Chapter 1
Targeted Cancer Therapy: History
and Development of Immunotoxins

Sudarshan Gadadhar and Anjali A. Karande

Abstract Though a number of new drugs have been and are being formulated to
treat cancer, newer therapeutic approaches are needed due to increased instances of
drug resistance and toxic side effects. One relatively new approach for treatment is
immunotherapy, using antibodies or ligands to cell surface molecules as vehicles
to deliver toxins to specific cells, thus increasing the efficacy of the treatment by
several folds. Such conjugates, of antibodies and toxins termed ‘immunotoxins’ are
generated either as chemical conjugates using hetero-bifunctional cross-linkers that
link the antibody to the toxin, or as ‘fusion proteins’, wherein, the gene for the anti-
body and the gene for the toxin are cloned together as one construct into bacterial
expression systems and expressed as recombinant proteins. Several toxins, mainly
the inhibitors of translation, are being explored for preparing immunotoxins. This
chapter provides an overview of the treatment modalities adopted to date for the
cancer management and introduces the field of immunotherapy. The chapter also
focuses on the different toxins used in generating immunotoxins and on those that
have made it to clinical trials.
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5-FU  5-fluorouracil

ADCC Antibody-dependent cellular cytotoxicity
bsAb  Bispecific antibody

BiTE  Bispecific T cell engager

CT Cancer-testis

CEA  Carcinoembryonic antigen

CLL  Chronic lymphocytic leukemia
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CD Cluster of differentiation

CDC  Complement dependent cytotoxicity
CDR  Complementarity determining region
CTCL Cutaneous T-cell lymphoma

CTL Cytotoxic T lymphocyte

CTLA4 Cytotoxic T lymphocyte-associated antigen 4
DC Dendritic cells

DMSO Dimethyl sulfoxide

DT Diphtheria toxin

ER Endoplasmic reticulum

EPHA3 Ephrin receptor A3

EGF Epidermal growth factor

EpCAM  Epithelial cell adhesion molecule
ERAD ER-associated degradation

eEF2 Eukaryotic elongation factor 2

FATE-1 Fetal and adult testis-expressed transcript 1
FAP Fibroblast activation protein

GBM Glioblastomamultiformes

GM-CSF  Granulocyte-macrophage colony stimulating factor receptor
HCL Hairy cell leukemia

HGFR Hepatocyte growth factor receptor

HER2 Human epidermal growth factor receptor 2
Ig Immunoglobulin

IT Immunotoxin

ITAM Immunotyrosine-activating motif

IGFIR Insulin-like growth factor 1 receptor

IL-10 Interleukin 10

IL-2R Interleukin-2 receptor

MHC Major histocompatibility complex
MART-1  Melanocyte antigen recognized by T-cells 1

MAC Membrane-attack complex

MMP Mitochondrial membrane potential
mAb Monoclonal antibody

NK Natural killer

NHS N-hydroxysuccinimide

SPDP N-succinimidyl 3-(2-pyridyldithio) propionate
SMPT Succinimidyloxycarbonyl-C-methyl-C-(2-pyridyldithio) toluene
PARP Poly-ADP ribose polymerase

PE Pseudomonas exotoxin

ROS Reactive oxygen species

RANKL  Receptor activator of nuclear factor-xB ligand
RNA Ribonucleic acid

rRNA ribosomal RNA

RIP Ribosome inactivating protein

SAGE-1  Sarcoma antigen 1
ST Shiga toxin
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scFv Single chain Fv

SAPK Stress Activated Protein Kinase

(scFv)? Tandem scFv

TRAIL1  TNF-related apoptosis inducing ligand 1
TGF Transforming growth factor

TEM Triethylenemaleamine

TNF Tumor necrosis factor

VEGF Vascular endothelial growth factor
VEGFR  Vascular endothelial growth factor receptor
VAMP Vincristine, Amethopterin, 6-mercaptopurine, Prednisone.

1.1 Introduction

Cancer, in basic medical terminology, is termed as a disease of uncontrolled prolif-
eration of cells in an organism, which has deleterious consequences. Malignant cells
have the propensity to multiply indefinitely, and also have a high metabolic rate. An-
other important aspect, attributed to these cells, is the rapid rate of mutations they un-
dergo, thus making it difficult to treat the disease. Irrespective of the type, treatment of
cancer is to arrest the growth of tumor cells. Treatment of cancer has been a challenge
for ages, especially with respect to the selection destruction of cancer cells, leaving
the normal ones unharmed. Towards this goal, the more recently developed immuno-
toxins appear promising. The following review is a discussion on the development of
these molecules as cell targeted therapeutic agents for the treatment of cancer.

1.2 Chemotherapy

Mankind knows Cancer since 460 BC, when Hippocrates gave the name ‘karkinos’
to this disease. Celsus and Leonides, of the Roman period, mentioned the procedure
of mastectomy [1]. From the first century AD, a number of medicinal herbs were in
use for topical application for the treatment of tumors. During the 1880s, the first
few surgeries were performed to remove tumors from patients [2]. Ehrlich, in the
early part of 1900s, coined the term chemotherapy, for the treatment of diseases
with chemicals [3]. The discovery of Roentgen ray, and the subsequent discovery
of radium, in 1896, were a shot in the arm as radiation therapy came into use for
the treatment of cancer [2]. Another important milestone was the discovery that
hormones could play a key role in suppressing tumor growth [3] and that in animals
receiving prolonged treatment of estrogens there was the development of breast
tumors [4]. A number of steroid hormones coupled with surgical procedures like
oophorectomy were used to control blood cancers and breast cancer [5]. Nutritional
research identified that folic acid was important for the proper functioning of the
bone marrow and folic acid antagonists e.g., methotrexate [6] and the purine an-
tagonist, 6-mercaptopurine [7, 8] were shown to have anti-leukemic activity [9].
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In the mid-1950s, an analogue of the pyrimidine, uracil, called 5-fluorouracil
(5-FU), was targeted towards cancer of the liver, based on the observation that rat
hepatoma had a higher uptake and use of uracil, as compared to the normal tissue.
This was the first account of ‘targeted therapy’, wherein the biochemical pathway
of uptake and utilization of uracil was targeted [10] and was found to be effective
for the management of several solid tumors [11]. The next generation of anti-cancer
drugs was antibiotics, like actinomycin, mitomycin, doxorubicin and bleomycin
[12, 13]. In the early 1960s, alkaloids from a plant, Vincarosea, called vincristins
and vinblastine, were reported to be mitotic inhibitors [2] and had significant effects
on hematological tumors [14]. In the later part of the twentieth century, the first in-
organic drug called cisplatin was reported [15] and clinically tried as an anti-cancer
agent [2].

Several drugs were tested for their anti-tumor efficacy but as most of them failed
to cure, combination chemotherapy with a number of combination drugs like VAMP
(vincristine, amethopterin, 6-mercaptopurine and prednisone) were used [3]. Each
of these had a different mechanism of action and owing to the combination of dif-
ferent drugs the concentration of each of these was brought down drastically. The
results showed that remissions lasted for long periods [3].

Research was later focused on understanding the signaling pathways involved
in tumorigenesis [16]. Pioneering work in this regard was the development of the
Ber-Abl tyrosine kinase inhibitor, Imatinib [17], for the treatment of chronic my-
elocytic leukemia. Imatinib fits into the ATP-binding pocket of the aberrant kinase
leading to its inhibition. The success of imatinib led to the development of small
molecule drugs to target specific proteins, like kinases and eight such agents have
been approved by the U.S. Food and Drug Administration (FDA), for the treatment
of diseases that were effectively resistant to chemotherapy [18].

Another promising field of research is the use of cancer vaccines, with the ulti-
mate goal of eliciting a potent immune response that can eradicate tumor and also
provide a long-term anti-tumor memory to the immune system.

