumors in other organs.
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Even the term brain tumor, which suggests a
single type of tumor, can be misleading.
There are a bewildering variety of central
nervous system tumors; the World Health
Organization lists 126. Many of these
tumors are not, strictly speaking, in the brain
but arise from structures intimately
associated with that organ, such as tumors of
the covering membranes (meningiomas) and
adjacent cranial and paraspinal nerves
(schwannomas). Brain tumors range from
benign (most meningiomas) to highly
aggressive (glioblastomas). They affect both
adults and children (although the
distribution of tumors varies) and are often
highly resistant to treatment.

Theterm brain cancer is aso misleading.
Most cancersthat arise elsewhere in the
body cause damage by metastasizing to
other organs (including the brain). Primary
brain tumors, however, rarely metastasize,
although they may widely infiltrate the
nervous system. Conversely, many cancers
metastasi ze to the brain, making metastatic
brain tumors much more common than
primary brain tumors.

Throughout this document, the term brain
tumor is used to refer to all tumors that grow
inside the skull. The issues discussed in this
document, however, also extend to tumors
growing within the spinal canal.

STRUCTURE AND PROCESS OF THE
PRG MEETING

For the reasons described in the introduction
to this report, the Brain Tumor Progress
Review Group (BT-PRG) required input
from participants with much more diverse
expertise than was needed in previous
PRGs. In addition to experts on cancer
biology and genetics, the BT-PRG required



expertise in neurobiology, including areas
such as progenitor cells, cellular migration,
and blood-brain barrier function. Clinically,
expertise was required from both oncology
and the clinical neurosciences, including
neurosurgery and neurology. In addition, to
ensure inclusion of the wide diversity of
brain tumors, breakout sessions were held
not only for those topics that apply to all
solid tumors, including brain tumors, but
also (different from other PRGs) for specific
types of brain tumors (i.e., intraaxial tumors,
extraaxial tumors, pediatric tumors, and
metastases). A total of 16 breakout groups
were therefore convened (see box). Each
participant attended three breakout sessions.

The participants in each of these 16 breakout
sessions were asked to identify three
important research prioritiesin their
assigned aresas. It was recognized that it
might not be possible to place al of the
research priorities formulated by the groups

into an overall hierarchy. Although al of the
prioritiesincluded in the appendices are
important and meritorious, some arosein
multiple breakout sessions and therefore
appear to be of overarching importance. This
report delineates those priorities considered
by the BT-PRG to be overarching. The
appendix contains the full reports of the
individual breakout sessions and their
priorities.

Thisreport is divided into two sections.
Section I, “ Scientific Priorities,” describes
the overarching priorities in both the basic
and the clinical sciences. These scientific
research priorities are hypothesis driven. To
meet them will require the scientific
resources described in Section I1. The
resource prioritiesin Section |1 can be
considered as hypothesis generating in that
their development will generate hypotheses
for further research.

STRUCTURE OF THE BT-PRG BREAKOUT GROUPS

Basic Biology Clinical Biology Specific Tumors
 Models » Detection, Diagnosis, » Extraaxia Tumors
e Cancer Biology and and Prognosis * Intraaxia Tumors

Etiology * Epidemiology, » Pediatric Tumors
* Neurobiology: Prevention, and * Metastases

Progenitor Cells Outcomes
* Neurobiology: * Imaging

Migration and * Radiation Biology

Trafficking » Therapeutic Targeting:
» Cancer Genetics Blood-Brain Barrier,
e Tumor Immunology Gene Therapy, and

Vascular Biology
* Treatment
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SECTION I: SCIENTIFIC PRIORITIES

Three separate sets of breakout sessions
addressed the scientific priorities. One set
was devoted to fundamental biology and
included sessions on models, neurobiology
of progenitor cells and of cellular migration
and dispersal, cancer biology,
immunobiology, and cancer genetics.
Another set of sessions was related to
clinical issues, ranging from detection and
diagnosis to treatment and outcomes. A third
set was devoted to specific tumors. Several
overarching scientific priorities emerged
from all of these sessions and are described
here.

Basic Biology

Brain tumors are phenotypically and
genotypically heterogeneous. Significant
gaps exist in current understanding of the
molecular pathways involved in the genesis,
progression, and biological and clinical
behavior of brain tumors. Brain tumors are
unique among human cancers because of
their complex interaction with the brain
itself, which greatly complicates the use of
existing therapies as well asthe
development of novel ones.

A cardinal feature of the most common
malignant brain tumors—their diffuse
infiltration into the surrounding
brain—presents substantial barriersto the
effective delivery of therapeutic agents and
increases the possibility of therapeutic
toxicity to avital organ whose function
greatly affects the patient’ s quality of life.
Other obstacles to effective therapy include
the blood-brain barrier and the difficultiesit
creates for therapeutic delivery, aswell as
the relative lack of information on the
unigue immunological aspects of brain
tumors and the cerebral environment.

Report of the Brain Tumor Progress Review Group

The biology of brain tumorsis distinct from
that of many other human tumors. Although
tumors are named as though their lineage
were understood (e.g., astrocytoma from
astrocytes), the cells of origin for most
human brain tumors remain enigmatic,
complicating the interpretation of data that
require a comparison between brain tumor
cellsand their “normal” counterparts.
Highlighting these issues are childhood
brain tumors, especialy primitive
neuroectodermal tumors that arise during
brain development. Insightsinto the normal
and aberrant regul ation of

neurodevel opmental genes may be
significant in understanding the etiology of
both childhood and adult brain tumors.
Likewise, elucidating the genetic alterations
in brain tumors may yield new insights into
brain devel opment. Achieving significant
advancesin the diagnosis, prognosis,
therapy, and prevention of brain tumors
requires unraveling and understanding many
aspects of the cellular and molecular biology
of brain tumors and their interactions with
normal brain elements. These advances must
proceed along a number of different fronts
and will require the interaction of severa
disciplinesin order to achieve the greatest
chance of success (see “Communication” in
Section I1 of this report).

Many of the priorities generated by the
breakout sessions of the BT-PRG
overlapped, particularly those concerning
needed resources (see Section I1). The
highest scientific prioritiesin basic biology
identified by such overlap are as follows:

» Understand the complex biology of brain
tumors, both primary and metastatic, and
their interaction with normal brain
elements as they relate to oncogenesis,
progression, tumor cell dispersal, and
heterogeneity.



— Define the genetic changes and
molecular pathways involved in
brain tumor initiation and
mai ntenance.

— Characterize the interactions of brain
tumor cells with the normal brain.

* Provide adetailed molecular
classification of the cells of origin for
distinct tumor types and define their
lineage associations, as well as the signal
transduction pathways that regulate cell
fate and the mechanisms by which the
local environment of the brain influences
cell migration and differentiation.

» Understand genotypic influences on
phenotypic behavior, tumor type, age at
onset, anatomical position, cell of origin,
and cellular biology.

» Isolate the genes that predispose to
human brain tumors and understand their
relationship to the genes that regulate
normal development.

* ldentify the genes that regulate patients
responses to chemotherapy and
radiotherapy and those that mediate
tumor chemoresistance and
radioresistance.

» Characterize both central nervous system
and systemic immune responsesin
patients with brain tumors.

* Understand the blood-brain barrier and
its regulation.

* Understand the mechanisms underlying
the spread and establishment of
metastases in the central nervous system.

Epidemiology

Little is known about the epidemiology of
brain tumors. Germ line mutations (familial
brain tumor syndromes) account for no more
than 7% of patients. The only unequivocally
established risk factors for nonfamilial brain
tumors—therapeutic irradiation to the brain
and chronic immunosuppression (e.g.,
AIDS)—are a so infrequent causes of brain

tumors. Other suggested etiologies, such as
nonionizing radiation (e.g., from cellular
telephones or high-tension wires), viral
agents, household chemicals, or foods, have
not been established as causal. In addition,
little is known about the interaction of
genetic factors and environmental toxinsin
the genesis of brain tumors.

Because identification of the risk factors for
brain tumors may aid prevention and suggest
effective treatments, high-quality
epidemiological studies are extremely
important. Factors that inhibit
epidemiological studiesinclude the
relatively small number of patients affected
by brain tumors and the large number of
histopathological types of these tumors.
These factors complicate the design of
research protocols and limit the statistical
power of the data collected. In addition,
existing tumor registries are neither linked
nor structured to facilitate the collection of
large numbers of samples for meaningful
epidemiological research. Important
epidemiological scientific priorities,
therefore, include the following:

» Support the linking of existing databases
to provide larger numbers of samples for
epidemiological studies.

* Expand and enhance databases to
include al primary brain and spind
tumors—malignant and nonmalignant,
adult and pediatric—and to have the
flexibility to accommodate new
histological and molecular classifications
of tumors.

* Develop epidemiological studies of
patients’ susceptibility to the toxic
effects of current treatment modalities
and investigate risk and protective
factors with study designs that
incorporate biological measures.

» Usevalidated animal models (see
“Models,” Section Il) to study the
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potential causal factors of brain tumors
and of treatment-induced neurotoxicity.

Detection and Diagnosis

Because brain tumors are an extraordinarily
heterogeneous group of lesions, accurate
diagnosisis essential to proper management.
Current imaging techniques provide a
sensitive means for delineating the
anatomical features of brain tumors but have
not provided an effective means for early
detection. Early detection could also be
complicated by the ethical problems created
by presymptomatic diagnosis of tumors for
which there may not be effective treatment,
and in an organ whose proper function is
essential to quality of life. Nonetheless, early
detection of brain neoplasms, particularly in
the pediatric population, where these lesions
are often treatable, could be facilitated by
appropriate education of pediatricians,
parents, school officials, and other
caregivers.

The diagnosis of brain tumorsis currently
based on histological examination of brain
tumor tissues after radiological
characterization and surgical biopsy. These
approaches are successful in classifying and
grading most cases, but in many situations
they do not allow accurate prediction of
therapeutic responses or of prognosis. The
situation may be further complicated by the
small size of some diagnostic biopsy
samples. Thereistherefore acritical need to
improve the diagnosis of brain tumorsin
order both to improve current therapeutic
management strategies and to form a basis
for the evaluation of novel approaches.

