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Abstract
A number of anti-cancer drugs have their targets localized to particular intracellular
compartments. These drugs reach the targets mainly through diffusion, dependent on biophysical
and biochemical forces that allow cell penetration. This means that both cancer cells and normal
cells will be subjected to such diffusion; hence many of these drugs, like chemotherapeutics, are
potentially toxic and the concentration achieved at the site of their action is often suboptimal. The
same relates to radiation that indiscriminately affects normal and diseased cells. However, nature-
designed systems enable compounds present in the extracellular environment to end up inside the
cell and even travel to more specific intracellular compartments. For example, viruses and
bacterial toxins can more or less specifically recognize eukaryotic cells, enter these cells, and
direct some protein portions to designated intracellular areas. These phenomena have led to
creative thinking, such as employing viruses or bacterial toxins for cargo delivery to cells and,
more specifically, to cancer cells. Proteins can be genetically engineered in order to not only
mimic what viruses and bacterial toxins can do, but also to add new functions, extending or
changing the intracellular routes. It is possible to make conjugates or, more preferably, single-
chain proteins that recognize cancer cells and deliver cargo inside the cells, even to the desired
subcellular compartment. These findings offer new opportunities to deliver drugs/labels only to
cancer cells and only to their site of action within the cells. The development of such dual-
specificity vectors for targeting cancer cells is an attractive and potentially safer and more
efficacious way of delivering drugs. We provide examples of this approach for delivering brain
cancer therapeutics, using a specific biomarker on glioblastoma tumor cells.

1. Introduction
Traditional cancer treatment can be classified into two main approaches. One approach is a
specific recognition of cancer cells by means of plasma-membrane receptor-binding drugs,
such as monoclonal antibodies or naturally occurring ligands against tumor-associated or
tumor-specific receptors, and/or oncogenic receptors.[1] The other approach of either
indiscriminate or more targeted chemotherapy involves cellular delivery of the drugs
through diffusion. The specificity of such an approach can be assigned when a target is a
unique factor or a mutated oncogenic protein, reachable by a drug that binds exclusively to
this form of oncogene. In most cases, the plasma membrane must be permeable to these
drugs and, in the case of brain tumors, they need to cross the blood-brain barrier.[2] Most
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anti-cancer therapeutics have defined targets such as oncogenes, enzymes, or DNA, all of
which are localized to distinct intracellular compartments like cytosol, mitochondria or
nuclei. Hence, vectors providing a direct delivery of therapeutics/labels to these subcellular
compartments may lead to increased specificity and efficacy, with less toxicity.

We have developed ‘double specificity’ vectors to transport therapeutics not only to a subset
of cells, but also into their specific intracellular compartments. These ‘double specificity’
vectors are designed to achieve specificity by recognition of the tumor-associated antigen
IL-13Rα2, which is specifically overexpressed on cells of glioblastoma (GBM) tumors.
After being internalized into the tumor cell through this receptor, intracellular organelle
localization signals in these vectors will exert the next level of specificity by transporting
therapeutics, including radioisotopes, into that particular intracellular compartment.
Organelle-specific delivery of some of the therapeutics, such as in the nucleus, is expected
to lead to an increased efficiency of glioma cell killing, as most drugs and radioisotopes
have a small range of effectiveness or influence inside the cell. Specifically transporting
such therapeutics into the nucleus, i.e. to the core of DNA synthesis machinery inside the
cell, should lead to rapid and enhanced killing with decreased drug dosage and minimal
harm to the normal cells. This strategy has potential to improve therapy of GBM and other
cancers.

2. Treatment Options for Glioblastoma (GBM)
GBM is a high-grade astrocytoma representing the most common, and most treatment
resistant, form of primary brain tumor. Primary brain tumors account for 2.4% of all yearly
cancer-related deaths and are one of the top ten causes of death in the US. The treatment of
patients with GBM is still a major challenge; the median survival rate for patients with GBM
is usually in the range of 12–14 months and has improved only marginally over the past 30
years.[3] Currently, GBMs are treated primarily by surgical resection, followed by
radiotherapy and chemotherapy.[4–6] It is apparent from the survival statistics that the
current multimodality treatment approach is inadequate.