1.3 Cancer Immunotherapy

The advent of monoclonal antibodies, in 1975, enhanced the effects of chemothera-
py and were proven to be useful for clinical use in the mid-1990 [3]. The ability of
antibodies to target specific antigens on the tumor cells makes them more specific
than conventional chemotherapeutic drugs. Many drugs like trastuzumab, cetux-
imab and bevacizumab have antibodies as an integral part. The use of antibodies in
cancer therapy is discussed below.

1.3.1 Antibodies in Cancer Therapy

Although tumor cells are distinct from normal cells in a number of aspects, the
immune system recognizes them as self, owing to a number of similar proteins
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they express and hence, any immune response that has been induced against them
is not enough to eradicate them [19]. Several key factors could also play a role
in the failure of our immune system from eliciting an effective response against
a tumor. However, the belief in tumor immunology was resurrected, with the ad-
vent of hybridoma technology in 1975, by George Kdhler and César Milstein [20].
They described an elegant method of obtaining pure antibodies, of pre-determined
specificities, on a large scale, which can be used for various purposes in Biology
and Medicine. During this time, a number of tumor antigens were being discovered,
paving the way for the use of antibodies for therapy of cancer and leading to a sci-
entific revolution in the field of tumor immunotherapy.

1.3.2 Tumor Antigens

The selection of the antigen, for the synthesis of antibodies, was the first hurdle
in the use of antibodies for immunotherapy. A tumor-associated antigen should be
abundant and accessible to the antibody, as well as be expressed homogenously,
consistently and exclusively on cancer cells. [21]. For antibody-based therapy, the
secretion of a chosen antigen should be minimum, so that the effective concentra-
tion of antibodies binding to the surface molecule is not reduced by the circulating
soluble antigen [21].

Research on understanding the antigens expressed by tumors led to the discovery
of a number of tumor-associated antigens that are potential targets for antibody-
therapy. Some of the well-known ones are: Haematopoetic differentiation antigens:
for e.g., CD19, CD20, CD30, CD33 and CD52 [22]; Growth and differentiation
antigens: for e.g., receptor tyrosine protein kinase (ERBB3), the human epidermal
growth factor receptor 2 (HER2,) etc., Antigens in angiogenesis: e.g., vascular en-
dothelial growth factor (VEGF), integrin CV03 and integrin C501[23], and many
others.

1.3.3 Antibodies for the Clinic

Identification of tumor antigens paved the way to generate a number of antibod-
ies that would target these antigens. The first treatment of cancer with monoclonal
antibody was by Nadler, in 1980, where he treated a patient with non-Hodgkin’s
lymphoma with an antibody designated AB 89. The treatment failed to rescue the
patient but it indicated the possibility of an antibody capable of arresting the growth
of a tumor [24]. Following this, there was a revolution in the field of monoclonal
antibodies used for cancer therapeutics but met with failures. The major reason
being that most of the antibodies were murine in origin, which elicited an immune
reaction, leading to adverse effects [24]. Murine antibodies were then ‘humanized’.
The first such modified antibody to be successfully assayed for its ability to arrest
tumor growth was the chimeric antibody targeting CD20 in non-Hodgkin’s lym-
phoma patients, called Rituximab or Rituxan, in treating lymphomas [24], leukemia
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and non-Hodgkin’s lymphoma [25]. Cetuximab, a chimeric EGFR specific IgG1,
functions by preventing ligand binding and receptor dimerization. Cetuximab is
also used in combination chemotherapy along with folinic acid, 5-fluorouracil and
irinotecan, collectively called FOLFIRI chemotherapy. This treatment has been
shown to prolong the survival of patients with metastatic colon cancer, especially
of those who harbor the wild type KRAS gene [26]. One of the most exciting targets
for antibody-based cancer therapy is HER2. This proto-oncogene is expressed in
20-30% of breast and other carcinomas [27]. In contrast to EGFR, HER2 has no
known ligand binding to it. The first antibody targeting HER2 was Trastuzumab,
also called Herceptin, used for the treatment of invasive breast cancer that over-
expresses HER2. Monotherapy with trastuzumab exhibited 35 % response by those
metastatic breast cancers that were not exposed to chemotherapy [28]. It acts by
preventing receptor dimerization, endocytic destruction of the receptor and also,
immune activation [29]. Another antibody, called pertuzumab, also targets HER2,
but its epitope is different from that of Trastuzumab. It affects the dimerization of
the receptor and has shown considerable success in breast cancer [30]. Both of these
antibodies targeting HER2 are used in combination with chemotherapy.

Vascular endothelial growth factors (VEGFs) are essential for stimulation of
angiogenesis and tumor vasculature. Humanized monoclonal antibodies, namely
Bevacizumab (35) and Ramucirumab (36), which block the binding of VEGF to its
receptor, VEGFR, on the vascular endothelium have shown therapeutic benefit in
pre-clinical and clinical studies [31].

CD52 is over-expressed in patients with chronic lymphocytic leukemia and
Alemtuzumab, a humanized anti-CD52 antibody is proving to be successful for use
in therapy of patients with chronic lymphocytic leukemia [24].

Table 1.1 summarizes the different antibodies developed to target the immune
cells, and their effects on these cells. It is pertinent to mention here that since 1997,
twelve antibodies, summarized in Table 1.2, have received approval from the U.S.
FDA for the treatment of various solid tumors and hematological malignancies.

1.3.4 Antibodies as Carriers

Antibodies were considered to be ‘magic bullets’ for treating cancer, but their in-
ability to effectively curb the disease led scientists to consider the possibility of
using them as conjugated agents, instead of unconjugated mAbs. One major con-
sideration was to conjugate antibodies with radionuclides, a technique called radio-
immunotherapy (RIT) [32]. The cytotoxic ability of radioisotopes like iodine-125,
iodine-131, yttrium-80 and bismuth-213 was coupled with antibodies to target spe-
cific sites. One successful isotope is radioiodine, '*'I, which is a beta-emitter and
can induce cell death in any tissue it is administered to. Owing to its high potential
to undergo nuclear fission, releasing free radicals, and its stability compared to oth-
er radioisotopes of iodine, it has been used to generate a number of radiolabeled an-
tibodies for cancer therapy.'3'I-Tositumomab, which targets CD20 on lymphomas,
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Table 1.1 Antibodies targeting molecules expressed on immune cells: Adapted from [26]

Generic name Target Target expression | Antigen function | Effect of antibody
(Trade name) antigen on tumor cells
Dacetuzumab CD40 DCs, B cells, DC maturation Apoptosis in
(SGN-40) monocytes and germinal center some tumors and
macrophages formation, Ig- increased tumor
isotype switch- specific CD8+T
ing and affinity cells
maturation
Tremelimumab CTLA4 | Activated T cells | Inhibition of T cell | Tumor rejection,
(CP-675,206) proliferation protection from
re-challenge,
enhanced tumor
specific T-cell
response
CT-011 PD1 Activated Negative regulator | Maintenance
lymphocytes of lymphocyte pro- | and expansion
liferation and cyto- | of tumor specific
kine production memory T cells
and NK cell
activation
BMS-663513 CD137 Activated T cells, | Expansion of T Regression of
Treg cells, NK cells,CD8+ T cell | established tumors
cells, NKT cells, survival, NK cell and expansion of
DCs, neutrophils | proliferation and CD8+T cells
and monocytes IFNy production
Daclizumab CD25 Activated T cells | Promotes T cell Transient depletion
(Zenapax) proliferation. of CD25+ Treg
Expression is high | cells Enhanced
in Tregeells tumor regression
Increase number of
effector T cells

has been approved by the FDA for clinical therapy. Another isotope that has seen
considerable success in tumor radioimmunotherapy is Yttrium-90 (°°Y). It is also
a B-emitter and compared to *'I, which yields a dose rate of 5 rad/h, *°Y yields
15 rad/h. In the case of Hodgkin’s lymphoma patients, who had failed to respond
to chemotherapy, when administered with a single dose of 30 millicurie (mCi) *°Y-
antiferretin, complete remission of the lymphoma was seen [33]. The current FDA
approved radiolabeled antibody for clinical therapy of cancer is *°Y-labeled Ibritu-
momab which targets CD20 and has shown considerable success in the treatment of
non-Hodgkin’s lymphoma [34]. Another isotope, studied extensively in the produc-
tion of radiolabeled antibodies, is Bismuth-213 (>'3B) which is an a-particle emitter
and has been tagged to various antibodies [32].