The ability to characterize tumors
comprehensively at the molecular level
raises the possibility that diagnosis could be
based on molecular profiling, either alone or
with histological examination, rather than on
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histological phenotype alone. Once such
techniques become possible and practical,
molecular profiling could be accomplished
by tissue analysis or imaging. In the future,
molecular markers could also form the basis
for screening at-risk individuals or
populations. In light of such possihilities, the
following priorities in the detection and
diagnosis of brain tumors were identified:

» Develop amolecular- and imaging-based
classification scheme for brain tumors
that can be used to predict tumor
behavior and to guide treatment
decisions more accurately and
objectively than is possible with current
histopathol ogical methods.

» Develop techniques that can reliably
detect brain injury related to tumor or
treatment and use such techniquesto
assess the efficacy of neuroprotective
interventions.

Treatment

Treatment options for patients with brain
tumors have been limited and, for most
types of tumors, have provided only modest
benefits. Some of the likely reasons for these
limitations (see “Introduction”) include the
unigue structural and physiological aspects
of the central nervous system, especialy its
vulnerability to damage from many therapies
as well as from neoplastic processes
themselves. Research in the treatment of
brain tumors has been hampered by the lack
of clinically predictive model systems; by a
minimal understanding, until quite recently,
of fundamental tumor biology; and by a
narrow range of available therapeutic agents
for testing that have had little expected
specificity for brain tumors. The major
challenge for the future is to develop more
effective techniques to treat brain tumors
without damaging the brain.



Marked progressis currently being madein
dissecting the molecular mechanisms of
neoplasiain the brain and elsewhere. These
advances are enabling the rapid
identification of relevant molecular targets,
and the result isavast array of potential
therapeutic approaches and agentsin the
development pipeline. At the same time,
advances in neuroimaging are raising the
tantalizing possibility of clinically assessing
the capacity of an agent to alter its intended
target. It therefore seems reasonable to
expect an improved rate of successin
research on the treatment of brain tumors.
Because the special characteristics of these
tumors will continue to present problems
and challenges, however, the following
priorities were identified:

» Facilitate the development of novel
therapeutic agents and approaches for
adult and pediatric brain tumors. These
approaches should include, but not be
limited to, chemotherapeutic,
immunologic, antiangiogenic, genetic,
and viral agents.

* Increase knowledge about the
mechanisms of existing therapies for
both adult and pediatric brain tumors.

* Improve the therapeutic index of new
agents that are specifically relevant to
the central nervous system.

» Enhance the therapeutic ratio for
radiation therapy for brain tumors.
(Overcome radioresistance of primary
brain tumors; overcome normal tissue
toxicity such as necrosis/edema and
functional deficits.)

» Develop novel drug targeting systems
that enhance the uptake by brain tumors
of small- and large-molecule diagnostic
and therapeutic agents.

» Developclinical consortiafor
immunotherapy that are similar to those
for radiation and chemotherapy.

» Develop therapiesthat are lesstoxic than
existing therapies to both the mature and
the immature nervous system.

Outcomes

Traditional outcome measurements used in
brain tumor studies have included overall
and recurrence-free patient survival and, in
some instances, radiological response to
therapy. Such measurements, however,
largely ignore crucia issues relating to
quality of life and biological endpoints of
response. These issues are of particular
importance in tumors for which effective
therapies may not exist and in pediatric
tumors, for which effective tumor control
may be associated with significant long-term
morbidity. For these reasons, thereis an
immediate and crucial need for better
measurement tools and surrogate markers to
assess patient quality of life and tumor
response to therapy. Such outcome markers
would facilitate the assessment of
neurotoxicity, thereby providing an
opportunity to discard potentially neurotoxic
therapies sooner. They would also facilitate
more accurate assessment of therapeutic
response, thereby allowing effective
therapies to be continued while ineffective
therapies are discontinued. The following
priorities were therefore identified:

* Improve techniques for measurement of
quality of life and include such
measurementsin all clinical trials of
brain tumor.

* Refine the ability to detect response to
existing therapies, such as radiation, and
to novel treatments, using surrogate
markers measured either by imaging or
in biological fluids (e.g., serum or
cerebrospina fluid).

e Establish clinical and imaging markers
of neurotoxicity from existing therapies,
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such as radiation, and from novel
treatments.

e Extend the use of such markersto
preclinical evaluationsin animal models.

Specific Tumors

Recognizing the remarkable diversity of
human brain tumors and the distinct clinical
guestions associated with different tumor
types, the PRG members were concerned
that most of the general scientific sessions
would concentrate on the more common
tumors, such as malignant gliomas and
medulloblastomas, to the exclusion of other
brain tumor types. To address the possibility
that research priorities might relate to
different types of brain tumors, the PRG
convened four special breakout sessionsto
focus on particular groups of brain tumors:
pediatric brain tumors, intraaxial brain
tumors (excluding malignant gliomas and
medulloblastomas), extraaxia brain tumors,
and metastases to the brain. These four
special breakout sessions met after the 12
general scientific sessions had adjourned.
The specia sessions included attendees from
the earlier, general discussions, thereby
allowing important issues from the general
sessions to be applied to discussions of the
specific tumor groups.

Remarkably, the research priorities and
needed resources identified by these specia
groups echoed those of the general sessions,
although some different emphases were
placed according to tumor type:

* Thesession on pediatric brain tumors
emphasized clinical problems such as
the need to study long-term outcomes for
survivors of brain tumors, to investigate
the impact of therapies on the
developing brain, and to focus on some
of the rarer, more primitive tumors
occurring in children.
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* Thegroup addressing intraaxial brain
tumors highlighted issues relating to
low-grade gliomas, primary central
nervous system lymphomas, and germ
cell tumors.

» Thesession on extraaxia brain tumors
emphasized the need for studies that
incorporate careful long-term follow-up
for these often slowly growing lesions.

* The group discussing metastatic tumors
of the brain made the unique
recommendation to convene a PRG
devoted to the biology of metastasis.

The specific priorities from these sessions
are detailed in the individual reportsin
Appendix A.

SECTION Il: RESOURCE PRIORITIES

Although the scientific priorities set forth by
the BT-PRG varied considerably across the
different areas of scientific and clinical
investigation, the resources required to
accomplish those priorities were remarkably
concordant. Indeed, nearly all of the five
resource priorities listed below were deemed
essential by most of the participants:

1. Modes
2. Tissue banks and databases
3. Genomics and high-throughput

screening
4.  Communication
5. Traning

These resources can be viewed as hypothesis
generating because they will provide the
information and abilities to accomplish the
scientific and clinical prioritieslisted in
Section I. The creation of these resourcesis
deemed essential in order to develop new,
effective therapies for brain tumors.



Models

Models are central to making the transition
from developing scientific conceptsto
understanding human tumors within the
context of the tissues that they affect.
Models may be used for therapeutic screens,
in preclinical trials, or to study the basic
biology of tumors. However, because
currently available cellular, tissue, and
animal models do not accurately represent
the biology of human brain tumors, it is vital
to:

» Develop tissue and cell culture systems
that replicate the biology of human brain
tumors.

» Create genetically and behaviorally
accurate models for brain tumorsin mice
and other animals.

» Generate tissue-based, imaging, and
genomic methods to validate and
compare animal models with their
human counterparts.

* Improvethe availability of the reagents
needed to create new animal models of
brain tumors, the sophisticated
technol ogies used to evaluate and
validate those models, and the animal
models themselves.

To accomplish these priorities, a mechanism
must be created to support the devel opment
and validation of model systems that more
accurately reflect the biology of brain
neoplasms. Although the National Cancer
Institute (NCI) Mouse Models for Human
Cancer Consortium (MMHCC) has been
established to fund the development of
mouse cancer models, additional mouse
models of the various brain tumors that are
not addressed through the MMHCC, as well
as modelsin other animals, remain high
priorities.
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Tissue Banks and Databases

Addressing the complex biology of brain
tumors requires innovative tumor banking
and characterization facilities with relevant
and appropriate clinical and radiological
databases. Tissue banks linked to clinical
databases are also vital for tranglating
research discoveriesinto clinically relevant
information. Because current tissue banks
aretypically institution based, they are
limited in scope and amount of available
specimens. These banks also process tissues
in different ways, and their specimens are
usually not sufficiently annotated with
clinical and radiological information.
Because of the rarity of many brain tumor
types, including both adult and pediatric
neoplasms, there is a great need for
organized, interinstitutional approachesto
banking and data management of both adult
and pediatric neoplasms.

An effective tissue bank or database must do
the following:

» Collect and bank tissue, blood,
cerebrospinal fluid, and (when available)
normal brain from patients with all
varieties of brain tumors. In particular,
attention should be paid to banking
pediatric tumors; rarer intraaxial tumors,
such as low-grade gliomas and
lymphomas; tumors that follow long
clinical courses, such as meningiomas,
and metastases, when tissue from the
primary tumor is also available.
Specialized banks should also focus on
acquiring clinical and radiological
information and tissues from distinct
populations, such as patients with
neurofibromatosis 2, who provide
unigue opportunities to follow the
natural history of particular tumors.
Public and professional educationa
efforts will be required to ensure that
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both common and rare brain tumors are
submitted to the banks. In thisregard, a
challenge will be to alter the sociology
of data sharing in order to make a
concerted shift to a shared, distributed
system.

* Maintain acomprehensive database of
relevant clinical and demographic,
pathologic, biologic, and therapeutic
information on al patients whose tissue
is banked. Develop links to population
databases to enhance potential
etiological and other epidemiological
studies.

* Involve multidisciplinary participation of
surgeons, pathologists, scientists, and
other professionals, including
neurooncologists, to ensure reliable and
consistent tissue processing.

» Provide mechanisms to ensure access, on
a competitive and open basis, by
researchers to the material and datain
the bank.

* Employ approved and ethical
methodol ogies to protect patient
confidentiality and ensure appropriate
patient consent.

* Featureloca and regional facilities and
facilitate effective communication and
collaboration among centers.

* Besupported by ongoing funding,
potentially for longer than 5-year
periods, to facilitate study of tumors with
long clinical courses, such as
meningiomas.

Genomics and High-Throughput
Screening

The explosion of information in genomics,
together with the promise of similar
advances on the near horizon in proteomics,
raise the need for technologies that allow
high-throughput screens of brain tumors and
related specimens (e.g., other tissues from
patients with brain tumors). Such high-
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throughput screens would allow large
amounts of information to be gleaned
quickly and would facilitate further
translational research toward more tailored
therapeutic approaches. These screens can
occur at the tissue level ex vivo or, in the
future, at the molecular neuroimaging level
in vivo. For such large-scale approaches to
be functional, considerable emphasis will
need to be placed on bioinformatics support.
The need for high-throughput screening
technologies was identified by a number of
the different breakout sessions; the highest
priorities were the following:

» Develop high-throughput laboratory
approaches to understand gene function
and to identify the targets and pathways
that are critical to brain tumor biology.

