Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

o

N o g &

Expert

Opinion

Introduction: overview of
disease

The standard of care

Overview of loco-regional
targeted therapy so far

Chlorotoxin basic science
Preclinical studies
Clinical studies

Patient follow-up, toxicity and
response to therapy

Expert opinion

For reprint orders, please
contact:
Ben.Fisher@informa.com

informa

healthcare

Technology Evaluation

Targeted delivery of antitumoral
therapy to glioma and other
malignhancies with synthetic
chlorotoxin (TM-601)

Adam N Mamelak™ & Douglas B Jacoby
TCedars-Sinai Medical Center,, Maxine Dunitz Neurosurgical Institute, Department of Neurosurgery,
Los Angeles, CA8631, W. Third Street, Suite 800e, Los Angeles, CA 90048, USA

Targeted therapies for cancer is a rapidly advancing field, but the
identification of tumor-specific ligands has proven difficult. Chlorotoxin
(CTX) is a small, 36 amino acid neurotoxin isolated from the venom of the
Giant Yellow Israeli scorpion Leiurus Quinquestriatus. Interestingly, the
peptide has been found to preferentially bind to a variety of human
malignancies, but shows little or no binding to normal human tissues. A
synthetic version of this peptide (TM-601) has been manufactured and
covalently linked to iodine 131 (13!I-TM-601) as a means of targeting
radiation to tumor cells. Preclinical studies and Phase | clinical trials have
been completed in patients with recurrent glioma, a type of malignant
brain tumor. These studies demonstrated that intracavitary dosing of
1311-TM-601 appears safe, minimally toxic, and binds malignant glioma with
high affinity and for long durations. A Phase Il trial of this agent using
higher doses of radioactivity and repeated local administrations is
underway. In addition, enrolment has begun in a Phase | trial evaluating
whether systemically delivered 131I-TM-601 can be used to image metastatic
solid tumors and primary gliomas. Due to its small size, selective tumor
binding properties, minimal toxicity and relative ease of manipulation, CTX
represents a potentially important targeting agent for many cancers.
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1. Introduction: overview of disease

In the US, an estimated 43,800 new cases of primary brain tumors were diagnosed in
2005 113. Approximately 18,500 (42%) of these were malignant tumors. Overall,
primary brain tumors represented 1.3% of the approximate 1.5 million malignant
cancers diagnosed in the US in 2005 (American Cancer Society). The incidence of
primary brain tumors appears to be on the rise, although it is unclear if this is
attributable to better reporting, or the influence of environmental or genetic factors 2].
Gliomas, including glioblastoma multiforme (GBM), anaplastic astrocytoma,
astrocytoma and oligodendroglioma, are the most lethal forms of primary brain
tumors [2]. Approximately 13,000 brain cancer deaths attributable to glioma occur
annually in the US, where the median survival for GBM is ~ 12 months. For
anaplastic astrocytoma and low-grade (WHO grade Il) astrocytomas, survival is
~3and 5 — 7 years, respectively [21. These grim statistics make gliomas among the
most deadly forms of cancer. Despite over three decades of intensive research and a
variety of chemotherapy, radiotherapy and surgical approaches, the prognosis for
patients with these tumors has not changed significantly.
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The lack of meaningful therapies with long-term impact
on disease control and survival has led to continued research
for better treatment. This paper focuses primarily on the
role of chlorotoxin (TM-601) in the treatment of malignant
glioma, as this tumor is the primary disease platform in
which the technology has been evaluated. Nonetheless,
limited data suggest that this technology may be applicable
to many other cancers.

2. The standard of care

The standard of care treatment for gliomas is similar to that of
many malignancies and includes: i) cytoreductive surgery
when feasible; ii) external beam radiation therapy and
associated variants; and iii) adjuvant chemotherapy during
and after radiation.

2.1 Surgery for primary brain tumors

Open surgical removal of brain tumors has been a mainstay
of glioma management for decades [3-6]. The goals of surgery
are fourfold: i) to alleviate mass effect and compression of
brain structures; ii) to restore normal cerebrospinal fluid
pathways; iii) to reduce the tumor burden for other
therapies; and iv) to obtain tissue for pathological diagnosis
and characterization. Unfortunately, total excision of glioma
is rarely possible. Glioma cells are highly invasive, and are
commonly observed four or more centimeters away from
the primary tumor mass [77. Most of these cells are
interdigitated with normal functioning brain parenchyma,
and resection of these regions can result in unacceptable,
neurological deficits. Furthermore, although gliomas rarely
metastasize outside the CNS, they frequently disseminate
widely in both hemispheres of the brain. Tools to aid
surgeons in differentiating normal tissue from glial cells
atthe periphery of tumors can improve the
extent of microscopic removal. These methods include
the use of tumor fluorescence [s9], infrared imaging [10],
diffusion-weighted tensor imaging of white matter
pathways [11], physiological mapping of cortical structures
and other methods that improve resection safety. Gross total
excision of low-grade gliomas, especially pilocytic tumors is
curative in > 80% of cases (4. In contrast, gross total
removal of all other gliomas and most primitive
neuroectodermal tumors are not clearly correlated with a
higher cure rate. Cytoreductive surgery, which removes at
least 85% of the enhancing volume of high-grade glioma,
has been correlated with improved length of survival and
improved quality of life [312], with this effect especially
evident for > 98% resection [12,13]. These results indicate
that methods to improve the extent to which all
macroscopic and microscopic tumor can be removed should
result in better outcomes. Further development of these
methods should be encouraged. Despite its limitations,
surgical resection remains the most effective single therapy
for gliomas, especially when tumors recur or progress [12].