Despite their high cytotoxic ability, radioisotopes are not considered potent ther-
apeutic agents for cancer therapy, as they have severe side effects, with some of
them being potential carcinogens themselves. Also, the non-tumor bound isotopes
accumulate in the liver and spleen, resulting in hepatotoxicity as well as increased
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Table 1.2 Therapeutic antibodies approved by FDA for use in cancer immunotherapy: Adapted
from [26]

Generic name Trade name | Target antigen Antibody format Target cancer
Rituximab Rituxan CD20 Chimeric IgG1 Non-Hodgkin
lymphoma
Trastuzumab Herceptin HER2 Humanized IgG1 | Breast cancer
Alemtuzumab Campath CD52 Humanized IgG1 | Chronic lympho-
cytic leukemia
Cetuximab Erbitux EGFR Chimeric IgG1 Colorectal cancer
Bevacizumab Avastin VEGFA Humanized IgG1 | Colorectal, breast
and lung cancer
Panitumumab Vectibix EGFR Human 1gG2 Colorectal cancer
Ofatumumab Arzerra CD20 Human IgG1 Chronic lympho-
cytic leukemia

hematologic toxicity [33]. Another major setback for this mode of treatment is the
rapid de-halogenation of labeled antibodies, in vivo, within 24 h of treatment, which
leads to a lack of effective concentration of the radioisotope at the tumor site.

Owing to several drawbacks of radioimmunotherapy, other potential agents were
explored for use in targeted cancer therapy, the most potent ones being, toxins of
bacteria and plants. This led to the development of a new field of cancer therapeu-
tics, called ‘Immunotoxins’ where antibodies act as carriers for toxins that inhibit
important cellular processes like protein synthesis, leading to cell death. The next
section focuses on the development of immunotoxins and their applications in tar-
geted cancer therapy.

1.4 Immunotoxins in Cancer Therapy

The ineffectiveness of antibodies alone as therapeutic agents led to their use as tar-
geting moieties for the delivery of radioisotopes or chemical drugs used widely for
the treatment of cancer. Since anti-cancer drugs act stoichiometrically, the number
of anti-cancer drug molecules delivered to the tumor cells might be lower than the
threshold levels required [35]. The use of toxins or subunits of toxins then emerged.
Owing to their catalytic efficiency, toxins would be much more effective and would
have lower threshold levels than the conventional anti-cancer drugs [35]. A new ap-
proach in the field of cancer therapeutics, referred to as ‘IMMUNOTOXINS’ was
described.

Immunotoxins (ITs) consist predominantly of two components: (1) catalytically
active, highly toxic proteins that enzymatically inhibit protein synthesis, either by
inactivating the eukaryotic elongation factor 2 (¢EF2), or by destabilizing the 60S
ribosomal subunit, leading to the loss of binding of the eEF2 to the elongation site
on the ribosome [36] and (2) antibodies to receptors on tumor cells or cytokines or,
hormones targeting their cognate receptors, which act as vehicles to deliver these
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potent toxins to the tumor. Immunotoxins are more potent than other antibody-drug
conjugates as they act catalytically (reacting repeatedly with multiple targets) rather
than stoichiometrically (reacting once with a single intracellular target) [37].

1.4.1 Targeting Moiety

The targeting moiety of the ITs is the vehicle that delivers the toxin to the tumor. Tar-
geting agents used currently are monoclonal antibodies, growth factors or cytokines.
The antibodies used are those that recognize differentiating antigens on the surface
of tumor cells or tumor associated antigens, as tumor-specific antigens are few [38].
Although the targeted tumor-associated antigens are expressed on normal cells of
the body as well, the expression is generally many-fold higher on tumor cells, than
normal cells, resulting in a preferential killing [39]. Some of the antigens targeted
extensively by mAb-based ITs include the receptors CD3, CD5, CD7, CD19, CD20,
CD22, CD33, on hematological cells [37] and carcinoembryonic antigen (CEA),
EGFR, epithelial cell adhesion molecule (EpCAM) and HER2 which are expressed
on solid tumors [40]. Even certain carbohydrate antigens like the gangliosides GM2,
GD2 and GD3, LewisY and globo-H, which are neutral glycolipids and glycoproteins
like Tn, Tissue factor (TF, also called platelet tissue factor) and sialylatedTn (sTn)
are over-expressed in a variety of cancers and are potential targets for cancer therapy
[41]. Of the different classes of antibodies present, the preferred choice for the con-
struction of an immunotoxin generally is the IgG. Although IgM has many more
antigen binding sites, it tends to aggregate and it also has a poorer tissue penetration
[42]. Not only whole antibodies, but the Fab fragment is also used for the production
of immunotoxins. The Fab region, obtained by limited proteolysis of an antibody by
pepsin, consists of bivalent (Fab’)? fragments, which upon reduction yields two free
Fab’ regions, with a free -SH group that is used for the construction of the IT. Cur-
rently, antibodies are engineered in a number of different ways to enable efficient in-
ternalization and greater retention within the body. Figure 1.1 depicts the structures
of the different antibody carriers that are being used for the generation of ITs.
Another potential targeting molecule for the construction of immunotoxins is
the cytokine. But since antibody is the predominant vehicle used, the conjugates
of toxins with cytokines and growth factors are also placed under the same fam-
ily of proteins, immunotoxins [38].Cytokines are effective targeting agents as their
affinity to their ligands is many fold higher than that of typical antibodies [43].
Once bound to their receptors, the cytokine-based IT is effectively internalized via
receptor-mediated endocytosis. Further, cytokine receptors are often well modu-
lated during growth and differentiation and enable targeting a specific population
of cells effectively [44]. Some of the cytokine receptors that have been targeted
by cytokine-based ITs include receptors for interleukin-2 (IL-2R), interleukin-4
(IL-4R) and interleukin-6 (IL-6R) [45]. Apart from cytokines, certain growth fac-
tors like epidermal growth factor (EGF), transforming growth factor-o (TGF-a)) can
also be used to generate immunotoxins, taking care that the growth factor does not
retain its agonistic effect, which would lead to proliferation of the target cells [39].
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1.4.2  Toxins in Cancer Immunotherapy

The construction of an immunotoxin requires two basic building blocks: a targeting
moiety and a toxic moiety. The toxic moieties, used currently, belong to the class of
proteins, called protein synthesis inhibitors. These are further divided into inhibi-
tors of translation and ribosome inactivating proteins (RIPs). Though knowledge
of these toxins dates back to 1887, interest in these toxins was revived only in the
1960s when Lin et al. showed that tumor cells were more susceptible to the toxicity
of these proteins than normal cells [46]. This was followed by extensive research to
identify and understand new toxins derived from both, plants and microbial sources.

Translation inhibitors are predominantly bacterial toxins, like the exotoxin from
Pseudomonas aeruginosa and the toxin from Corynebacterium diphtheriae. These
are single chain toxins, with different binding, translocation and catalytic domains
[42] (Fig. 1.2a).