GBM tumors are composed of a heterogenous mixture of poorly differentiated neoplastic
astrocytes that are located preferentially in the cerebral hemispheres. Surgical debulking is
the mainstay treatment for such tumors, though tumor recurrence remains the leading cause
of death in GBM patients. In more than 90% of cases, after surgical resection and adjuvant
treatment, the residual glioma cells from the periphery of the tumor resection cavity give rise
to recurrent tumor immediately adjacent to it or within 2 cm of the cavity.[7] Current
therapies for GBM such as chemotherapy, radiation therapy, and monoclonal antibody
therapeutics do not effectively eliminate residual tumor cells after surgical resection.[5,8]

This is because the majority of these therapeutics are non-specific in nature, and they face
delivery restrictions into the tumor because of their large sizes and complex chemical
constitutions. In fact, most of these agents do not cross the compromised blood-brain barrier,
leading to inefficient delivery of the drug to the tumor cells.[9] In addition, the non-targeted
and non-specific nature of chemotherapeutics and radiation therapy leads to killing of
normal brain cells, resulting in cognitive impairment in GBM patients.

To increase survival of GBM patients, there is an urgent need to develop alternative and
effective therapies to eliminate GBM tumor cells. To effectively manage GBM, a
combination therapy will have to be used, i.e. after surgical resection and irradiation,
multiple targeted therapies will be able to kill even the residual GBM tumor cells and
prevent the recurrence of the disease. An efficient therapeutic against GBM tumor would be
one with enhanced specificity to GBM tumor cells, which is also efficiently delivered to the
tumor cells and one with maximal drug efficacy. An effective approach to make such
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therapeutics is to take advantage of tumor-associated phenotypic changes, such as elevated
cell surface receptors or antigens. The relative selectivity of cell surface markers on cancer
cells makes them fascinating molecules for local delivery of some of the conventional
cancer therapeutics. A more favorable therapeutic approach for GBM tumors would involve
conjugating cancer chemotherapeutics, biological toxins, or radioactive isotopes to ligands
for over-expressed brain tumor cell surface antigens (such as receptor ligands, monoclonal
antibodies, peptides or growth factors) in hope of promoting specific recognition and
localization in tumor cells.

One of our goals is to specifically recognize target biomarkers and effectively penetrate the
GBM tumor cells. These intracellular compartment-specific targeted molecules may be
valuable in the construction of various diagnostic/prognostic and therapeutic tools for GBM.
These are modern, new age, targeted diagnostics and treatment modalities which will lead to
successful killing of GBM tumor cells, protection of normal brain cells and tissues and
hence efficient treatment and prognosis for brain tumor patients.

3. Intracellular Delivery Strategy
3.1 Employing Bacterial Toxins for Targeting

In the field of non-viral vectors based on recombinant proteins, we have pioneered the use of
proteinaceous compounds for the targeted intracellular transport of proteins and
nonproteinaceous agents.[10] The system exploits nature-designed bacterial toxins, such as
Pseudomonas aeruginosa exotoxin A (PE) or diphtheria toxin (DT). These type A-B
bacterial toxins first bind to a plasma membrane receptor, which in turn induces
internalization of the ligand-receptor complex. Once in the endocytic compartment,
proteolytic cleavage releases a portion of the toxin, which contains a signal for the exit from
the endocytic compartment into the cytosol. This portion is a catalytic unit that shuts down
new protein synthesis. This ‘get cleaved and exit the endocytic compartment’ property is a
result of the presence of a specialized domain of PE, domain II.[11,12] Initially, we exploited
the ability of PE to translocate other, non-PE, or multiplied PE peptide sequences into the
cell cytosol.[10] We demonstrated for the first time that PE can serve as a vector for intra-
cytosolic delivery of various proteins/peptides. This approach has served as a basis for
further developments of intracellular vaccines[13] and prompted the use of DT protein,
having very similar properties to PE toxin, for the same purpose of intra-cytosolic
delivery.[14]