2.2 Radiation therapy

Gliomas are not particularly radiosensitive tumors. Radiation
doses in excess of 50 Gy are effective in retarding glioma
progression, but do not generally produce a cure or long-term
control of disease [14]. Increasing doses of radiation have
improved efficacy on higher-grade tumors, although most
dose escalation studies have failed to demonstrate improved
survival. Unfortunately, normal brain parenchyma is also
sensitive to radiation effects. The tolerance for brain injury
escalates quite rapidly above 70 Gy, effectively limiting total
radiation doses to 60 — 70 Gy. The use of radiosensitizers has
not been proven to significantly improve the effects of
radiation or long-term outcome [15]. Furthermore, radiation
injury and radiation-induced cell death (radiation necrosis) is
often as damaging as the primary tumor. Despite these
limitations, radiation therapy is used almost uniformly in the
treatment of gliomas, and is likely to remain a mainstay of
glioma therapy in the foreseeable future.

2.3 Chemotherapy
Systemic chemotherapy has proven to be disappointing in the
treatment of gliomas. This is partially attributable to the poor
distribution of drug in the brain due to the blood-brain
barrier (BBB). Many agents, including carmustine, lomustine,
procarbazine and temozolamide, have caused a response
against high-grade gliomas [16,17. However, these agents tend
to cause fairly limited or partial responses in both an upfront
and a recurrent setting. Most recently, the combination of
temozolamide with radiation therapy in patients with newly
diagnosed GBM, followed by a course of temozolamide, has
been found to increase the median survival by 2 months when
compared to radiation alone, with ~ 35% of patients
surviving beyond 18 months [i8]. A sizeable number of
chemotherapy trials are underway for glioma, although a
thorough review is well beyond the scope of this paper.
Delivery of chemotherapy via time-released polymer
wafers is currently the only FDA-approved form of
loco-regional chemotherapy [19]. Polyfeprosan 20 with
carmustine (Gliadel®, Guilford Pharmaceuticals) is a
synthetic, biodegradable polymer wafer containing a 2.4%
concentration of carmustine [20). Typically 6 — 8 wafers are
implanted directly along the walls of a resected tumor at the
time of surgery. A Phase Il trial comparing Gliadel to
drug-free wafers demonstrated a slight improvement in
median survival of ~ 8 weeks for patients with recurrent
GBM [191. One major advantage of Gliadel is that it avoids
many of the untoward side effects of systemic carmustine,
such as thrombocytopenia. However, Gliadel is associated
with an increased risk of brain edema, steroid dependence,
seizures and wound infection. The cost of the wafers roughly
approximates to the cost of a 6-week course of carmustine.
Efforts to increase the concentration of carmustine in the
wafers have lead to unacceptable adverse events, effectively
limiting the drug concentration to < 5%. So far, no agent,
with the exception of carmustine, is available in this
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formulation. Various shapes of the polymer are also being
tested to ease method of insertion [20,21]. In addition, several
Phase | trials have looked at the effects of combining
intracavitary chemotherapy with systemic chemotherapy [22].

In light of the limitations of the treatments described
above, tremendous attention has focused on the development
of tumor-specific targeted therapies. The broad goal of this
technology platform is to deliver therapy directly to the tumor
cells, while avoiding or preventing any therapy delivery to
normal brain cells. Although this concept is broadly
applicable to many malignancies, it is particularly important
and challenging for gliomas, due to the fact that they heavily
infiltrate into, and interdigitate with normal brain tissue, and
that the destruction of parenchyma results in the specific loss
of neurological function. Furthermore, the BBB functionally
excludes most of the large molecules from entering the brain,
making the ability to actually deliver the therapy the key to
that therapy’s success.

3. Overview of loco-regional targeted
therapy so far

3.1 Methods of therapy delivery

Because the BBB effectively limits the size of molecules
entering the brain, direct delivery of these targeted therapies
via a loco-regional delivery system is imperative for many
agents. These delivery systems parallel drug infusion pumps,
such as those used for liver infusion or direct injection into a
large body cavity, for example intraperitoneal infusion for
diffuse ovarian cancer peritoneal metastases.

