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Abstract

Glioblastoma multiforme (GBM) is most common primary brain tumor in adults. GBM is very
aggressive due to its poor cellular differentiation and invasiveness, which makes complete surgical
resection virtually impossible. Therefore, GBM’s invasive nature as well as its intrinsic resistance
to current treatment modalities makes it a unique therapeutic challenge. Extensive examination of
human GBM specimens has uncovered that these tumors overexpress a variety of receptors that
are virtually absent in the surrounding non-neoplastic brain. Human GBMs overexpress receptors
for cytokines, growth factors, ephrins, urokinase-type plasminogen activator (uPA), and
transferrin, which can be targeted with high specificity by linking their ligands with highly
cytotoxic molecules, such as Diptheria toxin and Pseudomonas exotoxin A. We review the
preclinical development and clinical translation of targeted toxins for GBM. In view of the clinical
experience, we conclude that although these are very promising therapeutic modalities for GBM
patients, efforts should be focused on improving the delivery systems utilized in order to achieve
better distribution of the immuno-toxins in the tumor/resection cavity. Delivery of targeted toxins
using viral vectors would also benefit enormously from improved strategies for local delivery.
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INTRODUCTION

Glioblastoma multiforme (GBM) is highly malignant due to its poor cellular differentiation,
invasiveness, and surgical inaccessibility to complete resection. GBM is characterized by the
presence of necrosis, microvascular proliferation, nuclear atypia, and invasion into the
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surrounding non-neoplastic brain 1. GBM’s infiltrative nature and intrinsic resistance to
current treatment modalities make it a unique therapeutic challenge 2. However, extensive
scrutiny of GBM samples from human patients has uncovered that these tumors overexpress
several receptors that distinguish them from the surrounding normal brain parenchyma.
Human GBMs overexpress receptors, which are virtually absent in the normal brain such as
those for cytokines 3-9, growth factors 10-14, ephrins 9 15-17 yrokinase-type plasminogen
activator (UPA) 18, transferrin 19: 20, Thus, specific targeting of cytotoxic molecules towards
tumor cells has been attempted by linking them with ligands for these GBM specific
receptors (Figure 1).

Receptors for IL-13 have been detected in 50-75% of human GBM specimens 3 9 11.21 |
normal tissues, receptors for IL-13 consist of the IL13a 1R chain which requires
heterodimerization with the IL4Ra chain in order to bind IL-13 with high affinity 4 22 23,
IL-13 and IL-4 compete for the shared physiological signaling receptor 1L13/IL4R present
in normal cells 4 22:23. GBM cells overexpress a distinct monomeric receptor for 1L-13,
which consists of the IL13Ra.2 chain 3 24-26, ||_-13 binds to GBM-associated IL-13Ra.2
with high affinity, while 1L-4 does not interact with this receptor 3 24-26, Although the
heterodimeric receptor complex composed of 1L-13a.1 receptor and IL-4 receptor (IL13/
IL4R) is widely expressed among normal tissues 2/, GBM-associated IL13Ra.2 seems to be
restricted mainly to the testes among normal peripheral tissues, and virtually absent from the
CNS 3.

Overexpression of EphA2, a receptor tyrosine kinase for ephrinAl, has been observed in
most of human GBM specimens 16: 17 but is undetectable in normal brain 7. EphA2 is an
attractive target due to the fact that it is not only expressed on GBM cells, but also in the
tumor microvasculature °. In addition, expression of EphA2 in GBM has been shown to be
associated with a more aggressive phenotype and a poorer clinical outcome 16: 17,

Amplification of the epidermal growth factor receptor (EGFR) gene is the most common
genetic alteration found in human GBM 28, This results in overexpression of EGFR protein,
which has been detected in at least half of human GBM specimens 11.29. 30, Between 50—
60% of EGFR* GBM s also express a mutated form of the receptor, EGFRvIII, which is a
truncated and constitutively active form of EGFR that is not present in normal tissues 32.
The association of EGFR overexpression and clinical outcome for GBM patients remains
controversial 29: 30,

Receptors for transferring, TfR1 and TfR2, have been detected in the majority of GBM
patients 11: 3233 TfRs are mainly restricted to the luminal surface of the brain capillaries
with minimal dispersion throughout the normal brain tissue 3436, thus making TfRs
attractive candidates for targeted toxins. The binding of the ligand transferrin (Tf) to its
receptor TfR mediates the transport of iron into actively dividing cells. Each Tf molecule
has two lobes, each of which serves as an iron-binding site; thus, each Tf molecule is
capable of binding and transporting two ferric ions (Fe3*) into a cell. TfR is only able to
bind Tf when both lobes of the transferrin molecule are bound to ferric ions (holo-Tf). After
binding of holo-Tf to TfR, the holo-Tf/TfR complex undergoes receptor-mediated
endocytosis. Upon entry of the holo-Tf/TfR complex into the cell, two Fe3* ions are released
from holo-Tf, thus re-forming the Tf ligand in its iron-free state (apo-Tf) while remaining
bound to the TfR. The apo-Tf/TfR complex is then recycled back to the cell surface where
the iron-free apo-Tf is released from the TR back into the extracellular space. The unbound
apo-Tf can then bind two more ferric irons and repeat the endocytic cycle 37. The endocytic
capacity of TfR has been exploited to introduce cytotoxic toxins within GBM cells.