Ribosome inactivating proteins are proteins mostly from various tis-
sues of angiospermic plants. Apart from plants like Ricinuscommunis (ricin)
and Abrusprecatorius (abrin), certain bacteria like Pseudomonas aeruginosa,

Flex minibody Diabody

Fig. 1.1 Antibody-based targeting proteins: Different antibody-based molecules, produced by
enzymatic digestion of intact antibodies, or using molecular engineering techniques, as recom-
binant proteins, are used to enhance the penetration of antibodies into solid tumors. IgG: Intact
immunoglobulin; scFv and (scFv),: single chain Fv region of both heavy and light chains, linked
by a linker, obtained as recombinant protein; Fab and F(ab'),: Proteolytically cleaved antibody
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Fig. 1.2 Different types of toxins: a Bacterial toxins: The schematic representation depicting the
different domains of the bacterial toxins, Pseudomonas enterotoxin and diphtheria toxin. b Differ-
ent classes of RIPs: Diagrammatic representation of the different classes of ribosome inactivating
proteins

Corynebacteriumdiphtheriae, Shigelladysentriae and certain fungi like Aspergil-
lusgiganteus, Aspergillusrestrictus also produce protein synthesis inhibitors, which
are as potent as the plant toxins [38]. Most of the toxins produced by plants are
glycoproteins that inhibit translation in eukaryotic cells. Ribosome inactivating pro-
teins are a large family of proteins classified into different types based on their poly-
peptide organization. They are broadly classified into three types [47] (Fig. 1.2b):

I. Type I RIPs: Proteins belonging to this class consist of a single subunit with
RNA-N-glycosidase activity. Examples include saporin (Saponariaofficinalis),
momordin (Momordicacharantia), pokeweed antiviral protein (PAP) (Phyto-
laccaamericana), and maize RIP (Zea mays) among others. Fungal toxins like
a-sarcin (Aspergillusgiganteus) and restrictocin (Aspergillusrestrictus) also
belong to type I RIPs.



12 S. Gadadhar and A. A. Karande

II. Type II RIPs: Proteins of this group consist of an enzymatic A (Active) chain
with RNA-N-glycosidase activity, and a B (Binding) chain with lectin activity
specific to galactose. The two subunits are linked by a disulfide bond. Exam-
ples of type II RIPs include ricin (Ricinuscommunis), abrin (Abrusprecatorius),
mistletoe lectin I (Viscum album), modeccin (Adeniadigitata), and volkensin
(Adeniavolkensii) from plant sources. Bacterial toxins like Shiga toxin from
Shigelladysentriaealso belongs to this group of RIPs. Though most of the Type
II RIPs are dimers, with one A and one B chain, some RIPs are tetramers with
2 dimers of the heterodimers linked by either non-covalent interactions or by
disulfide bonds. Hemagglutinins like Ricinuscommunis agglutinin and Abrus-
precatorius agglutinin also belong to the same family.

III. Type III RIPs: Reinbothe et al [48] demonstrated that some RIPs like the
JIP60, obtained from barley (Hordeumvulgare), had an A chain similar to the
Type I RIPs but bound to a C-terminal domain of a protein of unknown func-
tion. Proteins like JIP60 were thus classified as type III RIPs.

Among the different classes of RIPs, the type II RIPs are the more potent owing to
the lectin-binding B chain, which binds to galactose on the cell surface glycopro-
teins and glycolipids, leading to the internalization of the protein. The rest of the
discussion will focus mainly on the type II RIPs.

Synthesis and Storage of Type II RIPs Most RIPs are encoded by small multi-gene
families devoid of any introns. Translation of the exons leads to the synthesis of a
pre-pro form that is cleaved by a protease to yield the active form. In plants, RIPs
are synthesized as the inactive pre-proform with the N-terminal signal sequence
and a linker peptide between the A chain and the B chain [49]. The signal sequence
mediates the co-translational translocation of the polypeptide into the endoplasmic
reticulum (ER), where the signal sequence is cleaved. Then, the pro-RIPs are gly-
cosylated and the intra-and inter-chain disulfide bonds are established. Between the
A and B chains, in the pro-RIPs, there exists a linker peptide of 12-25 amino acids
that targets these pro-RIPs into vacuoles (Fig. 1.3), also called protein bodies, where
the mature, but inactive form of RIPs is stored.

Only when the toxins reach the target tissue are the two chains separated and the
active form of RIP is released into the cytosol to carry out its activity [36, 50]. Dif-
ferent plants store RIPs in different organelles [36]. Table 1.3 lists out some of the
RIPs and their organelles of storage.

Cytotoxic Pathway of RIPs The cytotoxic pathway of RIPs is well established. Type
I RIPs are endocytosed predominantly by pinocytosis as they lack the cell-surface
binding polypeptide in them. Bacterial toxins like Pseudomonas exotoxin (PE) and
diphtheria toxin (DT), have a separate binding domain in their polypeptide structure
[51] which enables their binding and internalization into the cells.

Type II RIPs bind to the cell surface by the lectin activity of the B chain. The
B chain has specificity to the terminal galactose and, hence, can bind to any cell
surface receptor-bearing terminal galactose residues. Once bound, the protein is
internalized by receptor-mediated endocytosis [36, 52, 53]. Endosomes carrying
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Fig. 1.3 Synthesis of Ricin: Ricin, a type II RIP, is synthesized and stored in the seeds of the plant
Ricinus communis. The signal peptide directs co-translational translocation of the protein in the
ER. This is cleaved in the ER to give a pre-pro form of ricin, which is targeted to the Golgi, where
both the A and the B chains are glycosylated. Once glycosylation and the intra-and inter-chain
disulfide bonds are developed, the pro-ricin is targeted to the storage vesicles by the linker peptide,
of 12-25 amino acids, bearing the sequence LIRP. In the storage vesicles, this linker is cleaved and
the mature ricin is stored

the toxins are targeted to either the lysosomes or the trans-Golgi network (TGN)
[52]. Thereafter, the proteins are targeted to the endoplasmic reticulum (ER) via
the COP I vesicles, a process referred to as the retrograde transport pathway. The
mechanism of the retrograde transport differs for different RIPs [52, 53]. Transla-
tion inhibitors like Pseudomonas exotoxin, cholera toxin and E.coli heat labile
toxin bear a C-terminal KDEL or related sequence, which targets them to the ER
[52]. Toxins like ricin, Shiga toxin and absin the do not harbor the C-terminal
KDEL or a related peptide translocate to the ER by binding to a recycling gly-
coprotein or other ER-targeted proteins like calreticulin, which bears the KDEL
sequence, via the galactose specificity of the B chain [53]. Once the toxin reaches
the ER, the protein disulfide isomerase (PDI) family of proteins reduces the di-
sulfide bond between the two polypeptides, the A and the B chains. The A chain
is then released into the cytosol through the ER-associated degradation (ERAD)
pathway, where the A chain reaches the 60S ribosomal subunit and cleaves the
N-glycosidic bond between the adenine and its sugar, leading to inhibition of
translation [36].
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Table 1.3 Storage of RIPs in plants

Plant genus RIP Storage

Type I RIPs

Asparagus officinalis Asparin 1 and 2 Seeds

Saponariaofficinalis Saporin -L1, L2 Leaves
Saporin -R1, R2, R3 Roots
Saporin — S5, S6, S8, S9 Seeds

Momordicacharantia Momordin I and II Seeds

Geloniummultifi orum Gelonin Seeds

Phytolaccaamericana PAP, PAP 11 Leaves
PAP-S Seeds
PAP-C Culture

Type II RIPs

Ricinuscommunis Ricin D, E and Ricinuscommunisaggluti- | Seeds
nin (RCA)

Abrusprecatorius Abrin a, Abrin b, Abrin ¢, Abrin d and Seeds
Abrusprecatoriusagglutinin (APA)

Adeniadigitata Modeccin, Modeccin 6B Roots

Sambucusebulus Ebulin I Leaves

Viscum album Viscumin Leaves

Biological Activity of RIPs Protein synthesis inhibitors are broadly classified into
two groups, based on their mode of action: inhibitors of translation and in activators
of ribosomes [38]. Of all the different types of RIPs classified, the type II family
of RIPs are the most potent toxins known to date; one molecule is capable of depu-
rinating about 1500 ribosomes per minute [36, 50]. Table 1.4 below indicates the
toxins which have been studied extensively.