» Develop high-throughput laboratory
approaches to identify the genes and
genetic variations that underlie tumor
resistance to chemotherapy and radiation
therapy, aswell asthe alélic variations
that influence responses to therapy in
individual patients.

» Develop high-throughput laboratory
approaches to identify antigens that may
be used to further understanding of the
immunological features of brain tumors
and to develop novel immunological
therapies.

» Develop high-throughput neuroimaging
approaches for thein vivo
characterization of the molecular
features of tumors and the surrounding
brain that could monitor and influence
therapies.

* Develop the bioinformatics support
necessary for rapid and accurate analysis
of data generated via these high-
throughput approaches.

» Establish a consortium of brain tumor
modeling laboratories for the purpose of
testing novel therapies.
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» Allocate resources for the generation of
cDNA microarrays based on the mouse
equivalent of the human sequences
identified through the Brain Tumor
Genome Anatomy Project (BT-GAP).

» Create a mechanism to ensure affordable
access to these reagents and models.

Communication

The PRG Roundtable meeting provided a
unigue opportunity for scientists from
different disciplines—including cancer
biology and genetics, neurobiol ogy,
immunology, and radiation biology—to
meet and discuss brain tumor biology. These
stimulating interactions highlighted the
potential for novel insights arising from such
interdisciplinary interactions. A central goal
that emerged from these discussions was the
need for further communication among these
various disciplines on the subject of brain
tumor biology. Such enhanced
communication would in turn lead to
interdisciplinary collaborations that would
approach problems in brain tumor research
from a unified, and therefore novel,
perspective.

It was recognized that one reason for the
relative lack of such communication and
collaboration among disciplines has been the
historically different funding and oversight
mechanisms that have supported such
research. For example, neurobiology
research is largely funded through the
National Institute of Neurological Disorders
and Stroke (NINDS), whereas cancer
biology and immunology research is
generaly funded by NCI and other agencies.
Recent attempts to bring together NCI and
NINDS to address questions in brain tumor
research—the BT-PRG, the BT-GAP, and
the establishment of a combined NCI-
NINDS Neurooncology Branch—have been
widely applauded and further
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interinstitutional interactions strongly
encouraged. The possible extension of such
interactions to the grants review process was
also deemed an important areafor
discussion.

Because the Center for Scientific Review
(CSR) reviews most unsolicited brain tumor
grant applications, the brain tumor research
community believes that better coordination
among the institutes and CSR is needed.
Improved communication could prevent
brain tumor biology from “falling between
the cracks” among the various review groups
that may have relatively few brain tumor
biologists. It is anticipated that coordinated
efforts by NINDS, NCI, and CSR on the
referral, review, and funding of brain tumor
research applications would facilitate the
implementation of the national plan for brain
tumor research.

Goals for improved communication extend
to clinical problemsaswell. Thereisclearly
aneed for increased dissemination of
information to patients, aswell asto
clinicians outside of neurooncology centers,
with regard to the variety of available
treatment options. The relatively low
percentage of patients with adult malignant
gliomas who are enrolled in clinical trials
may reflect an inadequate knowledge of
treatment options on the part of both patients
and physicians. This area of need represents
an ideal opportunity for patient advocacy
groups to collaborate with physicians to
develop strategies to educate patients and
clinicians about treatment options, including
clinical trials, aswell as about the
specialized expertise that is available at
neurooncology centers. For these reasons,
the following priorities were identified:

» Establish a set of interactive meetings

involving scientists from different
biological disciplines (cancer biologists
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and geneticists, neurobiologists,
immunologists, and radiation biologists)
that focus specifically on important
issuesin brain tumor biology.

» Facilitate collaborations among different
disciplines by encouraging
interdisciplinary grant applications in
brain tumor biology and etiology.

» Continue to develop combined programs
in brain tumor research from NCI and
NINDS and explore the possibility of
revisions in the grant review process for
brain tumor research.

» Encourage coordinated activities by
advocacy groups toward further
education of patients and clinicians
about available treatment options for
brain tumors.

Training

Achieving the goals for brain tumor research
outlined in this report requires an adequately
sized and well-trained scientific and clinical
work force specializing in brain tumor
research. Unfortunately, thereis a dearth of
basic scientists working in the field of brain
tumors, which lacks sufficient numbers of
clinicians who are cross-trained in brain
tumor biology and scientists who are aware
of the problems driving clinical
neurooncology research. Asisthe case for
biomedical science in generdl, there existsa
true crisis caused by the small number of
clinician-investigators now entering
academic medicine. Thisissue has been
discussed el sewhere and will not be
recapitulated here, but its importance should
not be underestimated. High priorities for
brain tumor research are therefore as
follows:

» Enhance training opportunities and
support:
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— Encourage funding for
interdisciplinary and translational
research.

— Recruit new talent and sustain
proven talent in the field of brain
tumor research.

» Createinnovative public and private
programs to stimulate promising young
investigators to choose a career in
clinical or laboratory brain tumor
research through, for example, tuition
loan payback or forgiveness and
fellowships.

* Develop ajoint NCI-NINDS campaign
to encourage students to pursue
interdisciplinary careersin the field of
brain tumor research.

» Develop at NIH amodel for ajoint NCI-
NINDS interdisciplinary training
program in neurooncology at both the
basic science and the clinical level. This
program might include not only training
at NIH for 2-3 years, but also additional
support for the first 3 years of the
individual’s career as an independent
investigator.

CONCLUSION

Although not among the most common of
neoplasms, brain tumors are among the most
devastating. Mental impairment, seizures,
and paralysis afflict the very core of the
person and have a demoralizing effect on
loved ones. Added to these burdensisthe
knowledge that, for most brain tumors,
adequate treatment is not available and the
likelihood for long-term survival is poor. In
children, even if they do survive, the
devastating impact of disease and treatment
often leaves permanent neurol ogical
damage.

Recent advancesin theclinic, aswell asin

neuroscience and cancer biology, make the
present an opportune time for amajor attack
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on brain tumors. Asindicated in this report,
progress has been made in the basic
understanding of many aspects of brain
tumor biology. These advances promise to
provide new targets for therapies and more
rational ways of delivering these novel
therapies. In the clinic, new techniquesin
surgery and radiation therapy are just
beginning to be exploited in the treatment of
brain tumors. Other innovative approaches,
such as gene and immunological therapies,
are still in their infancy but represent
substantial hopes for the future. Preventive
factors identified in recent epidemiological
studies, if replicated and understood at the
biological level, may lead to intervention
strategies.

The priorities outlined in this report provide
aframework to guide progress in the field of
brain tumor research. A concerted,
interdisciplinary, and timely approach to
addressing these priorities will allow the
development of new diagnostic and
therapeutic techniques that may ameliorate
and, it is hoped, eventually cure brain
tumors.
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Cancer Biology and Etiology

Co-chairs; Francis Ali-Osman, D.&c., and Tom Curran, Ph.D.

Participants:
Michael Berens Peter T. C. Ho Sandra Rempel
Mitchel Berger Susan Hockfield James Rutka
Webster Cavenee Mark A. Israel Richard Vallee
Rolando Del Maestro C. David James Jeannine Walston
Ronald A. DePinho William G. Kadlin Albert Wong
Richard A. Fishel Robert L. Martuza Roy S. Wu
Henry Friedman Christina A. Meyers W. K. Alfred Yung
Candece Gladson Jasti Rao
STATEMENT OF THE PROBLEM *  Arethe genetic changes and pathways

. Brain tumors are highly heterogeneous,
both phenotypically and genotypically.
. Significant gaps exist in our knowledge
and understanding of the genes, genetic .
changes, and pathways involved in the
genesis, progression, and biological
and clinical behavior of brain tumors.

. Thereis currently an inadequate .
understanding of brain tumor biology,
particularly asit relates to the complex .

environment of the brain.
*  Theachievement of significant
advancesin diagnosis, prognosis,
therapy, and prevention of brain tumors .
will require unraveling and
understanding the cellular and
molecular biology of brain tumors and
their interactions with normal brain.

CHALLENGESAND QUESTIONS

What are the genetic changes and
pathways of oncogenesis and
progression that account for the .
heterogeneity of brain tumors, and how
can these be studied?
*  Which genes, genetic changes, and
pathways are important to the
initiation, maintenance, and
progression of brain tumors?

Cancer Biology and Etiology

that are required for initiation the same
as those required for maintenance of
the neoplastic phenotype and its
biological behavior?

What model systems and approaches
are required to advance our study of
these multigenetic changes and
pathways?

What are the interactions between the
brain tumor and the normal brain?
How do tumor-brain interactions
contribute to oncogenesis and
metastasis in the central nervous
system?

“Seed-soil” interactions. How does the
spatia-anatomical site of the tumor
against its specific genetic background
determine the gene expression patterns
and contribute to tumor heterogeneity,
biological and clinical behavior, and
therapeutic outcome?

Are there genetic changes and
pathways that are common to different
brain tumor subtypes?

What pathways, such as signaling,
apoptosis, cell cycle, and migration, are
involved in the response of brain
tumors to intra- and extracellular
stimuli such as growth factors or redox
changes?
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*  What are the stem cells and progenitor
cells of the different brain tumor
subtypes?

What model systems and approaches
are required to advance the study of
brain tumor biology and of the
interactions between tumor cells and
normal brain?

. If the genetic changes or lesions that
initiate cancer are different from those
required for progression and
maintenance, could these be targeted in
order to develop novel therapies?

BARRIERS

. Interdisciplinary barriers:
— Thereis poor communication and
collaboration between researchersin
neurobiology and thosein
neurooncology, athough expertise and
advancesin each field are essentia to
advancing understanding of brain
tumor biology.
— Current infrastructure and systems
do not encourage or facilitate
interdisciplinary interaction.
— In the current grant review process,
interdisciplinary grants that would
encourage collaboration are often not
reviewed favorably because of the
existing review criteria

. Tissue resource barriers. Existing
tumor banks often do not have
appropriate, relevant information, such
as information on diagnosis, biological
characteristics, natural history, and
therapeutic outcome. The banks also
often do not collect normal tissue or
blood.

. Models: Thereisalack of appropriate
in vitro and in vivo models and
systems with which to study the
complex biology of brain tumors.
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*  Technological barriers: Thereisan
inadequate application to brain tumor
biology research of the latest
technological advances, such as those
in genomics and proteomics, structural
biology, chemical biology, and high-
throughput screening strategies.