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 31.
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Overexpression of receptors for urokinase-type plasminogen activator (UPAR) has also been
observed in human GBM and is associated with poorer prognosis due to its role in

invasion 18:38-40_ These receptors are virtually confined to GBM cells and that their
presence seems to be associated with a more aggressive tumor phenotype, targeting of
highly cytotoxic compounds towards tumor cells has been attempted using their natural
ligands. Considering that uPAR is found in tumor microvasculature 41, this receptor is also
an attractive target to impact tumor angiogenesis 42,

Targeting of IL-13Ra2

A number of recombinant proteins consisting of catalytic toxins fused to IL-13 have been
developed to deliver highly toxic agents to IL13a2R* GBM cells 4 43. 44, pPseudomonas
exotoxin A [PE] is a cytotoxic bacterial protein which encompasses three functional
domains. Domain I binds the a.2-macroglobulin receptor, which is ubiquitously expressed in
normal tissues; the exotoxin-a.2-macroglobulin receptor complex undergoes internalization
by endocytosis 4°. Domain 11 is a site of proteolytic cleavage that activates PE and is
required for catalyzing the translocation of the catalytic domain Il into the cytosol. Once in
the cytosol, Domain |11 directs the processed fragment of the toxin to the endoplasmic
reticulum where it inactivates the elongation factor 2 through ADP ribosylation, inhibiting
protein synthesis and leading to cell death 4°. The mutant exotoxin, PE38QQR 46, does not
bind to the ubiquitous a.2-macroglobulin receptor due to the deletion of domain | 46, hence it
can be linked to various ligands in order to promote its internalization into target tumor
cells. To target the PE toxin to human glioma cells, a fusion protein was constructed that
links the N-terminal domain of PE38QQR to native hiL-13 (hIL-13-PE, Cintredekin
Besudotox) 4. The sensitivity of GBM cells to hlL-13-PE correlates positively with the
density of IL-13Ra2 47 and it has been demonstrated that this toxin exerts an anti-tumor
effect in preclinical models of human GBM 4750, Systemic administration of the hlL-13-PE
is limited by dose 48 due to toxic side effects. Preclinical 4 7+ 48:51.52 and clinical trials >3
have shown that local administration can be used to successfully deliver chimeric toxins to
brain tumors. However, since the toxin remains active for only up to six hours at the site of
injection, intratumoral administration requires multiple injections to be effective 1. %4,
Convection enhanced delivery (CED) of the hlL-13-PE has been tested in a Phase 111
clinical trial for GBM ®° and is associated with dose-related neurological side effects in most
of the enrolled patients %6 (Table 1)

Initially it was thought that binding sites for human 1L-13 were exclusively localized in
GBM cells and not present in the non-neoplastic brain 7. However, although IL-13Ra.2
seems to indeed be confined to GBM cells 9 21. 26. 58 several reports show that normal brain
cells express IL4aR. Expression of physiological IL4aR chain was observed in human non-
neoplastic astrocytes in vitro 8 and in vivo in reactive astrocytes surrounding human
astrocytoma specimens 9. These findings suggest that the specificity of the hIL-13-PEQQR
may be lower than hitherto anticipated. In fact, clinical trials in GBM patients showed that
intracranial administration of hIL-13-PE38QQR led to dose limiting toxicities in some
patients, including neurological symptoms secondary to necrotic and inflammatory
processes as well as irreversible hemiparesis and the death of one patient due to neurologic
decline possibly related to Cintredekin Besudotox 6. Grade 111 and 1V imaging changes
were observed in tumor infiltrated and normal brain parenchyma that were indicative of
tissue damage 0. Brain tissue damage was regarded as a result of nonspecific internalization
of hIL-13-PE38QQR by normal brain cells 6. In fact, we have recently demonstrated that a
single injection of hIL-13-PE38QQR into the naive mouse brain leads to acute neurological
deterioration and severe neuropathological changes, even at low doses 0.