Table 1.4 Classification of toxins based on their mode of action

Toxin Source Poylpeptide
RNA N-glycosidase of 28S rRNA

Abrin Plant Two chain
Ricin Plant Two chain
Modeccin Plant Two chain
Saporin Plant Single chain
Momordin Plant Single chain
a-sarcin Fungi Single chain
Restrictocin Fungi Single chain
Shiga toxin Bacteria Two chain
ADP ribosylation of eEF-2

Pseudomonas exotoxin Bacteria Single chain
Diphtheria toxin Bacteria Single chain
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Fig. 1.4 Mechanism of action of proteins that inhibit translation a Inhibitors of translation: like
PE and DT bring about their cytotoxic effect by ADP ribosylation of the modified diphthamide
residue of eEF2. They use the cellular store of NAD for the substrate ADP that is required. This
ADP-ribosyl-diphthamide will become incapable of binding to the elongation site of the ribosome,
thus stalling protein synthesis. b Ribosome inactivating proteins: like ricin and saporin inhibit
protein synthesis by cleaving the glycosidic bond between an adenine at position 4324, on the
a-sarcin/ricin loop, and its ribose sugar, on the 28S rRNA of the 60S ribosomal subunit. Proteins
like a-sarcin, on the other hand, cleave the link between the ribose sugar bound to guanine 4325
and its subsequent sugar. This destabilizes the 60S ribosomal subunit and prevents its binding to
the eEF2, shutting down the protein synthesis machinery irreversibly

Diphtheria toxin and Pseudomonas exotoxin inhibit translation by ADP-ribosyl-
ation of the eukaryotic elongation factor-2 (eEF2). This blocks the binding of eEF2
to the ribosome, thereby stalling protein synthesis [51, 54]. Ribosome inactivating
proteins, on the other hand, bind to the 28S rRNA of the 60S ribosomal subunit [36,
50, 55, 56] that results in the cleavage of the N-glycosidic bond between an adenine
at position 4324 and its ribose sugar in the a-sarcin/ricin loop of the RNA [57].
This leads to destabilization of the RNA and, in turn, the ribosomal subunit which
disables the binding of the 60S subunit to ¢eEF2 and, thus, inhibition of translation
[50, 58]. Both the irreversible mechanisms are unique as can be seen from Fig. 1.4.

Most of the RIPs are inactive on prokaryotic ribosomes, whereas they are very
potent on eukaryotic ribosomes. This might be because of the complexity of the in-
teraction between the RIP and the ribosomes, which is a much more intricate mecha-
nism than just the recognition of a primary RNA structure. It is reported that the
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toxicity of the RIPs is aided by their interaction with the ribosomal proteins. The
ribosomal proteins may directly interact with the RIPs or maintain the conformation
of the 28S rRNA such that it is easily accessible to the RIP, leading to the cleavage
of the specific adenine residue [55]. During the late 1980s, it was observed that the A
chain of most RIPs was able to depurinate other rRNAs as well when they were free
from the ribosomes, though the concentration of protein required for this is much
higher than the concentration required to inhibit protein synthesis in eukaryotic cells.

One of the major effects of inhibition of protein synthesis in any cell is the stress
leading to cell death. It was initially believed that inhibition of protein synthesis by
RIPs led to necrotic cell death because of loss of protein synthesis. But on analysis
of the cell morphology, it was observed that cells undergo apoptosis [59]. It has
been well documented that most of the RIPs like Shiga toxin 1, ricin, abrin, mistle-
toe lectin, saporin etc., trigger apoptosis in various cells and cell lines [60, 61]. RIPs
induce apoptosis in eukaryotic cells via the intrinsic pathway, involving the activa-
tion of caspase-9 by the release of cytochrome c¢ by the mitochondria [62]. RIPs
cause apoptosis in cells mainly by inducing ribotoxic stress that triggers a cascade
of signals [63]. The cascades include:

* Ribotoxic stress response mediated cell death: RIPs like Ricin and a-sarcin were
tested on cell lines inducing apoptosis through Stress Activated Protein Kinase
(SAPK/INK)-mediated response [63]. Toxins like Shiga toxin are reported to
activate p38 MAP kinase and JNK leading to apoptosis [64].

o Stress induced mitochondrial pathway: RIPs like abrin were shown to induce
apoptosis in cells by bringing about perturbation of their mitochondrial mem-
brane potential (MMP), which leads to the release of cytochrome c, thereby lead-
ing to apoptosis mediated via caspase 9 [65]. Toxins like ST induce stress, which
might lead to an increase in the intracellular calcium levels, thus increase in
ROS, leading to cell death [66].

* Regulation of anti-apoptotic/pro-apoptotic factors: RIPs like Shiga toxin can
induce apoptosis by inhibiting the synthesis of anti-apoptotic factors like Mcll
[67] and also by upregulation of pro-apoptotic proteins like Bax [68].

» Apoptosis induction due to NAD + and ATP downregulation: RIPs not only in-
duce apoptosis by inhibiting protein synthesis, but also by decreasing the levels of
critical components of the cell metabolism. Two major components controlled are
NAD + and ATP. On treating monocytic cells with ricin, poly-ADP ribose poly-
merase (PARP), a substrate of caspase-3, was upregulated, leading to decreased
levels of NAD™" and thus ATP. PARP is implicated in DNA strand break repair, for
which it utilizes NAD™as its substrate, finally leading to cell apoptosis [69].

» ER stress and mitochondrial pathway: Proteins like abrin inhibit translation lead-
ing to accumulation of unfolded proteins in the ER. This leads to ER stress,
which in turn activates stress kinases like p38 MAP kinases. These in turn can
activate caspase-2 and caspase-8-mediated perturbation of the mitochondrial
membrane potential, leading to apoptosis [70].

Thus, the signaling pathway activated by individual RIPs might differ in the context
of the type of cell and hence, it is cumbersome to delineate the link between protein
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synthesis inhibition and apoptosis. It has also been reported that in some cases,
rRNA depurination might not be the cause of induction of apoptosis as non-toxic
mutants induce apoptosis though they do not depurinate the ribosomal rRNA [71].
Understanding the biological activity of RIPs is important in the context of using
these as immunotherapeutic agents, especially in the treatment of cancer, as RIPs
are more effective against tumor cells than conventional chemotherapeutic drugs
and radioisotopes.

1.5 Construction of an Immunotoxin

The first immunotoxin to be described was by Sponberg et al. in the 1970s [72].
Ever since, a number of researchers across the world have tried and tested various
immunotoxins for different cancers, both hematologic and solid tumors. The initial
phase of the production of an immunotoxin was focused on the chemical conjuga-
tion of an antibody to the toxin using heterobifunctional cross-linkers (Fig. 1.5a)
[73]. But the major limitation of using this method was the inability of the large
molecule to reach the interiors of a tumor. Hence, most of the conventional chemi-
cal conjugates failed in clinical trials. To overcome the limitation, recombinant im-
munotoxins were generated, wherein the gene for the toxin was cloned with the
gene for the Fv region of the antibody, and expressed in E. coli as fusion proteins
(Fig. 1.5b) Their drawback however, was the decreased half-life of these proteins.
Despite their drawbacks, some of the ITs, either as chemical conjugates or as fusion
proteins, have had some success in clinical trials and in the future, they may act as
potential drugs for targeted cancer therapy.

1.6 Internalization and Cytotoxic Activity
of Immunotoxins

Like most of the other molecules, ITs bound to their cognate receptors are inter-
nalized by receptor-mediated endocytosis [74] and then targeted to the lysosomes,
where they are degraded. However, a few molecules of the ITs escape degradation
to reach the cytosol [75], a mechanism that is still not well understood. A recent
report on an abrin immunotoxin from our laboratory sheds light on the possible
mechanism of trafficking of the immunotoxin, as opposed to its parent toxin [76]
(Fig. 1.6).