The most obvious method for loco-regional delivery of drugs
to a brain tumor is direct injection of drug into the tumor
cavity via an implanted reservoir (e.g., Ommaya or Rickham
reservoir), or syringe at the time of surgical resection or biopsy.
Once the reservoir has been surgically inserted, delivery of the
drug is simple and can be repeatedly performed by almost any
physician with minimal training. This approach has been tested
with several chemotherapeutic drugs, including carmustine,
methotrexate, cisplatin and cyclophosphamide [23], as well as
viral vector gene therapies [16,24-27]. Although toxicities have
been tolerable, tumor responses have been very disappointing.
For chemotherapies, failure is principally attributable to a lack
of diffusion into the surrounding parenchyma. Thus, methods
to increase the tissue penetration of drugs are being tested. A
trial, which involved carmustine dissolved in ethanol
(DTI-105) to increase tissue penetration, is the most
prominent example of this approach [2s).

Intra-carotid injection of chemotherapy supplemented by
methods to transiently open the BBB has been studied for
many Yyears. BBB disruption is primarily accomplished with
mannitol [29] or the bradykinin analogue, RMP-7 [30]. Again,
the main goal of this approach is to increase concentrations of
drug in the brain by utilizing a first-pass effect. Cisplatin and
etopiside have been most frequently employed [31,32],
although many agents have been tested [33,34] Success with this
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method has been variable, and most studies have failed to
demonstrate a clear benefit in survival or time to progression.
There have been no randomized, prospective trials utilizing
this method.

Most recently, significant interest has developed around the
use of convection enhanced delivery (CED) of chemotherapies
and targeted toxins to brain tumors. CED refers to the process
of applying uniform, positive pressure to overcome the natural
resistance of the surrounding tissues, and essentially push the
drug into the parenchyma. Using very slow infusion rates
(0.5 - 4.0 pl/min) over long time periods (3 — 5 days) with a
positive pressure, relatively uniform concentrations of drug can
be delivered up to 4 cm away from the tip of the infusion
catheter, with well-tolerated side effects and a reasonable risk
profile (3540, CED is a rapidly advancing field, and
improvements in catheter placement, drug delivery techniques
and drug preparation are all having an impact on the potential
efficacy of this method. However, not all molecules will
disperse via CED, and there are significant technical
challenges, such as charge, size and quaternary structure, which
limit the widespread use of CED for glioma therapy.

For the delivery of most targeted therapies, intracavitary
administration or CED is likely to continue to play a
dominant role as the preferred methods, as they permit direct
administration of the therapy to the region of the tumor while
avoiding problems of BBB exclusion. However, ideally, a
targeted therapy which is effective in treating brain cancer will
be able to efficiently cross the BBB and achieve adequate
tumor penetration to achieve tumoricidal activity.

3.2 Principles of targeted therapy

Targeted cancer therapies principally depend upon
receptor-mediated selective binding to tumor cells. The success
of this approach requires high specificity or selectivity of
binding to tumor cells or other tumor related cells, such as
blood wvessels. This can be accomplished by either
overexpression of receptors by tumor cells, or preferential
expression of receptors not found on normal brain tissues. The
targeting agents for these receptors are either i) antibody or
antibody-like ligands; ii) proteins that bind the receptor;
iii) proteins that bind the cell and are internalized; or iv) large
molecules with receptor-specific binding properties.

3.3 Targeted cytotoxin therapy

Targeted therapy of glioma with tumor-specific cytotoxins has
recently generated great interest. The basic strategy employed is
to identify a cellular toxin, most commonly one derived from
bacteria, modify that toxin to maximize antitumoral activity, and
deliver the toxin directly to the tumor with a tumor-specific
ligand acting as the carrier molecule (see [41] for a review). The
most notable of these is a modified variant of Pseudomonas
exotoxin joined to IL-13 (IL-13 receptors are overexpressed in
many gliomas [3s]). When this fusion protein binds to glioma
cells, it is internalized and results in cellular death. Phase | and
Phase 1 studies with this agent were encouraging [3s]. A Phase 111
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clinical trial of this agent delivered by CED was recently
completed. Unfortunately, the results indicated minimal survival
benefit over intracavitary chemotherapy, with many toxicities. An
alternate strategy employs diptheria toxin, which has been fused
to a fragment of the transferrin-receptor antibody and delivered
via CED [42). This agent is undergoing Phase 1l clinical trials,
but the ubiquitous nature of transferrin in the brain is a potential
limiting factor. Fusion of diphtheria toxin to human plasminogen
activator and IL-13 have also been accomplished [43], but these
agents have not yet undergone clinical testing.

3.4 Targeted radioimmunotherapy and radiopeptide
therapy

Antibodies to cell-surface antigens have been most
commonly employed in clinical settings, and several of these
compounds are FDA-approved for clinical use. Examples
include trastuzamab, an antibody to the Her-2/Neu receptor
found in many breast cancer cells, and ibritumomab
tiuxetan, a radiolabelled antibody to the CD20 antigen on
lymphoma cells.

