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Following the first CNS Anticancer Drug Discovery and Development Conference, the speakers from the first 4 sessions and orga-
nizers of the conference created this White Paper hoping to stimulate more and better CNS anticancer drug discovery and devel-
opment. The first part of the White Paper reviews, comments, and, in some cases, expands on the 4 session areas critical to new
drug development: pharmacological challenges, recent drug approaches, drug targets and discovery, and clinical paths. Following
this concise review of the science and clinical aspects of new CNS anticancer drug discovery and development, we discuss, under
the rubric “Accelerating Drug Discovery and Development for Brain Tumors,” further reasons why the pharmaceutical industry and
academia have failed to develop new anticancer drugs for CNS malignancies and what it will take to change the current status quo
and develop the drugs so desperately needed by our patients with malignant CNS tumors. While this White Paper is not a formal
roadmap to that end, it should be an educational guide to clinicians and scientists to help move a stagnant field forward.
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lectures covering many, but not all, areas relevant to anticancer

Introduction and the Challenge of Drug

Discovery and Development for Brain Tumors

The first CNS Anticancer Drug Discovery and Development Con-
ference (ADDDC) was organized and convened in 2014 by scien-
tists and physicians frustrated by the dearth of available and
efficacious anticancer drugs for the treatment of primary infil-
trative and secondary metastatic tumors of the central nervous
system. The Organizing and Scientific Program Committees
were tasked with designing the conference using educational

drug discovery/development. By all indications, they were suc-
cessful in that goal. By nearly universal agreement, committee
members and speakers felt that a White Paper, summarizing
approaches and concerns voiced at the conference, should be
written and made available to the academic and pharmaceu-
tical industry communities.

For those who were unable to attend the 2014 ADDDC,
the speakers in attendance agreed to summarize salient
points from their talks. It was hoped that, following a review
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of the topics covered, the authors of this White Paper would
offer suggestions that might move the field of CNS anticancer
drug discovery/development forward in the coming years.

Magnitude of The Cancer Problem

In the United States, it is expected that there will be ~69 850
new cases of primary malignant and “nonmalignant” brain
and CNS tumors in 2015.% It is projected that ~21 800 people
will develop malignant brain and CNS tumors in 2015 and that
13 800 will die of these tumors. The most common malignant
primary CNS tumor is glioblastoma (World Health Organiza-
tion [WHO] grade IV), with medulloblastoma (WHO grade
V) being the most common malignant CNS tumor in children.
Primary malignant CNS tumors account for ~1.4% of all can-
cers, 22% of all childhood cancers, and 2.4% of all cancer
deaths.

In 2015, nonmalignant primary tumors were predicted to
afflict ~45 300 people.! Unfortunately, many of the nonmalig-
nant tumors, such as meningioma and nerve sheath tumors,
can grow and transform into more malignant phenotypes, pro-
ducing significant morbidity and mortality.

In addition, a large number of tumors will metastasize to
the CNS. Because such cases are not tracked by national cancer
registries, we can only estimate their totals based on the num-
ber of new cancer cases and expectations for frequency of me-
tastases to the CNS. Some sources have cited a frequency of
20% to 40% of all cancers.? Thus, one can assume an occur-
rence of 98 000 to 170 000 new cases of cancers that will me-
tastasize to the CNS.>* The most common primary cancers
metastasizing to the brain are lung cancer (50%), breast cancer
(15%-20%), unknown primary cancer (10%-15%), melanoma
(10%), and colon cancer (5%).>*

Outcome (Survival) Expectations for Patients With
Primary Malignant Gliomas

During a period of 36 years (1978-2014), the increase in overall
survival (OS) for patients diagnosed with glioblastoma has in-
creased from 7 months to ~14 months (Fig. 1). Actual OS
may not even be that high given the change in WHO criteria
for diagnosing glioblastoma that occurred in about 1993,
which allowed high-grade gliomas with vascular proliferation,
but not necrosis, previously called anaplastic astrocytoma
(AA), to be called glioblostomo.5 These changes in WHO criteria
were not immediately adopted and many studies published in
the early 2000s adhered to earlier criteriq, including pseudopa-
lisading necrosis for glioblastoma multiforme (GBM). For AA
(WHO grade 1II) and anaplastic oligoastrocytoma tumors, the
gains in OS between 1990 and 2009 have been associated with
increases of ~2 years (Fig. 2). This is primarily because of the
good results from 2 studies of post-irradiation adjuvant chemo-
therapy with a 6-thioguanine plus BCNU (carmustine) combina-
tion and PCV (procarbazine, CCNU [lomustine], and vincristine)
combined with eflornithine.®~8 These studies used the older,
pre-1993 criteria for AA and GBM and may have been the last
large studies to do so.

For recurrent/progressive high-grade gliomas, the outcomes
are also quite poor. The results shown in Table 1 were analyzed
for the case number-weighted mean objective response rate
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Fig. 1. Plot of median overall survival (mOS) for patients treated with

adjuvant chemotherapy in phase III clinical trials for GBM over the
years 1978-2014.5177-187
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Fig. 2. Plot of median overall survival (mOS) for patients with anaplastic
astrocytoma (and a small number of patients with anaplastic
oligoastrocytoma) treated with adjuvant chemotherapy in clinical
trials during the years 1990-2009.58179:188-193

(ORR) and progression-free survival at 6 months (PFS-6),
which were 6% and 17%, respectively. A similar analysis for
noncytotoxic drugs (Table 2) found an ORR of 4% and PFS-6
of 9%. The results for noncytotoxic anti-angiogenic drugs was
a little better, with an ORR of 14% and PFS-6 of 19%, but are still
not encouraging for cancer trials of chemotherapy.
Improvements in OS over the years have been noted not so
much for advances in therapy as for parsing patients on the
basis of molecular/genetic characterization of their tumors.
These observations have fallen into 2 categories. The first relates
to genetic characteristics that may better define a tumor pheno-
type, such as codeletion of chromosomes 1p and 19q,°*?isoci-
trate dehydrogenase 1/2 mutation,'** epidermal growth factor
receptor (EGFR) amplification or mutation,*® !’ and phospha-
tase and tensin homolog (PTEN) deletion.*®*® The second set
of observations relate to tumor response to external beam
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radiation therapy and chemotherapy with alkylating drugs, for
which it has been shown that reduction in DNA repair (egq,
0®-DNA methylguanine-methyltransferase) favors 0S.2%2° To
date, none of these molecular/genetic observations have led
to efficacious new drugs for the treatment of gliomas.

Table 1. Compilation of phase I1 trials of cytotoxic drugs in GBM®

Agent N Response ORR,  PFS-6,
Patients  Criteria % %
NABTC!® 437 Macdonald 7 16
Carboplatin + thymidine!?® 45 Macdonald 2.2 Not
stated
BCNU®?! 40 Macdonald 15 17.5
BCNU + TMZz122 36 Macdonald 5.5 21
Carboplatin + erlotinib*? 43 Macdonald 2.3 14
CCNyt24125 157 Levin or 4-9  19-25
RANO
CCNU + cloretazine'?® 32 Macdonald 0 6
Hydroxyurea +/— 120 Macdonald 0.8 5
imatinib*?®
Irinotecant?”:1?8 128 Macdonald 0-17 NR
pCy129:130 146 Macdonald  4-11 32-38
Procarbazine®! 113 Macdonald 5.3 8
TMZ (5/28)131:132 240 Macdonald 5-8  18-21
T™Z (7/7)1332 45 Macdonald 155  43.8
TMZ (21/28)13%13% 91 Macdonald  9-13 11-30
TMZ (28/28)-PD off TMZ'3® 29 Macdonald 11.1  35.7
TMZ + thalidomide!®” 43 Macdonald 7 24

Abbreviations: TMZ, temozolomide; NABTC, North American brain tumor
consortium.

“The case number-weighted mean ORR and PFS-6 for these studies is
6% and 17%, respectively.

Outcome (Survival) Expectations for Patients With
Medulloblastoma

During the period 1953-1999, the increase in OS for diagnoses
of medulloblastoma was marked and reflected improvements
in neurosurgery and anesthesia, neuroimaging, radiation ther-
apy, and chemotherapy. To put these advances in perspective,
the 5-year OS following surgery and craniospinal irradiation
was 41% in 1953,?" but by 1994, 5-year PFS was 90% for local-
ized disease and 67% for medulloblastoma with metastatic
spread (M4).?? In addition to the spread of tumor outside the
confines of the cerebellum, studies confirmed risk factors
of age (>3 year), residual tumor burden after surgery
(<1.5 cm?),%>%* and the impact of adjuvant chemotherapy.?*
Thus, by 1999, it was shown that external beam radiation ther-
apy with adjuvant vincristine, lomustine, and procarbazine che-
motherapy produced a 5-year PFS of 78% for residual tumor
<1.5cm?, and 54% if residual tumor was >1.5 cm?; 5-year
PFS was 78% for children over 3 years with only local disease
and <1.5 cm? residual tumor.

The treatment of progressive/recurrent medulloblastoma
with cytotoxic drugs occurred, for the most part, before 2000.
The drugs used were, generally, the same drugs used for the
treatment of gliomas. Table 3 is a compilation of some of the
small studies that formed the literature at the time. Those
studies typically used what today is called the clinical benefit
rate (CBR), which includes response and stable disease based
on neuroimaging methods available at the time. For single
drugs, the mean CBR was 46% and for drug combinations
62%, with the better median time to tumor progression being
10 to 19 months, an outcome considerably better than for
GBM, another WHO grade IV CNS malignancy.

Like glioma therapies, molecular/genetic studies showed pa-
tients having variable outcomes, from very good to very bad. An
excellent summary paper by Taylor and colleagues defines 4
subgroups.”” This paper reflected the clinical conclusions of a
consensus conference in Boston in the fall of 2010. The 4

Table 2. Compilation of phase II trials of noncytotoxic and non-anti-angiogenic drugs in GBM

Agent N Patients Response Criteria ORR, % PFS-6, %
AMG102'38 61 Macdonald 0 15.0-17.9
Cilengitide®*° 81 Macdonald 9 10%-15%
Cis-retinoic acid + celecoxib**° 25 Macdonald 0 19
Enzastaurin®?* 174 Levin 2.9 11
Erlotinip™ 41142 102 Macdonald 3.7-63 11.4-18.3
Erlotinib + sirolimus**? 32 Macdonald 0 3.1
Fenretinide®** 23 Not stated 0 0
Gefitinib'*° 57 Macdonald 0 13
Imatinib*“® 34 Macdonald 5.9 3
Imatinib**” 51 Macdonald 5.9 16
Imatinib + hydroxyureg?26:148149 384 Macdonald 1.7-9 7-27
Lapatinib>® 17 Levin 0 Not stated
Temsirolimus®°! 65 Macdonald 0 7.8
Tipifarnib®2 67 Macdonald 7.5 16.7
Vorinostat!>* 66 Macdonald 3.0 15.2

The case number-weighted mean ORR and PFS-6 for these studies is 4% and 9%, respectively.
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Table 3. Cytotoxic chemotherapies used for progressive/recurrent
medulloblastoma compiled from literature prior to 20014

Single Drugs CBR, %
Diaziquone (AZQ)*>>15¢ 28
Carboplatint>7:158 35
i.v. Methotrexate!>°~16? 38
Cisplatin162163 40
i.v. Melphalan®* 50
Dibromodulcitol®® 51
Vincristine166-168 73
Lomustine!®®-171 80

Weighted mean CBR (n=166) 46

Drug Combinations CBR
Vincristine, prednisone, procarbazine!”? 25
TPDcvl54,173b 60
pPCV74 62
Nitrogen mustard, vincristine, procarbazine!”® 73
Carboplatin + tenoposide!”® 72

Weighted mean CBR (n = 82) 62

%The range of median time-to-progression values for the better
treatments is 10 to 19 months. CBR is the clinical benefit rate and
includes patients with complete response, partial response, and
stable disease.

bTPDCV, thioguanine, procarbazine, dibromodulcitol, CCNU, vincristine.

main subgroups of medulloblastoma were Wnt, Sonic hedge-
hog, Group 3, and Group 4 (Fig. 3). The participants outlined
the demographic, transcriptional, genetic, and clinical differ-
ences among the 4 subgroups and determined that the molec-
ular classification of medulloblastoma will evolve in the future
as larger cohorts are studied at greater depth. To date, no mo-
lecular/genetic observations have led to new drugs for the
treatment of medulloblastoma, and therefore this molecular
grouping has some limitation in its value to the clinician until
new drugs are developed.