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 31.
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To optimize the targeting of the toxin to the GBM-associated IL-13Ra?2, the IL-13 gene has
been engineered to generate a mutant form of 1L-13 (mhlL-13, IL-13.E13K) 61, It has been
shown that IL13.E13K fused to PE (mhIL-13-PE) binds to GBM-associated IL13a2R with
50-fold higher affinity compared to native hlL-13 6162 mportantly, unlike its native
counterpart, mhIL13-PE does not interact with the physiological IL13/IL4R 6162 hence,
decreasing the capacity of the chimeric toxin to bind to normal cells. Although this second-
generation cytotoxin exerts a stronger anti-tumor effect than first-generation hlL-13-PE in
intracranial human GBM models, its administration into naive mouse brain leads to dose-
dependent neurotoxicity 50,

In a recent publication from our lab, we showed the development of a novel third-generation
IL-13-based cytotoxin 0. We developed an adenoviral vector (Ad, Fig. 2) encoding
mhIL13-PE to provide long-term high local expression of the targeted toxin, leading to an
effective cytotoxic response in IL-13Ra2-expressing GBM cells without adverse side
effects to surrounding normal brain tissue. The expression of mhlL-13 fused to PE toxin
from an Ad vector allows direct and continued targeting of mhlL-13-PE to GBM cells in
situ. We demonstrated that a single intratumoral injection of the therapeutic vector in
intracranial human GBM xenografts and syngeneic GL26 tumors implanted in immune-
competent mice leads to tumor regression and long-term survival in 50-70% of the animals
(Fig. 3) 20, To further increase the safety of this therapeutic vector, we also encoded a
mutated IL-4 (mIL4, 1L-4.Y124D). Since mlIL-4 is known to bind and block the IL13R/
IL4R present in normal cells without interacting with 1L-13Ra.2 6162 we hypothesized that
miL4 would block any potential binding of the mhIL-13-PE to normal cells, without
effecting the binding of the chimeric toxin to malignant cells. The expression of these
transgenes is under the tight control of the regulatable bidirectional TRE promoter, allowing
the inhibition of transgene expression by withdrawal of the inducer if adverse side effects
were to occur. The TetON system consists of tTA2S-M2 (TetON), which triggers
expression of mhlL-13-PE and mlL-4 in the presence of Dox, and the Tet-repressor tTSkid,
which inhibits transgene expression in the absence of Dox; both systems function to inhibit
potential leakiness of this system 63: 64, This approach has several advantages over
traditional protein formulations of IL-13 cytotoxins (Fig. 4): i) once synthesized by infected
cells, mhIL13-PE is released 2 and exerts a powerful bystander effect, inducing apoptosis
of GBM cells expressing the IL-13a2R located within the diffusion range of the toxin and
amplifying the therapeutic efficiency of our approach; ii) this approach is highly specific and
exhibits negligible toxicity towards normal brain tissue 20 since mhlL-13-PE specifically
binds to GBM cells expressing IL-13Ra.2, hence sparing normal brain cells. Additionally,
the co-expression of mIL4 blocks any putative negligible binding of the toxin to normal
cells.

Previous reports aiming at controlling the expression of ADP-ribosylating toxins consisted
of plasmids expressing native or attenuated Diphtheria toxin (DT) 65 66, Plasmids
expressing DT under the control of the first generation Tet-OFF system showed superior
control of transgene expression /n vitro when compared to lacR-IPTG system 65, While the
first generation Tet system fails to completely inhibit transgene expression in the “OFF”
state 87, the third generation Tet system used by us constitutes a non leaky inducible system
ideal for delivering such toxic genes. Another approach to increase the specificity and
reduce the toxicity of targeted toxins is to express them under the control of a cell-type
specific® promoter. Native DT expressed under the control of a prostate specific antigen
(PSA) promoter and delivered using an Ad vector in a mouse model of prostate cancer led to
~80% long term survival 88. However, transgene expression is much higher when driven by
ubiquitous promoters than when using cell-type specific promoters 9 70, The use of strong
promoters elicits high transgene expression levels using low doses of Ads, which minimizes
the risk of neurotoxicity due to high viral vector loads 71 72. Considering that the specificity
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of our approach relies on the targeting of mIL-13-PE to IL-13Ra.2, which is only expressed
in GBM cells and absent in the normal brain, we expressed the components of the Tet-ON
system under the control of the potent murine CMV promoter 0. We have previously
demonstrated that this promoter elicits high levels of transduction /7 vitro in human GBM
cells and 77 vivo in mouse and dog brain 63.73. 74

Since mIL-13-PE kills GBM cells that express IL-13Ra.2, treatment with

Ad.mIL-4. TRE.mIL-13-PE could promote the selection of IL-13Ra2-negative GBM cells,
which could lead to the development of a mIL-13-PE-resistant tumor. Thus, combination
with other chemotherapeutic, proapoptotic agents or immunotherapeutic approaches could
be attempted 7°. Additionally, patients that do not display overexpression of 1L-13Ra.2 may
benefit from PE toxin fused to ligands that bind other receptors that are overexpressed in
GBM. For example, the receptor tyrosine kinase Eph2R 2 15 is also overexpressed in human
GBM specimens, but virtually absent in the non-neoplastic brain % 17, Targeting of this
receptor has been attempted by fusing the ligand of Eph2R, ephrinAl, to PE38QQR, which
exhibits a potent and specific cytotoxic effect against GBM cells 7.