This approach has been tested for brain tumors. Examples
of this approach in glioma therapy include targeting the
EGFR [44], fibronectin 457, and the extracellular matrix
molecule, tenascin, with 13liodine radiolabelled ligands. A
Phase Il trial of 13l]-anti-tenascin antibody (tenascin-81C6)
injected into a postresection surgical cavity via an
intracavitary reservoir (doses of up to 100 mCi), followed by
radiotherapy and chemotherapy, was completed in 33
patients with GBM. A median survival of 79.4 weeks was
reported [46]. However, imaging studies demonstrated that
the antibodies were too large to penetrate beyond a few
millimeters into the surrounding brain parenchyma,
essentially neutralizing any potential targeting advantage 471.
Furthermore, tenascin is widely expressed throughout the
nervous system, and EGFR, although upregulated in some
gliomas, is also expressed by normal brain cells, limiting the
specificity of these approaches. Both of these compounds are
now in Phase Il clinical trials in glioma, although they are
unlikely to have widespread impact on the disease or
treatment strategies in the foreseeable future.

Along a similar vein, tumor-specific monoclonal
antibodies conjugated to 3%iodine for leptomeningeal
carcinomatosis or yttrium for glioma have been clinically
tested [4849). Although somewhat promising for a diffuse
process such as leptomeningeal carcinomatosis, the glioma
data indicated a brachytherapy-like dose delivered to
~ 2 cm beyond the cavity, with no meaningful survival
data available. From these studies, it is unclear if
monoclonal antibodies offer any distinct advantage over
non-tumor-specific, radiolabelled proteins such as
albumin, which serves as a radiation carrier without
targeted binding.

4. Chlorotoxin basic science

Chlorotoxin (CTX) is a small neurotoxin isolated from the
venom of the Giant Yellow Israeli scorpion Leiurus
Quinquestriatus. Chlorotoxin is a 36 amino acid (molecular
weight of 3950 Da) peptide containing a single tyrosine residue
that is available for radioiodination, eight cysteine residues, and
four disulfide bonds, yielding a tightly folded, tertiary structure
(Figure 1). CTX was originally described as a chloride-ion
channel blocker (s051. In nature, CTX functions as one
component of the venom that acts as a paralytic agent for small
insects and other invertebrates. The scorpion bites an insect,
which induces paralysis so the scorpion can either eat the insect
or potentially escape a dangerous situation. When crayfish are
injected with CTX, they become completely immobilized for a
period of ~ 2 min, and then resume normal locomotion. This
response is dose-dependent and highly reproducible, thus
providing an important biological assay for CTX and any
engineered modifications of its structure.

CTX was first identified as having tumor-specific targeting
based on physiological studies in which CTX was applied to
cell cultures of normal (glial cell) and malignant (glioma)
astrocytes [50-53]. This finding was subsequently confirmed in
an extensive assortment of tissue explants obtained from
human gliomas, and other tumors, but most non-malignant
organs and tissues, and non-transformed cells, did not
demonstrate significant binding (Table 1 [541, and Figure 2,
TransMolecular, Inc., internal data).

Although invitro cell culture and immunostaining data
support the view that CTX binds a tumor cell surface receptor,
the exact receptor has been difficult to identify. Initial studies
demonstrated that a human glioma cell line contained 1300
high-affinity  binding sites per cell [513. Given that
electrophysiological experiments showed that CTX inhibits
chloride ion fluxes across the cell membrane of glioma cells, it was
initially suggested that the receptor was associated with the
chloride channel [s0-5255. Subsequent analysis, using a
recombinant polyhistidine-tagged version of CTX, indicated that
the binding site may be a matrix metalloproteinase, MMP2 [s6].
MMP2 is considered a chloride channel-associated receptor, and
is believed to indirectly regulate the chloride channels expressed
by gliomas, but not normal human cells [50-52,55]. CTX decreases
MMP2 enzyme activity. However, demonstrating that TM-601
(CTX manufactured by solid-phase peptide synthesis) specifically
interacts with MMP2 has proved difficult, and studies are
ongoing to further elucidate cell-surface and intracellular binding
partners for TM-601. More recent experiments have
demonstrated that TM-601 is indeed tumor-specific in its
binding, and is internalized by tumor cells (D Jacoby,
unpublished data). Nonetheless, the exact mechanism of action
of CTX on tumor cells or the surrounding cellular environment
has yet to be fully elucidated.
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Figure 1. CTX structure and binding. A. Amino acid sequence demonstrating four disulfide bridges. B. Tertiary structure of CTX.
C. Cell-surface binding of biotinylated TM-601 to fixed HeLa cervical cancer cells.

CTX: Chlorotoxin.
The arrow in C. indicates the specific binding of TM-601 to the cell surface.

Using in vitro invasion assays, CTX has been shown to inhibit
invasion in a dose-dependent fashion [se]. Taken together, in vitro
studies suggest that through its inhibitory affect on ion efflux,
CTX prevents cell shrinkage, thereby diminishing the ability of
glioma cells to migrate through tight extracellular spaces in brain
tissue. Furthermore, by decreasing MMP2 activity, CTX prevents
proteolytic degradation of extracellular matrix, thus preventing
the release of glioma cells from the constraints of cellular
interactions with extracellular matrix [57].