RESEARCH AND SCIENTIFIC
PRIORITIES

Priority 1:

Under stand the complex biology of brain
tumorsand their interaction with the
normal brain asit relatesto oncogenesis,
progression, and heter ogeneity.

. Define the multigenetic changes and
pathways involved in oncogenesis,
progression, and maintenance of brain
tumors, with particular attention to
their heterogeneity.

. Identify the genes and pathways that
are differentialy involved in tumor
initiation and maintenance.

. Characterize the interactions of the
tumor cell with normal brain
components as determinants of
heterogeneity, gene expression,
biological and clinical behavior, and
therapeutic response within the context
of the specific anatomical sites of the
brain in which the tumor is located.

. Define and characterize the cells of
origin of different brain tumor
subtypes.

Priority 2:
Develop appropriate model systemsfor
studying brain tumor biology that will

allow for thefollowing:

. Mimic the biological complexity of the
brain, including brain matrix
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. Facilitate comparative genetic studies
in human brain tumors and animal
brain tumor models

. Provide an interface between tumor
cell and stem cell biology

*  Study interactions and pathways
between brain tumor cells and cellular
components of normal brain

*  Study molecular, cellular, and spatial
heterogeneity in brain tumors

. Study the functional outcome of
specific genetic lesions

. Evaluate novel therapies that target .
specific genes, gene products, and
pathways

Priority 3:

Develop high-throughput approachesto
understand gene function and to identify
the targets and pathwaysthat arecritical
to brain tumor biology and ther apy. .

RESOURCES NEEDED
Priority 1

*  Addressthe complex biology of brain
tumors requires innovative tumor
banking and characterization facilities
with relevant and appropriate
databases. These facilities will enable
the following:

— Collect and bank tissue, blood,

— Have mechanismsin place to
ensure access by researchersto the
material and datain the bank.

— Includelocd (institutional) or
regional centers and encourage
communication and collaboration
among centers.

— Receive ongoing funding,
specifically for longer than 5-year
periods, because of the long-term
nature of tissue banking

Establish a centralized molecular
profiling (cDNA and tissue array)
resource with a strong bioinformatics
component to profile gene expression
patterns and genetic abnormalitiesin
different brain tumor types. Such a
facility could be located at NCI or
NINDS or could be extramural.

Develop the infrastructure and
mechanisms to open up
communication and collaboration
among researchers in neuroscience,
neurobiology, neurooncology, and
cancer biology. Such an infrastructure
would include:

— Workshops and specialized
meetings among these scientists

— New funding mechanisms and
grant review criteria appropriate for
interdisciplinary research

cerebrospinal fluid, and (when Priority 2:

available) normal brain from patients

with al varieties of brain tumors. Targeted funding is needed for the
— Maintain a comprehensive database development of model systems.

of relevant clinical and demographic,

pathological, biological, imaging, and Priority 3:

therapeutic information on tumors.

— Involve the multidisciplinary Resources are needed to develop the
participation of surgeons, pathologists, following:

scientists, and other professionals,

including neurooncol ogists, for tissue . Chemical and combinatoria libraries
processing. and high-throughput assays to

Cancer Biology and Etiology
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investigate molecular targets and
pathways

Structural and computational biology
resources

Functional genomics and proteomics
Studies of ligand (drug)-protein
interactions

Targeted funding for high-throughput
technologies
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Therapeutic Targeting, Blood-Brain Barrier, Gene Therapy,

and Vascular Biology

Co-chairs: William M. Pardridge, M.D., and Edward H. Oldfield, M.D.

Participants:

Keith Black

Peter M. Black

Ronald G. Blasberg

E. Antonio Chiocca

Pam Del Maestro

Lester Drewes

Ramon Gilberto Gonzalez

Frederick F. Lang, Jr.
John Mazziotta
Sherie Morrison
Edward A. Neuwelt
Sam D. Rabkin
Bruce Rosen

Richard Youle

STATEMENT OF THE PROBLEM

An important problem in the treatment of
human brain tumors is posed by the need to
deliver therapeutic agents to specific regions
of the brain, distributing them within and
targeting them to brain tumors. The
molecules that might otherwise be effective
in diagnosis and therapy either do not cross
the blood-brain barrier (BBB) in the brain
adjacent to the tumor or do not cross the
blood-tumor barrier (BTB) in adequate
amounts. Improving our knowledge of the
basic molecular and cellular biology of the
brain microvasculature, which constitutes
the BBB and BTB in vivo, could lead to
innovative new strategies for drug targeting
to human brain tumors.

The magnitude of this challenge stems from
the lack of emphasis on BBB research in
both academic neuroscience and the
pharmaceutical industry. Knowledge of the
basic functions of the BBB and research on
cerebrovascular biology lag behind those of
neuronal or glial biology. An improved
understanding of the brain vasculature and
the BBB will play acrucial rolein the
development of new therapeutic and
diagnostic approaches for the treatment of
human brain tumors. In addition, thereisa
need for novel delivery strategies that are

Therapeutic Targeting

unique to the brain and that bypass the vascul ature.

At onetime, the BBB was not been
considered to present a problem in the
diagnosis and treatment of brain tumors
because early scans of human brain tumors
suggested that the BTB was “leaky.” This
leakinessis relative, however: as the size of
the molecul e increases, the rate of
movement across the barrier decreases.
Accordingly, antibodies that could be used
as either diagnostic or therapeutic molecules
do not cross the BTB in sufficient quantities
to be effective. Anti-sense oligonucleotides,
which could be used either to inhibit
oncogenic signals or as anti-sense
radiopharmaceuticals to image gene
expression of the brain in vivo, also do not
cross the BTB in sufficient amounts for
activity. Gene therapies, whether of viral or
nonviral formulations, are often too large to
crossthe BTB.

These problems are substantially greater for
the BBB in the brain adjacent to the tumor,
because even small molecules do not readily
cross the BBB, which is the site of invasion
of glioma cellsinto normal brain.
Furthermore, the expression of drug-active
efflux transporters, which are expressed at
the BBB and the BTB, actively efflux
chemotherapeutics from the brain back to
the blood and may thereby prevent
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significant distribution of chemotherapeutic
agentsin the brain. It is partly for these
reasons that most of the classical
chemotherapeutic molecules that have been
used to treat cancer outside the central
nervous system (CNS) are ineffective in the
treatment of brain tumors.

CHALLENGESAND QUESTIONS

Chief among the challenges to be addressed
in brain tumor research is limited knowledge
about the basic biology of brain endothelial
cells, about the cells of origin and the
developmental changesin gene and protein
expression in brain and endothelial cells,
and about the proliferative potential,
turnover rate, and regional differences of
brain endothelial cells. Thereisaso limited
knowledge of the cell interactions among
brain endothelial cells, tumor cells, and cells
of hematopoietic origin. The role of
angiogenesis in tumor development and anti-
angiogenesis research are important avenues
for future studies of brain tumor therapy.

Mechanisms for drug targeting in the brain
involve going either “through” or “behind”
the BBB. Modalities for drug delivery
through the BBB entail disruption of the
BBB, either by osmotic means or
biochemically by the use of vasoactive
substances such as bradykinin. The potential
for using BBB opening to target specific
agents to brain tumors has just begun to be
explored. Other strategies to go through the
BBB may entail the use of endogenous
transport systems, including carrier-
mediated transporters such as glucose and
amino acid carriers; receptor-mediated
transcytosis for insulin or transferrin; and
active efflux transporters such as p-
glycoprotein. Strategies for drug delivery
behind the BBB include intracerebral
implantation and convection-enhanced
distribution. There is a need to determine
which strategies are most effective and how
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they can be improved for patients with brain
tumors.

Cerebral edemais a serious complication in
many patients with brain tumors. The
molecular and gene-related mechanisms
underlying the formation of cerebral edema
need to be identified. Also needed are more
guantitative methods to measure flux or
transfer rate constants as indicators of
vascular permeability in patients and
experimental animals. We also need to
improve our understanding of how to
reverse edema and to better understand the
mechanisms underlying the effects of current
therapies.

Current in vitro models of the BBB are
inadequate. Although brain endothelial cells
co-cultured with astrocytes have been used
to study the BBB, better in vitro models that
retain the phenotype of brain endothelial
cellswill be valuable, aswould an in vitro
model of the BTB. Basic research on brain
tumors would be facilitated by the
development of appropriate models that
simulate the human condition in situ.

RESEARCH AND SCIENTIFIC
PRIORITIES

Priority 1:

Develop strategiesfor delivering both
small and large moleculesto the CNS.

The transport of small molecules might be
enhanced by designing drugs that have
affinity for one of the carrier-mediated
transporters within the BBB. Alternatively,
drugs that inhibit the active efflux
transporters may be useful as*co-drugs’ to
mediate the uptake of chemotherapeutic
agents that are normally effluxed from brain
to blood. Tumor-specific agents could be
used with BBB disruption. Similar
approaches might be used to develop new
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diagnostics for human brain tumor imaging.
Peptide or antisense radiopharmaceuticals
could be developed as molecular “Trojan
horses’ that bind to endogenous receptor-
mediated transportersin the BBB and are
transferred across the BBB by this
mechanism.

An important mission for the future, not
only for brain tumors but for the field of
neuroscience in general, isthe ability to
“image any gene in any person.” This might
be done with antisense radiopharmaceuticals
that are made transportable through the
BBB. Thisisa“barrier” problem, because to
be successful, an antisense molecul e targeted
at an mMRNA molecule within the tumor cell
must be transported across not only the BTB
but also the tumor cell and organelle
membrane “ barriers.”

Priority 2:

I dentify the genes and proteins expressed
by the BBB and the BTB.

BBB genomics should be considered a high
priority. Because only very abundant BBB-
specific transcripts will be detected with
whole-brain gene microarrays, BBB
genomics research needs to start with the
initial isolation of brain capillaries from
animal or human brain, both normal and
tumor derived. Comparison of capillaries
from normal brain and brain tumor can help
to elucidate the tissue-specific gene
expression at the BTB and distinguish it
from the tissue-specific gene expression at
the BBB and normal brain. The elucidation
of the pattern-specific tissue expression at
the BBB or the BTB would provide the
platform for further investigations on overall
brain capillary biology and brain vasculature
biology as they pertain to conditions such as
angiogenesis, cell adhesion, antigen
presentation, metastasis, and local
inflammation.