PE and DT have similar complex multi-domain structures that reflect the multiple-step
killing pathways of eukaryotic cells.[15,16] Both possess receptor binding domains. In PE,
the receptor binding domain is the N-terminal domain la (amino acids 1–252)[15] and in DT
it is the C-terminal domain.[17] PE- or DT-receptor complexes are internalized and are first
sequestered to the endocytic vesicles. Domain II of PE (amino acids 253–364) is a site of
proteolytic cleavage by furin, which is necessary for the toxin’s intra-endosomal
activation,[11] and the sequences in this domain are important for the toxin’s translocation
into the cytosol.[12,18–22] Domain Ib (amino acids 365–404) has an unidentified function and
is dispensable.[10] The last domain of PE (domain III; amino acids 405–613) is an enzyme
that catalyzes ADP-ribosylation of elongation factor-2 (EF-2), followed by arrest of protein
synthesis, and subsequent cell death.[15,23] Prior to translocation, PE must be cleaved by
furin at its disulfide bond-formed loop, next to Arg279, in order to produce a 37-kDa C-
terminal fragment comprising all of domain lb and III, and a major portion of domain II that
reaches the cytosol.[19] The C-terminal end of PE, REDLK (amino acids 609–613), is
absolutely necessary for the toxin to be active. This sequence resembles the endoplasmic
reticulum (ER) retention signal, KDEL.[24] A recombinant form of PE, PE40, lacks the
receptor binding domain Ia, but retains all the functions of domains II and III,[15] although it
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does not possess specific cytotoxic activity on its own. PE38 is a PE40 molecule with
additional deletion of the portion of dispensable domain Ib.[25] These variants of PE can
only be toxic to eukaryotic cells when another targeted ligand is built in.[26]

We have utilized the unique features of the PE toxin to target specific sub-cellular organelles
of GBM cancer cells through the GBM-specific plasma membrane biomarker, interleukin-13
receptor alpha 2 (IL-13Rα2).

3.2 Targeting Interleukin-13 Receptor-α2 on GBM Cells
It has been demonstrated that IL-13Rα2, a tumor-associated plasma membrane receptor, is
highly overexpressed in GBM.[27,31] This is one of the receptors for IL-13, an immune
regulatory cytokine, mainly produced by T-helper type 2 (Th2) cells.[32] The other receptor
for the IL-13 ligand is a heterodimeric receptor complex consisting of IL-13Rα1 and
IL-4Rα components. IL-13 ligand binds with a low affinity to the IL-13Rαl receptor, but, in
the presence of IL-4Rα protein, it forms a high affinity receptor complex for the IL-13
ligand and is thought to signal through the signal transduction and activator of transcription
(STAT)-6 signaling pathway.[32] It is thought that the IL-13Rα2 receptor acts as a decoy
receptor for the IL-13 ligand, and therefore as negative regulator of IL-13, as it does not
mediate any downstream signal transduction.[33]

Our laboratory has designed various IL-13 ligand mutants which specifically bind to
IL-13Rα2, the cancer-associated receptor, and which do not bind to the other physiological
receptor for IL-13 that is also shared with homologous cytokine, IL-4[34–36] IL-13.E13K is
one such IL-13 mutant that has an amino acid glutamate residue at position 13 substituted
for lysine.[34] IL-13 binds to the IL-13Rα2 receptor followed by internalization through
receptor-mediated endocytosis.[37] Hence, drugs attached to the IL-13 ligand or its mutant
forms can be internalized and delivered specifically inside GBM cells. One early example of
such a construct is the first generation of IL-13-based cytoxin, IL-13-PE38QQR, which was
also evaluated clinically.[37]

3.3 Intracytosolic Bio-Engineered Delivery Vectors
An interesting question is whether something else can replace native PE sequences and be
trafficked inside the cell. It was envisioned that PE fragments could be used to target
intracellular compartments of GBM cells using IL-13Rα2 as an entry site and deliver
various polypeptides into the cytosol. A proof-of-principle study documented the possibility
of replacing the dispensable portion of PE40, domain Ib, with hormonal polypeptides in a
chimeric cytotoxin composed of transforming growth factor α (TGFα) and PE40, which
uses the epidermal growth factor receptor (EGFR) as a site of entry into malignant cells.[10]