5. Preclinical studies

Chlorotoxin has been synthetically produced (TM-601). It
can be produced in large quantities for reasonable costs, and
the amino acid structure can be modified as needed. Mass
spectrometry and HPLC assays indicate that the compound is
identical to the naturally occurring compound in shape and
structure. The crayfish biological assay shows an identical
response with the synthetic compound as with the naturally
appearing one. To confirm selective binding of TM-601 to
tumors, biotinylated TM-601 has been shown to specifically
interact with a large number of tumor biopsies, and TM-601
does not appreciably bind to normal tissues (Table 1, Figure 2).
Despite its selective binding properties, TM-601 does not Kill
glioma cells in vitro when given as a single agent. Therefore,
TM-601 was initially clinically developed as a targeting agent
for delivering a therapeutic payload.

TM-601 was explored preclinically as a candidate for
targeting gliomas with 13ljodine. As with many other studies
that show tumor-specific binding, TM-601 binds selectively
to glioblastoma tumors, and only minimal binding to
normal brain tissues has been observed (Figure 3).
Radiolabelled TM-601 is able to cross blood-brain and
tissue barriers (TransMolecular, Inc., internal data), and
preclinical studies have also demonstrated the stability and
safety of radio-iodinated TM-601. In addition, repeated
attempts to raise a humoral immune response against
TM-601 in rabbits have not been successful, and no animal
toxicities were observed for non-labelled TM-601 doses in
excess of those planned for human use.

6. Clinical studies

A Phase | study to evaluate the safety, tolerability,
biodistribution and dosimetry of intracavitary 1311-TM-601 in
adult patients with recurrent high-grade glioma has been
completed [ss]. In this trial, the dose of 13%iodine was kept fixed
at 10 mCi, and the dose of chlorotoxin was escalated from
0.25mg, to 0.50mg and 1.0mg, in three dosing panels
containing 6 patients each. 3llodine was chosen as a
therapeutic agent because it had been demonstrated to have
efficacy against gliomas and had been utilized in previous,
radiolabelled antibody trials. Furthermore, the 3liodine
radiopeptide facilitated dosimetry and biodistribution studies.
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Table 1. Summary of various human tissues stained with TM-601.

Tissue types Cases Results Tissue type Cases Results
Primary brain tumors (glioma) Other tumors
Glioblastoma multiforme 31 31 positive Breast cancer 14 13 positive, 1 negative
WHO Grade IV
Anaplastic astrocytoma 7 7 positive Breast cancer 11 11 positive
WHO Grade |l metastases
Low-grade astrocytoma 4 4 positive Kidney cancer 3 3 positive
WHO Grade |l
Pilocytic astrocytoma 14 13 positive, 1 negative  Liver cancer 3 3 positive
WHO Grade |
Other ungraded gliomas 5 4 positive, 1 negative Lung cancer 3 3 positive
Oligodendroglioma 8 8 positive Lymphoma 2 2 positive
Gliosarcoma 2 2 positive Ovarian cancer 3 3 positive
Ganglioglioma 5 5 positive Pancreatic cancer 3 3 positive
Meningioma 25 20 positive, 5 negative  Prostate cancer 9 8 positive, 1 negative
Ependymona 3 3 positive
Other normal or diseased brain tissue Normal human tissues
Alzheimer’s brain 8 8 negative Breast 2 1 negative, 1 positive
Parkinson’s/schizophrenic brain 4 4 negative (2 each) Colon 2 2 negative
Normal brain or uninvolved tissue 29 21 negative Endometrium/ 3 3 negative
of brain cancer patients 8 positive* myometrium
Epilepsy/gliosis/stroke brain 6 6 negative* Eyeball 1 1 negative
(cross-section)

Neuroectodermal tumors Heart 2 2 negative
Medulloblastoma 4 positive Kidney 3 3 negativef
Neuroblastoma 9 8 positive Adrenal gland 3 3 negative

1 negative Liver 2 2 negative
Ganglioneuroma 4 4 positive Lung 3 3 negative
Melanoma (metastatic) 11 11 positive Lymph node 3 1 positive, 2 negative
Melanoma (primary) 5 positive Meninges 3 3 negative
Pheochromocytoma 6 5 positive, 1 negative Muscle (skeletal) 2 2 negative

Thyroid 1 1 negative

Ewing’s sarcoma 2 2 positive Pancreas 3 1 positive, 2 negative
Primitive neuroectodermal tumors 2 2 negative Prostate 3 1 positive, 2 negative
Small cell lung carcinoma 6 5 positive, 1 negative Spleen 2 2 negative
Schwannoma 4 4 positive Stomach 2 2 negative
Other brain tumors Ovary 2 2 negative
Epidermoid cysts 5 1 positive, 4 negative Skin 6 6 negative
Brain tumors of unknown 9 positive Testes 2 2 negative
pathology
Pituitary gland of glioblastoma 2 2 positive
multiforme pt.
Metastatic tumors to brain 17 15 positive, 2 negative$

*Samples from normal brains or from areas of a glioblastoma multiforme patient’s brain diagnosed not to be involved in glioblastoma multiforme.
*Areas of glial cell proliferation show a few cells binding TM-601.
SMetastatic tumors of unknown tissue origin; some may not be related to neuroectodermal tissue.