Premise for Why Drugs Failed and The Dearth of New
Drugs

The conference addressed many of the reasons why some an-
ticancer drugs were not more effective against CNS tumors,
why so few new ones have been developed, and why none
are considered sufficiently efficacious to change medical prac-
tice. While many colleagues other than conference attendees
have expressed the opinion that the main reason drugs have
failed is that we have insufficient information on the target
drivers for gliomas and other CNS tumors, many participants
at the conference felt that target identification was only one
part of the problem. The following list conveys the conference
consensus:

1. Most anticancer drugs were not developed specifically for in-
filtrative CNS tumors.

2. Most therapeutic targets were not unique to CNS tumors
and, therefore, were likely to produce a poor therapeutic
ratio. The advent of public genetic databases, such as The

Cancer Genome Atlas, provides opportunities to identify
unique drug targets.

3. Not all “target-specific” drugs have proven to be truly specif-
ic and are, therefore, likely to produce unforeseen host tox-
icity and a poor therapeutic ratio and are difficult to use in
combination with other drugs.

4. Drugs may not reach infiltrative tumor cells in the CNS
because of physicochemical constraints that limit their en-
dothelial and tumor cell permeability and/or because they
are substrates for active endothelial and tumor cell efflux
pumps that lower intracellular drug levels.

5. Free drug concentrations (free fraction) were not considered
when evaluating preclinical data, which thus gave false indi-
cation of drug concentration capable of exerting pharmaco-
logical effect.

6. Evaluation of drugs in models that did not recapitulate real
CNS tumors gave false indication of expected efficacy.

7. Drug-to-target binding (drug target residence time) may
not have been optimal for the expected target effect. Cur-
rently, most covalent bond (irreversible) targeted drugs
are older cytotoxic drugs, whereas many of the newer
targeted drugs are reversible binding drugs that require
constant dosing, are likely to produce a poor therapeutic
ratio, and are difficult to use in combination with other
drugs.

Quantitative Structure-Activity Relationship Studies and
Brain Penetrant Anticancer Drugs

The general concept that hydrophilic drugs are more brain pen-
etrant than hydrophobic drugs has been part of the pharma-
ceutical chemistry culture for many decades. During the past
60 years, this understanding has become increasingly elucidat-
ed for anticancer drugs and CNS tumors. The 1960s gave voice
to the initial quantitative studies of brain capillary permeability
and structure -activity relationships based on parameters such
as partition coefficient (log P), or the logarithm of the ratio of
the concentrations of the un-ionized solute in solvents (octa-
nol/buffered water), molecular weight, charge, and other rele-
vant measures. The early studies of Corwin Hansch, the father
of computer-assisted molecule design, and colleagues provid-
ed the basis for illuminating the quantitative structure-activity
relationship (QSAR) and some of the first studies using antican-
cer drugs.”®~39 QSAR studies of nitrosoureas defined tumor cell
kill and increased survival as a function of an optimal log P, with
different values depending on where the tumor grew. For
example, in murine L120 leukemia, optimal log P was
about—0.6,>* in murine Lewis lung carcinoma log P was
0.8,“° and against an intracerebral rat brain 9 L tumor model
log P was ~0.4, with a close second being a log P of 1.5.4*
While this approach provided reasonable data for a complex al-
kylating agent, it was appreciated that additional factors would
influence antitumor activity as well. Other QSAR studies in the
1970s defined the optimal log P as between 1.5 and 3.2 for im-
idazole carboxamides in intracerebral murine G26 tumors.?®
These and other experimental studies supported clinical trial
outcomes in infiltrative gliomas, leading to FDA approval of car-
mustine (BCNU; log P = 1.5), lomustine (CCNU; log P= 2.8), and
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Fig. 3. Comparison of the subgroups of medulloblastoma and their association with published papers on molecular subgrouping.

Sonic hedgehog. Reprinted with permission from Michael Taylor.?®

temozolomide (log P=1.4) for the treatment of high-grade
gliomas.

CNS Drug Penetration and Drug Modeling

Studies of brain capillary permeability of standard compounds
and anticancer drugs provided more precise information re-
garding lipophilicity (log P) and molecular size and formed a ra-
tionale for quantitative predictive modeling that is used by the
pharmaceutical industry and medicinal chemists today to
guide drug discovery and development of CNS penetrant
drugs and to, conversely, protect the brain from drugs that
need to be excluded from the CNS. One example, used by the
pharmaceutical industry, is the CNS multiparameter optimiza-
tion score, which can be calculated using the formula proposed
by Wager and colleagues.*? The calculation is based on values
such as the logarithm of the acid dissociation constant of the
most basic center or creatinine phosphokinase-MB, logarithm
of the partition coefficient, logarithm of the distribution coeffi-
cient at pH 7.4, molecular mass, topological polar surface areq,
and number of hydrogen bond donors (HBDs). This approach
was used by Genentech to develop a new and specific brain
penetrant inhibitor of phosphoinositide 3-kinase (PI3K) specifi-
cally for the treatment of high-grade gliomas.*?

In addition to understanding rules-based approaches to
drug penetration from blood to brain, it is important to under-
stand how CNS tumors grow and what impact tumor cell loca-
tion might have on drug action. First, we should briefly consider
the differences between the intact blood-brain barrier (BBB)

25,194-199 SHH
y

and the CNS blood-tumor barrier (BTB). This is schematized
in Fig. 4. In the normal BBB, inter-endothelial tight junctions
lead to passive permeability dependent on molecular size and
lipophilicity, whereas active efflux pumps further restrict CNS
extracellular accumulation of specific heterocyclic drugs and
chemicals (Figs 4 and 5). Brain tumors, whether primary or sec-
ondary, are capable of changing these relationships such that
BTB manifests new vessels produced by the tumor, as well as
the release of ligands such as vascular endothelial growth fac-
tor (VEGF), resulting in a reduced number of inter-endothelial
tight junctions and, with them, less restriction on the molecular
size of penetrant drugs with fluid movement driven by hydro-
static force from blood into tumor extracelluar space and
with the elaboration of a protein-rich edema.

Fig. 6 shows the expected relationship between blood-to-
tissue permeation, depicted as k;, for radiolabeled standard
compounds and drugs diffusible across the BBB and the BTB.
From this plot, it is apparent that higher-molecular-weight com-
pounds that are diffusion limited distribute more quickly and to a
greater extent into tumors than into the CNS.

Given the infiltrative and invasive nature of many brain tu-
mors, it is critical to develop drugs that can permeate across
the BBB.** Many new molecularly targeted agents that are
able to inhibit signaling pathways critical for tumor growth
and proliferation have failed to elicit any clinical benefit in the
treatment of CNS tumors, either primary or metastatic.*> This is
in spite of many of these molecules having favorable physico-
chemical properties for passive diffusion across an intact BBB.
Compared with treatment of other types of tumors, targeting

Neuro-Oncology

vi5



Levin et al.: CNS anticancer drug discovery

Blood-Brain Barrier in
Normal Brain

Basement

Astrocyte End-foot
Membrane

Active
Efflux
Transport H
Lipophilic
Diffusion

Continuous
Endothelial Cell

Blood-Tumor Barrier
in Brain Tumor

Altered
Active

Efflux Enhanced :

P s Paracellular :
Transport :
Leakage #

Il

‘e
..........

Damaged ]mding and Pr
Basement Growing 3l Cell
Membrane Tumor Cells

Fig. 4. These illustrations compare and contrast the differences between the BBB and the more leaky BTB “barrier.”
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Fig. 5. Depiction of some of the efflux pumps responsible for endothelial
brain barrier phenomena. The size of the circle is a relative approximation
of efflux pump activity in brain endothelia. Abbreviations: PGP, P-gp;
OATP, organic anion-transporting polypeptide; OAT3, organic anion
transporter.

tumors of the CNS is particularly challenging due to the location
of the tumor in a pharmacological and immunological sanctu-
ary within the CNS. The BBB presents a major obstacle to sys-
temic chemotherapy and is capable of significantly limiting
drug response.*® Many talks at the conference showed how
drug efflux transporters at the BBB restrict the passage
of drugs into the brain and thus shield the tumor cells from ex-
posure to targeted agents and cytotoxic chemotherapy. In ad-
dition to the BBB, the presence of similar drug efflux pumps
within tumor cells further protects them from chemotherapy.

Many studies have tried to correlate brain penetration and
CNS activity of a drug or chemical to their physicochemical
properties. These studies vary in their approach and methodol-
ogy for predicting BBB permeability. In general, it has been

100 |
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Fig. 6. This plot depicts the the relationship of the transfer constant k;,
permeability x surface areq, for i.c. rat 9L tumor vs normal mouse
brain??>?°! and temozolomide from a human study.?®! The dashed line
has slope of unity and is not fit of that data. 1, 3HOH; 2, NaCl; 3, ureg; 4,
glycerol; 5, creatinine; 6, 5-fluorouracil; 7, dianhydrogalactitol; 8, galactitol;
9, misonidazole; 10, procarbazine; 11, a-difluoromethylornithine; 12,
dibromodulcitol; 13, sucrose; 14, epipodophyllotoxin; 15, bleomycin; 16,
inulin; and 17, temozolomide.

shown that compounds with high activity within the CNS
tend to have high lipophilicity, few hydrogen bond donors,
low polar surface area, and low molecular weight.*’~>° Based
on accumulated knowledge, it is not surprising that these drug
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properties impart high membrane permeability to the drug
molecule and enhanced transport to the brain.”® However, sev-
eral molecules with these favorable physical properties have
been found to have lower permeability into the brain, as a result
of active efflux transporters that make the BBB impermeable to
these transporter-substrate compounds.*’*>* The BBB is forti-
fied by numerous drug transport proteins (Fig. 5), many of
which pump (transport) drugs out of the brain. For instance,
ATP-dependent transporters can markedly restrict brain pene-
tration of some therapeutic agents, even though these mole-
cules have favorable physicochemical properties that would
predict unrestricted permeability across the BBB.*’>* A majority
of these efflux transporters belong to 2 superfamilies: the ATP-
binding cassette (ABC) and the solute carrier. P-glycoprotein
(P-gp, ABCB1), breast cancer resistance protein (BCRP, ABCG2),
and multidrug resistance-associated proteins (MRPs, ABCC) are
important members of efflux proteins found in the BBB. These
transporters have been shown to have high expression patterns
in the brain capillary endothelium in both animal models and
humans.>?