Targeting the epidermal growth factor receptor (EGFR)

Two EGFR ligands, TGF-a and EGF, have been fused to toxic proteins and assessed both in
pre-clinical animal models of GBM, and in human patients in Phase I clinical trials. In these
studies, TGF-a was fused to the mutated variant of pseudomonas exotoxin PE-38 77: 78,
Efficacy of TGF-a-PE-38 fusion protein (TP-38) was assessed in an intracranial brain tumor
model consisting of epidermoid carcinoma A431 cells mixed with TP-38 and implanted into
the caudate nuclei of athymic mice. Mice receiving tumor cells mixed with either 0.03 g or
0.1 pg of the fusion protein displayed 100% and 90% survival compared to mice injected
with cells alone, which exhibited a median survival of 19 days. Mice treated with higher
doses of TP-38 died before the control mice, most likely due to toxicity of the drug 7.
Toxicity of TP-38 was then assessed in both athymic rats and Rhesus macaques to determine
the maximum tolerated dose (MTD). Naive athymic rats were injected with 20 L in the
caudate nucleus with increasing doses of TP-38. Animals treated with high dose of TP-38
exhibited evidence of demyelination and necrosis and the MTD was determined to be

0.66 77. To assess toxicity studies in Rhesus macaques, 200 pL of TP-38 was infused into
the brain. A neurological assessment was performed 7 days later followed by a
histopathological analysis of the brain. Neurotoxicity was only observed at the highest dose
tested (6 pg), and thus the MTD was determined to be 6 ug 77. Based on these data and
extrapolation from brain mass, body mass, and body surface area, 1 g was selected as the
starting “low” dose for a human Phase | clinical trial 7’

A Phase I clinical trial of TP-38 was undertaken at Duke University and University of
California San Francisco with the primary objective to determine the MTD of TP-38 in
twenty adult human patients with recurrent brain tumors following infusion of TP-38 into
the brain 77- 7981 The dose escalation study commenced at a total dose of 1 ug, at a
concentration of 25 ng/mL, and a rate of 0.4 mL/hour, for a total of 40 mL. Doses were
escalated to 2 pg and 4 pg. The authors concluded that most toxicities encountered were
solely neurological and most likely unrelated to TP-38, rather instead a consequence of
infusion volume, recurrent tumor, or stereotactic catheter placement 9. The MTD of TP-38
was never reached in this study, however, two dose-limiting toxicities (DLT) were observed
and were of neurologic nature 7°. The dose escalation of TP-38 was stopped at 4 pg due to
inconsistent drug delivery. The secondary objective of this study was to assess efficacy of
TP-38. The median survival after TP-38 was 28 weeks. Two patients demonstrated
radiographic responses, including one patient who demonstrated a nearly complete response
and remained alive >83 weeks post-therapy. The sponsors of the study describe that the
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efficacy of this approach was limited due to ineffective transfusion of TP-38 in many
patients; only 3 catheters produced intraparenchymal infusate distribution 7°.

EGF has also been fused to the diphtheria toxin to target EGFR in brain tumors.
Investigators used a His-Ala linker to fuse the catalytic and translocation domains of
diphtheria toxin (DAB3gg) to human EGF with promising results obtained /n vitroin a
battery of brain tumor cell lines - 82, /n vitro, efficacy of DAB3ggEGF was strongly
correlated with EGFR density on the GBM target cell lines. One report of the efficacy and
safety of DAB3ggEGF has been published to date. In this dose escalation study, athymic
mice were injected (s.c.) with U87MG human glioma cells in the flank 10. When a large
peripheral tumor mass developed, animals were treated with intratumoral injections of either
1, 3, 5, or 10 pg of DAB3ggEGF, given every other day for three to six doses. The MTD of
DAB3g9EGF was demonstrated to be 3 pg given every other day. Animals receiving high
doses exhibited clinical symptoms of weight loss, diminished activity, and dehydration.
These clinical symptoms correlated with altered blood chemistry including abnormal blood
urea nitrogen, creatinine, aspartate transaminase, and alanine transaminase.
Histopathological analysis of the liver and kidney at the high doses revealed renal tubular
necrosis 10, At the MTD, tumor regression was observed in all animals, while 25% of the
animals (4 out of 16 mice) exhibited a tumor relapse within one month. Relapsed tumors
were found to retain their EGF receptor, and responded to a second round of intratumoral
DAB3g9EGF.