TA few positive cells were observed.
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Figure 2. Panel A: representative examples of human tumor
tissues histochemically stained with biotinylated TM-601
(Panel A, left column) or buffered saline (Panel A, right
column). Panel B: representative examples of human
normal tissues matched to human tumor tissues in Panel A
histochemically stained with biotinylated TM-601 (Panel B,
left column) or buffered saline (Panel B, right column). After
primary incubation with biotinylated TM-601 or buffered saline
(as a peroxidase reagent staining control), the tissues in Panel A
and B were incubated with peroxidase-labelled streptavidin,
followed by the peroxidise substrate, to produce a brown color in
samples, which bound the biotinylated TM-601. An intense
brown color, indicative of positive staining, is only seen in tumor
tissues exposed to biotinylated TM-601 (Panel A, left column),
and not normal tissues (Panel B, right column).

The compound, 31-TM-601 was injected into the
resection cavity of 18 patients with recurrent, high-grade
gliomas via an Ommaya reservoir 2 weeks after surgery.
Radiation doses to normal organs were clinically insignificant
(Table 2). In contrast, mean radiation dose to within 2 cm of
the cavity wall was 81 cGy/mCi (median 49) and ranged
12 — 275 ¢Gy/mCi (Table 2). These values are substantially
higher than doses to the whole body (mean 0.4 cGy/mCi)
and to any other organ. Furthermore, the biological t,, of
1311-TM-601 in the tumor cavity margin was longer than in
any other organ, including the normal brain, indicating
long-term retention of the drug in and around the injection
site (Table 2). The median biological half-life in cavity margin

Mamelak & Jacoby
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Figure 3. Representative examples of human normal brain
and glioblastoma multiforme tumor tissues were
histochemically stained with biotinylated TM-601 (left) or
buffered saline (right). After primary incubation with
biotinylated TM-601 or buffered saline (as a peroxidase reagent
staining control), the tissues were incubated with
peroxidase-labelled streptavidin followed by the peroxidase
substrate to produce brown color in samples, which bound the
biotinylated TM-601. Intense brown color, indicative of positive
TM-601 staining, is only seen in the tumor tissue.

was 70 (range 32 — 193) h, 80 (range 25 — 86) h and 55
(range 41 — 62) h for patients receiving 0.25, 0.50 and 1.0 mg
peptide, respectively.

Gamma camera imaging showed the 1311-TM-601 localized
to, and remained primarily concentrated in and around, the
patient’s surgical cavity for all 5 days of imaging (a typical
image is shown in Figure 4).

7. Patient follow-up, toxicity and response to
therapy

1311-TM-601 was well-tolerated by all patients. There
were no grade 111 or 1V toxicities related to the study drug
or method of administration in the immediate and/or
long-term follow-up period. There were no patient
complaints related to the study drug or method
of administration.
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Table 2. Organ dose and half-life after single injection of 10 mCi 131|-TM-601 in humans.

Organ cGy/mCi (range) Thiol 172 N (range)
Whole body 0.4(0.2-0.7) 47 (31 -81)
Stomach 0.7(0.2-1.3) 25 (17 - 40)
Kidney 0.9(0.3-1.8) 26 (18 - 39)
Thyroid 5.3(0.8 -22.9) NA

Normal brain 1.1(0.3-2.4) 2 (21 -80)
Marrow (blood half-life) 0.3(0.1-0.4) 29 (9-41)
Bladder wall 3.2(1.5-6.5) NA

Tumor cavity wall 81.0 (12 - 275) 69 (25 - 193)

NA: Not available

Day 1

Figure 4. Total body planar and brain SPECT imaging of
1311-TM-601 following a single intracavitary 10 mCi dose. The
bright region noted between the legs in the total body planar
images is a 1 mCi standard. Retention of the peptide at the tumor
cavity site (left side of head) is evident on days 1 — 5, with minimal
uptake anywhere else in the body. The loss of a signal in the
images roughly approximated the physical decay constant of 131,
indicating long-term retention and minimal biological elimination
at the tumor site, with rapid elimination elsewhere. Axial SPECT
scans co-registered to MRI indicate long-term retention at the
tumor cavity site, with a volume of distribution that approximates
well to the tumor volume.