Therapeutic Targeting

Priority 3:

Develop nove viral and non-viral
strategiesfor brain tumor genetherapy.

Vira strategiesinclude the use of
adenovirus, herpes simplex virus, adeno-
associated virus, and other virus vectors. To
date, investigators conducting trialsin
humans have used virus gene formulations
administered invasively, through
intracerebral implantation. Work in
experimental animals, however, has
demonstrated that both intra-arterial and
intravenous delivery can be efficacious and
safe. Some of the new conditionally
replicating virus vectors have the added
advantage of virus amplification within the
tumor after passage through the BBB, thus
increasing the treatment volume.

The developmentsin Priorities 1 and 2
should be applied to improve the delivery of
virus and non-virus vectors to tumors and to
target the BTB. Current problemsinclude
the lack of information on the role of the
immune system in limiting virus replication,
enhancing tumor rejection, and potentially
causing brain inflammation. Limitations also
exist in the methodol ogies available for
targeting specific tumor cellsin order to
minimize potential toxicity to normal brain
and vasculature. Studies have demonstrated
the synergistic effects of virus vectors with
other modes of therapy, such as
radiotherapy, chemotherapy, and
immunotherapy, but to date these
approaches have not been applied in
humans.
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RESOURCES NEEDED
Priority 1

The development of novel drug targeting
systemsin the brain that enhance brain
tumor uptake of either small- or large-
molecule diagnostics or therapeutic
molecules requires the following:

. Inclusion of lipid-soluble drugs that
penetrate the BBB and of brain tumors
inindustrial and government antitumor
drug development programs.

. Novel forms of BTB disruption

. Drugs that access BBB carrier-
mediated transport systems

. Drugs that inhibit BBB active efflux
transporters such as p-glycoprotein

. New vectors (ligands) that are
transported across the BBB by
receptor-mediated transcytosi s systems,
which can act as “molecular Trojan
horses’ for transporting drugs across
the BBB and BTB

Priority 2

Isolated brain capillaries from either animal
or human brain and human brain tumor
should be used as the starting point for
preparing BBB-specific gene arrays and
cDNA libraries from BBB and BTB. BBB
gene-specific proteomic programs can also
be developed in parallel. The focus on these
genomics or proteomic programs should be
molecular-based strategies for investigation
of the following:

. Tissue-specific gene expression of the
BBB of normal brain

. Differencesin capillaries perfusing
normal brain BBB and tumor
capillaries (BTB)

. New endogenous BBB or BTB
transporters for targeted drug delivery
to brain tumors
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. Novel mechanisms of tumor
angiogenesis, invasion, cell adhesion,
metastasis, and antigen presentation

Priority 3

Development of vectors and strategies
for gene/viral delivery to brain tumors,
taking into account the unique character of
brain vasculature, extracellular space, and
cell diversity, will require the following:

. Novel adenovirus, herpes ssimplex
virus, adeno-associated virus, or other
virus vectors that specifically target
tumor cellsin the brain and do not
cause brain toxicity

. Virus or non-virus vectors that target
brain tumors upon intraarterial or
intravenous administration. Such
strategies may utilize the ability of
some virus vectors to cross the brain
vasculature and specifically multiply
within the tumor or may follow the
development of novel BBB/BTB drug
targeting systems.

. Vectors or molecules that specifically
target the tumor vascul ature without
harm to the normal brain vasculature

. Strategies that utilize the above vectors
in combination with radiotherapy,
chemotherapy, or immunotherapy

The NCI and the NINDS are urged to adopt
all three of these priorities, asthey are
interconnected. Gene and viral therapy, use
of recombinant proteins, monoclonal
antibodies, or antisense therapy may be
successful in patients with the adaptation of
novel BTB drug targeting systems applied to
brain tumors. However, the discovery of
novel BBB drug targeting systems will be
accelerated by the classification of the
tissue-specific gene expression at the BBB
through a BBB genomics program. Further,
the use of any biological agent for brain
tumor therapy could have immunological
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problems that are different from those of
similar therapies administered for non-CNS
disease. Studies of thisimmunological
response need to be supported in order to
take these agents safely into clinical trial.
Also needed are future training programs
focusing on brain vascular biology in order
to produce a generation of scientists who can
integrate our knowledge of neuroscience and
cerebrovascular biology.

Therapeutic Targeting
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Detection and Diagnosis

Co-Chairs: J. Gregory Cairncross, M.D., and Donna Neuberg, Sc.D.

Participants:
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STATEMENT OF THE PROBLEM

Brain tumors are a heterogeneous group of
central nervous system neoplasms that arise
within or adjacent to the brain. Some are
curable by surgical resection, but many
cannot be eradicated by current treatments,
and, when they are, disabling neurological
injury often ensues. Moreover, the location
of the tumor within the brain has a profound
effect on the patient’ s symptoms, surgical
therapeutic options, and the likelihood of
obtaining a definitive diagnosis. The
location of the tumor in the brain also
markedly alters the risk of neurological
toxicities that alter the patient’s quality of
life.

At present, brain tumors are detected by
imaging only after the onset of neurological
symptoms. No early detection strategies are
in use, even in individuals known to be at
risk for specific types of brain tumors by
virtue of their genetic makeup. Current
histopathological classification systems,
which are based on the tumor’ s presumed
cell of origin, have been in place for nearly a
century and were updated by the World
Health Organization in 1999. Although
satisfactory in many respects, they do not
allow accurate prediction of tumor behavior
in theindividual patient, nor do they guide
therapeutic decision-making as precisely as
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patients and physicians would hope and
need. Current imaging techniques provide
meticulous anatomical delineation and are
the principa tools for establishing that
neurological symptoms are the consequence
of abrain tumor.

CHALLENGES
Detection

Early detection has not been an area of
interest or focus in neurooncology. Because
early treatment for many types of brain
tumors does not improve quality or prolong
length of life, early detection strategies have
not been a priority and their use may not be
ethical. In this respect, brain tumors are
different from cancers of the breast, prostate,
and colorectum, for which screening
strategies are now broadly used in healthy
popul ations. Moreover, because the causes
of brain tumors are not known, it is not yet
possible to identify special populations that
are at increased risk due to environmental or
occupational exposure.

Imaging, the obvious screening strategy for
brain tumors, is extraordinarily costly,
especially given the relative rarity of brain
tumors in comparison with breast or prostate
cancer. Genetic testing, a second option, is
desirable as a screening tool becauseit is
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based on a simple blood test, but this
modality is not yet areality for sporadically
occurring brain tumors, which by far
constitute the mgjority of brain tumors.
Hence, the question arises as to whether
thereisarolefor early detection strategiesin
neurooncol ogy.

Detection can aso be defined to include
prompt diagnosis in symptomatic patients,
early recognition of tumor recurrencein
previously diagnosed or treated patients, and
the ability to distinguish between recurrence
and radionecrosis. In pediatric populations,
early symptoms of brain tumor can be
misdiagnosed as migraine, school phobia,
anorexia, or other common pediatric
problems. In very young children, the
symptoms of brain tumor may be dismissed
as minor developmental delays. Anintense
educational effort is required to ensure that
children as well as adults receive prompt and
thorough neurological assessment for
lingering symptoms. Imaging methods need
to be able to identify early recurrence and to
distinguish recurrent disease from other
pathologies.

Diagnosis and Prognosis

The current histopathological approach to
the diagnosis and classification of brain
tumors is satisfactory in many respects. In
virtually all instances, brain tumors can be
accurately placed into broad diagnostic
categories, such as gliomas, meningiomas,
or metastases. Within these categories,
however, some tumors are not further
classifiable; concordance in histological
diagnoses between pathologistsis
sometimes poor; and tissue samples, when
small, render confident classification
difficult. Increasingly, tissue samples are
small because stereotactic biopsy procedures
are the preferred means to establish a
diagnosis of brain tumor. In addition, when
the tumor is located deep within the brain or
adjacent to eloquent cortex, only stereotactic

Detection and Diagnosis

biopsies are feasible. Occasionally abrain
tumor is treated in the absence of a
histopathological diagnosis because its
location precludes safe sampling.

Another limitation of the current
histopathological basis of brain tumor
classification is the inability to accurately
predict tumor behavior or response to
therapy . Tumors that look similar may
behave quite differently, and conversely,
tumors that look quite different may behave
identically. Currently, when
histopathological diagnosis is augmented by
clinical and radiographic features such as
patient age and tumor enhancement,
prognostication for survival in individual
patients improves but remains inexact.
Predicting response to treatment by
histologic, clinical, and radiographic features
therefore remains elusive.

Given the rapid advances in gene expression
profiling, the achievements in sequencing
the human genome, and the continuing
revolution in brain imaging, the question
arises. What is the potential for molecular
characterization and advanced imaging,
alone or in combination, to augment or
replace current histopathological diagnosis
and tumor classification in neurooncol ogy?
More important, what is the potential of
these approaches to predict tumor behavior
and sengitivity to treatment? These
possibilities are especially exciting because
there are already suggestions that specific
genetic alterationsin glial tumors may
predict survival outcomes after specific
therapies.

A further exciting opportunity afforded by
advances in molecular medicine and
imaging might be the ability to predict
response to existing and novel therapies, and
to do so soon after administering the
intervention. The ability to streamline the
assessment of therapeutic maneuvers would
permit ineffective therapies to be discarded
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quickly. Thiswould be especially welcome
to patients, who perceive that the evaluation
process is slow, inefficient, and imprecise.
Having an earlier endpoint by which to
declare a therapy ineffective would address
these important concerns. Moreover, early
identification of effective therapies quickly
resets the clinical research agendato include
quality of life aswell as efficacy.

RESEARCH AND SCIENTIFIC
PRIORITIES

The successful achievement of the following
priorities will require advancesin brain
tumor imaging and genetics and will have
important implications for brain tumor
treatment. epidemiology, and outcomes.

Priority 1:

Develop a molecular - and imaging-based
classification for brain tumorsthat is
capable of predicting tumor behavior and
guiding treatment decisions more

accur ately and objectively than are
current histopathological methods.

Corollary: Investigate whether imaging
methods can be devel oped to capture the
tumor’s molecular signature. Thisis
important because the amount of tumor
tissue available at diagnosis may be limited,
and tissue is not available for serial sampling
after therapy.

