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Abstract: Tumor cell-targeted toxins are recombinant proteins that consist of a targeting
domain that preferentially recognizes tumor cells and facilitates entry of the
protein into the target cells with a bacterial or plant toxin that kills the tumor
cells. A large number of toxins targeted against different kinds of tumor cell
have been developed in recent years and the first such toxins are approved for
use against specific cancers. In most cases, targeted toxins kill their target
cells by inducing caspase-dependent apoptosis. However the mechanism by
which the apoptotic machinery is activated may differ with different toxins
and in different cell types. Moreover, recent work shows that the same toxin
can kill different kinds of tumor cells through different molecular mechanisms.
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1. INTRODUCTION

Despite improvements in cancer treatment in recent years some tumors
remain stubbornly resistant to available therapies. Even where useful
treatments currently exist many patients respond poorly creating a
continuing need to develop and understand the mode of action of new
therapies that are targeted against particular tumor types. Tumor cell-
targeted toxins represent one such kind of therapy and have been developed
to treat a variety of tumors including various kinds of leukemia and
lymphomas, indeed the first FDA approved targeted toxin, ONTAK, which
consists of a diphtheria toxin fused to IL-2 has been used successfully to
treat cutaneous T-cell lymphoma '. Promising results have also been
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obtained treating solid tumors especially brain tumors where the toxin is
delivered directly to the tumor tissue. Targeted toxins that have been
developed for brain cancers using targeting domains that react with receptors
that recognize Interleukinl3, transferrin, urokinase and 1L4 3 Intratumoral
administration of these agents can result in tumor regression and clinical
remissions in glioblastoma multiforme patients that can last for years > °.
This finding is encouraging because glioblastoma multiforme patients have a
dismal prognosis even with aggressive radiation, chemotherapy and surgical
treatments with median survival of only about 9 months and a five year
survival rate of ~1% °.

Targeted toxins are fusion proteins that combine a targeting molecule,
which selectively binds to and enters tumor cells, with a toxin that kills the
target cells. Tumor cells selectively take up the fusion protein through
receptor-mediated endocytosis, the toxin portion is released from the
endosome into the cytoplasm and the toxin kills the cell. Different kinds of
targeting protein can be used including antibodies that recognize tumor cell-
specific epitopes or growth factors that bind to cell surface receptors ’
Toxins are derived from bacterial pathogens (e.g. diphtheria toxin, DT, or
Pseudomonas exotoxin A, PE) or plants (e.g. ricin). These toxins block
protein synthesis by different mechanisms. Ricin cleaves ribosomal RNA to
disrupt the ribosome whereas DT and PE ADP-ribosylate the translation
elongation factor 2 to prevent protein synthesis. The molecular mechanisms
through which targeted toxins kill are incompletely understood *. In this
chapter, we will review how these agents work and discuss how the
differences in mechanism between tumor cell types, differences between
different kinds of toxin and combinations of toxins and other agents may
allow us to design tailored cancer treatment strategies.

2. TARGETED TOXINS CAN INDUCE CASPASE-
DEPENDENT APOPTOSIS

Because the toxin molecules (DT, PE or ricin) that have been used to
make targeted toxins inhibit protein synthesis and protein synthesis is an
essential cellular activity, it seems obvious that the target cells should die in
response to the toxin. However mechanistic studies on the way that tumor
cells die when treated with these agents has provided several surprises. For
example, toxins that inhibit protein synthesis by different mechanism can kill
cells by distinct mechanisms suggesting that the way toxin-treated cancer
cells die is determined not by the lack of protein synthesis but rather by the
way that protein synthesis is inhibited. The best evidence for this arose from
a non-biased screen to identify inhibitors of toxin-induced apoptosis.
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Genetic selection for cDNAs that confer resistance to PE led to the isolation
of specific cDNAs that could prevent PE-induced apoptosis °. These cDNAs
also confer resistance to DT, but not ricin. One cDNA encoded an antisense
fragment of cellular apoptosis susceptibility gene (CAS). Down regulation
of endogenous CAS was responsible for resistance to toxin-induced
apoptosis. However, CAS antisense had no effect on ADP-ribosylation or
inhibition of protein synthesis '’. Because CAS antisense blocks apoptosis
by only some protein synthesis inhibitors and has no effect on protein
synthesis inhibition itself, these data suggest that a toxin’s ability to induce
apoptosis depends on its mechanism of action rather than its ability to inhibit
protein synthesis per se. As discussed below this theme, whereby different
toxins seem to kill cells through different mechanisms even when all the
drugs inhibit protein synthesis is becoming a common refrain in this field.
These complexities provide scientific interest from a purely basic
perspective— why would cells respond differently when two agents inhibit
protein synthesis by different methods? Why do two different cells respond
differently when the same agent inhibits protein synthesis? Moreover, they
may also provide opportunities to maximize the anti-tumor effect when used
clinically.