The N-terminal portion of domain Ib has been successfully replaced with two somatostatin
peptides and a very hydrophobic methionine-rich peptide. Replacement of domain Ib with
such peptides did not hamper activity of the chimeric cytotoxin.[10] Also, PE40 has been
significantly enlarged by another domain III engineered into domain Ib region, downstream
of the processing site at Arg279. This maneuver made the toxin cleavable at one site as in
the wild type of PE, however, the cleaved fragment was expected to be of ~62 kDa
compared with 37 kDa normally produced from PE.[10,19] Interestingly, the activity of the
chimeric toxins with two domain IIIs in tandem was similar to that of the original chimera.
These studies inferred an efficient transport of a considerably larger proteinaceous entity or
even non-PE polypeptides through intracellular membrane(s).
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3.4 Fusion Proteins Designed with Intracellular Localization Signals
In order to accomplish a higher multi-specificity order of targeting, one can envision the
development of fusion proteins consisting of targeting ligands like IL-13 mutants, together
with proteins/peptides that possess the desired intracellular localization propensities:

• cytosolic localization proteins (to deliver, or self-deliver, bacterial toxins – already
advanced in the development; oncogene inhibitors; pro-apoptotic proteins; and
antisense nucleotides),

• lysosomal localization signal peptide (to deliver labels; chemotherapeutics), or

• nuclear localization signal peptide (to deliver auger-electron emitting isotopes, α-
emitting labels, photosensitizers).

The subcellular compartment (nuclei, endosomes, lysosomes, mitochondria, etc.)
recognition polypeptides are relatively short-length peptides and they can potentially all be
incorporated into the sequences of the doubly targeted recombinants [figure 1].

Intracellular localization signals help proteins traffic to various specific organelles/
subcellular compartments. The nuclear localization signals (NLS) are employed by a large
number of proteins that travel to and from the nucleus, and are important for cell function.
NLS derived from the simian virus 40 (SV40) large T antigen is a well characterized
sequence enabling nuclear transport.[38–42] The SV40 NLS is a classical monopartite NLS
and comprises a characteristic stretch of basic, positively charged amino acids like arginines
and lysines. The NLS binds to importins/karyopherins that transport NLS-containing
proteins through the nuclear pore machinery.[40] Multiple NLS have been identified. NLS
have already been used to distribute an agent from the extracellular space into the cell
nucleus.[43] The optimized SV40 T antigen NLS is as follows:
SSDDEATADAQHAAPPKKKRKVEDP. This sequence is recognized by a high affinity
importin α/β hetero-dimer that catalyzes import into the nucleus. Many other NLS are
known and available to choose from to exploit in the designer constructs.[44] There are also
many identified types of lysosomal localization sequences (LLS). These include the
lysosome-associated membrane protein 1 (LAMP-1) tail sequence RKRSHAGYQTI, the
lysosomal acid phosphatase (LAP) sequence RLKRMQAQPPGYRHVADGEDHAV, and
the lysosomal integral membrane protein 2 (LIMP-2) sequence
RGQGSTDEGTADERAPLIRT. LAP has a propensity to accelerate the internalization of
the molecule that contains the sequence.

These prototype fusion proteins are expected to closely follow the intracellular trafficking
pathways of PE. The detached, proteolytic cleaved C-terminal end of PE, containing a
specific endosomal exit sequence, would enable the fusion protein to travel to a chosen site
in the cell.[26] In a simplified form, there is a general order in these designer proteins, which
is dependent on the type of bacterial toxin used. For example, counting from N terminus to
C terminus, they will be represented by the order as follows: A-B-C-D-E, A-B-C-E-D, A-B-
E-D-C, E-D-C-B-A, A-B-C-D, and D-C-B-A, where A is a specific cancer cell-binding
ligand; B* is a cytosol localization element; C is a subcellular compartment localization
signal element; D is an effector molecule; and E is a second effector molecule (may be
present or absent). B* must always be between A and C in either direction.