Priority 2:

Refine the ability to detect responseto
novel treatments so that ineffective
therapies can be discarded quickly while
active compounds ar e evaluated fully in
clinical trialsthat assess quality aswell as
length of life. Non-anatomical magnetic
resonance signals, rather than changein
tumor size, may have the potential to
accur ately detect early response.
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Corollary: Refine the ability to predict
response to existing treatments so that
patients receive active agents prescribed
optimally, and do not receive toxic
ineffective therapies. Molecular markers or
imaging signals may have the potential to
accurately predict response.

Priority 3:

I dentify serum markers of individual
brain tumor typesin preparation for
screening programsin at-risk individuals
or in populations. Screening, using serum
markers, will beimportant and ethical
only when it isclear that early treatment
unequivocally improves patient outcomes.

RESOURCES NEEDED

Tissue banks linked to clinical databases are
needed for both pediatric and adult brain
tumors of all types. Tissue banks should
include both paraffin-embedded and frozen
tumor, serum, normal DNA from peripheral
blood or buccal mucosa, and, in certain
instances, cerebrospinal fluid. For frozen
tissue, guidelines for quality assurance and
tissue preparation need to be developed. The
clinical database should contain information
about patient characteristics, family history
of brain tumor or unusual cancer
susceptibility, imaging features (including
tumor location), therapy administered,
response to therapy, and survival.

A decentralized banking model is
envisioned. Public and professional
educational efforts will be required to ensure
that both common and rare brain tumors are
submitted to the banks. Large numbers of
samples will be important to sustain a
concerted research effort that can address the
heterogeneity of these diseases and the many
scientific questions that will arise. When
available, seria samples should be banked
on an individual basis. An oversight
structure will be needed to control accessto
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this precious resource, and patient consent
issues will need to be carefully considered.

Detection and Diagnosis
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EPIDEMIOLOGY
Statement of the Problem

Gaps in the fundamental understanding of
brain tumors, from basic biological
interactions to epidemiology, hinder
systematic approaches to prevention.
Although research exploiting new molecular
and genetic technologies is attracting
scientists and funds, epidemiol ogical
information about primary brain tumors
remains scarce. The absence of high-quality
epidemiologica studiesis an impediment to
understanding who and how brain tumors
arise in both children and adults.

Challengesand Barriers

The histopathological variability in brain
tumors and the relatively small numbers of
persons affected complicate the design of
research protocols and historically have
limited the statistical power of studies.
Existing tumor registries and surveillance
systems (including the Surveillance,
Epidemiology, and End Results [SEER]
Program and the North American
Association of Central Cancer Registries
[NAACCR]) are not linked or structured to
allow rapid case ascertainment or case
sampl e sizes adequate for meaningful
epidemiological research of al brain tumor
types. Although promising epidemiol ogical
clues have been uncovered in recent years,
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few are being pursued through funded
studies.

Many previous epidemiological studieson
primary brain tumors have significant
methodological flaws. Methodological
issues themsel ves warrant investigation to
advance the field. Questions that need to be
addressed include how to assess recall bias
among study subjects who may have
cognitive impairment; what types of
exposures for which interview data and the
potential for recall bias may be strong
enough to result in spurious associ ations;
how the interval between exposure and
interview may affect recall bias; and whether
there are feasible sources of control groups
in the United States other than the current
approach of random-digit dialing and
interviews with hospital patients.

Most registries collect data only on
malignant tumors, as defined by the
International Classification of Diseases, 9th
Edition (ICD-9). That registries are limited
to malignant tumors artificially constrains
epidemiological understanding of brain
tumors. For example, the just-revised
classification system used by all cancer
registries now codes juvenile pilocytic
astrocytomas as benign, and therefore
registries—including SEER—are likely to
stop collecting data on these tumors. Brain
tumor specialistsinclude and treat all
neoplasia of the central nervous system as
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cancer, and the rationae for including all
brain tumors in population-based
surveillance systems has been well
documented.

Better surveillance tools are critical to
facilitate epidemiological research. Two
avenues of epidemiological investigation are
especialy compelling. In pediatrics,
mechanisms are in development for a
surveillance system that routinely collects
biological samples of blood and tumor. A
similar system is needed for adult tumors.

Research and Scientific Priorities
Priority 1:

Enhance and expand the existing
infrastructurefor a surveillance database
that does the following:

* Includesall primary brain tumors
(malignant and nonmalignant, central
nervous system and extraaxial

. Is designed with enough flexibility to
accommodate new histologica and
molecular classifications of tumors

. Givesindividual investigators access to
rapid case ascertainment for studies
that require questionnaires, tissue
samples, pathological review, and
pooling of resultsto increase sample
size.

SEER and state registries capture 50% or
more of neuroepithelial tumors, and
extraaxia tumors can be captured only
through a central brain tumor registry.
Approximately 52% of “quality” registries
cover the U.S. population. If definitions
were changed by consensus, data from
diverse sources could be integrated into the
database of the National Cancer Institute and
other databases.

Epidemiology, Prevention, and Outcomes

Priority 2:

Target funding to support basic science
and population-based human studiesto
evaluate leads on animal

neur ocar cinogens, such as exposureto
nitrosamines, viral agents, and
polymorphisms. For known animal

car cinogens, molecular exposure
measur es ar e needed to allow direct
exposure measur es for human studies.

Priority 3:

I nvestigate the epidemiology of

neur otoxicity and other toxic effects of
treatment, such as what makes some
patients susceptible and what exertsa
protective effect.

Resour ces Needed

. Database of household car cinogens.
A database listing the major household
sources of known carcinogens (e.g.,
dry-cleaned clothing, oven cleaner,
specific types of paints, weed killer),
including neurotoxins and
neurocarcinogens, would be valuable
for both brain tumor and cancer
epidemiology in general.

*  Training. Training in epidemiological
methods is needed for researchers
involved in etiological and outcome
studies, including neurooncology and
neurosurgery residents.

PREVENTION
Statement of the Problem

Although the literature and the current
National Institutes of Health (NIH) research
portfolio hold almost no information
relevant to the prevention of primary brain
tumors, factors that may reduce the risk of
primary brain tumors are gradually being
identified. Specifically, studies of pediatric
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cancers suggest that maternal diets high in
fruit and vegetable intake or maternal use of
vitamin supplementation, particularly
folates, during pregnancy may reduce tumor
development. Other studies suggest a
protective role for allergic conditions and
selected infectious diseases in adult tumors.
If these isolated results can be replicated and
clarified and the underlying biological
mechanisms understood, intervention and
prevention strategies may become feasible.

Challenges

At thisjuncture, not enough is known about
the basic epidemiology of primary brain
tumors to guide research initiatives. For this
reason, the most pressing challenge isto
acquire data that will drive scientific
inquiriesin prevention.

Research and Scientific Priorities
Priority 1:

Because of the paucity of data and ideas
about prevention, arequest for proposals
should beissued to stimulate new
resear ch approaches.

Priority 2:

For a subset of brain tumors, some
information is available to suggest fruitful
resear ch directions. For example, it may
be feasible to explorethe prevention of
certain familial cancers, such as
neurofibromatosis or von Hippel—Lindau
syndrome. I n addition, data from patients
treated in pediatric cancer cooper ative
groups may yield insights about
prevention for patientsat risk of second
primary tumorsresulting from previous
cancer treatment.
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OUTCOMES

Statement of the Problem

The endpoints of survival and disease-free
survival, which traditionally have been used
to assess outcome in patients with cancer,
fall painfully short as measures of successin
treating brain tumors. From the perspective
of patients and families, “outcome” isa
multidimensional, daily redlity, and quality
of life can be at |least asimportant as
survival. So, too, assessment of quality of
lifeisincreasingly used to evaluate the risks
and benefits of new treatments.

Researchers who are not directly involved in
patient care may lose sight of the importance
of the functional impact of brain tumors and
their treatment on survivors and the families
who care for them. Because the current
treatment armamentarium has little to offer
many patients with brain tumors, saving a
life can be a considerabl e achievement.
Saving alife without considering future
constraints on how life can be lived,
however, may offer an unacceptable
outcome. Parents want to normalize life for
an affected child, and adult patients want to
weigh the functional risks they face with
each treatment option.

To alow patients and parents to make more
informed treatment decisions, clinicians
need more information on the expected
functional outcomes of disease and
treatment. Such assessment data can also
contribute to the drug approval process,
when the survival benefits of two treatments
are not substantially different. Finaly,
greater understanding of the impact of
treatment can lead to interventions that will
allow parents and adult patientsto
rehabilitate damaged functioning and
normalize their lives.

Posttreatment follow-up of brain tumor
patients and survivors does not routinely
include functional assessment, nor is patient
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functioning routinely evaluated in clinical
trials. Thislack places a serious limitation
on the ability to weigh the risks and benefits
of new therapies and to develop strategiesto
improve functional outcomes. In this
context, “function” includes neurocognitive
status, symptoms, ability to perform
activities of daily life, and psychosocial
status. Another important but neglected
aspect of assessment and intervention isthe
impact of brain tumor diagnosis and
treatment on families. Because families are
the primary caretakers of patients with brain
tumors, families' functioning can have a
profound and direct impact on patients
functioning and quality of life.

Challengesand Barriers

A magjor barrier to the conduct of functional
assessments is a negative attitude among
clinicians. Some feel that it should be
sufficient for atreatment to avert a patient’s
death. Some clinicians interpret as
presumptuous patients’ wishes to have
maximum levels of functioning and minimal
damage to the central nervous system and
loss of function. Further, clinicians may feel
defensive when faced with a patient’s
serious or unexpected functional deficits.
Finally, clinicians may be unfamiliar with
the assessment process and may
inappropriately feel that assessment istoo
costly and burdensome for patients.

To incorporate functional assessments into
the design of clinical trias, two things are
needed:

1. Criteriato determine which trials may
be suitable (functional assessments are
not an appropriate component of all
clinical trials)

2. Identification of the appropriate time
points during aclinical trial for
administration of the assessments.

Epidemiology, Prevention, and Outcomes

Research and Scientific Priorities

The goasin the area of outcomes areto be
able to predict the impact of the tumor and
treatment on a patient’ s functional status and
to achieve the best possible outcome.
Routine functional assessments and
interventions are necessary to improve
patients’ functioning and quality of life and
should become the standard of care for
patients with primary brain tumors.

Priority 1:

I dentify the pathogenesis of theinjury
related to thetumor (e.g., rapid versus
slow growth, site of the tumor), treatment,
and comor bid processes (for example,
those involving the neur oendocrine and
vascular systems and cytokines). Todo
this, thefollowing are necessary:

. Correlate patient demographic
characteristics, imaging, and
cognitive/quality of life assessments.