Targeted toxins can induce apoptosis as shown by caspase activation in
the dying cells and classical apoptotic morphology ''. This raises the
question of which apoptosis signaling pathways are activated in the tumor
cells. We possess a relatively sophisticated understanding of the apoptotic
machinery '> at least as regards caspase activation. Apoptotic caspases
include “initiator caspases” (caspase-2, -8, -9 and -10) that start an apoptotic
cascade and “effector caspases” (caspase-3, -6 and —7) that disassemble the
cell. Caspases cleave specific substrates at a few sites ° to alter the activity
of the target protein resulting in the apoptotic phenotypes. Two main
pathways leading to caspase activation have been characterized '*.

The extrinsic or death receptor pathway is activated by receptors of the
Tumor Necrosis Factor Receptor superfamily '°. These receptors contain an
intracellular protein interaction domain called a death domain (DD) and
induce apoptosis by forming a multiprotein complex called the Death-
Inducing Signaling Complex (DISC). Upon ligand binding, activated death
receptors recruit an adapter protein called Fas Associated Death Domain
protein (FADD) '®. FADD consists of two protein interaction domains: a
DD and a death effector domain (DED). The DED interacts with a DED on
the initiator procaspase-8. FADD binds to the Fas and TRAIL receptors
(DR4 and DRS) receptor through interactions between the two death
domains and activities that are regulated by the DED ' . This complex
recruits the inactive pro-form of caspase-8. Aggregation of caspase-8 leads
to dimerization, which activates protease activity '°>'. For a recent review,
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see 2. Initiator caspases activate effector caspases such as caspase-3 causing
the cell to undergo apoptosis by cleaving specific substrates .

Diverse stress pathways cause release of mitochondrial proteins to
activate the other well known apoptosis pathway— the “intrinsic” pathway >.
A defining characteristic of this pathway is that anti-apoptotic members of
the Bcl-2 family such as Bel-2 and Bcel-xL inhibit caspase activation and
apoptosis induced by stimuli that work through this pathway. Protein release
occurs through mechanisms that are still unclear **. Released cytochrome ¢
(cyt c) interacts with Apaf-1, pro-caspase 9 and dATP to form a complex
called the apoptosome »°. This complex dimerizes and activates caspase 9,
which then activates effector caspases to induce apoptosis. Other released
proapoptotic mitochondrial proteins include Apoptosis Inducing Factor
(AIF) *°, Smac/Diablo > ** and Endonuclease G * and Omi/HtrA2 **¥.
Death receptors can activate the intrinsic pathway through cleavage of Bid,
which translocates to mitochondria ** providing a link between the extrinsic
and intrinsic apoptosis pathways.

3. TARGETED TOXINS ACTIVATE DISTINCT
APOPTOTIC PATHWAYS

Targeted toxins can activate caspase 3-like activities that cleave known
caspase substrates such as Poly(ADP) ribose polymerase (PARP) ** .
Furthermore, PE-immunotoxin-induced apoptosis was inhibited and cell
viability increased by treatment of T cell leukemia cells with a caspase
inhibitor, z-VAD.fmk **. Diphtheria toxin fusions with GMCSF can activate
caspases in myeloid target cells ' *’, even when these cells display multi-
drug resistance to other chemotherapeutic agents *’. These data suggest that
caspase activation is an important aspect of targeted toxin-induced cell death
however they do not determine which caspase activation pathway (intrinsic,
extrinsic or another pathway) starts the process. A clue comes from
experiments where Bcl-2 was overexpressed in MCF7 breast cancer cells
and inhibited a PE-fused immunotoxin from inducing apoptosis .
However, while this result suggests that mitochondrial dysfunction is
important in the response, these data do not discriminate between direct
activation of the intrinsic pathway and activation after activation of the
extrinsic death receptor pathway. Indeed, other data suggest that components
of the extrinsic pathway may be important in toxin-induced tumor cell death.
In myeloid leukemia cells, treated with a GMCSF-targeted diphtheria toxin
protein both caspase-8 and caspase-9 were activated by the toxin. However,
caspase-8, not caspase-9, was the apical caspase responsible for initiating the
apoptosis pathway because while caspase-9 inhibition did not affect cell
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death, caspase-8 inhibition prevented subsequent caspase-9 activation,
effector caspase activation and cell death ''. The involvement of caspase-8
in toxin-induced death suggests that other components of the extrinsic
pathway may be involved and this was confirmed by the finding that the
adaptor protein FADD was required for GMCSF-DT-induced apoptosis.
However, inhibition of death receptor signaling had no effect on toxin-
induced death suggesting that this effect does not involve the death receptors
themselves ''. These data suggest that the targeted toxin may be able to
activate the death receptor machinery but through a mechanism that is
independent of receptor activation.