Day 2 Day 3 Day 4 Day 5

Day 6 Day 7 Day 8

Three patients had serious adverse events possibly or
probably related to study medication reported within 22 days
of administration. These included the following events: fever,
chills, upper extremity paresthesias accompanied by mild
cerebral edema on CT, progression in left-sided weakness,

infection of the tumor resection cavity and osteomyelitis.
Additional serious adverse events reported by investigators to
have possible attribution to the study agent beyond the initial
22-day observation period included one patient with
generalized seizure and one patient with headache, face
droopiness, dysathria and instability.

Over the course of the 180-day observation period, there
were a total of seven deaths. Two patients with GBM survived
for > 30 months. Median survival was 27 weeks from surgery
for all three dosing groups. Histochemistry of the tumor tissue
from all patients tested so far stained intensely positive
for TM-601.

An analysis of the imaging data obtained for a subset of the
patients enrolled in this trial was also performed [s9). The
purpose of this analysis was to determine if radiolabelled CTX
might be a useful tool for imaging the extent of glioma
invasion, as it is tumor-specific and small enough to diffuse
away from the primary tumor site. This study demonstrated
that 1311-TM-601 SPECT scan estimates of tumor volume were
midway between estimates on T2-weighted and T21-weighted
contrast-enhanced MRI scan, a result consistent with known
glioma invasion patterns. This study provides promise that
CTX may be useful for tumor imaging and tumor therapy.

A Phase I trial of this agent is underway for patients with
recurrent glioma. The goals of this trial are to determine the
safety of multiple dose administrations, at 40 mCi/0.8 mg
per dose, and to test the potential efficacy of this agent. The
first portion of the study (now completed) consisted of a
dose escalation schema in which individual patients each
received three doses of 13!I-TM-601, each dose 1 week
apart. The specific activity of the radiolabelled peptide was
fixed, with the dose varying between 20 mCi/0.4 mg and
40 mCi/0.8 mg. There were no major toxicities observed,
and the FDA permitted the trial to advance to the next stage
of the trial, in which patients are randomized to receive
either 3 or 6 weekly intracavitary injections of 131]-TM-601
40 mCi/0.8 mg. This trial is being conducted at 17 centers
in the US and is expected to complete accrual in the first
half of 2007. As with the initial phase of the trial, no deaths
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or major toxicities directly attributable to the therapy have
been reported, and the trial is ongoing.

An intravenous imaging trial is also underway. Patients with
documented progressive cancer of any origin (CNS or systemic)
are included, with the primary end point being the ability to
visualize specific uptake of the agent on total body imaging. If
so, this would suggest that 1311-TM-601 or variants could be
used as both a cancer imaging agent and as a systemic targeted
therapy. The trial is being conducted at four sites. So far, uptake
in regions of metastatic disease has been documented, but as
formal dosimetry analyses have not been completed, the data
are still preliminary. As patients with brain metastases enter the
trial in the future, it will be of great interest to determine if
systemically delivered 1311-TM-601 crosses the BBB sufficiently
for potentially diagnostic or therapeutic responses.

8. Expert opinion

Targeted cancer therapeutics is a large and ever-expand-
ing field. New molecular targets and tumor-specific ligands
are being identified at a very fast pace. Despite these
advances, the chances of any single target or ligand making
its way into clinical testing is small, with an even smaller
chance of impacting therapy. Issues ranging from the
inability to commercially produce a targeting agent that
meets good manufacturing practices, to intolerable
toxicities, and lack of efficacy, all contribute to this issue.
In our opinion, CTX represents a novel and exciting
platform for cancer therapy and imaging. CTX meets
many of the criteria of an ideal targeting agent (Table 3). It
is small and highly compact in structure. This means it can
cross the BBB and is far more likely to diffuse deep into
solid tumors than antibodies, mini-bodies, or other such
larger molecule targeting agents. CTX is synthetically
manufactured under good manufacturing practices and can
be easily modified by amino acid substitution and pre- or
postfolding modification. It contains a single tyrosine
residue for iodination and can also be modified by covalent
linkage for the conjugation of other imaging or therapy
payloads. Because it is a naturally occurring, biological
peptide that was evolutionarily derived from an
invertebrate with no human biology design, it fortuitously
demonstrates binding to human malignancies, but is
otherwise alien to human tissues. It therefore appears to
have no innate toxicity in humans, despite repeated
administrations. The underlying interaction of CTX with
tumor cells remains to be fully elucidated, and is the
subject of much research. CTX may be shown to have
antitumoral activity, even in the absence of a therapeutic
payload. Several invitro studies suggest that CTX may
inhibit cellular migration by blocking ion fluxes, altering
cell shape and preventing degradation of extracellular
matrix [57. However, the in vivo effect of unlabelled CTX
on tumor growth and metastases has not been thoroughly
explored. Finally, the ability of CTX to selectively bind to

Mamelak & Jacoby

tumor cells may be exploited if the peptide is found to
have autofluorescent properties, making it a useful agent
for intra-operative tumor identification. Overall, the small
size, lack of antigenicity, and lack of toxicity, make CTX
an extremely attractive peptide for ongoing development
in the field of cancer therapy and imaging.