. Develop anima models in tandem with
human studies.

. Identify markers for patients at risk of
developing toxic effects (e.g., the
apolipoprotein E genotype).

. Develop and assess drugs that might
offer neuroprotection during primary
cancer therapy.

Priority 2:

Design and evaluate innovative
interventionsto ameliorate undesirable
symptoms and functional deficits. Studies
should include the following:

. Empirical investigations of what
works—pharmacologic, behavioral,
cognitive, or acombination of these
approaches

. M echanism-based interventions
focused on cytokine antagonists,
neurotransmitter agonists, and
neuroprotective agents
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Priority 3:

Alter primary therapy to reducetoxic
effects while maintaining efficacy, such as
conformal radiotherapy, local therapy,
and reduced doses of radiother apy.

To satisfy third-party payers, in anticipation
of eventual coverage of the cost of such
interventions, cost-effectiveness should be
built into the research design prospectively.
The efficacy of these interventions should be
correlated with imaging measures, including
functional magnetic resonance imaging, and
with physiological correlates, such aslevels
of pro-inflammatory cytokines and
neuroendocrine markers.

Resour ces Needed

Intra-institutional cooperative research
initiatives, both within and outside NIH,
should be fostered to address rehabilitation,
education, and medical issues. Several
working groups or consensus panels should
be convened under NIH auspices to
accomplish the following:

. Standar dize assessment tools. The
tools now used to assess patient
function are not standardized across
studies, sites, or patient populations.
Standardized assessment instruments
will enhance the generalization of
findings; if a core of standard content
exists, institutions can tailor aspectsto
specific studies. Tools need to be valid,
reliable, easy to use, and inexpensive
to administer.

A panel of neuropsychologists,
neurologists and patient advocates
should select well established, user-
friendly instruments from the literature
to form a* practice guideline protocol”
for usein evaluating patientsin clinical
trials. Such a protocol of assessment
instruments can be constructed to
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allow the investigator to select the
tools that will evaluate hypotheses
related to, for example, memory,
attention, language, and spatial deficits.

. Survey successful interventions. A
review of cognitive-behavioral and
psychopharmacological interventions
used in other rehabilitation-related
disciplines, such as special education
and rehabilitative practices related to
traumatic (acquired) brain injury,
dementia and aging, and stroke, should
be undertaken to determine whether
successful strategies might be used
successfully with brain tumor patients.
This review should be comprehensive
and include projects funded and/or
conducted through the National
Institute of Neurological Disorders and
Stroke, the National Institute of Child
Health and Human Devel opment, the
National Institute of Mental Headlth, the
National Institute of Dental and
Craniofacial Research, and other NIH
and Department of Health and Human
Servicesingtitutions, centers, and
working groups. Similarly, areview of
family support interventions devel oped
for traumatized families should be
conducted to cull potentially effective
interventions for families with a
member affected by a brain tumor.

. Develop assessment guidelines.
Guidelines are needed on what and
when to assess in different types of
clinical trials. Currently, questions
about symptoms such as headaches are
asked to determine side effects of
treatment, but patients may also be
asked questions such as how they feel
about the symptoms they report. These
guestions are important for patient care
but vary dramatically from person to
person and may not be informative in
clinical trials. It would also be helpful
for guidelines to be framed with an
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understanding of the World Health
Organization’ s three-tiered level of
analysis (impairment, disability, and
handicap).
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STATEMENT OF THE PROBLEM

Concerted efforts over the past few years
have shown that brain tumors, like other
major human neoplasms, result from the
accumulation of genetic lesions during
tumor progression. Despite the extensive
catalogue of these somatic tumor-associated
lesions, significant gaps exist in our
understanding of how such lesions initiate
the process, how they influence therapeutic .
response, and the nature of their biological
function. Clearly, such information will be
required in order to harness the knowledge
of genetics for improved diagnostic and
therapeutic modalities. Thisis of particular
importance for this group of tumors, given
their unique biological and clinical

characteristics and heterogeneity.

CHALLENGESAND QUESTIONS

. Little is known about brain tumor
predisposition genes in humans. This
situation reflects the scarcity of
specimens, poor record-taking of
family medical histories, insufficient .
clinical and pathological information
on the samples, the lethality and late
onset of many of these diseases, the
inaccessibility of early lesions, and
pedigrees that often do not lend
themselves to mendelian analysis. In
rare instances, autosomal dominant
patterns indicative of “hard” primary

mutations have been reported (e.g.,
Turcot syndrome, neurofibromatosis 1
and 2, and Li-Fraumeni syndrome).
Family patterns are more commonly
consistent with the possibility of
multigenic inheritance (“ soft” but
interacting mutations), modifiers that
alter the penetrance or expressivity of
the genes, or epigenetic gene
inactivation.

A special feature of many malignant
brain tumorsis their innate resistance
to existing chemo- and
radiotherapeutic approaches. Littleis
known about the genetic mechanisms
responsible for this resistance. For
example, the impact of somatic or
germline alelic variation on these
mechanisms remains to be determined.
Limited information exists on how
specific lesions behave in cells of
different lineages thought to represent
precursors of distinct brain tumor
types. Such information could be of
importance in the design of therapeutic
protocols targeting such lesions.
Littleis known of the interactions
between predisposing/somatic
mutations and external or internal
environmental perturbations, such as
hormonal influences, in utero
exposures, and workplace carcinogens.
This issue might be particularly
relevant in explaining tumor
emergence in different age groups
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(pediatric versus adult) and their
distinct clinical behaviors.

The genetic basis of the unique
biological features of brain tumorsis
largely not understood. This appliesto
integral and important features such as
invasion, motility, angiogenesis, and
necrosis, as well as tumor progression
and maintenance.

Existing genetic models and associated
genomic infrastructure (particularly in
mice) are inadequate to properly
address the genetic and phenotypic
aspects of the human diseases. In the
absence of validated, refined models,
rapid testing of candidate cancer genes
and their therapeutic approachesis
severely hampered.

There is an inadequate compendium of
gene expression profiles for precursor
cells and their lineages and tumor
derivatives. Little information exists on
the nature of the physical and
functional interactions of the gene
products that are known to play arole
in the development of brain neoplasia
with other cellular components.
Moreover, genome-wide genotypes
have not been collected and so have
not been tested for their correlation
with tumor type or behavior.

There exists a strong need for the
development of genetic screens that
will permit tumorigenesis. These
screens need to be conducted on both
the organism and cell levels. The latter
will be depend on the devel opment of
in vitro systems that accurately reflect
the in vivo process under investigation.
There is no comprehensive tumor
registry, tumor bank, and familial
tissue bank. It is especially important
that these be comprehensive and
organized on a national level, given the
rarity and heterogeneity of the most
informative tumors and familial
situations.

Cancer Genetics and Epidemiology

RESEARCH AND SCIENTIFIC
PRIORITIES

Priority 1:

| solate genes causing predisposition to
human brain tumors.

It isimportant to search for predisposition
genes in families with brain tumors as the
primary identifier of genes relevant to brain
tumors. Families whose members are prone
to avariety of other tumors may represent
additional opportunities to isolate genes that
are also relevant to brain tumor
pathogenesis. Elucidation of the interaction
of such genes with environmental agents
may also play asignificant rolein
understanding the etiology of brain tumors.

Priority 2:

| dentify the genes and genetic variations
that underlie tumor resistanceto
chemotherapy and radiation therapy, as
well astheallelic variationsthat influence
responsesto therapy in individual
patients.

Priority 3:

Under stand genotypic influences on
phenotypic behavior, tumor type, age at
onset, anatomical position, cell of origin,
and cellular biology.

Priority 4:

Establish and refine genetically based
model systemsthat can faithfully
recapitulate the complexity,

heter ogeneity, and diversity of human
brain tumors.
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RESOURCES NEEDED

Thereisastrong need for organized
and coordinated brain tumor registries,
including family histories and
extensive clinical and pathological
information. These registries should be
coupled with tumor samples that are
equally well characterized and with
somatic noncancerous tissues from
affected individuals and their family
members. It would be particularly
useful if such centralized resources
maintained strong technical support to
conduct routine genome-wide studies,
including expression profiling, in situ
hybridization of tissue arrays, and
high-density genotyping and mutation
anaysis. Centralization of these
technical efforts would provide for
efficient and thorough utilization of
these precious samples and enable
investigators to obtain such
information without the need to build
or develop advanced capabilities
themselves.

It would be widely useful to establish a
compendium of gene expression
patterns and genome-wide genotypes
of tumors of many different histologies
to be used for correlative studies with
regard to cell type, developmental
stage, and their response to therapeutic
agents. The Brain Tumor Genome
Anatomy Project BT-GAP and the
Cancer Genome Anatomy Project
(CGAP) are making significant
progress with regard to human tumors,
but the genome infrastructure to
analyze mice lags far behind. Thisisa
serious problem in that it hampers the
rapid isolation of genes based on
interspecies sequence homol ogies.
There is a strong need to support the
design and development of novel and
targeted genetic screens conducted on

both the organism and cell culture
levels. Particularly relevant is the need
to fortify efforts for the development
and refinement of mouse models of
human brain tumors harboring
commonly occurring genetic lesions.
Such cancer-prone models will find
great utility in the identification of
pathways and their interactions, as well
asfor loci that modify the effects of
these pathways. Significant emphasis
should be placed on the devel opment
and design of mouse models that
enable assessment of the role of genes
in both tumor initiation and tumor

mai ntenance.

The interdisciplinary nature of
neurooncology makesit essential to
augment the opportunities for
physicians to recelve training in
molecular oncology and developmental
neurobiology. It is equally essential for
basic scientist trainees to receive
training that is medically relevant to
molecular neurobiology. Similarly,
there exists aneed for programmeatic
funding mechanisms that can form a
bridge between the activities of
established investigators from different
disciplines focused on common themes
in neurooncology. The design of the
peer review of such grants should
consider the specia needs and
circumstances of such interdisciplinary
efforts. Finally, the relative paucity of
understanding of this dread disease
underscores the desirability to develop
rapid funding mechanisms
emphasizing novel and, perhaps,
preliminary ideas (cf. Department of
Defense “concept grants’).
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STATEMENT OF THE PROBLEM

The past 60 years have seen aprogression in
the field of imaging from the early use of
cerebral angiography and

pneumoencephal ography to the devel opment
of early radionuclide techniques and the
advent of X-ray computed tomography (CT)
in the 1970s. The current era has seen the
implementation of magnetic resonance
imaging (MRI) in al its permutations
(structural, functional [fMRI], perfusion,
diffusion, and spectroscopy), single-photon
emission computed tomography (SPECT),
positron emission tomography (PET), and
intraoperative ultrasound. These techniques,
now part of the clinical mainstream, are used
individually or in combination to better
understand the basic mechanisms,
pathophysiology, and clinical features of
brain tumors and their responses to therapy.
They are also used to make therapy safer and
more accurate, ultimately improving the
quality and duration of life for patients.