Another approach uses an antibody-toxin approach to target EGFR overexpressing tumor
cells. One example of this approach consists of variable domains of the antagonistic
monoclonal antibody 14E1, which is specific for human full-length EGFR, fused to a
truncated form of the pseudomonas exotoxin A (ETA). Importantly, scFv(14E1)-ETA
specifically recognizes wildtype human EGF receptor and its constituently active mutant
EGFRuvIII 83-85 Systemic delivery of scFv(14E1)-ETA in mice was found to completely
suppress or reduce pulmonary metastases of intravenously injected renal carcinoma cells
overexpressing EGFR or EGFRVIII 83, The cytotoxic effects of scFv(14E1)-ETA and TP-38
were tested on neuroblastoma cells, which displayed elevated levels of EGFR, both in
chemosensitive and chemoresistant cell lines. Both scFv(14E1)-ETA and TP-38 resulted in
decreased cell viability in cell lines that were insensitive to cetuximab or EGFR tyrosine
kinase inhibitors 86 currently in use in clinical trials. Furthermore, it was demonstrated that
cisplatin treatment resulted in an increase in EGFR expression in neuroblastoma cells and a
concomitant increase in cytotoxicity of both scFv(14E1)-ETA and TP-38. Cisplatin-resistant
cell lines also displayed an increased sensitivity to both targeted toxin approaches 8. These
highly encouraging data demonstrate that the therapeutic efficacy of scFv(14E1)-ETA ought
to be further explored in orthotopic models of neuroblastoma, and also glioblastoma
multiforme.

Targeting the transferrin receptor (TfR)

The transferrin receptor (TfR) is another receptor that is overexpressed on GBM cells 32 and
has been exploited for its use to specifically target toxins to GBM. To take advantage of TfR
endocytic pathway, researchers have fused human transferrin to an mutated diphtheria toxin
(CRM107), joined together by a stable, non-reducible thioether bond 87. The CRM107
diphtheria variant has a single point mutation in its subunit B that prevents the toxin from
binding to the cell surface without effecting its cytotoxic effects, i.e., inhibiting protein
synthesis 88. /n vitro, Tf-CRM107 was 1,000 to 100,000 more toxic than the unconjugated
CRM107 8. To assess efficacy and safety in vivo, subcutaneous tumors comprised of U251
cells in the flanks of nude mice were treated with escalating doses of Tf-CRM107. Each
mouse was treated with one of three escalating doses every 2 days. The identical dose was

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 31.
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delivered for a total of four times in each tumor bearing animal. Tumor regression was
observed at all three doses °3. Toxicity studies revealed that when injected into the brain
parenchyma, the dose of Tf-CRM107 required to elicit significant toxicity was 4-5 orders of
magnitude greater than the therapeutic dose used to treat subcutaneous U251 tumors 87,

A dose escalation Phase | clinical trial was undertaken to assess the toxicity and determine
the MTD of Tf-CRM107 in patients with progressive malignant brain tumors (primary or
metastatic) who had previously failed conventional therapies 53 90, In total 18 patients, 10 of
which were diagnosed with glioblastoma multiforme, underwent treatment involving the
sterotactic placement of multiple catheters followed by infusion of the drug starting at a rate
of 0.5 puL/min, eventually increasing to a maximum rate of 4-10 pL/min. The concentrations
of drug delivered started at 0.1 pg/mL and escalated until the MTD was achieved. Total
infusion volumes of 20, 40, 60, 80, and 120 mL were tested, with the optimal infusion
volume that could be safely administered defined at 40mL. Patients were re-treated with Tf-
CRM107 at every 4-6 week intervals until there was evidence of tumor resolution by MRI,
or until toxicities were noted. Treatment with Tf-CRM107 resulted in a =50% decrease in
tumor volume in 9 out of 15 patients, and tumor response appeared to be dose dependent.
Two patients showed complete response, one of which was tumor free for 23 months after a
single infusion of Tf-CRM107. Intratumoral infusions were well tolerated with no treatment
related deaths of life threatening toxicity. Localized toxicity, including peritumoral focal
brain injury, was observed in patients receiving the higher doses (=1.0 pg/mL), but there was
no evidence of Tf-CRM107-induced tissue damage outside of the CNS. This Phase I clinical
trial established the MTD at 0.67 pg/mL delivered in 40 mL.