All clinical trials of CTX have utilized radioactive iodine
as the therapeutic payload. 3llodine was chosen as the
initial agent for several practical reasons, including its
well-known toxicities, previous use in glioma therapy, and
the ability to perform dosimetry and biodistribution studies.
However, a radiolabelled compound raises obvious concerns
based on the disappointing results of other agents, such as
the antitenascin antibody 81C6. There are several critical
factors that differentiate CTX in this regard. First, recent
data suggest that CTX is internalized by tumor cells, with
no observable binding to blood vessels, or other cell types.
This means that the radioactivity will be delivered more
closely to the source. Second, published studies and ongoing
imaging trials indicate that CTX is small enough to diffuse
into solid tumors and into the brain parenchyma with
intracavitary or intravenous injections. This means that
CTX penetrates beyond the tumor resection cavity and truly
provides targeted therapy, rather than the brachytherapy-like
effect seen with non-diffusible molecules such as
radiolabelled 81C6. Finally, methods such as CED are likely
to be extremely effective for a small molecule such as CTX,
allowing even more extensive dissemination into the brain
parenchyma for targeting of invading cells. This could result
in more selective delivery of radiation than that available
with other tested methods. Large antibodies such as 81C6
are very poorly delivered by CED.

Taken together, these results suggest that CTX has many
advantages over other radioactive, targeted therapies for
glioma. Nonetheless, 13liodine does deliver a radiation dose
that extends beyond the boundaries of an individual cell,
resulting in radiation exposure to normal tissue, and this may
be a limiting factor in the utility of this approach. Alternate
strategies such as the use of more focal radiation sources, for
example yttrium, remain viable options. In addition, the
utilization of other target toxins, such as variants of the
Psuedomonas or diptheria toxin, may provide even better
therapeutic benefit. These benefits must be counterbalanced
by the fact that the toxins are large molecules, which could
greatly limit drug delivery. These strategies are being
considered carefully.

An additional point to consider is the potential for intravenous
therapy with 131I-CTX. As CTX is small, rapidly cleared and
does not bind normal cells, it is unlikely to have an impact on
healthy tissues, as there is not sufficiently prolonged exposure of
these cells to the radioactivity to result in a major effect, unless
extremely high doses are administered. The Phase I trial data, and
preliminary data from the Phase Il trial have not identified
radiation necrosis as an important finding in any patients, with
over 90% of the peptide entirely cleared from the body within
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Table 3. Advantages and disadvantages of chlorotoxin as a targeted therapy of glioma and other tumors.

Advantages Disadvantages Other issues
Small size Does not kill tumor alone The only peptide under clinical trial for
— diffusible — needs payload therapy or glioma

— crosses the BBB

— lack of immunogenicity

Synthetic manufacturing

— easily modified

No binding to normal human tissues administration
— no obvious toxicities

— tumor-specific action

Useful for imaging and therapy applications

co-administration of other therapy
— mechanism of action unclear
Clears very rapidly from systemic circulation Basic science needs to better define peptide
— May impede use as intravenous agent
— can add linkers and payloads more easily - May require infusion or repeated

May be effective against many other
malignancies

function
Multiple platforms or options for clinical
use, difficult to define the best strategy

BBB: Blood-brain barrier.

24 — 36 h. These data certainly support the notion that systemic
or CED delivered therapy is unlikely to cause significant damage
to healthy tissue.

In general, targeted therapies for glioma have had a
lackluster and uncertain history. A recent trial of Pseudomonas
exotoxin fused to IL-13 and delivered with CED to patients
with recurrent brain tumors demonstrated tremendous
promise [3g], but the clinical realities of the trial demonstrated
the compound to be very toxic in high doses and difficult to
reliably deliver to the tumor volume to achieve meaningful
doses. In addition, radiolabelled antibodies have been quite
disappointing in CNS tumors and most other solid tumors
due to poor penetration of the antibodies. In contrast,
targeted antibodies such as rituxan have been effective for
hematological malignancies. The field will undoubtedly
continue to evolve, with more tumor targets identified. Small
peptide- and protein-based targeting seems to be a much
more appealing approach than antibody-based therapies, as
there are fewer immune reactions, and probably less toxicity.

7.1 Conclusion

CTX represents a novel and versatile advance in the field of
targeted therapeutics for glioma and other malignancies, in
that it is a peptide-based targeting agent, rather than an
engineered antibody or antibody fragment. The small size
of the peptide makes crossing the BBB possible, and it is
likely that it is highly diffusible. Due to the fact that its
evolutionary development has little link to human biology,
it does not appear to bind to normal human tissues,
thereby dramatically reducing the possibility for toxicities,
and so far no immunogenic responses have been noted. On
a more cautionary note, CTX does not directly kill tumor
cells, which means that if it is to be effective, a meaningful
payload therapy will be critical. The identification and
testing of CTX further enhances the search for similar
toxins in nature that may play equally intriguing roles in
the treatment of human diseases. This is likely to provide a
promising pathway for new drug discovery over the
coming decades.
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