The advent of transporter knockout mice, especially P-gp
(Mdr1) and BCRP, has greatly enhanced the capability to exam-
ine transporter liability of specific drug candidates using in vivo
preclinical models. These models have been characterized for
transporter expression and tight junction function in the capil-
lary endothelium and have been useful in determining whether
active efflux transport is an important mechanism in limiting
BBB permeability and hence effective delivery to infiltrative

tumor cells in the brain. Interestingly, it has been shown that
both transporters work in concert to efflux several dual sub-
strate molecules and can compensate for each other in effi-
ciently limiting drug BBB permeability.>

The downregulation of transporters in the BBB may improve
efficacy of some of the failed molecularly targeted agents
through improved targeted delivery to the invasive tumor
cells that reside behind an intact BBB. Preclinical studies have
highlighted the feasibility and proof-of-concept of this possible
treatment strategy.”” Several preclinical examples of improved
delivery using this strategy, with the resulting enhanced effica-
cy, were presented at the conference. The necessity of finding
the mechanistic causes of decreased permeability in regions of
tumor burden that have an intact BBB, resplendent with a full
complement of efflux transporters, is highlighted by clinical im-
aging studies that use multiple imaging modalities to examine
tumor location with respect to the integrity of the BBB. Overlay
images using T1-weighted MRI, with contrast, and *8F-DOPA
([18F]-L-dihydroxyphenylalanine) PET show that there are fre-
quently significant regions (volumes) of brain that contain
tumor, but these are not contrast enhanced (Fig. 7). This clearly
indicates that the old adage of the BBB being “broken down”
where there is tumor is not only incorrect but highly misleading
when considering the reasons for clinical failure of promising
agents.”®°’

Examining drug delivery to specific regions of the brain
tumor and surrounding brain is critical to understanding the
reasons for failure or success of therapeutic options. Rational

Structure Structure PET volume PET volume MR volume
Volume (cc)— | outside of T1- | outside of T2 | outside of
from Eclipse GAD (cc) - FLAIR (cc) - PET (cc) -

from Eclipse from Eclipse from Eclipse

T2 FLAIR (A) 543 NA NA 36.4

T1-GAD (B) 47.7 NA NA 33.2

PET (C) 24057 7.1 38 NA

Fig. 7. Current diagnostic imaging modalities fail to adequately describe entire tumor location. (A) T2-FLAIR image of GBM patient with tumor area
outlined in blue. (B) T1-gadolinium (GAD) image of the same patient tumor (outlined in red). Contour includes postoperative cavity (not just
enhancement). (C) PET image from the same patient with active tumor outlined in yellow. Tumor volume comparison of T1-GAD, T2-FLAIR,

and PET indicates a large volume of active tumor (PET) outside of the area where the BBB is leaky (T1-GAD). (From Parrish et a

157).
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Fig. 8. Depiction of the relationship of tumor cell burden to capillary permeability based on physiological and pathological observations.

choice and testing of therapeutic agents for brain tumors must
take into account the genetic heterogeneity of the tumor and
the heterogeneity of delivery across the BBB. Given the overall
reasons for failure to effect a cure in primary and secondary
brain tumor, we must be prepared to treat residual tumor
after sur%icol resection, that is, effectively treat “those left
behind.””

Building on our understanding of how drugs distribute from
blood into the CNS and tumors and additional information
gleaned from years of experimental studies, we created a
scheme (Fig. 8) to depict the relationship of tumor cell burden
to capillary permeability based on physiological and patholog-
ical observations.*®

Tumor Heterogeneity

Conceptually, it is important to consider that different tumor
cells will—depending on their location in the tumor or whether
they infiltrate the adjacent brain and the regional and plasma
pharmacokinetics (PK) of the drug being administered—have
disparate vulnerability to the drug. This variable tumor cell vul-
nerability is very difficult to study and quantitate, yet impor-
tantly, it is a crucial factor to take into account when
considering tumor heterogeneity. Tumor heterogeneity was
discussed broadly at the conference. It was appreciated that
tumor cells by location in the tumor and adjacent brain will dif-
fer in their proximity to capillaries, nutrients, and therapeutic
levels of drugs. Tumor cells will differ in their cell cycle location,
exposure to hypoxia, genetic profile, methylation status, pro-
tein levels, and protein activity. Much of this information cannot
be easily gleaned from an individual tumor and certainly not in
situ with today’s technology; therefore, it is difficult in many
cases to predict the impact of drug effects on their target(s).
The only example cited at the conference was that of the
target protein ornithine decarboxylase (ODC), the target for
eflornithine (a-difluoromethylornithine, DFMO). For this and
other drug target enzymes, the heterogeneity of enzyme activ-
ity and drug binding to targets will be critical elements for

with tumor cells invading normal
cells ahead of angiogenesis

59,200

antitumor efficacy. Studies of ODC level (a surrogate for ODC
activity) in WHO grades III and IV glioma tumors found that
median ODC levels could vary ~2-fold within individual tumors
and ~5-fold between grade 11T and grade IV gliomas.®® While
ODC can increase with tumor malignancy,®®~®“ it was interest-
ing that even a modest 2-fold change in ODC activity could re-
sult in a survival gain of a much greater magnitude of ~10-fold
when glioma treatment included eflornithine, a specific ODC
inhibitor.®?

In addition to drug target variability, tumor drug distribution
can impact drug response. Unfortunately, even in preclinical
models, it is difficult to obtain regional PK/pharmacodynamic
(PD) values. Using a serial brain tumor sectioning protocol,
Sharma and colleagues®*®> developed a sensitive and robust
method to characterize the intratumoral PK using liquid chro-
matography-tandem mass spectrometry and PD using phos-
phorylated extracellular signal-regulated kinase (ERK) in
antibody-based detection of gefitinib in small amounts of glio-
blastoma tumor samples obtained from mice bearing intrace-
rebral tumors treated with gefitinib. Concentrations of gefitinib,
a reversible EGFR tyrosine kinase inhibitor, showed up to
2.4-fold intratumoral variability in PK and 1.5-fold variability
in PD in a standard U87 GBM model. The tumor sectioning pro-
tocol facilitated binning of the PK/PD data to biological and
physiological characteristics of the tumor. The methods are
sufficiently accessible and could be applied to other anticancer
drugs and tumor models to obtain greater resolution of intra-
tumoral PK and PD.

Metastatic Tumor Therapy

It could be argued that patients with systemic non-CNS tumors
will have fewer PK problems than those associated with infiltra-
tive gliomas and would be expected to have greater options for
treatment with anticancer therapies. Over the years, CNS anti-
cancer drug therapy has changed from a BTB-centric approach
that emphasized BTB permeability as a predictor of drug deliv-
ery—a PK characteristic—to an integrated PK/PD approach. In
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the newer PK/PD paradigm, the linkage between local drug con-
centrations—and manipulating drug delivery, transport, and
metabolism to selectively enhance tumor delivery—and mo-
lecular activity (receptor and enzyme), cell signaling and down-
stream biomarkers, and mechanistic PK/PD modeling has
become a new mantra.

In the limited discussion of metastatic tumor therapeutic
strategies at the conference, emphasis was placed on under-
standing active efflux transporter expression and relevance to
tumor heterogeneity as well as the following PK considerations.

o BTB passive permeability, often significantly elevated in brain
metastases, varies widely within and among tumors. Even
though tumors that metastasize to the CNS are frequently
less infiltrative than gliomas, the consensus was that
achievement of active drug concentrations should be
based on penetration through an intact BBB to maximize
regional tumor PK/PD.

o Delivery of the major drugs used in the treatment of meta-
static breast cancer (eg, taxanes, anthracyclines, vincas,
lapatinib) is currently about 2% to 10% of that used for ex-
tracranial tumors.

¢ Therapeutic drug concentrations—low end of the dose-
response curve—are likely reached in only a subset of CNS
metastases, and thus, unlike non-CNS tumors, PK failures
contribute to ineffective drug therapy.

Discussed at the conference were various strategies to improve
drug delivery and action for CNS metastases. These strategies
include:

e Selective enhancement of BTB passive permeability (eg,
phosphodiesterase type 5 inhibitors) or facilitated drug influx
(organic anion-transport polypeptide [OATP], equilibrative
nucleoside transporter)

e Inhibition of BTB/BBB active efflux of P-gp, BCRP, and MRP
pumps

e Enhancement of receptor-mediated BBB/BTB transcytosis
using vector-drug conjugates

o Preferential enzymatic prodrug activation at site of action
within CNS metastases and beyond the BBB

e Active drug species catabolism at site of action within CNS
metastases

e Selective up- or downregulation of metabolism or drug
transport

o Downregulation of cytoprotective factors (eg, glutathione) or
upregulation of cytotoxic pathways (ie, caspase)

Current-Generation Brain Penetrant Drugs
and Their Targets

At the conference, current BBB penetrant alkylating agents
such as BCNU, CCNU, procarbazine, and temozolomide were
not discussed, as the focus of the conference was on the future
of CNS anticancer drug development. Attendees heard first
from Russell Petter about the impact and importance of irre-
versible covalent binding kinase inhibitors using Bruton’s tyro-
sine kinase (BTK) inhibitors such as CC-292 from Celgene
Avilomics Research. Also presented were 3 new brain penetrant
anticancer drugs: (i) a reversible PI3 K inhibitor (GNE317) from

Genentech, (ii) an irreversible pan erbB (EGFR, EGFR variant I1I,
human epidermal growth factor receptor [HER]4, HER2) inhibi-
tor (NT113) from NewGen Therapeutics, and (iii) a reversible an-
aplastic lymphoma kinase/ROS1 kinase inhibitor (PF-06463922)
from Pfizer. Each of these drugs demonstrates rapid brain pen-
etration, free drug levels in brain of 30%-100% of free plasma
levels, and low efflux in cell lines overexpressing P-gp and other
cancer-resistant pump proteins. Discussed during this session
was the increased understanding of unbound brain concentra-
tions and the relationship with transporter-mediated efflux (eg,
P-gp, BCRP). In vitro assays are available to determine whether
potential drugs are substrates of transporters that would pre-
vent efficacious exposure in the brain. Additionally, drug discov-
ery programs can utilize in silico calculations to predict whether
or not molecules would be transporter substrates. Other newer
drugs in development and hypothesized were also discussed,
including peptide drug conjugates.