The active moiety, the toxin, must be released from the conjugate, to be able to
exert its cytotoxic effect. The mechanism by which the A chain is released from
the conjugate is also not well established, although recent reports, from our group
and other groups, have described a role for the thioredoxin system in the cytosol
in releasing the A chain from the conjugate by cleaving the disulfide bond between
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Fig. 1.5 a Construction of an immunotoxin by chemical conjugation: Heterobifunctional cross-
linkers like SPDP and SMPT are used in the chemical conjugation for an immunotoxin prepara-
tion. They have an NHS-ester group at one end and a disulfide group at the other. The antibody
used for IT preparation is first activated with the cross-linker, where it binds to the &-NH, group
of lysine residues through the NHS ester. The antibody-cross-linker complex is then treated with
the A chain, of type II RIP, or single chain RIPs, wherein the toxin binds to the cross-linker via the
disulfide linkage, releasing a pyridine-2-thione group to form the immunotoxin. b Recombinant
immunotoxins: Owing to the ease of production of bacterial toxins, they are used in the construc-
tion of recombinant immunotoxins. The coding sequence for the receptor-binding domain of these
bacterial toxins is replaced by the genes for antibody scFv or dsFv regions, or the gene for cyto-
kines and hormones like IL-2 and TGF-a. These are then cloned into expression vectors, bacterial
cells transformed with these vectors, and expressed as fusion proteins

the cross-linker and the A chain [76, 77]. The cytotoxic activity of ITs is generally
much lower than the corresponding native protein. One major factor responsible for
this is the effective binding of ITs to the cell surface. Native type II RIPs bind to
any glycoprotein or glycolipid that bears a terminal galactose residue, through their
B chain. ITs, on the other hand, bind only to those receptors against which the anti-
bodies are raised. Thus, the concentration of ITs binding to the cells is much lower
than the native protein. Another factor reducing the activity of ITs is the intracel-
lular degradation of proteins [75]. Thus, for an IT to be successfully used for cancer
therapy, it should be cytotoxic but exhibiting less adverse effects.

1.7 Immunotoxins in Clinical Study

Though Sponberg and his group generated the first IT in the early part of the 1970s,
it was not until the late 1980s and the 1990s that the technique was accepted and
taken up in a large scale by research groups across the world. One of the major
reasons for this was the ability to humanize the antibodies. Many groups tried and
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Fig. 1.6 Proposed model for the internalization and cytotoxicity of ITs: The IT binds to the recep-
tor via the antibody. Once bound, it is internalized via receptor-mediated endocytosis through
clathrin coated pits. The protein is then released from the vesicles into the cytosol. In the cytosol,
the S-S bond between rABRa-A and the cross-linker SMPT is cleaved by thioredoxin, giving rise
to free recombinant A chain. The thioredoxin, on the other hand, gets oxidized. This oxidized thio-
redoxin is reduced back by the enzyme, thioredoxin reductase, using protons donated by cytosolic
NADPH, which gets oxidized to NADP+. This overall pathway is different from that observed
for abrin, shown in the right half of the figure, wherein the protein, once internalized, follows the
retrograde pathway to reach the ER. In the ER, the disulfide bond is cleaved, releasing the A chain
to the cytosol through the ERAD pathway. In the cytosol, irrespective of the pathway followed, the
A chain binds to the 60S ribosomal subunit, depurinating the 28S rRNA, thus inhibiting translation

tested various antibody-toxin combinations as potential ITs, but many failed to
reach clinical trials. This was either due to the lack of proper uptake of the ITs,
or due to the increased side effects observed in mice. Most of the immunotoxins
that have reached clinical trials for cancer therapy are recombinant immunotoxins,
although a few conventional chemical conjugates have also been successful. In the
next couple of sections, we discuss some of the key immunotoxins that have suc-
cessfully reached clinical trials, for the treatment of either hematological malignan-
cies or solid tumors.

Immunotoxins Against Hematologic Malignancies Hematologic malignancies are
best suited for treatment with immunotoxins as these cells are in circulation and,
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therefore, easily accessible to the intravenously administered drug [51]. In spite of
this advantage, only a handful of immunotoxins have been successful in treating
these malignancies.

One of the most sought-after antigens for treating hematologic malignancies is
the interleukin-2 receptor (IL-2R) and one of the earliest immunotoxins targeting
IL-2R was generated using an antibody against its a-subunit, also called CD25, us-
ing the deglycosylated ricin A chain. The immunotoxin, RFT5-dgA was marginally
successful in the remission of Hodgkin’s lymphoma in clinical trials [51]. Later, a
recombinant IT using IL-2 fused with a truncated form of DT, DAB486 was con-
structed, which showed significant effect, in clinical trials, on patients with hema-
tologic malignancies and had significant reduction in the transaminase elevation,
which is a hallmark of this disease. To improve the efficacy of DAB486IL-2, a new
fusion toxin, wherein, amino acids 389—486 were removed from the DT to generate
the toxin, DAB389IL-2, also called denileukindiftitox (or Ontak). DAB389IL-2 had
a significantly improved half-life, cytotoxicity and tolerance in animals and was the
most effective IT in clinical trials, for the treatment of hematologic malignancies. In
the critical Phase III trial, 30 % of the patients with advanced cutaneous T-cell lym-
phoma (CTCL) showed significant remission of the disease, thus being approved by
the FDA for the treatment of CTCL [51, 78].

The potency of Ontak is limited because of the low expression of the high-af-
finity IL-2R on malignant cells. Researchers targeted one of the subunits, CD25, to
generate immunotoxins as its levels are significantly elevated in many hematologi-
cal malignancies. [51, 78]. CD25 is a lymphoid activation marker with high expres-
sion in Hodgkin’s lymphoma and other hematological malignancies. One IT that
seems promising to treat lymphomas with high CD25 expression, is LMB-2 (Anti-
Tac(Fv)-PE38KDEL), wherein the Fv region of the mAb to Tac is fused with the
truncated form of PE [79], wherein the binding domain of the toxin is removed. The
major modification of the toxin here is that the C-terminal REDL sequence of the
toxin is replaced with KDEL, to enhance the trafficking of the IT into the ER. Pa-
tients with chronic lymphocytic leukemia (CLL) were the most sensitive to LMB-2,
in comparison to those with hairy cell leukemia (HCL). The toxin is currently in
clinical trials, but results seem to be offset, owing to increased non-specificity due
to the KDEL sequence in the toxin.

CD22 expressed on a number of B-cell malignancies is a potential target for
ITs. Of the few ITs targeting it, RFB4-dgA was the more successful one in clinical
trials [51]. To improve the IT, the Fv regions were connected by a disulfide bond,
instead of a linker, to form a dsFv, with the VH being fused to PE38, leading to the
formation of the IT, BL22. BL22 is the first completely recombinant immunotoxin
in which the disulfide bond forms naturally during renaturation in vitro [51]. BL22
is currently in phase II clinical trials, and it is the first agent, since the advent of
purine analogs, reported to induce complete remission in patients with HCL [51].
Recently, an IT with an improved mAb portion called HA22 [80] has sidelined
clinical trials of BL22. The IT, Moxetumomabpasudotoxis is able to bind CD22 ow-
ing to the 3 mutations added in the complementarity-determining regions (CDRs) of
the antibody. This enhances its efficacy towards HCL and B-CLL by 50-folds [81].
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The IT, currently in Phase II clinical trials, showed complete remission in 46 % of
the patients with HCL under Phase I of clinical trials, making it a much more potent
IT than BL22 [82].