Alternative approaches are available for the construction of intracellularly deliverable
proteins. The DT molecule contains the processing site and a defined sequence, which is
responsible for the translocation of an active DT fragment into the cytosol. Thus, by using
engineered fragments of DT, one can direct growth factor fusion protein into the
cytosol.[14,45,46] Furthermore, some of the viral proteins serve as controlled distributors
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within the eukaryotic cells. Their structural features have been used to modulate the passage
through some intracellular membranes.[47]

3.5 Targeting GBM Cell Nuclei
For targeted delivery to specific intracellular compartments, we designed a single-chain
protein containing sequences for (i) receptor recognition, (ii) endocytic vesicles/departing,
and (iii) nuclear transport ligands/signals. The single-chain protein, a vector for double-level
targeting of cancer cells, consists of IL-13.E13K (for specific recognition of the IL-13Rα2)
followed by domain II of PE (for endosomal cleavage and then exit), and NLS from the
SV40 T antigen to guide the portion of PE remaining after furin cleavage (for nuclear
transport). We have provided direct evidence that this molecularly targeted designer protein
recognizes GBM cancer cells specifically, and travels to and accumulates in these cells’
nuclei[48] (figure 2). This was the first direct demonstration of delivery to a specific cell and
a cell-specific cellular compartment, such as the nucleus. Thus, we have designed a
universal module that binds cancer cells specifically and also travels specifically to the cells’
nuclei. We have shown directly that the universal module, a vector for intracellular delivery,
binds to plasma membranes of GBM cells, enters the endocytic compartment, concentrates
in the perinuclear region and then enters nuclei in a time-dependent manner’481 (figure 2).
The vector accumulates in the nuclei for prolonged periods of time. The journey of a
designer protein-based vector takes place from the cell surface to the nucleus of GBM cells
as intended.[48]

The components of our fusion single-chain ‘double-specificity’ protein construct can be
switched with other protein/peptide domains exhibiting similar functions as the original
construct. We can shorten and use just the basic SV40 T antigen nuclear localization signal
(i.e. PPKKKRKVEDP) or use other NLS sequences such as that of human nucleoplasmin
protein.[42] These NLS sequences have been shown to efficiently transport proteins into the
nucleus.[43] NLS sequence vectors have been used in transporting photosensitizers such as
chlorin e6,[49] and radioisotopes such as the auger electron emitter indium-111 (111In) in
acute myeloid leukemia (AML) cells[50] and techne-tium-99 (99mTc) in B16F1 mouse
melanoma cells.[51]

Our design strategy for the intracellular delivery vector is very versatile (figure 3). The
IL-13 targeting ligand can be exchanged for any targeting ligand (including monoclonal
antibodies, peptides, and natural receptor ligands) against tumor-associated cell surface
receptors. In addition, the PE translocating domain can be exchanged for other endosomal
translocating structures, such as a 30-amino-acid synthetic peptide with a glutamic acid-
alanine-leucine-alanine repeat, termed GALA, and electroneutral lipids like l,2-dioleolyl-sn-
glycero-3-phos-phoethanolamine (DOPE), as well as the translocation protein domain from
DT. Moreover, localization signal sequences for many intracellular organelles such as
lysosomes,[52] peroxisomes,[53] or mitochondria,[54] as well as other nuclear localization
signals,[44] can replace the SV40 T-NLS for targeted drug delivery to one or more of the
intracellular compartments of the cell.

4. Therapeutic Potential of Recombinant Protein Therapeutics for Targeted
Intracellular Compartment Delivery in GBM Cells

Some isotopes and therapeutics such as photosensitizers have a small radius of action (e.g.
photosensitizers, radius of action ~0.01 µm to 0.02 µm due to the short half-life of the
activated drug of ~0.4 µs compared with tumor cell size of −10 µm). One to two molecules
of radioisotopes such as α-emitters are enough to kill a GBM cell, if they are targeted and
left in the nucleus. One can envision developing a delivery vehicle with an intracellular
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organelle localization signal fused to the IL-13 ligand or peptides binding to the IL-13Rα2
receptor that allows passage of attached therapeutics such as α-emitters/ auger electrons into
the nucleus, or delivery of a pro-apoptotic peptide, such as (KLAKLAK)2 [figure 3].
Prototype vehicles that specifically deliver therapeutics to GBM nuclei using the IL-13
ligand will be discussed in more detail in this section.