Another topic of interest concerned large-molecular-weight
biologics that can, under special circumstances, achieve activ-
ity against brain metastases and glial neoplasms. While mono-
clonal antibodies (mAbs) directed against tumor-specific
proteins such as HER2 have been demonstrated to reduce
tumor size and increase survival, large-molecular-weight bio-
logics have a limited ability to cross the BBB and, therefore, a
low impact on CNS tumors. Xenobiotics are restricted by the
BBB, but nutrients, hormones, and other required molecules
enter the brain by processes such as receptor-mediated trans-
cytosis. Low-density lipoprotein receptor-related protein 1
(LRP1) is known to perform this transport function in BBB endo-
thelial cells, and accordingly, scientists at Angiochem have cre-
ated a family of peptides (angiopeps) designed for LRP1
recognition. Conjugation of angiopep-2 (An2) to confer brain
permeability has been demonstrated for small molecules, pep-
tides, and enzymes. The approach has been accomplished with
ANG1005, an An2-paclitaxel conjugate that has been shown to
achieve high concentrations in human brain tumors that were
surgically removed 4-6 h after dosing. These and other prom-
ising antitumor effects in phase I and phase Ila clinical studies
support continued development of ANG1005, which is currently
in phase IIb trials for breast cancer brain metastases and phase
I1a trials for primary brain tumors. Other studies using a conju-
gate of An2 and a mAb to HER2 (ANG4043) showed brain i.c.
tumor penetration and activity against i.c. rodent breast
tumors.®®

Impact of Drug-Target Binding Kinetics on Drug Action:
Principles and Practice

Peter Tonge’s presentation at the conference focused on the
importance to the target of drug residence time and how this
can be used to improve drug discovery/development. Despite
enormous investments in time and resources, ~90% of drug
candidates fail in human clinical trials. A common reason for
this attrition is the inability to achieve the drug exposure pre-
dicted to be required for efficacy in phase I trials without unac-
ceptable side effects (safety). Thus, there is a knowledge gap
between how in vitro vs preclinical data are used to predict ef-
ficacy in humans. Lead compounds are normally selected and
advanced based on in vitro measurements performed at cons-
tant drug concentrations. Thermodynamic metrics, such as
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half-maximal inhibitory concentration (ICs), dissociation cons-
tant (Kq), and K; (inhibition constant), are used to quantitate the
affinity of compounds for the target, and strenuous efforts are
made to increase target affinity while decreasing the affinity for
any known off-target proteins. Thus, (thermodynamic) selectiv-
ity is a key driver in drug discovery. In addition, measurements
of drug activity in live cell assays are used for compound prior-
itization, and, again, these studies are usually performed at
constant drug concentrations. However, this approach neglects
a critical fact: that in vivo drug concentrations vary with time. If
drug-target binding kinetics are slow relative to drug PK, then
drug and target may not be at equilibrium, and in such situa-
tions thermodynamic parameters will not be able to fully pre-
dict target engagement in the human body.®” In an ideal world,
the preferred drug penetrates from blood to tumor cells rapidly,
binds to the cellular target rapidly, dissociates slowly from the
target, but clears rapidly from surrounding tissue. This should
improve the therapeutic index through kinetic selectivity (as-
suming that dissociation from off-target proteins is rapid by
comparison). A caveat to our assumptions is that often we do
not know the drug concentration at the target site (inside a
tumor cell), so presuming that it is constant is probably a
large approximation.

We thus propose that knowledge of drug-target kinetic data
willimprove lead optimization by selecting and advancing com-
pounds that have improved target engagement under nonequi-
librium conditions. In particular, compounds with increased
residence time should improve target engagement at lower
drug concentrations, reducing the drug exposure required for
efficacy and improving safety.

The kinetic lifetime of the drug-target complex can be quan-
tified by residence time (tp = 1/koff), Where kqs is the rate at
which the complex dissociates to form unoccupied (active) tar-
get.®® To exemplify the critical nature of residence time and its
intimate relationship with drug PK, in Fig. 9 we have calculated
target occupancy as a function of time for 3 targets with the
same thermodynamic affinity for the drug (Kq = 14 nM), but
different residence times (tg).” Target 1 is assumed to be the
therapeutic target (tg =104 h), while targets 2 and 3 are off-
target proteins, binding to which leads to toxicity (tp=11.5h
and 1 s). In addition, drug concentration is assumed to reach
an initial concentration (Cmay) of 500 NM and clear with a
half-life of 1 h.

Based on thermodynamic measurements of drug “potency”
(affinity), the drug shows no selectivity—because the K4 values
for the 3 binding partners are the same. At this stage in a drug
discovery program, the compound could be abandoned. How-
ever, selectivity is time dependent: after 12 h there is a clear
discrimination between the 3 targets: target 3 is basically free
of drug, whereas target 1 is still 87% occupied. The key point is
that kinetic selectivity and thus therapeutic index are time de-
pendent and vary based on drug concentration (PK) and the
residence time of the drug on target and off-target proteins.
Thus, a strategy in which PK and dosing algorithms are coupled
with knowledge of residence-time effects should lead to im-
proved therapeutic indices (ie, safer, better drugs). In pursuit
of this goal, we are formulating mechanistic PK/PD models
that implicitly include the kinetics of drug-target interactions,
and recently we used this approach to predict the efficacy
of an LpxC inhibitor in an animal model of Pseudomonas
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Fig. 9. Variation in drug-target occupancy as a function of time for
three targets. It is assumed that drug concentration (Cmax) is 500 nM
after dosing and clears with ty; of 1 h and that drug binds to 3
different targets with the same K4 (14 nM). Target occupancy (%) is
calculated for targets 1 and 2 assuming no rebinding and residence
times (tg = 1/kofr) of 104 and 11.5 h, respectively. For target 3, K4 is
used to calculate occupancy, that is, kon and ko are fast relative to
the change in [drug]: here ty =1 s based on diffusion-controlled kon.8”

aeruginosa infection.®® There are numerous molecular design
strategies that might afford agents that achieve kinetic selec-
tivity: focus on targets that engage ligands in slow-off states,
select for slow ko inhibitors during the optimization stage, or
pursue inhibitors that are irreversible by virtue of covalent
modification.

Fig. 10 summarizes some of the key factors that modulate
the interplay among drug concentration, target engagement,
and drug PD and that are required to fully parameterize PK/
PD models. These include target vulnerability and the percent
of target that must be occupied to cause the desired PD effect.

To implement the use of drug-target kinetics in lead com-
pound selection and optimization, structure-kinetics relation-
ships are needed to inform the design of inhibitors with
altered residence times. Examples are now starting to appear
in the literature where such information is being obtained
and applied. This includes work on antibacterial agents.”®
These efforts are being expanded to kinases, which are impor-
tant targets in cancer drug discovery. A recent emphasis in ki-
nase inhibitor discovery includes the design and synthesis of
irreversible inhibitors, which have very long (infinite) residence
times on their targets.”* In the talk at the conference, several
examples were given in which drug-target kinetics were being
applied to understand the efficacy of kinase inhibitors, including
those that target EGFR’? and BTK.”*>’“ Celgene Avilomics Re-
search has developed CC-292, a small molecule irreversible in-
hibitor of BTK, and a chemical probe derived from CC-292 has
been used to quantitate target engagement in vivo.”*

In addition to quantifying target engagement, knowledge of
drug concentration at the target site is of crucial importance to
fully deploy mechanistic PK/PD modeling. To provide this infor-
mation, we are developing radiolabeled drugs to noninvasively
image drug biodistribution in animals and humans using PET.”?
Because PET is an approved method for quantifying drug
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Fig. 10. Some factors that affect target engagement. Many time-dependent inhibitors bind through an induced-fit 2-step mechanism where
interconversion between an initial (EI) and final (EI*) enzyme inhibitor complex is slow. Here ko = kg SO tr = 1/ks.

concentration in the human body, its use is expected to
improve the ability to translate knowledge of in vitro drug
action into predictions of drug efficacy in humans.

Drug Targets and Discovery

One of the age-old questions remains: what do we want a drug
to do? We discussed at length which characteristics are needed
for a drug to reach its tumor target in the CNS. We also ad-
dressed the question about how long a drug should be resident
on a target for maximal biological effect. We have not dis-
cussed what the targets might be, and for good reason. We
do not have a sure answer for this issue. Uncertainty breeds
multiple approaches and follows the adage that if you do not
know where you are going, any road will get you there. Scien-
tists have used genetic information along with focused mech-
anistic studies related to cell cycle control, DNA function, and
protein signaling to guide anticancer drug discovery, with
many drug discovery efforts focusing upon protein tyrosine ki-
nases. Speakers at the conference addressed some of these
areas and had various viewpoints about how current knowl-
edge in these areas might help future drug development issues.
Examples from their presentations follow.

Master Regulators and Drivers of Oncogenesis
of Glioblastoma

Antonio Iavarone presented his research that focuses on tar-
gets of gliomagenesis through his studies of regulators and
drivers of glioblastoma. He believes that the genome era is an
exciting time in scientific discovery. His group is trying to con-
textualize the alterations of each genetic network in the natural
environment of a specific tumor and identify the key driving
modules (mutations, epigenetic changes, and others) on

which specific tumor subgroups rely for growth, survival, and
progression. With this information in hand, he believes it will
be possible to target the critical alterations with specific
drugs, often already available for other types of diseases. By fo-
cusing on one of the most lethal forms of human tumors, GBM,
this group has been able to make incredible progress along this
line in the last 2 years. They discovered 2 transcription factors—
STAT3 (signal transducer and activator of transcription 3) and
C/EBP  (cytidine-cytidine-adenosine-adenosine-thymidine
[CCAAT]-enhancer binding homologous protein)—which are
responsible for activation and maintenance of the most ag-
gressive gene expression signature of high-grade glioma, the
mesenchymal signature. The therapeutic implication of this
work has arisen from our ability to efficiently target the 2 tran-
scription factors in preclinical mouse models with consequent
collapse of the mesenchymal signature and extended
survival.”®

More recently, the lavarone group has identified the first ex-
amples of highly oncogenic and recurrent gene fusions in GBM,
targeting their dependency in a particular tumor subtype and
observing dramatic antitumor effects. Recurrent gene fusions
in GBM result in the constitutive activation of receptor tyrosine
kinase genes (fibroblast growth factor receptor [FGFR], EGFR,
and neurotrophic tyrosine kinase receptor type 1) that render
tumors addicted to the driver events.”””® Among them, the
FGFR-transforming acidic coiled-coil (TACC) gene fusion is the
addicting oncogenic event with the highest therapeutic value.
First, this is a recurrent oncogenic event in several types of
human cancer besides GBM (head/neck, lung, bladder, and oth-
ers). Second, FGFR-TACC fusions are potent oncogenes that
transform normal cells by activation of noncanonical sub-
strates and precipitation of aneuploidy. Finally, human tumors
harboring FGFR-TACC fusions acquire marked sensitivity to FGFR
inhibitory compounds. It is not surprising that this line of
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Fig. 11. The mechanism of action of FGFR-TACC fusions in glioblastoma.

investigation has matured toward clinical trials.” The strongly
addicting oncogenic activity of FGFR-TACC fusions is endowed in
the unique, dual oncogenic mechanism implemented by these
genetic events, which is summarized in Fig. 11. The FGFR-TACC
fusion proteins aberrantly localize on top of the spindle pole of
mitotic cells. This results in mislocalization at a crucial site for
the organization of mitosis of a constitutively active tyrosine ki-
nase that ultimately perturbs mitotic progression and pro-
motes chromosome missegregation and aneuploidy, a
hallmark of malignant neoplasms. However, chromosome mis-
segregation and aneuploidy per se would be associated with
loss of cellular fitness, but they are exploited for neoplastic
transformation and maintenance by the strong noncanonical
signaling events triggered by FGFR-TACC.