A key component of the T-cell receptor, CD3g, is overexpressed in a number of
T cell NHLs and, hence, is a potent molecule for targeted therapy. One of the most
potent DT-based ITs, for treating hematological malignancies, is the bivalent anti-
human T cell immunotoxin, A-dmDT390-bisFv (UCHT1) [83, 84]. The IT, a single
chain fusion protein consists of the catalytic and translocation domains of DT fused
to two tandem scFv molecules targeting CD3. The translocation domain comprises
of two point mutations, eliminating its glycosylation sites, making it more specific
to CD3. The IT had minimal pharmacological and toxicological effects in pre-clin-
ical trials in rats and monkeys, with mild leukocytosis, minimal subacute hepatic
inflammation and mild renal multifocal mineralization [84]. The IT is currently in
Phase I clinical trials and appears to be a promising tool for treating NHLs.

CD22 and CD19, as mentioned earlier, are two of the vital targets for therapy
when it comes to hematological malignancies as both are surface antigens expressed
highly in malignant B cells. To obtain a better therapeutic index, with reduced side
effects, groups have started generating a combination of different ITs. One such
attempt is the generation of ‘Combotox’, a combination of two separate immuno-
toxins, RFB4-dgA, targeting CD22, and HD37-dgA, targeting CD19. This is an
equimolar mixture of the two individual immunotoxins, which renders increased
antitumor specificity with minimal residual disease [85]. Currently, in Phase I
clinical trials on patients with relapsed or refractory acute lymphoblastic leukemia
(ALL), combotox showed a higher maximum tolerated dose (MTD) than individual
ITs and 2 of the 17 patients tested so far developed a grade 3 elevation in liver func-
tion tests. Further trials are underway to ascertain the potency of combotox over
individual ITs.

Another surface marker that is markedly expressed in myeloid leukemia is
CD33. Michael G. Rosenblum and his group, at the MD Anderson Cancer Centre,
USA, generated a humanized version of the anti CD33 mAb, M195, and fused it
with the recombinant version of the plant RIP, Gelonin [86]. The IT, HuM195/rGel
successfully repressed AML. The advantage of this IT over ricin-based anti-CD33
ITs was the fact that rGel was less toxic, but also showed lesser vascular leak, which
is associated with ricin and abrin. Currently, the IT is in Phase I clinical trials of
patients with refractory or relapsed leukemia, with moderate clinical activity.

Though a number of similar ITs have been generated, targeting molecules like
granulocyte-macrophage colony stimulating factor receptor (GM-CSFR) [78],
(DTGM); chemical conjugates of anti B4-blocked ricintargeting CD19; anti-CD30
mADb, Ki, conjugated to dgA (Ki-dgA) etc, most of them were not successful in
clinical trials because of limited activity, possibly due to limited tumor penetration
or lower half-life in vivo. Table 1.5 is a list of most of the immunotoxins generated,
targeting hematologic tumors that are in clinical trials at the time of writing this
review.
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Table 1.5 : Immunotoxins targeting hematologic tumors: Hematologic cancers targeted by immu-
notoxins include non-Hodgkin’s lymphoma (NHL) of both B-cells (B-NHL) and T-cells (T-NHL),
chronic lymphocytic leukemia (CLL), Acute lymphoblastic leukemia (ALL), cutaneous T-cell
lymphoma (CTCL), hairy cell leukemia (HCL) and acute myelogenous leukemia (AML). Toxins
used to generate these immunotoxins include pokeweed antivirus protein (PAP), ricin, deglycosyl-
ated ricin A chain (dgA), truncated Pseudomonas exotoxin (PE38) and truncated diphtheria toxin
(DAB389 and DAB 388)

Immunotoxin ‘ Antigen ‘ Targeting moiety ‘ Toxin ‘ Disease
Chemical conjugates
RFT5-dgA CD25 mAb RFT5 Ricin dgA Hodgkin’s disease
RFB4-dgA CD22 | mAb RFB4 Ricin dgA B-NHL, CLL
RFB4-Fab’-dgA CD22 Fab’ of mAb Ricin dgA B-NHL

RFB4
HD37-dgA CD19 | mAb HD37 Ricin dgA B-NHL
Anti CD7-dgA CD7 mAb Ricin dgA T-NHL
Ki-4.dgA CD30 mAb Ki-4 Ricin dgA Hodgkin’s disease
B43-PAP CDI19 | mAb B43 PAP ALL
Anti-B4-bRicin CD19 | mAb anti-B4 blocked Ricin | B-NHL
Ber-H2-Sap6 CD30 | mAb Ber-H2 Saporin S6 Hodgkin’s disease
Recombinant toxins
Ontak IL-2R IL-2 DAB389 CTCL, CLL,NHL
BL22 CD22 mAb RFB4 PE38 HCL, CLL, NHL

(dsFv)
LMB-2 CD25 anti-Tac (scFv) PE38 NHL, leukemias
DT388-GM-CSF GM- GM-CSF DT388 AML

CSFR
HA22 CD22 | Anti CD22 (dsFv) | PE38 HCL,ALL,NHL,CLL
Moxetumomabpasu- | CD22 Anti CD22 (dsFv) | PE38 HCL, B-CLL, NHL
dodotox
UCHT1 CD3e Anti CD3¢ bisFv | DT390 T-cell lymphoma/
leukemia
DT388-IL3 IL-3R IL-3 DT388 AML,MDS
RFT5-dgA CD25 mAb RFT5 Ricin dgA CTCL, NHL,
melanoma

Combotox (RFB4- CD19/ | Anti CD22 + Anti | Ricin dgA ALL
dgA + HD37-dgA) CD22 | CD19 mAbs
HuM195/rGel CD33 Humanized Anti | r-Gelonin Leukemia

CD33

Immunotoxins Targeting Solid Tumors Targeting immunotoxins to solid tumors
is a more challenging task, as compared to hematologic malignancies. Not only
are the cellular junctions tighter, and the tumor cells more tightly packed, but
the patients are also less immuno-suppressed and more likely to generate anti-IT
antibodies that can neutralize the immunotoxins [51]. None-the-less, a number of
immunotoxins have been generated, by conventional conjugation methods and as
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fusion toxins, to target various antigens on solid tumors. Some of these have made
their way into clinical trials.

One of the first ITs generated was to the epidermal growth factor receptor
(EGFR). The targeting moiety was either the anti-EGFR antibody, or the ligands,
epidermal growth factor (EGF) or transforming growth factor-a. (TGFa). All of
these were linked to the toxin PE, to generate the IT [87]. Most of these, however,
were not tolerated in patients as liver cells express EGFR, and, thus, the IT led to
hepatotoxicity. Fusion toxins targeting the EGFR have made significant progress
in this field and a couple of them are in clinical trials presently. One such IT is
DAB389EGF, which has the truncated DT as its toxin. A fusion toxin, TP38, which
is a fusion between TGFC and PE38 was constructed to target glioblastoma multi-
formes (GBMs). Phase I clinical trials with TP38 in patients with recurrent primary
or metastatic malignant brain tumor showed encouraging results, some showing
partial remission of the tumor [78].

To overcome the drawback of chemical conjugates with respect to their ability
to penetrate solid tumor tissue, a number of recombinant immunotoxins were gen-
erated, which would have lesser vascular retention time. These included B3(Fv)-
PE38 (LMB-7), B3(dsFv)-PE38 (LMB-9), B1(dsFv)PE-33 and BR96 sFv-PE40
(SGN-10). However, none of these was able to show any significant tumor regres-
sion. However, among some of those that made it to pre-clinical and clinical trials,
one immunotoxin, erb38 is noticeable. Erb38 is a fusion of dsFv of anti-erbB2,
mADb e23, and PE38[88]. Erb38 was the first dsFv-PE38 based IT to enter clinical
trials [89]Erb38 was much more potent in pre-clinical studies carried out in mice,
than its parent IT, e23 dsFv-PE38. It had a better retention time in mice owing to its
larger size, and also had better anti-tumor activity with an approximately 13-fold
increase in activity than the monovalent IT [88]. But the IT failed in Phase I clinical
trials as it did not have any preventive advantage over the monovalent IT and pa-
tients administered with the IT had severe hepatotoxicity. An improved IT, targeting
the ErbB2 receptor, was generated more recently, wherein the scFv of mAb FRPS,
which targets the extracellular domain of ErbB2, was fused with the truncated form
of PE, that lacked the cell-binding domain. In Phase I clinical trials, scFv(FRP5)-
ETA, scored over erb38 in that it had reduced the dosage of other chemotherapeutic
drugs administered to the patients suffering from metastatic breast, prostate, head
and neck and non-small cell lung cancers [90]. Also, a much higher dosage of the IT
could be administered, with minimal hepatotoxicity. Further analyses are underway
with scFv(FRPS5)-ETA, to understand how the dosage of the IT can be enhanced, but
at the same time, keeping hepatotoxicity at check.