4.1 Development of Intracellularly Targeted α-Emitters in GBM Tumors
Conventionally, β-particle-emitting radioisotopes (e.g. iodine-131, yttrium-90 or
rhenium-186) are been used in cancer radiotherapy. β-emitters have also been
predominantly used for the purposes of radioimmunotherapy (RIT) trials, wherein these
radionuclides are conjugated to monoclonal antibodies and peptides against various tumor-
associated antigens.[55] Low linear energy transfer (LET) β-emitters have been efficacious
for treatment of small solid tumors and hematologic malignancies with considerable success.
However, β-emitters with mean ranges of 50–200 cell diameters in tissues would be
favorable for treatment of large tumors, whereas it is believed that α-emitting radionuclides,
with their inherent high LET and short path lengths (5–10 cell diameters), could be
advantageously used against micrometastatic diseases such as lymphomas and leukemias,
small tumor clusters, and resected tumor cell boundaries.[56] α-emitters have a high LET of
around lOOKeV/µm and a short path length of 50–80 µm compared with β-particle emitters
with a far lower LET of 0.2 KeV/µm and path length of 4–11 mm in tissues.[57] For an equal
amount of radiotherapeutic fixed on cancer cells, the cytotoxicity of α -particles is 5–100
times that of β-particles. This high energy and small range can potentially kill all the tumor
cells while sparing most of the normal cells, whereas β-particles cause damage to normal
bystander cells because of their long path lengths. Several processes have been implicated as
causes of radiation-mediated cell death, including double-stranded DNA breaks, apoptosis,
and over expression of tumor protein p53 (TP53), leading to delays in the Gl phase of the
cell cycle.[58,59] It has been shown that death due to α-particle emission occurs only when
the α-particle traverses the cell nucleus, irrespective of high concentrations of α-particles
directed at the cytoplasm.[60] Radiation generated by α-particles has maximal efficacy, as
high LET of these particles causes maximum double-stranded breaks. Also, high LET
results in more severe chromosomal damage and more complex chromosomal
rearrangements than low LET radiations.[61] Directing these particles to the nucleus will not
only result in immediate cell death but will also decrease the amount of isotope required to
mediate this cell killing, as only 1–2 α-particles in the nucleus will be enough to cause cell
death. This translates to a lower required dosage and decreased radiation-induced brain
damage.

Such α-particle therapeutics can be successfully and specifically used to kill residual tumor
cells left behind after surgical GBM tumor resection. This should lead to increased survival
for GBM patients, as tumor recurrence is the main cause of the low survival rates prevalent
in GBM. α-particles like astatine-211 (211At),[62] bismuth-213 (213Bi), and actinium-225
(225Ac),[63,64] are currently being developed for use in α-radionuclide-mediated RIT. α-
Particles have been conjugated to monoclonal antibodies to make therapeutics like 211At-
labeled MX35 F(ab′)2 for studies of ovarian cancer in nude mice,[65] 213Bi-labeled CO
17-1A Fab′ fragment in a colon cancer model,[66] 213Bi-labeled HuM195 (anti-CD33) for
studies in patients with leukemia,[67] and 225Ac conjugates of Mab CC49 and ΔCH2CC49 in
studies of human carcinomas.[68] 213Bi α-emitters have also been conjugated peptides like
the somatostatin analog peptide, octreotide, for studies in a pancreatic tumor mouse
model.[69] ‘Double-specificity’ α-particle-based therapeutics will not only recognize the
IL-13Rα2 on GBM tumors, but will also get transported into the nucleus, and will act as
‘bombs’ which will specifically and efficiently kill the targeted tumor cells with decreased
dosage, while causing minimal harm to normal bystander cells.
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4.2 Delivery of Auger Electrons to the Nuclei of a Cell
Auger electron-emitting isotopes like Indium-1ll (111In) have a very short path length
ranging from nanometers to micrometers (mostly <1 µm) in tissues. They also have high
LET values ranging from 4 to26keV/µM.[70] For 111In, the dose of radiation absorbed to the
nucleus is 2- to 35-fold higher when it decays in the nucleus than when 111In decays on the
cell surface or in the cytoplasm,[71,72] indicating that 111In is very cytotoxic when delivered
directly to the DNA of the cell. Moreover, when targeted to a particular tumor-associated
antigen, it can be highly specific in destruction of cancer cells while sparing the surrounding
normal cells. These short-range emitters can be advantageous when targeting individual
cells, small clusters of tumor cells, or micrometastases. Efforts have been carried out to
target HER2-positive human breast cancer with 111In-NLS-trastuzumab.[73,74] The indium-
conjugated trastuzumab significantly slowed the growth of HER2-positive breast cancer
xenografts in mice compared with the unconjugated trastuzumab.[75] In these studies, the
NLS peptides were chemically conjugated to the trastuzumab antibody. Other studies,
including one in which the anti-CD33 antibody HuM195 was used to target 111In to the
nucleus of human leukemia cells, have utilized NLS peptides that were conjugated to the
antibody through a linker; however, no direct evidence of nuclear localization was
provided.[76]