Using this MTD, a Phase Il clinical trial was then begun using CED infusion of Tf-CRM107
from two catheters. The primary objectives of this study were to evaluate the efficacy of Tf-
CRM107 in patients with refractory or progressive GBM or anaplastic astrocytoma and to
further evaluate the safety of Tf--CRM107. All patients received 0.67 pug/mL of Tf-CRM107
over a period of 4-5 days until the entire 40mL was delivered and then received additional
treatments 4-10 weeks later. 44 patients at 9 study sites were treated, of which 31 of the
patients received the second administration of TF-CRM107. In total, 35% of the patients
displayed complete or partial responses, and only 38% of the patients had progressive
disease after treatment. Toxicities associated with Tf-CRM107 were progressive cerebral
edema and seizures 9.

A recent publication described the development of the next generation of transferrin-
diphtheria toxin ligand conjugate and the assessment of its therapeutic efficacy ®1. Yoon et
al. tested the hypothesis that sub-optimal efficacy of Tf-CRM107 was due to the rapid
cycling of transferrin through the cell that resulting in a very limited time to deliver the
diphtheria toxin. Given the physiological cycling of native human holo-Tf (iron loaded) to
apo -Tf (devoid of Fe3* ions), they speculated that up to 30 cycles of transferrin trafficking
might be required for efficacious delivery of transferrin bound toxins into the cell. To
overcome this limitation, Yoon ef a/. used mathematical modeling of Tf/TfR trafficking to
identify that decreasing the Fe3* release rate following receptor mediated endocytosis could
induce the cell to traffic holo-Tf towards the cell surface, effectively “recycling” the
transferrin-diphtheria ligand conjugate and increasing the probability of efficacious delivery
of the toxin to the cytosol. Yoon et al. had previously developed recombinant mutant
variants of Tf that exhibited reduced iron release kinetics 92. These mutant Tf-diphtheria
toxin conjugates displayed higher efficiency of drug delivery compared to wildtype Tf in
both HeLa cells 92 and also the GBM cell lines U87 and U251 °1. When these mutant Tf-
diphtheria toxin conjugates were used to treat nude mice bearing flank tumors U87 tumors
overexpressing EGFRVIII, they exhibited increased tumor regression compared to animals

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 31.
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treated with Tf-CRM107 91, These promising data demonstrate the renewed clinical promise
of using transferrin to deliver toxins for the treatment of GBM.

Targeting of Eph2

The endogenous ligand for EphA2 receptor tyrosine kinase, ephrin A1, has been fused to
PE38QQR for the treatment of GBM 9 76, EphrinA1-PE38QQR exerts a potent cytotoxic
effect on human GBM cells depending on their level of EphA2 expression . The cytotoxic
effect of ephrinA1-PE38QQR appears specific for EphA2* tumor cells since it is not toxic to
normal human endothelial cells and EphA2~ tumor cells 76.

Although EphA2 and IL-13Ra.2 are overexpressed in a fraction of GBM patients 2, when
combined they are expressed in virtually all patients with GBM °. Thus, it has been
proposed that a combinatorial approach using IL-13- and ephrinl-based cytotoxins would
improve the outcome of patients with GBM % 76,

Targeting of uPAR

Tallying with the idea of targeting more than one receptor overexpressed in GBM to achieve
therapeutic efficacy in as many GBM patients as possible, bispecific toxins have been
developed that target uPAR and EGFR or IL-13Ra2 42 93, These bispecific toxins improved
efficacy and reduced toxicity than the monovalent toxins.

A bispecific toxin consisting of EGF and a urokinase fused to truncated pseudomonas
exotoxin PE38 was generated to target EGFR in GBM cells, and uPAR in the tumor
microvasculature 42, This toxin, EGFATFKDEL, has the advantage of being less
immunogenic since immunodominant B-cell epitopes of the PE38 molecule were

mutated 42, In preclinical studies, EGFATFKDEL showed superior efficacy when compared
to toxins that target EGFR or uPAR alone 42,

A recombinant diptheria toxin-uPA fusion protein (DTAT) was developed that contains the
translocation and catalytic portions of diphtheria toxin (responsible for cell entry and killing,
respectively), fused to the non-internalizing amino terminal fragment portion of human
plasminogen activator 93, The DTAT fusion protein targets malignant glioma cells and the
endothelial cells of the neovasculature that express the urokinase-type plasminogen activator
receptor (UPAR). In the same study, a second protein was engineered (DTAT13) that targets
UPAR and IL13Ra?2 expressing GBM cells. In preclinical models of GBM, DTAT13
exhibited similar efficacy as DTAT but with reduced toxicity ?3. Authors proposed that the
bi-specific DTAT13 might target a broader range of GBM patients and that the bi-specificity
reduces the amount of toxin required for therapeutic efficacy than if the two agents were
administered separately 93.