The integrated computational-experimental pipeline that
we developed plus our ability to functionalize any genetic
brain tumor module was recently applied to the entire land-
scape of copy number variations (CNVs), somatic mutations,
and gene fusions of human GBM. This information is quickly ad-
vancing our ability to translate each new genetic finding into
the personalized context of the clinical setting.

Targeting Proteins for Drug Discovery

Forest White discussed the need for better understanding pro-
tein targets in order to develop next-generation drugs. Clearly,
an increased understanding of cancer genomics has revolution-
ized our knowledge of the genomic alterations and their conse-
quent effects on transcriptional regulation in brain cancer.
Through analysis of hundreds of tumor specimens, selected
pathways have been highlighted by common mutations in a
significant proportion of patient tumors. However, it is not ob-
vious that mutated or amplified genes are necessarily present
at the protein level, and genomic and transcriptomic data do
not directly identify signaling network activity.

To identify activated networks and thereby determine po-
tential therapeutic targets, White’s group at MIT has applied

functional proteomics to quantify tyrosine phosphorylation sig-
naling networks in a panel of human GBM tumor tissues. The
results of this analysis highlight a high degree of interpatient
heterogeneity, as each tumor features a dramatically different
set of tyrosine phosphorylated proteins. In fact, despite cluster-
ing into subtypes based on transcriptional data, these tumors
no longer cluster due to either protein expression or tyrosine
phosphorylation data. Even with the high degree of complexity
embedded in phosphorylation data across patient tumors, cor-
relation analysis recapitulates known activated signaling
networks present in selected tumors, potentially indicating
patient-specific targets defined by highly interconnected
nodes within these networks. Finally, to identify the phosphor-
ylation sites driving tumor cell proliferation and diffuse invasion,
MR images from these patients were analyzed by Kristin Swan-
son’s lab at Northwestern University to extract quantitative
phenotypic information, net dispersal rates, and proliferation
rates for each tumor. A correlation analysis of phenotypic and
phosphorylation datasets was performed, yielding multiple sig-
nificantly correlated phosphorylation sites for each phenotype.
Intriguingly, this unsupervised analysis highlighted several
novel phosphorylation sites in addition to well-characterized
phosphorylation sites known to drive tumor cell proliferation
and migration/invasion. Further functional studies of these
novel phosphorylation sites are warranted.

One of the other main issues in glioma treatment is the ap-
parent lack of efficacy of targeted therapeutics, based on min-
imal improvement in PFS or OS. In evaluating the efficacy of
targeted therapeutics, one of the primary questions is whether
the therapy effectively hit the target. To directly address this
question, we have altered our functional phosphoproteomics
platform to provide absolute quantification of selected phos-
phorylation sites on therapeutic targets and their downstream
pathways. Using this system, we have quantified the effect of
treating GBM patient-derived xenograft flank tumors with sev-
eral different EGFR small-molecule inhibitors. In each case, the
inhibitor effectively hit the target, resulting in ~90% decrease in
EGFR tyrosine phosphorylation. Erlotinib, dacomitinib, and
NT-113 each effectively decreased phosphorylation on EGFR
scaffold proteins and the ERK1/2 mitogen-activated protein ki-
nase cascade, with NT-113 having a slightly greater effect.
Going forward, this methodology can be used for longitudinal
studies, to track the efficacy of target inhibition at multiple
time points during tumor treatment to assess resistance mech-
anisms as the tumor progresses on therapy. This platform is
also being used to investigate therapeutic efficacy in orthotopic
tumors, to assess the impact of brain penetration of selected
targeted therapeutics.

Kinase Chemical Genetics and Cancer Drug Discovery

Arvin Dar described an approach combining kinase-focused
chemistry with genetic screens in Drosophila to develop poly-
pharmacological compounds with extremely high therapeutic
indices that are concomitantly safe and effective. In the ap-
proach used by the Dar group, the chemical design aspect of
the method is based on generating focused libraries of small-
molecule compounds that allow inhibition of one or more driv-
ers of tumor progression. Candidate compounds that meet this
criterion are then tested in Drosophila screens to empirically
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determine optimal target profiles. The disease model presented
was based on a species of Drosophila that expresses a mutant
form of Ret (Rearranged during Transfection), a known driver of
medullary thyroid carcinomas. The screens determine the abil-
ity of the compounds to rescue flies from oncogene-
induced lethality during their development life cycle. The
screens allow lead identification that is tumor selective and
possesses a relatively wide therapeutic index. Leads that have
been identified in flies have performed well in other animals,
including mice®® and humans.®* Another advantage of con-
ducting screens in flies is that one can quickly determine the
mechanism of action through functional assays and genetic
perturbations.

Dar reported that flies are exquisitely sensitive to small
structural changes in lead compounds in a manner that is
not captured by traditional cell culture or biochemical assays.®?
For example, in Ret"EN?8 screens, there were significant differ-
ences in the therapeutic indices among the initial hit, AD57,
and several close analogs (Fig. 12). Removing a single -CF;
group (AD58) resulted in a highly toxic compound. Adding a sin-
gle methylene group (AD36) removed most drug efficacy. It is
noteworthy that in cell culture and in in vitro Ret kinase assays,
all 3 compounds acted similarly.

Comparisons of AD57, AD58, and AD36 across several differ-
ent assay platforms (biochemistry, cell culture, and fly pheno-
typing) led to the concept of the kinase “anti-target.” For
example, the fly and biochemical data indicated that the toxic-
ity of AD58 was due to its low activity against Raf (target) cou-
pled with its high activity against mammalian target of
rapamycin (MTOR; anti-target), triggering an “incoherent feed-
forward loop.”®? Dar and colleagues were able to use this infor-
mation to “dial out” activity against the anti-target mTOR, and
the optimized molecules performed extremely well in both fly
and mouse xenograft models.

Historically, Drosophila species have proven to be powerful
models for understanding the mechanisms that direct
development, signal transduction, and cell biology. Further,
flies have clear orthologs for ~75% of human disease -related
genes®#“and are increasingly used to explore diseases, includ-
ing cancer.82:858¢ Accordingly, Dar and his collaborators in the
Cagan Lab at Mount Sinai Hospital, and other labs elsewhere,
continue to develop fly-based models of various cancers, in-
cluding brain cancers. The Read Lab at Emory University has
been instrumental in this regard.®’

Drug Discovery Using Functional Genetics, Patient Isolates,
and BBB-Traversing “optide” Libraries

Patrick Paddison presented the efforts of his group to identify
new candidates for drug targets for GBM functional genetic ap-
proaches in patient tumor stemlike cell isolates, as well as a
new therapeutics program at Fred Hutchinson Cancer Research
Center using “optimized peptides,” or “optides.” His talk covered
work from his laboratory and that of a collaborator, James
Olson.

GBM is the most aggressive and common form of CNS can-
cer in adults, and the inability to develop new, more effective
therapies may arise from preclinical models that inadequately
predict a therapeutic window and from the fact that many new
anticancer drugs being used for GBM are “hand-me-downs”
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Fig. 12. Drosophila whole body assays are extremely sensitive to small
changes in chemical structure. (Top) An oncogenic mutant of Ret kinase
(Ret™EN2B) \was expressed under the patched (ptc) promoter in the fly,
leading to early lethality. (Middle) Compounds were assayed for
pharmacological rescue from Ret-induced lethality. Pupae and fully
enclosed adults were counted (n=200, 75, 98, 54). Vande.=
Vandetinib. (Bottom) AD57, AD58, and AD36 are chemically similar
yet produced vastly different biological responses. Cross comparison
of these compounds led to the discovery of mechanistic basis of
efficacy (targets) and dose-limiting toxicity (anti-targets). This
figure is modified from Dar et al.&°

from other cancers and were not specifically developed for
treating CNS tumors. To identify patient-tailored drug targets
for GBM, Paddison and colleagues have performed a series of
functional genetic screens in patient-derived GBM stemlike
cells (GSCs) as well as nontransformed human neural stem
cells (NSCs). GSCs retain tumor-initiating potential and tumor-
specific genetic and epigenetic signatures, even during
extended outgrowth in serum-free culture. NSCs represent non-
transformed candidate cell of origin controls, which share
similar gene expression signatures and identical in vitro growth
conditions. Using these systems along with RNA interference or
CRISPR (clustered regularly interspaced short palindromic re-
peat)/Cas9 (CRISPR-associated nuclease 9) platforms, they
identified multiple molecular vulnerabilities specific to GSCs,
which appear to be largely driven by oncogenic transformation,
in processes ranging from kinetochore regulation to 3’ pre-mRNA
splice site recognition.®® 9! They are currently performing small-
molecule screens for lead compounds that exacerbate 3’ splice
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Optides: a direct route to cancer cells

Optide drugs bind exclusively to cancer cells, ignoring normal cells.

Optide drug
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Fig. 13. Multiple sources of optide starting scaffolds exist in nature, from the venom of spiders and scorpions to plants and flowers. Some of these
have been found to bind to cancer cells, and mutations can be made to enhance their specificity. This allows them to be used as targeting agents

for fluorescent surgical aids or cytotoxic warheads.

recognition defects in GBM isolates at the National Institutes of
Health Chemical Genomics Center (in collaboration with Dr Marc
Ferrer) and are developing several other screening pipelines for
other novel targets.

Paddison and colleagues have also created an optimized
peptides/optides novel drug development pipeline for brain tu-
mors (www.fredhutch.org/en/treatment/treatment-research/
optides.html) (Fig. 13). The main optide class they recently fo-
cused on is a natural product called knottin. Naturally occurring
knottin drugs protect plants from insects, help spiders and scor-
pions immobilize prey, and serve a host of other predatory or
protective purposes.®”~9* Knottins are 20-60 amino acid pep-
tides with 3-4 disulfide bridges that tether the protein in a knot
configuration.®® In multiple instances, knottins have been engi-
neered or have evolved to have picomolar or nanomolar affinity
for targets to which the original scaffold knottin bound poorly
or not at all.?® "' paddison and collaborators created a
knottin-derived bioconjugate (Tumor Paint) that delivers fluo-
rescence to pediatric brain tumors and other cancers, with
the goal of guiding surgeons to optimize surgical resection of
the cancer.'°#93 The FDA recently allowed human clinical test-
ing of the clinical candidate (BLZ-100) in brain tumor patients
following a successful phase I study in skin cancer patients in
Australia. The research team are currently assessing the BBB
penetration of 88 knottins from scorpions and spiders.

Similar to many natural product drugs, knottins are quite
complicated to synthesize. People have known for decades
that these would be good starting points for drug discovery,
but the difficulty in making them has hampered drug research,
especially when it comes to making variants. A major question
from this research was whether these molecules could be syn-
thesized in sufficient quantities and with proper folding to con-
duct in vivo experiments. Many knottins are insoluble when
produced in the laboratory or conjugated to other molecules.
To that end, Paddison and colleagues have been able to create
reliable amino acid substitution algorithms that sharply im-
prove the fraction of optides that are successfully produced.