4.3 Pro-Apoptotic Peptides – (KLAKLAK)2
Cationic amphipathic peptides can cause lipid matrix deformation in negatively charged
plasma membranes of prokar-yotes.[77] (KLAKLAK)2 is a synthetic, cationic, amphipathic
L-configuration peptide designed by Javadpour et al.[78] that was found to have increased
cytotoxic activity on bacteria. These peptides do not act on eukaryotic cells because of
phospholipids in the eukaryotic cell membrane structure. Because of similarities between the
bacterial cell membranes and the mitochondrial membranes, the (KLAKLAK)2 peptide has
been found to mediate cell killing in eukaryotic cells by disrupting the mitochondrial
membrane and causing the release of cytochrome c into the cytosol.[79] The released
cytochrome c then leads to formation of the ‘apoptosome’, causing activation of procaspase
9, which in turn leads to activation of effector caspases 3 and 7, finally leading to induction
of apoptosis in eukaryotic cells. The peptide (KLAKLAK)2, if targeted specifically to a
cancer cell, can induce the cell to undergo apoptosis, leading to the tumor cell destruction.
This is yet another example of a potentially effective, molecularly targeted therapy. The
(KLAKLAK)2 peptide has been fused to various peptidomimetics like DPI in MCA205
murine sarcomas,[80] RGD-4C peptide against the integrin receptors in human breast
carcinoma cells,[79] HN-1 peptide in human head and neck squamous cell cancer,[81] and
SMSIARL peptide in prostate cancer,[82] as well as to monoclonal antibodies like anti-CD33
and anti-CD 19[83] in hematologic malignancies.

One can think of a potent pro-apoptotic anti-cancer therapeutic agent which is specific for
GBM tumor cells. The majority of tumor cells are apoptosis-resistant due to mutations in
various signaling molecules that act to induce apoptosis in the cells. Since the pro-apoptotic
peptide (KLAKLAK)2 acts through the mitochondrial membrane, we rationalize that these
therapeutics will be able to induce tumor cell death even in the majority of apoptotic-
resistant tumor cells. We can use alternative translocation domains, such as the GALA
peptide, and the translocation domain of DT if this design of the therapeutic is unable to
mediate apoptotic cell death. If the (KLAKLAK)2 peptide is ineffective in inducing
apoptosis in GBM cells, then other pro-apoptotic peptides targeting the mitochondria, and
inhibitor of apoptosis proteins (IAPs) such as the BH3 peptide of Bid
(EDIIRNIARHLAQVGDSMDR) can be used.[84]
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As mentioned earlier, there is a strong requirement in the field of brain tumor therapy for
specifically targeted small molecular weight therapeutics that have the advantages of small
size and better pharmacokinetic properties. The next step in the direction of development of
clinically applicable agents would be to fuse various drugs such as chemotherapeutics, pro-
apoptotic peptides, fluorescent labels, radioisotopes and pro-drugs such as photosensitizers
to these targeted delivery vehicles. One is to fuse pro-apoptotic peptides such as (KLA-
KLAK)2 and radioisotopes such as α-particle emitters to these delivery vectors. One can
fuse this peptide to the double-targeted vector, which binds to the IL-13Rα2 plasma
membrane receptor. This will enable delivery of (KLAKLAK)2 peptides inside the GBM
tumor cell, wherein the (KLAKLAK)2 peptide can mediate its effect. In a similar vein, we
plan to develop IL-13Rα2-targeted radiotherapeutics by fusing our ‘double specificity’
delivery vehicles, such as the IL13.E13K-D2-NLS and the pep-IL-13Rα2-NLS vectors to an
α-particle emitter like 225Ac (half-life = 10 days) so they can be specifically targeted to the
nucleus of the glioma tumor cells, i.e. to the site of their action. 225Ac decays through a
process of four a emissions and two β emissions to a stable isotope of 209Bi releasing
approximately 28 MeV of energy to the surroundings. If used for radiotherapy of tumor
tissues, emission of such high energies would be expected to lead to greater toxicity to the
cells. Delivery of such high energy isotopes to the nucleus in the glioma cells should lead to
efficient action of these therapeutics since they have a small radius of action.