4. THE SAME TARGETED TOXIN CAN KILL
DIFFERENT TUMOR CELLS BY DIFFERENT
MECHANISMS

Different types of cancer sometimes overexpress the same receptor. For
example the Epidermal Growth Factor (EGF) Receptor is expressed in many
epithelial tumors such as breast cancer and is also frequently overexpressed
in other tumor types such as glioblastoma. This allows one to study the
mechanism of killing by the same targeted toxin in different tumor cell
types. Recent unpublished work from our group shows that an EGF-
diphtheria toxin protein kills epithelial tumor cells by activating caspases
that lead to classical apoptosis with its associated hallmarks such as
membrane blebbing and fragmentation into apoptotic bodies. The same toxin
also kills glioma cells ** **. However we do not detect caspase activation in
glioma cells, which die without showing the hallmarks of caspase-dependent
apoptosis. Moreover, unlike epithelial cells, caspase inhibitors do not affect
EGF-diphtheria toxin-induced glioma cell death. These data indicate that
different tumor cell types can activate different cell death pathways when
treated with a targeted toxin. This result is interesting from a basic
mechanistic perspective because it again implies that it is not the fact that
protein synthesis is inhibited but rather the way that it is inhibited that
regulates how the cells die. More importantly, these data also suggest that
different tumor types may respond optimally to combinations of toxins with
other agents and could develop different resistance mechanisms. For
example, tumor cells that undergo classical apoptosis may develop resistance
by inactivating caspases or other components of the extrinsic or intrinsic
pathways while this would have no effect in glioma cells.
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5. TARGETED TOXINS SYNERGIZE WITH OTHER
ANTI-CANCER DRUGS

Targeted diphtheria toxins have been shown to synergize with standard
chemotherapeutic agents such as AraC *’. Other protein synthesis inhibitors
such as ricin did not synergize with AraC in these studies providing yet more
evidence that the way that the toxin works is more important than the fact
that it inhibits protein synthesis in determining how it kills cells. Targeted
toxins can also synergize with other targeted toxins. For example, EGF-
targeted diphtheria toxin can synergize with IL13-targted pseudomonas
exotoxin to kill glioma cells that possess both receptors .

Recent unpublished work from our group also demonstrates synergy with
other “targeted” anti-cancer therapeutics. In this case we showed that
combining EGF-targeted diphtheria toxin with an antibody that activates the
TRAIL receptor DRS5 led to synergistic cell killing. Interestingly, when the
combination was used to treat glioma cells, which as mentioned above do
not activate caspases in response to the toxin on its own, robust caspase
activation occurred. Thus at least in the case of some tumor cell types,
combining a targeted toxin with another anti-cancer agent can not only
increase the amount of tumor cell death but can also change the way that the
cells die. This could have practically important consequences for cancer
therapy. One difference between classical, caspase-dependent apoptosis and
other forms of cell death is that caspase-dependent apoptosis is associated
with reduced inflammation. This might be good or bad depending on the
circumstances. Tumor cell killing with increased inflammation might be
more effective at reducing tumor burden because it stimulates host immune-
mediated anti-tumor responses, which may work better when the tumor cells
die by caspase-independent mechanisms *'. In other situations, effects
associated with increased inflammation such as tissue swelling might cause
serious problems. This problem may be more important in specific tissues.
For example, inflammation in subcutaneous tissues might be less
problematic than inflammation and swelling in the brain.

6. SUMMARY

Targeted toxins have been shown to be effective anti-tumor agents in
many preclinical models and are displaying efficacy in clinical trials and
making their way into the clinic as approved drugs. These agents often but
not always work by inducing caspase-dependent apoptosis, which at least in
some cases appears to be achieved through activation of the death receptor
signaling pathway but is also affected by Bcl-2 proteins. However, different
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toxins activate different cell death pathways and even the same toxin can
activate different signaling pathways that lead to cell death in different cells.
These complexities make it difficult for us to work out how any given toxin
works and suggests that it may not be feasible to extrapolate based on one
kind of toxin or one tumor type to determine how any particular toxin works
against any particular tumor type. Added complications come from the
finding that some toxins synergize with standard chemotherapy agents and
with other targeted therapies such as TRAIL receptor agonists and that
different targeted toxins can even synergize with each other in some but not
all tumor cells. Further understanding of how these agents work should
allow us to improve their use as anti-cancer treatments.
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