Further, since Escherichia coli and yeast fail to properly fold
and excrete most knottin peptides, the Paddison team created
a mammalian expression system that enabled production of as
many as 20 000 pooled knottins or 50 individual candidates per
month, with further scaling potential.’®*!% With these prob-
lems solved, a toolbox of bioconjugates was created that
could be added to knottins to induce equilibrium with albumin
or otherwise extend serum half-life to more than 8 h without
adversely affecting target engagement.*®31°¢ Importantly,
the group recently established a Molecular Design and Thera-
peutics Core at the Fred Hutchinson Cancer Research Center,
for the cost- and time-effective production of optides for in
vitro and in vivo work. They eventually hope to have several
BBB-traversing optide variants in clinical trials within the next
5-10 years for both pediatric and adult CNS tumors.

Systems Pharmacology Approaches

While different groups of scientists within a pharmaceutical
company will look at various aspects of drug pharmaceutics,
pharmacology, antitumor activity, toxicity, and clinical efficacy,
increasingly efforts in academia are focusing on a systems ap-
proach that was first adopted by some medical school teaching
programs in the mid- to late 1990s. Marc Birtwistle discussed
the need for a broader and more nuanced systems pharmacol-
ogy approach for studying potential drugs and how they react
against cellular targets and the host to exert the desired effect
and, when the drug fails to work as expected (or as hoped for),
to define the reason for the failure.

This approach is rooted in describing the biochemical and
biophysical processes underlying GBM progression and growth
through physicochemical formalisms such as chemical kinetics
and reaction diffusion. The resulting computational models are
typically systems of coupled ordinary, partial, and/or hybrid sto-
chastic differential equations that, much like engineering anal-
ysis of weather patterns, can be simulated to predict response
to therapy. Such models have as adjustable parameters
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measurable quantities such as CNV, gene expression level, and
well-studied mutations. Importantly, they have the ability to
account for the quantitative and dynamic aspects of drug
action that are particularly relevant not only in GBM, but in
many tumor types, since most PK models of drug dynamics
and distribution are also based on differential equations. This
has given rise to the idea that such models may be described
as next-generation or “enhanced” PD models, which are be-
coming a hallmark of systems pharmacology. Encapsulated
within this drug action aspect is the inherent polypharmacol-
ogy of most of the “targeted” therapeutics, which, although
specifically designed to inhibit a particular target kinase, usually
show a broad spectrum of inhibition across kinases to varying
degrees.

Researchers see such models as providing 2 potentially
transformative capabilities. First, they can be used to generate
hypotheses for potentially effective new drug combinations
and treatment regimens, including dose and timing, tailored
to individual patients. A simulation example of how one
might perform such a task is illustrated by a recent paper by
the group'®” in which they propose how to take a “canonical”
computational model of the disease biochemistry, adjust it to
represent (to the best of one’s ability) what is known about the
particular patient, analyze the model to understand points of
fragility in the biochemical network, which correspond to
good drug targets, and then simulate millions of drug combina-
tions, doses, and timings to predict the best regimens.

Second, model analysis can suggest which patients might
respond or not respond to a drug. Such information could be
used to, for example, include and exclude patients for clinical
trials, evaluate the likelihood of a drug’s efficacy (or, with the
right model, toxicity) early in the pharmaceutical development
pipeline, or suggest indications and contraindications for ap-
proved drugs. The Birtwistle and Gallo groups have performed
a preliminary analysis of this sort using gene expression data
from 16 GBM patients in The Cancer Genome Atlas, to “person-
alize” a kinetic model of GBM-relevant signal transduction using
the measured gene expression profiles (Fig. 14). The response
of each of these 16 different patients was simulated after
what would be a 14-day regimen of an investigational drug,
ON123300, a kinase inhibitor with known affinities for mTOR,
cyclin-dependent kinase 4, platelet derived growth factor re-
ceptor, and FGFR. By simulating the 14-day drug regimen
using a traditional PK model and looking at key signaling end-
points, active Akt and ERK and a marker of apoptosis, cleaved
poly(ADP-ribose) polymerase (PARP), a range of dynamic re-
sponses was predicted to drug administration across this sim-
ulated 16-patient population. The drug was predicted to
uniformly inhibit Akt signaling but paradoxically activate ERK
signaling to differing degrees in different simulated patients
(different colors). The prediction of increased ERK signaling
was independently validated in cell line studies.'®® Cell death
responses (cleaved PARP) were predicted for most patients
but at markedly different times during the simulated regimen.
Interestingly, the simulated patients with the largest ERK acti-
vation responses were predicted to not undergo a cell death re-
sponse within the regimen time window, suggesting that they
would not be suited for treatment with ON123300. These re-
sults demonstrate how systems pharmacology models can
take as input diverse patient variables and then make specific
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Fig. 14. Simulation results from The Cancer Genome Atlas (TCGA)
patient-tailored GBM cell signaling model. The mMRNA expression for
16 patients from TCGA was used to set initial protein concentrations.
Response to an investigational drug, ON123300, with multiple cellular
targets mTOR, FGFR, platelet derived growth factor receptor,
cyclin-dependent kinase 4 was simulated. (A) Drug concentration in
plasma over time. (B) Phosphorylated pancreatic (pp)ERK levels over
time. Each color represents a different patient. (C) ppAkt levels over
time. (D) Cleaved PARP levels over time. Note the log scale.

predictions about response to therapy. With the ability to sim-
ulate a patient’s response assuming a single genomic context,
extension to multiple genomic contexts to account for intratu-
moral heterogeneity is straightforward. When coupled with
considerations of drug distribution and dynamics, such mecha-
nistic modeling approaches are potentially suited for contribut-
ing to improved ability to treat GBM patients clinically, in terms
of both using existing drugs more intelligently and developing
new drugs.

Of course, much of the data used to develop and constrain
such models are based on in vitro cell culture work, and such
results do not always translate to mouse models, much less
to the clinical arena. Thus, one can expect the earliest imple-
mentations of such systems pharmacology approaches in
clinical settings to be tenuous at best. Yet, as with any com-
putational modeling exercise, the model is ever improved by
challenging it further with new datasets and situations, to un-
derstand where the model is inadequate. The lack of viable al-
ternatives for dealing with the complexity and heterogeneity of
brain tumors (and for that matter most cancers) to propose
effective treatment strategies makes the investment in and de-
velopment of such systems pharmacology approaches worth-
while. It is understood that models, at some point, require
actual clinical validation data.

Neuro-Oncology

vil5



Levin et al.: CNS anticancer drug discovery

Clinical Paths for Drug Study and Regulatory Approval

To many in pharmaceutical and biotech industries, the path
available for FDA drug approval and the market size for an anti-
cancer drug define whether they will spend funds and research
and development time on a new drug. This has been especially
problematic for primary CNS tumors that represent about 1% of
cancer. Metastatic CNS tumors are interrelated with the primary
cancer, so are a mixed bag for the companies that may already
be developing drug therapies for non-small-cell lung carcinoma
or breast cancer. In any case, the impetus to develop CNS anti-
cancer therapies is not great, although once CNS target genes
shared with other tumors are identified, the process may be
intensified.

Speakers at the conference addressed consensus clinical
and radiographic endpoints, current FDA guidance for drug ap-
proval, and newer statistical approaches that may have rele-
vance to new targeted therapies, especially those coupled to
biomarkers. From the outset it was apparent that there is no
singular approach to clinical study endpoints other than to im-
prove OS. For some tumors, improvement in tumor vessel leak-
iness can be imaged with gadolinium contrast for MRI and
iodinated contrast CT scans and quantified by 2-dimensional
measurements in a manner akin to the use of Response Evalu-
ation Criteria In Solid Tumors criteria and the methodologies
used for extracranial cancers.*®''° For tumors that do not
contrast-enhance, it can be more difficult to image tumor pro-
gression and response to therapy using traditional imaging mo-
dalities. In addition, many tumors that grow in the CNS do not
respond quickly or dramatically to therapy, and/or dead tumor
cell removal is so slow that it can be difficult to see response to
treatment over periods of months. It is uncommon to see what
is called a complete response for primary CNS tumors, yet
intracranial tumors that populate the Virchow Robin spaces,
like primary CNS lymphoma, can frequently show complete re-
sponses. Slow dead-cell removal of primary infiltrative gliomas
has been shown to occur after nitrosourea chemotherapy in ro-
dent models and is consistent with clinical experience and the
infrequency of gliomas responding to chemotherapy with com-
plete or even partial responses.’!! In addition, postsurgical
changes, radiation damage, and even chemotherapy damage
can further complicate the assessment of response and progres-
sion by MRI and CT scan. These observations led to methodolo-
gies that evolved with technical advances from radionuclide
brain scans to CT and MRI scans over the years.!2~11°

Endpoints for Clinical Trials

Patrick Wen discussed the evolving process of evaluating pa-
tients to ensure that treatment effects can be defined and
quantified by their efficacy and toxicity. The measures used,
taken from the start of a treatment, are OS, PFS, clinical re-
sponse, and, to a lesser extent, clinical response, performance
status, and use of supportive treatments like corticosteroids.
Aside from death, certainty regarding progression and response
requires reliable and reproducible radiographic imaging. To this
end, the uniqueness of the CNS complicates imaging studies
and the definition of progression and response. The intactness
of the BBB can be compromised by ligands such as VEGF that
will modulate the inter-endothelial tight junctions, cause

edema, and initiate new non-CNS capillaries that leak contrast
dyes. These events can occur weeks to months after radiation
therapy and lead to subacute radiation effect, or what is today
called “pseudoprogression,” a term used to distinguish it from
true tumor progression. Fortunately the process responds par-
tially to corticosteroids and bevacizumab, a humanized anti-
body that sequesters circulating VEGF, thereby reducing CNS
edema and new leaky small vessels. Methodology and criteria
established over the years allow patients with pseudoprogres-
sion to remain on study until it is certain that the radiographic
changes are due to pseudoprogression rather than tumor
growth.

Another complication of therapy directed against VEGF or its
endothelial receptors by drugs like bevacizumab is to improve
the MRI without causing significant tumor cell kill. For studies
with these agents, special imaging techniques are sometimes
needed to evaluate the efficacy of drugs used in combination
with bevacizumab or VEGF-receptor drugs.

Wen and colleagues are developing guiding principles for
clinical trials using consensus committee approaches of the Re-
sponse Assessment in Neuro-Oncology (RANO) Working Group.
For high-grade infiltrative tumors, the basic criteria follow:

e Product of the maximal cross-sectional enhancing diameters
will be used to determine the size of the contrast-enhancing
lesions.

e Enhancing and nonenhancing tumor areas are evaluated (at
present it is easier to measure the contrast lesion than the
nonenhancing region).

e Response (complete, partial) requires confirmatory scan at
least 4 weeks after the first response seen.

e Steroid dose and clinical status must be recorded.

RANO criteria for clinical trials further stipulate and define what
constitutes measurable and nonmeasurable disease, provide
minimal criteria for entry into clinical trials, exclude patients
for studies of recurrent disease unless the study is longer
than 12 weeks after chemoradiation to minimize pseudoprog-
ression, define durability of response, and provide guidance for
patients with equivocal changes by allowing them to continue
treatment and repeating MRI in 4 weeks. These are all sensible
criteria for contrast-enhancing tumors. Additionally, these cri-
teria are acceptable to the FDA for contrast-enhancing CNS
tumors.