CONCLUSIONS

The use of targeted toxins for glioma therapeutics is the focus of intense research, related to
both the development of novel improved cytotoxins, with enhanced efficacy and lower “off
target” toxicities, the implementation of improved /7 vivo delivery systems including
devices and biologicals (i.e., viral vectors, plasmids), and the discovery of novel glioma
specific receptors. Several of these approaches have moved from preclinical GBM models to
phase I, Il and 111 clinical trials. The results from the preclinical models have been very
encouraging 47-50: in spite of this, the clinical experience has not been as successful %4. For
example, results from the PRECISE clinical trial have not reported a significant
improvement in the median survival of GBM patients and several adverse events were
observed 8. One of the strongest reasons which could explain the lack of more encouraging
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efficacy results from the PRECISE phase 111 trial could be the lack of consistency in the
delivery of the immunotoxin Cintredekin Besudotox 25 96 94-96 |n order to overcome the
short half life of the protein Cintredekin Besudotox, clinical trials used convection enhanced
delivery (CED) to administer Cintredekin Besudotox intracranially in GBM patients, who
received 96h infusions through 1-3 catheters placed before and/or after tumor resection into
the brain tumor mass or the brain parenchyma surrounding the tumor cavity, respectively 9
Although CED produces widespread drug dissemination in some patients, this technique is
complex and leads to varied, discrepant results when comparing different centers 95 9, The
anatomy of the target area as well as the accuracy of catheter positioning had strong
influence on the distribution of the protein, resulting in heterogeneous and limited
distribution of the drug 9% 9. In fact, the efficacy of Cintredekin Besudotox in GBM
patients was strongly dependent on the accuracy of catheter placement % 56, In addition,
preliminary information from a recent Phase 11 clinical trial indicated that CED of
Cintredekin Besudotox did not significantly improve the median survival of GBM patients
when compared to patients treated with Gliadel wafers 97. In summary, although this is a
very exciting field which could lead to novel improved treatments for GBM patients,
substantial efforts should be devoted to improving the delivery approaches utilized in order
to enable distribution of the immuno-toxins safely and accurately into the tumor/resection
cavity. Also, delivery of targeted immuno-toxins using viral vectors would benefit
enormously from improved devices for local delivery.
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Figure 1. Illustration depicting the use of varioustargeted approaches under development for
thetreatment of GBM

A) The receptors (left) and their ligands (right) under development for targeted toxin
therapies are shown. Various toxins (T) are linked to specific ligands in order to elicit the
binding and internalization of the targeted toxins to receptors that are overexpressed on
GBM cells. The rationale underlying the use of targeted toxins is shown in (B).
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Therapeutic adenoviral vectors
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Figure 2. Regulated transgene expression from the therapeutic adenoviral vectors
Ad-mediated regulated therapeutic cytotoxin expression. Ad.mhlL-4. TRE.mhlL-13-PE
expresses mhiL-4 and mhiL-13-PE under the control of the bidirectional TRE promoter,
which is activated by rtTA25M2 in the presence of Dox (ON state, A). In the absence of the
inducer (OFF state, B) the transactivator is unable to induce transgene expression.
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Efficacy of therapeutic Ad in intracranial U251 and GBM12 human GBM
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Figure 3. Intratumoral administration of Ad.mhlL-4.TRE.mhlL-13 mediatestumor regression
and long term survival in orthotopic models of GBM

Nude and Rag1~/~ mice were implanted in the brain with human U251 glioma cells and
human primary GBM12 cells, respectively. Five days later, they were treated with either a
single intratumoral injection of control vector Ad.mhIL-4. TRE.mhIL-13 or saline. Animals
were fed Dox-chow to activate transgene expression.
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Mechanism of action of Ad.mhIL-4.TRE.mhIL-13-PE
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Figure 4. Genetherapy-mediated delivery of mhlL-13-PE leadsto anti-tumor efficacy and long
term survival in the absence of neurological toxicity

The diagram depicts the mechanism of action of the targeted gene therapeutic strategy. The
targeting of IL-13a2 receptor overexpressed in glioma cells has been approached by
constructing an Ad vector encoding the truncated form of PE toxin fused to a mutated form
of human IL-13 (mhIL-13), which has higher affinity for the glioma-associated IL-13a.2
receptor and negligible binding to the physiological receptor, IL13/IL4R. Binding of
mhiIL-13-PE to IL13Ra2 promotes its internalization into glioma cells. Domain Il (PEII)
mediates the translocation of the toxin into the endosomes by endocytosis. Once in the
endosomes, furin mediates proteolytic cleavage that activates the catalytic Domain 111
(PEII). Due to the low pH of the endosome, the processed fragment of the toxin is
translocated to the cytosol and inhibits protein synthesis, leading to glioma cell death. The
absence of IL-13Ra?2 protects normal cells from mhlL-13-PE mediated cell death. The
safety of our approach has been further enhanced by co-expressing a mutated form of IL-4
(mhlIL-4) encoded in the therapeutic bi-directional Ad which acts as an antagonist of the
physiological receptor comprising the IL-13a.1R and IL-4aR chains. Secreted 1L-4 would
inhibit the already negligible binding of mhIL-13-PE to normal brain cells, without affecting
the binding of the mhlL-13-PE to GBM cells.