5. Summary
Proof-of-principle studies have documented the feasibility of using proteinaceous
compounds for targeting to intracellular compartments of cancer cells, and more recently, to
specific organelles of specific cells. Nuclear delivery vectors are now available and they can
be conjugated (single conjugation) to various radioisotopes, chemotherapeutics, and other
therapeutics, thus delivering these cytotoxic agents specifically to their sites of action. These
delivery vectors can also be used to transport DNA into the nuclei and hence be used as
effective gene therapy delivery agents. Furthermore, they can be applied for genetically
mediated therapy like siRNA or anti-sense gene therapy. The IL-13Rα2-specific nuclear
delivery vectors described in this review can also be utilized for delivery of photosensitizers
as their optimal site of action resides in the nucleus of GBM cells. Our IL-13-based
cytotoxin, IL-13-PE38QQR, has shown anti-GBM tumor activity under both in vitro and in
vivo conditions.[37] This cytotoxin entered phase III clinical trials worldwide and showed an
increased overall survival in GBM patients treated by physicians who were experienced with
the drug-delivery technology [85,86] In addition to nuclear targeting, mitochondria are
potential pharmaceutically targeted organelles.

Several of these biotherapeutics are under pre-clinical and clinical development. They offer
high specificity and are potentially safer than existing therapeutics and thus may exhibit
larger therapeutic windows. At this time, these constructs need to be delivered loco-
regionally to brain tumors using convection-enhanced delivery (CED).[87,88] This method of
delivery has already produced significant clinical responses[86,89] and is undergoing
continuous improvement.[90]
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Fig. 1.
Cancer-associated receptor-targeted fusion proteins for controlled intracellular routing in
malignant cells, (a) An interluekin-13 ligand mutant is fused to a sub-cellular compartment
localization signal polypeptide. For this construct to work, it needs to be released from the
endocytic compartment after receptor-mediated endocytosis, which is unlikely to take place,
(b) Same as (a), but the processing/translocation domain of Pseudomonas aeruginosa
exotoxin A is incorporated between the ligand and SCLS. This construct will be cleaved
within the PAT domain (interrupted line) and the C-terminal portion of the cleaved protein
will enter the cytosol. Once in the cytosol, the SCLS will redistribute the protein into the
targeted compartment of the cell, mutIL13 = interleukin-13 ligand mutant; P/T=processing/
translocation; SCLS = sub-cellular compartment localization signal polypeptide.
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Fig. 2.
Biotin-labeled IL-13.E13K-D2-NLS retains nuclear localization ability in glioblastoma
multiforme cells, (a) Biotin-labeled IL-13.E13K-D2-NLS was added to U-251 MG (human
neuronal glioblastoma) cells for 8 hours. The biotin signal was amplified by tyramide-alexa
fluor 488 labeling, (b) The Z-stack confocal analysis of IL-13.E13K-D2-NLS nuclear
accumulation in cells shown in (a).
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Fig. 3.
Diagrammatic representation of some potential future therapeutics. Targeting ligands/
peptides against brain tumor-associated receptors will be fused to a nuclear localization
signal, pro-apoptotic (KLAKLAK)2 peptides, or various radioisotopes and labels.
D2=translocation/processing domain of Pseudomonas aeruginosa exotoxin A; NLS=nuclear
localization signal.
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