For non-contrast-enhancing tumors, size remains impor-
tant, as does the appearance of new contrast enhancement.
RANO criteria are in development for low-grade infiltrative glio-
mas'!” and will be developed for mid-grade infiltrative gliomas
in the future. There is a perception among neuro-oncologists,
neuroradiologists, and neurosurgeons that the field will need
new and more sophisticated (automated) neuroimaging algo-
rithms to better quantitate response and progression for tu-
mors whose growth is defined by T2 hyperintensity rather
than contrast enhancement. Some approaches under investi-
gation are contrast-enhanced T1-weighted digital subtraction
maps with volumetric analyses, T2 and/or T2 fluid attenuated
inversion recovery (FLAIR) volumetric analyses, diffusion, dy-
namic susceptibility contrast and dynamic contrast enhanced
MRI, and maybe even amino acid PET. In addition, for large clin-
ical trials it will be helpful to standardize imaging protocols
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across multicenter trials, employ central readers, and use auto-
mated/semi-automated segmentation and volumetrics.

FDA Regulatory Framework and Guidance

Joohee Sul discussed the charges of FDA’s Center for Drug Eval-
uation and Research, Office of Hematology and Oncology Prod-
ucts, to define appropriate clinical trial endpoints and approval
pathways for oncology drugs, addressing the specific challeng-
es of each disease, in this case, neuro-oncology.

Regular marketing approval for oncology drugs requires sub-
stantial evidence of effectiveness from adequate and well-
controlled clinical trials. This is accomplished by providing direct
evidence that a drug or biologic confers clinical benefit to pa-
tients, which is defined as improvement in how the patient
“functions, feels, or survives.” In 1992, subpart H was added
to the New Drug Application regulations to allow accelerated
approval of therapeutic agents for diseases that are serious
or life-threatening and in cases for which the new drug appears
to provide benefit over standard therapy. Accelerated approval
can be granted on the basis of a surrogate endpoint that is rea-
sonably likely to predict clinical benefit. Postmarketing confir-
matory trials are required to demonstrate that treatment
with the drug is in fact associated with clinical benefit, and
such trials are generally expected to be under way at the
time that accelerated approval is granted.

The FDA Safety and Innovation Act of 2012 introduced the
Breakthrough Therapy Designation (BTD) pathway, intended
to facilitate and expedite development and review of new
drugs to address an unmet medical need in the treatment of
a serious or life-threatening condition. In order to be granted
BTD, there must be preliminary clinical evidence that the drug
may demonstrate substantial improvement over existing ther-
apies for one or more clinically significant endpoints. Since its
inception in 2012, the number of BTD applications has risen
dramatically from 2 in 2012 to 97 in 2014.

Oncology Clinical Trial Endpoints

OS is the “gold standard” for measurement of direct clinical
benefit in oncology clinical trials. While OS as an outcome mea-
sure is not subject to bias, it often requires a large sample size
and a long follow-up period. PFS is defined as the time from
randomization to progressive disease or death and is able to
capture treatment effect, as it is not obscured by subsequent
therapies administered after disease progression and before
death. Measurement of ORR includes partial and complete re-
sponses and should also capture duration of response. Finally,
clinical outcomes assessments (COAs) measuring patients’
symptoms or function are valuable as they emphasize clinical
benefit from the patient’s perspective.

Neuro-oncology Endpoints

Drug approvals in neuro-oncology have been few and far be-
tween. Nitrosoureas were approved based on ORR in the
1970s for primary and metastatic brain tumors. Temozolomide
received accelerated approval for treatment of refractory AA in
1999, based on durable ORR, and for first-line treatment of GBM
in 2005, based on improved OS demonstrated in confirmatory

postmarketing trials. More recently, bevacizumab has received
approval for recurrent GBM based on durable ORR, although the
recent results of 2 large randomized trials did not confirm ben-
efit in the newly diagnosed population.

Determining the most appropriate clinical outcome mea-
sures for clinical trials in neuro-oncology has been challenging,
more so now in the era of immunotherapies and molecularly
targeted agents that may confound assessment of ORR and
PFS as determined by neuroimaging. The FDA has participated
in the efforts of the neuro-oncology community to modify im-
aging response criteria and standardize imaging, as well as dis-
cussions on the use of COA in clinical trials. Regardless of the
endpoints selected and how they are measured, it is para-
mount to keep in mind that ultimately, treatments for brain tu-
mors must demonstrate a direct clinical benefit in patients, as
measured by how, as stated, the patient functions, feels, or
survives.

Statistical Considerations

Donald Berry discussed innovative statistical approaches being
used for the study of breast cancer, associated biomarkers, and
newer agents as an example of how statistical nuances of
these approaches might be incorporated into future neuro-
oncology trials. The discussion that follows also reflects a re-
cent publication of his.'*® Clinical trials for CNS tumors have
been limited in scope for a number of reasons, not the least
of which is a dearth of agents to evaluate. Most studies today
seek to use resources to answer minor questions with regard to
the timing of very few therapies—radiation, temozolomide,
CCNU, the PCV combination, and bevacizumab. These clinical
trials address scientific questions that do not help to unravel
the nature of complex diseases such as gliomas and medullo-
blastoma. In addition, some studies represent backward steps
because they occupy resources that would better serve if allo-
cated to create new therapies. In general in medical oncology,
where there are more drugs to contemplate, many clinical trials
are attempting to use molecular features to parse treatments
and narrow treatment populations to those with the highest
likelihood of potential treatment benefit. To an extent, this
has been advocated in glioma and medulloblastoma therapy,
but sadly there are no alternative agents to use if a patient
has biomarkers that indicate a poor prognosis using current
available treatments. It is difficult to place an objective value
on giving patients hope, albeit not necessarily evidence based.

As we continue to learn more about causation and drivers of
CNS cancers as well as non-CNS cancers, we expect a large
number of opportunities for creating novel drug combinations,
yet we are stymied because the majority of anticancer drugs
available today are not ideal for use against infiltrating CNS tu-
mors, and the potential combinations make for an essentially
infinite number of therapies.

Possibly because of clinical naiveté, we take the same clini-
cal trial approach to evaluate all experimental therapies and
frequently fail to experiment with the design of the clinical
trial itself. This approach may be detrimental especially given
the rarity of many of the glioma and medulloblastoma tumors
that are likely to require unique drug and treatment approaches
and that have a short survival. Focusing on large and long-
duration (5-10 year) clinical trials makes therapies more
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expensive and often unfeasible because of survival consider-
ations, and will ultimately delay their availability to patients.
As we learn more about the molecular, genetic, and protein
biology of CNS cancers, we expect it will lead to even smaller
subsets of patients that might benefit and will require more nu-
anced clinical trial and statistical approaches and, possibly,
utilization of staged regulatory approaches to encourage phar-
maceutical participation. A stumbling block to progress has
long been the small numbers of patients who choose to enroll
or qualify for enrollment in clinical trials because of criteria for
inclusion and exclusion in such trials. One of those exclusions
has been presence of brain metastases, although some trials
now allow participation by patients whose metastases are
controlled. Some early-stage clinical trials have dropped brain
metastasis as an exclusion criterion.

Hypothesis testing is the focus of traditional clinical trials,
including control of type I error rate and statistical power. Sup-
pose investigators propose a clinical trial comparing an experi-
mental arm with a control and they want to be able to detect a
25% reduction in the death hazard with 90% power and a 5%
2-sided type I error rate. For a median OS of 3 years, accrual of 4
patients/month, and minimum follow-up of 3 years, 650 pa-
tients would be required and, maybe a decade later, final re-
sults might be available. No pharmaceutical company will
support such a trial in glioma or medulloblastoma. Even if PFS
is the endpoint rather than OS, most regulatory agencies would
require powering the study to OS anyway so that study size and
duration would change little. Imagine that scenario using 2
new drugs and then understand why it is so difficult to develop
new drugs for CNS cancers.

Future trials in CNS cancers must explicitly consider disease
prevalence. They must also consider the rapidity of advances in
biology and the rate at which alternative therapies are being
developed. This will mean smaller, shorter, and more focused
trials. The new clinical trial paradigm should have the goal of
delivering good medicine to patients who have or will have
the narrowly defined disease in question. Randomization will
continue to play a role, albeit one that is more refined. It is likely
that the role of hypothesis testing will at most be ancillary. No
one knows what that future will look like and what drug devel-
opment and drug regulation will be like, but change is, as al-
ways, inevitable.

Newer clinical-trial designs that may have value going for-
ward are platform trials and basket trials. Both approaches
attempt to merge research with clinical practice. It is hoped
that with change and new insights, clinical trials will become
smaller, as large clinical trials in narrowly defined diseases
are impractical. This is especially true in glioma and medullo-
blastoma, where total subsets in the US per year could be as
small as 50 to 1000 patients. In addition, unlike many cancers,
infiltrative glioma and, to a lesser extent, medulloblastoma
tumor patients do not easily or frequently achieve complete
or partial response. Part of this situation is caused by the
slow pace of dead-cell removal in the brain. MRI artifacts of sur-
gery and radiation therapy further complicate the true evalua-
tion of response. For these reasons, clinicians rely a great deal
on the failure of tumor to progress (stable disease or no chan-
ge) and tumor progression (progressive disease). Sometimes
response can take 6 months or longer to appreciate by CT or
MRIL.

The expectation is that the business model for pharmaceu-
tical companies and the statistical design of clinical trials will be
different. Donald Berry expects that type I and type II error
probabilities will fade out of existence for many cancer clinical
trials and be replaced by the delivery of effective therapy for pa-
tients who have specific cancer characteristics.

Accelerating Drug Discovery and
Development for Brain Tumors

This section of the White Paper is based on the discussion
among conference speakers and attendees in response to the
question, What could be done to accelerate CNS anticancer drug
discovery and development for primary and secondary CNS
tumors?.

The conference focused on 4 key areas which, when ade-
quately addressed, will help bring effective treatments to pa-
tients with primary and secondary CNS tumors.

¢ Identification of robust drug targets within specific patient
populations for which investment in clinical trials will not
be a barrier

e Appreciation by pharmaceutical and medicinal chemists that
methods are available to enhance the transport of CNS anti-
cancer agents into brain to reach infiltrating tumor in the CNS

e Appreciation of and methods to overcome patient tumor
heterogeneity and resistance to treatment within primary
tumors and metastases so that drug therapy is effective in
all tumor regions

o Creation of a specific lexicon and drug development pipeline
focused on drugs specifically intended for use in brain tu-
mors, thereby establishing a consistent foundation spanning
academia and industry. The hope is that this will lead to
more effective and safer drugs with increased therapeutic in-
dices resulting in higher free brain drug concentrations with
fewer off-target effects and better chances for achieving an-
titumor efficacy

As was made abundantly clear in the first few sessions of this
symposium, the lack of effective CNS anticancer drugs is due
primarily to the inability of drugs to penetrate into brain tumors
with concentrations of drug sufficient to achieve an adequate
duration of action. Most contemporary clinical trials in neuro-
oncology have systematically neglected to perform PK and/or
PD studies in intracranial tumors, either in rodents or in hu-
mans. That is not to say that some have not attempted to mea-
sure drug levels and their effect(s) on target molecules in
human gliomas and metastatic tumors at the time of surgery.
The problem is that single measurements provide limited infor-
mation, and without carefully obtained and curated drug ef-
fects within tumor cells at varying distances from leaky and
intact capillary regions, little really can be learned from a PK/
PD perspective. Thus, in most cases, we really do not know
whether the negative outcomes of the studies can be attribut-
ed, at least in part, to defective penetration of the drug through
the BTB or to target binding. Many attendees felt such studies
should always be performed in normal brain, and when possi-
ble, relevant intracranial orthotopic models before clinical stud-
ies are undertaken. Similarly, any clinical-study testing of new
drugs in neuro-oncology patients should always be preceded
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and/or accompanied by phase 0 studies to determine whether
that particular drug is able to reach therapeutic concentrations
in human CNS tumors.