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 31.



Page 20

Candolfi et al.

$8INZI8S
pue ewapa [2gaIad aAIssaIfoId a1am JOTINYD-JL YN PalRIdoSSe SINJIX0 ] “JUSLIIeal) Jalje aseasip

€002 [e 10 Janespn anissaifoud pey sjusized ayp Jo 948 AJuo pue ‘sasuodsal Jered Jo a181dwiod pake|dsip sjusiied ayl JO 94GE 1€ 11 aseyd 1a uaysuel] | Y-ulaysuel ]
/66T “[e 10 ayse ‘|woy x Jw/Brl 2970 se paulgep sem LI “Palinado AI0IX0) d1WaIsAs d1rewoidwAs oN 8T | aseyd 14 unaysuel] | Y-ulaysuel ]
RSENNTEN]
8002 “[e 19 uosdwres Bn.p Jusisisuooul 01 anp jw/Bu OOT e paddols sem uoIIR[RISS 9SO “PayYdeal 10U Sem LA :S}NsayY [euld 0z | aseyd 8¢e-3d D49] H493
G00Z " 18 uosduwes “I0AIAINS WiB}-Buol Jo Apmis ased 0C |8seyd | 8ead D491 d493
SH9aM €8 UeY) JaBU0| PaAIAINS Jey) asuodsal a3a|dwod e yim jusiied suo pue sasuodsal
€00z “'[e 18 uosduwres o1ydesBolpes pajesssuowap ‘Adesay Jo awil ay) e aseasip [enpisal Yum ‘syusited GT Jo € :1oday ssalboid 0z | aseyd 8e3d D491 H493
G00Z “Je 18 Aouley "JONIAINS WiB)-Buo] Jo Apnis ased 1€ 11/19seuyd | 8€3d |l sl
‘Jwoy x Jw/Brl g se paulyep sem Q1IN “WalsAs
€002 “Ie 18 41903 SNOAJBU [RJIUSD B} 0) PAIILUI| 319M S}IJ)D 3SISAPE pale]al-Juawiieal] ‘A1101X0) J1WBaISAS palejal-Bnip oN 1€ 11/18seyd | 8e3d -1 dv-11
0002 [ 18 puey 'sjuaied 6 JO 9 Ul PAAISSAO SeM SIS0I03N “PaAIasqo A1IDIX0) J1WRISAS ON 6 | aseyd 8e3d -1 dy-11
0TO0Z e 38 Jemuny s1aem |apel|9 01 pasedwod usym YOOBET-ET 11 USBMISY BOUBIBHIP [BAIAINS ON 96¢ 11 8seyd | 8€3d Tl CPHET-I
0702 " 18 uosduwes “Kiantjap annoayeul Aq pasaduey aq Aew @30 Aq paianliap sBnip jo Aoeoy3 962 11 8seyd | 8ead eT-l Tl
‘uonnquisip
Bnup [ewndo Joy [eanLd s1 juswade|d Ja1ayled aAeladoIsod "palela|ol [|am sem sAep g 01 dn Jo uoleinp
1002 “[e 38 Jemuny| uoisnyu @30 eI pasdisiulwipe jwybrl 0 se paysi|qess sem A LIN :S[e | 8seyd a8iy} Jo sishjeue jeury 18 | 8seyd 8¢3d eT-l ZPYET-I
1002 “'[e 18 wneq|aboA "d3D elA passsiulwpe jw/Br G 0 se paysiigelse sem QLN 44 | 8seyd 8€3d Tl ZPHET-I
€002 “[e 38 Jemuny 'S|eLy | 8Seyd 831y} JO sisAjeue wusU| 9 | 8seyd 8¢3d eT-l ZPYET-I
sjuaired abelis 180612
uolyesliqnd sBuiputy ure jo# [eoluly | uixol puebi Joidedsy

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

SJowin] ureiq Jo Juswieal) ay) Joj sayodeoudde uixoy palabier Jo (Q3D) AJsAIjp paduRyUS UOIIIBAUOI BuIsn S[eL] [ealul|d Jo Arewiwns

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 31.