Functional imaging—the visualization of
physiologic, cellular, or molecular processes
in living tissue—now provides insightsinto
tumor blood flow, glucose or oxygen
metabolism, and many other hemodynamic,
physiologic, and biochemical processes.
Such approaches may provide a means to
identify molecular structures or receptors
that cover the surface of atumor and to help
predict its natural history and response to
certain treatments. Attempts are already

Imaging

being developed to use such strategies to
examine gene expression, a strategy that will
improve detection, staging, treatment
selection, treatment monitoring, and
prognosis. Imaging techniques are also now
being linked to surgical and radiation
therapies. Pre- and intraoperative imaging
methods using CT, MRI, PET, and SPECT,
as well asintraoperative methods such as
radioi sotope probes, optical imaging, and
intraoperative MRI, are al finding aplacein
planning surgical or radiation therapy for
patients and in sampling or targeting tissue
for biopsy. These technologies also have a
rolein avoiding critical brain areas when
destructive lesions or surgical resections are
planned. They may also be important in
evauating the plasticity of normal brain
tissue after such procedures, either during
development in pediatric brain tumorsor in
adults.

The development of cellular- and molecular-
based imaging will provide many new
opportunities to assess brain tumors at a
molecular level in animal and clinical
models, as well as the ability to monitor
gene therapy. Asimaging techniques
continue to evolve, it will be possible to
visualize and quantitate changes as cells
transform from normal to precancerous to
cancerous. It may one day be possible to
evaluate at-risk patients earlier in cancer
pathogenesis, perhaps before a tumor
becomes malignant. It is anticipated that,
with the information obtained from the use
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of such imaging techniques, it will be
possible to visualize the actual molecular
signatures of cancer in vivo. The ability to
detect fundamental changes associated with
atumor cell will thus vastly improve our
ability to detect and stage tumors, select
appropriate treatments, monitor the
effectiveness of atreatment, and determine
prognosis.

For example, patients may be selected for a
particular drug therapy on the basis of
imaging before drug administration. A
drug’s effect on specific protein interactions,
signal transduction, or metabolic pathways
could be measured, thereby providing new
endpoints for monitoring drug response. In
all probability, nomograms of response
could be created for populations receiving
therapies. Clinicians would benefit from
guantitative methods for the identification of
“partial response” and “ compl ete response.”
These would serve as endpoints to replace
survival inclinica trials.

In imaging, as elsewhere in cancer research,
animal models of cancer are making it
possible to perform certain kinds of studies
that are difficult, if not impossible, to
perform in humans because of practical or
ethical considerations. A distinct advantage
of noninvasive imaging in anima models of
cancer isthe ability to perform repetitive,
noninvasive observations of the biologic
processes underlying cancer growth and
development without sacrificing the animal.
The development of small-animal imaging
devices, which can produce serial images of
experimental brain tumorsin small animals
and incorporate al of the functional
strategies just described, should provide a
powerful new tool for experimental studies
of brain tumor behavior and response to
treatments. Further development of targeted
contrast agents, ligands, and imaging probes
also need to be supported because they will
provide better in vivo elucidation of the key
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metabolic pathways and specific cell cycle
functions that become altered in cancer.

It isalso clear that better use can be made of
existing data derived from imaging
techniques. Combining in vivo phenotypic
information about tumor characteristics with
ex vivo analysis at genetic, cellular, and
chemical levels can provide better
correlations among these variables and the
patterns seen in images obtained in vivo.
Four-dimensional (spatial and temporal)
dataanalysis of these characteristics should
provide new insights into the natural history
of tumor growth, patterns of spread, and
responses to therapy. When optimized into
probabilistic data structures that account for
variance, not only in normal brain structure
but also in tumor behavior, these approaches
should provide new and useful tools for
optimizing clinical trials. Image analysis
techniques that integrate information across
modalities, spatial and temporal scales,
subjects, trials, and species will require the
development of new algorithms; an
emphasis on neuroinformatics for the
incorporation of imagesinto clinical tria
databases; and the incorporation of genetic,
demographic, and clinical data sets.

CHALLENGESAND QUESTIONS

The goals of the National Cancer Institute’s
plan for Fiscal Year 2001 with regard to
imaging are quite appropriate to the
challenges associated with imaging brain
tumors. These goals include the following:

. Develop and validate imaging
technologies, probes, and radiocontrast
agents that have the sensitivity to
detect precancerous abnormalities and
very small cancers.

. Develop imaging techniques that
identify the biological properties of
precancerous or cancerous cells that
will predict clinical course and
response to interventions.
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. Develop minimally invasive imaging
technologies that can be used in
interventions and assessment of
treatment outcomes.

. Foster interactions and collaboration
among imaging scientists and basic
biologists, chemists, and physicists to
help advance imaging research.

. Create infrastructure to advance
research in developing, assessing, and
validating new imaging tools,
techniques, and assessment
methodol ogies.

Each of the goals listed above is associated
with a set of challenges and questions. The
major challenge for the imaging community
isto accurately measure tumor burden and
function (phenotype). This goal will be
pursued by using different imaging
technologies, probes, and paradigms (see
Exhibit 1) in order to better characterize
brain tumors before, during, and after
treatment. A further challenge will be
validation of the new imaging paradigms
through animal experiments, in vivo versus
ex vivo (molecular) analysis, and clinical
correlations.

One goal of surrogate marker imaging is
differentiating the cellular and molecular
characteristics of tumor from those of
normal brain tissue. Another goal isto
image the biology (molecular biology) of
brain tumors with new technigques and
probes. A final goal isto arrive at non-lethal
endpoints for the assessment of treatment
and the natural course of tumor growth. This
can be done with the devel opment of four-
dimensional nomograms specific for tumor
and age of patient and with spatial-temporal
measurements, using a multimodality,
multispectral approach.

Imaging

I mage Outcome and Monitoring
I nterventions

Imaging has arole in monitoring both
treatment progress and outcomes in addition
to drug toxicity. Available radiographic
endpoints are inadequate as treatment
markers and endpoints. Efforts must be
made to achieverealistic criteria (“cut
points’) for partial and compl ete response to
therapy and to define criteria for assessing
toxicity to white matter, cortex, and
ventricular structures. In the case of
treatment, there are several aspects under
consideration, each with its own challenges.
Drug effectiveness should be assessed
within the context of tissue concentration
(labeled drugs, etc.), drug delivery of small
versus large molecules (i.e., blood-brain
barrier, blood-tumor barrier), and biological
effect (function) of the tumor.

Image-guided strategies include the
following:

. Preoperative and intraoperative
planning (e.g., image-guided
stereotactic biopsy and resection using
PET, MR, fMRI, magnetic resonance
spectroscopy [MRS], and optical
intrinsic signal [OIS] imaging)

. Radiation therapy (e.g., image-guided
stereotactic radiosurgery using PET,
MR, fMRI, MRS, and OIS)

. Development of multimodal image

registration (e.g., MR, fMRI, MRS,

OIS, and PET)

Development and availability of

improved instrumentation (e.g., high-

field human MR systems) and hybrid
imaging devices (e.g., combined CT-

PET or MRI-PET tomographs)

Assessment of Treatment Toxicity

Radiation and chemotherapy can have toxic
effects not only for the tumor they are
intended to treat but for brain function as
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well. Toxicity to brain white matter has
received little attention in the past, and little
is known regarding the mechanism (e.g.,
demyelination, axonopathy, edema) of this
toxicity and its temporal course. Toxicity
can also be gauged by imaging the
vasculature of normal brain and tumor.
Similarly, toxicity indices can be created for
gray matter function and plasticity in treated
children.

Transgene and Molecular-Based
Therapies

Imaging at the molecular level (assuming a
homogeneous region of interest) is on the
horizon. The task will be to generate
reporter gene constructs that can be imaged
as markers for transgene delivery (e.g., vird
vectors) and for markers of changein
specific protein interactions, signal
transduction, or metabolic pathways. These
protein interactions and the specific stepsin
signaling pathways can be targeted by
specific anti-tumor drugs, and drug efficacy
assessments can be made by noninvasive
imaging of the specific pathway. In the
future, patients may be selected for therapy
on the basis of imaging before drug
administration. Response could be
monitored by measuring changes in specific
protein interactions, signal transduction, or
metabolic pathways. In this way, new
endpoints for monitoring drug response
could be devel oped.

Development of Databases, I nfor matics,
Standards, and Software Tools

The NCI has created brain tumor study
groups offering Phase | and Il studies that
provide the basis for intergroup Phase I
trials. Examples include the nationwide
approaches to brain lymphoma and
oligodendroglioma. It isimportant to
translate the above-described imaging
advances to serve clinical trials. Systems
must be provided for sharing, accessing,
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archiving, and integrating information across
al datatypes. Databases provided for these
clinical trials must contain real-time imaging
displays as well as quantitative data (e.g.,
volume, spectral ratios, diffusion ratios, and
normalized cerebral blood flow [CBF] and
volume [CBV] information). The field of
informatics is growing rapidly in the
biological sciences and can make amajor
impact in the area of brain tumor research.
Unlike other organsin the body, the brain
has a distinct and important architecture.
Both the type and location of brain tumors
are therefore important in understanding
their causes, growth patterns, and response
to therapy.

A logical framework for integrating
information about these lesions would be to
use the anatomical structure of the brain
itself asthe framework for an

atlas that would store information about all
patients, whether studied in scientific
protocols or undergoing conventional
clinical treatments. Imaging can provide this
architecture for databases and atlases. It will
be important to develop the tools and
informatics methods to integrate imaging
studies across modalities, spatia-temporal
scales, subjects, trials, and species. Such
databases and atlases should be four-
dimensional (threein space and onein time,
where the latter variable can be the age of
the subject as well as the time course of
tumor growth and treatment). Because brain
anatomy is highly variable among
individualsin a population, it isaso
advisable that such atlases be probabilisticin
nature, thereby providing distribution
estimates for the locations of regions and
tumors. 