Numerous examples were presented in which a drug
showed promise in a preclinical xenograft or orthotopic cell
line model, but because such models did not recapitulate the
inherent BBB biology in real CNS tumors, they tended to overes-
timate the effectiveness of the studied drugs. Moreover, it
would seem that at least some chemotherapeutic agents
that are currently effective against non-CNS tumor types
might have been selected specifically for lack of brain penetra-
tion to prevent neurotoxicity. Thus, major efforts are needed to
learn how to engineer, from a medicinal chemistry standpoint,
current and new drugs to improve brain uptake. In addition,
when new brain penetrant agents are in development, thought
must be given to their potential for creating neurotoxicity.

At odds with other areas of clinical oncology, thus far, the
targeted therapies tested against malignant brain tumors
have resulted in failure. There are likely many reasons for this
outcome. However, a major shortcoming in neuro-oncology
clinical studies is that they are usually performed without a
full understanding of the value of the targeted molecular alter-
ations for tumor maintenance. Furthermore, tumor heteroge-
neity (hypoxia, cell cycle status, metabolic factors, enzyme
activation, phosphorylation state, treatment resistance, and
other reasons) can be an inconvenient limitation for any target-
ed agent, even assuming that an addicting role of a driver/ge-
nomic alteration exists in a subpopulation of tumor cells
harboring a particular alteration/mutation. Along these lines,
the screening and personalized validation paradigm presented
by the Iavarone group, focused upon the FGFR-TACC fusion pro-
tein in patients with isocitrate dehydrogenase -wild-type glio-
ma, provides a guide for how to combine the comprehensive
characterization of strength of evidence of oncogenic activity
and size of anticipated targeting effect for the selection of a
“druggable” genetic alteration in GBM patients.”® This para-
digm may or may not lead to a drug of value to treat infiltrative
gliomas, and only time will tell the value of this approach.

A number of contributors believe that an approach to drug
discovery for CNS cancers would likely be best served by incor-
porating newer studies with an appreciation for drug-target
kinetics (a case of residence time) used to inform the develop-
ment of novel CNS anticancer drugs. Because this aspect of
drug discovery is relatively unexplored, it would be helpful to
gather data on lead molecules that have come out of antican-
cer drug discovery programs, determine their kinetic profiles,
and correlate the target binding kinetics of these compounds
with their cellular and in vivo anticancer activity. These studies
can and probably should be extended to related analogs in the
compound series that resulted in identifying the drug lead for
further clarification of the following:

1. Knowledge of the structural factors that control the on and
off rates for binding of the drug to the target. The resulting
structure-kinetic relationship could ultimately be used to de-
sign compounds with improved drug-target residence times.

2. The development of correlations between the thermody-
namics and kinetics of drug-target interactions and the
drug PD. To flesh out these correlations, cellular activity
data will need to be obtained under nonequilibrium

conditions (ie, drug wash-out experiments). In principle,
this may result in reprioritization of the top leads selected
for in vivo efficacy studies.

A number of contributors also opined that a universal academic
and industrial failing over the years has been the absence of in-
formative regional PK studies of potential CNS anticancer
agents that can be used to define biodistribution and binding
as well as impact of tumor heterogeneity on drug PD. Most at-
tendees believe that it remains important to study promising
radiolabeled compounds to determine their biodistribution in
animal tumor models. Although more difficult, it would also
be helpful to study drug biodistribution in humans using the
noninvasive modalities of PET and MRI. These studies would,
for example, provide valuable information for correlating drug
PK and PD by determining drug concentration at the target
site. Approaches such as these have been attempted to corre-
late the extent of target engagement with drug PD of the BTK
inhibitor CC-292 (Celgene Avilomics Research). The data would
also be used to populate mechanistic PK/PD models to predict
efficacious drug doses in humans.

It is universally accepted that tumors are highly heteroge-
neous in anatomical and morphological features as well as ge-
nomic driver mutations, protein expression, and protein
activity. From a PK perspective, tumor cells at varying distances
from capillaries will receive variable amounts of free drug and
hence will experience heterogeneity in drug distribution and,
therefore, drug activity. Depending on where in the tumor
one looks, one finds different genomic driver mutations—for
example, PTEN loss in biopsy #1, but PTEN wild type and EGFR
amplification in biopsy #2 taken from a different location. More-
over, it would be naive to assume that such genomic parame-
ters are static; rather, they are more likely to dynamically evolve
and adapt. Thus, the notion that a patient’s tumor can be char-
acterized by a single set of driver mutations and that such ge-
nomic data can inform therapy is too simplistic. “Liquid
biopsies,” such as characterizing circulating tumor DNA, may
1 day be used in place of tissue biopsies and are being used
in addition to them to inform such tumoral dynamics. One
needs to consider that a wide range of mutations is present
throughout the tumor, and thus drug sensitivity is a highly het-
erogeneous and dynamic reaction of tumors to treatment.
Thus, even if one observes a potentially “sensitizing mutation,”
for example, EGFR copy number amplification for an EGFR ki-
nase inhibitor, trials may well fail due to the presence of cells
with different genomic drivers and, thus, diverse drug sensitiv-
ities. When one couples the likelihood that not all cells in the
tumor are sensitive to the same drugs with the difficultly of
delivering the drug to the brain in appreciable concentrations,
the challenges are steep. Optimistically, it would seem that
the genomic landscape of tumors is far from infinite, as has
been revealed by the now impressive amount of genomic
data (eg, The Cancer Genome Atlas) that have been collected
not only from primary and secondary CNS tumors, but from
all tumor types. A handful of major driver mutations recurrently
show up in certain tumor types. A major task, therefore, is first
to understand which combinations of drugs effectively “cor-
don” the tumor in the genomic sense, meaning that biologi-
cally the tumor has “nowhere to run,” and every possible
tumor cell is sensitive to the combination of drugs given. This
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is a challenge for systems biology and systems pharmacology.
Then, we must design combinations of drugs that can pene-
trate the BBB effectively, all likely within a narrow therapeutic
window. This is a challenge for traditional medicinal chemistry
and clinical pharmacology.

When it comes to target identification, the adage referred to
earlier, “if you do not know where you are going, any road will
get you there,” rings true. To develop new classes of drugs for
brain cancers, some scientists prefer samples from patient tu-
mors, and others would like to see more work using whole an-
imal approaches as well as fly-based approaches. Phenotypic
screens provide different chemical leads than those arising
from biochemical or single-target approaches, and these
early starting points are intriguing to pursue in the develop-
ment of small-molecular-weight drugs.

Also offered was a philosophy that oncology and biologics
departments and CNS departments should work together
more closely and question the perception that it is best to
avoid brain targets because biologic agents cannot enter the
brain. This belief has been countered by progress made in de-
veloping modifications to biologic agents, such as mAbs that
confer brain permeability.

One suggestion voiced by participants is that pharmaceuti-
cal companies could develop most anticancer agents to pene-
trate the BBB and avoid efflux pumps. The major rebuttal to
that belief is not that these drugs would not work against
other non-CNS cancers, but rather that this approach would
lead to unintended neurotoxicity. In some cases, this might
be a possibility, but many behavioral animal models could be
used to determine whether individual drugs would adversely
affect neurological function. MRI and pathology tissue studies
could predict whether these drugs could produce white matter
or other effects on brain vessels, neurons, and glia.

A number of academic investigators proposed an ambitious
agenda focusing on National Cancer Institute (NCI)-based
funding for a CNS cancer consortium grant program. The con-
cept would be to bring together teams of clinicians and basic
scientists to tackle clinical translation of existing data and
new candidate therapeutic approaches (including new cytotox-
ic agents, precision targets, and immunotherapy). On the other
hand, academic/industry partnerships to create new anticancer
drugs and exploit new cellular targets are well accepted, with a
long history of programs to do just that. Examples of this are
the NCI synthetic drug contracts of the 1960s and 1970s, as
well as the NCI-sponsored National Cooperative Drug Discovery
Group program, which was initiated in 1982, and of which one
of us (V.A.L.) was the first grant recipient to create inhibitors of
the protein tyrosine kinase in c-Src. Without doubt, the future of
CNS anticancer drug discovery and development will certainly
require a greater number of financial incentives than presently
exist, since CNS cancer accounts for only 1% of cancers and
these rare CNS cancers are plagued by some of the most diffi-
cult PK/PD conundrums and the most elusive druggable tar-
gets. It will certainly require academic/industry partnerships
to offset research and development costs and to stimulate
new thinking and approaches to drug development.

From the Clinical Paths Discussion, some ideas and concerns
were presented that may be relevant to this section. The major-
ity of clinical trials today are for patients with rapidly growing
GBM, and few, if any, are designed for more slowly growing

low- and mid-grade gliomas (astrocytoma, oligodendroglioma,
oligoastrocytoma, ependymoma, and other variants). The only
caveat to this is that the first drugs approved for anaplastic gli-
omas were alkylating agents (BCNU, CCNU) that were approved
on the basis of ORR. Parts of the discussion also focused on the
problem of designing single and drug combination studies for
tumors that grow more slowly than GBM and might primarily
prevent tumor growth rather than leading to short duration
tumor cell kill. For the mid- and lower-grade gliomas, this prob-
lem is compounded by the financial risk undertaken by phar-
maceutical companies that require financial incentives to
develop new drugs and bring them to market. Since studies
in low- and mid-grade gliomas can take 5-10 years to attain
OS data, the financial incentive is low based on remaining pat-
ent protection or orphan drug exclusivity.

Some opined that without previous regulatory approvals
and a paved regulatory path to follow, it is too hard (risky) to
develop a drug for CNS tumors, whereas others believe that
this approach is incorrect. In addition, regulatory agencies will
need to recognize that stable disease and clinical response
rates for nonenhancing tumors represent disease control as
well as valid endpoints, an important concept in the brain,
where space is limited and tumor growth can easily compro-
mise healthy tissue—so stopping tumor progression becomes
an important clinical outcome, especially for the patient with
a CNS tumor.

Furthermore, as many participants expect that it will require
2 to 4 selective target inhibiting drugs working in concert to
truly control CNS tumor growth and extend OS, the structure
of clinical studies and acceptable regulatory endpoints that
will, on the one hand, convince clinicians and the regulatory
agencies that the drug(s) are worthy of approval and, on the
other hand, justify the large financial cost to pharmaceutical
companies to develop new drugs to treat rare tumors are
daunting and unresolved issues at this time. In many ways,
these problems are also societal in nature, as those with
money to invest are loath to do so if the investing horizon is
many years away, with no assurance of profit. Improving qual-
ity and length of life for CNS cancer patients has been and will
likely continue to be less important than making a financial
profit in a short period of time. Until that perspective changes
and new incentives make it economically feasible to develop
these drugs, we are liable to see very little movement in new
CNS anticancer drug discovery/development.
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