One of the recent patents from NIH claims that an IT that is of much interest in
the field of cancer therapeutics, is the one targeting mesothelin, which is expressed
on solid tumors of the mesothelia, ovary, pancreas and the lungs. The IT, SSIP, is
a fusion between anti-mesothelinFv and PE38. Although pre-clinical trials showed
much promise for the IT, it has been undergoing a struggle in phase I clinical trials
[91-93]. One of the key reasons for the failure of the IT is its high immunogenicity,
wherein 75% of the patients administered with the IT developed anti-IT antibod-
ies. The other reason for the failure of the IT in clinical trials is the fact that free
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mesothelin in circulation competes with membrane-associated mesothelin, for the
IT. Hence, there is a sequestration of the IT by the circulating mesothelin, which
reduces the effective concentration of the IT available to attack the tumors [94].

The epithelial cell adhesion molecule (EpCAM) is a key component of the cell
cytoskeleton and its expression is enhanced in almost all solid tumors. This makes
it one of the favorable molecules for immunotoxin based therapies. One promising
immunotoxin to have been generated in early 2000s [95] is VB4-845, or commer-
cially called Oportuzumabmonatox. The IT is a fusion between anti-EpCAMscFv
and Pseudomonas exotoxin A. Currently in Phase II clinical trials, the IT has been
promising as recurrent intratumoral injection of the IT has not resulted in any im-
munogenicity and it has been well tolerated as well. The IT has a favorable safety
profile, with an instillation of 30 mg of VB4-845 once a week for six consecutive
weeks showed a response rate of 27 % complete recovery and 16 % in a disease-free
status for more than a year [96].

Another class of ITs was generated to target receptors of IL-4. Phase I immu-
notoxins generated by fusing IL-4 with PE showed limited binding as the toxin
interfered with the binding of IL-4 to IL-4R. To overcome this problem, a circularly
permuted mutant of IL-4 was used, which was fused with PE [51, 75], resulting in
enhanced cytotoxicity. The IT, IL4(38-37)-PE38KDEL, showed severe hepatotox-
icity even at low doses and hence, intravenous injection of this IT was ruled out.
Since intra-tumoral injections of the IT were encouraging, Phase II trials are under-
way to determine the efficacy of this IT as a cancer therapeutic.

Brain tumor is one of the forerunners when it comes to developing a drug to
cure a disease. The scientific community is directing considerable amount of effort
and money to find a cure for glioblastoma multiforme, which is the most preva-
lent primary brain tumor. Among the molecules that can be targeted, one important
protein is the receptor for interleukin-13 (IL13-R). Cintredekinbesudotox or IL13-
PE38QQR is a chimeric toxin, wherein human IL13 is fused to PE38, which has its
lysines at positions 590 and 606 replaced by glutamines (Qs) and the lysine at 613
by arginine (R)[83]. The IT has reached Phase III clinical studies, with great effi-
cacy demonstrated in Phase I and II of the trials. The IT is the first to be used for a
state-of-the-art drug administration technique called Convection-enhanced delivery
(CED), wherein the drug is administered loco-regionally—relying on a continuous
pressure gradient—into the interstitial space of the brain. The interval of admin-
istration is from a few hours to a few days which enables the drug to bypass the
blood-brain barrier, increasing its concentration at the target tissue [97]. Although
patients with GBM tolerated the drug, survival was not enhanced, when compared
to conventional therapies using Gliadel wafers [97]. Groups using IL13-PE38QQR
are now trying to fine-tune several parameters to try and understand how the IT can
be made more efficacious to the treatment of GBM.

Transferrin (Tf) receptor is a key component of cells as they are involved in the
uptake of iron. The expression of the receptor tends to increase in cells when they
are rapidly dividing and hence, it is a key molecule for targeted therapy of cancer
as many cancers do overexpress the receptor. After considerable efforts, one IT
was generated, that targeted the Tf receptor, especially in GBMs, called transferrin-
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CRM107 (Tf-CRM107) wherein CRM107 is the diphtheria toxin bearing a point
mutation [98]. The IT showed a lot of promise in pre-clinical and Phase I clinical
trials. But in Phase II trials, the response rate at maximal tolerated dose was at 35 %
and so, further trials were not approved as it was unlikely that the IT improved the
overall patient survivability compared to the current modalities of treatment.

Thus, although a number of immunotoxins have been generated targeting vari-
ous antigens on the surface of solid tumors, only a few have made it to clinical test-
ing due to limitations in dose-response rate, renal tubular acidosis, hepatotoxicity
and immunogenicity [35, 51]. Table 1.6 is a summary of the immunotoxins gener-
ated against antigens on solid tumors, which have progressed to the initial stages of
clinical trials.

1.8 Conclusions

The foregoing discussion makes it evident that cancer therapeutics have undergone
a change, from the times of using herbs to control tumor growth, to the generation
of immunotoxins using recombinant DNA technologies. As more and more cancer
specific antigens expressed on the cancer cell surface are getting identified, these
antigens become potential targets for delivering the RIP toxins by means of specific
antibodies, or antibody fragments. It is important to generate an immunotoxin with
high potency, and also understand the trafficking pathway of the immunotoxin in
vivo. In spite of so many immunotoxins being generated, not many have been suc-
cessful. Of all the ITs, only one, Ontak (denileukindiftitox) has been approved by
the FDA, for the treatment of hematologic malignancies. The drawback with ITs
has to do with poor binding or poor penetration of the antibodies into solid tumors
or low specificity towards hematologic tumors. In case of recombinant toxins, one
of the major drawbacks is the short half-life of these proteins, of about 30—40 min,
in comparison to 5-10 h of the intact antibody conjugate. Also, low tumor local-
ization, rapid hepatic uptake and liver toxicity are some of the major problems as-
sociated with the intravenous injections of ITs. These can be overcome by using
intra-tumoral injections [35]. Another major drawback of this therapy is the toxin
itself. Many toxins, like ricin, are extensively glycosylated, which would require
them to be deglycosylated before use. If bacterial toxins are used, then there are
possibilities that the patients are pre-exposed to these toxins, leading to prevalence
of anti-toxin antibodies in them. In this context, a toxin like abrin, which is a type II
RIP, and whose A chain is devoid of glycosylation, can be considered as a potential
tool for immunotherapy.
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Table 1.6 Immunotoxins targeting solid tumors: Toxins used in immunotoxins constructed to
target solid tumors include recombinant ricin A chain (rRA), truncated Pseudomonas exotoxins
(PE38, PE40, PE38KDEL and PE38QQR), mutated diphtheria toxin (CRM107) and truncated

diphtheria toxin (DAB389)

S. Gadadhar and A. A. Karande

Immunotoxin ‘ Antigen ‘ Targeting moiety ‘ Toxin ‘ Disease
Chemical conjugates
LMB-1 Ley Anti-Ley Lys-PE38 Carcinoma
TF-CRM107 TFR Transferrin CRM107 Glioma
454A12-rRA TFR Anti-TFR rRA Cerebrospinal
fluid cancer
N901-bR CD56 Anti-CD56 Blocked Small cell lung
Ricin cancer
OvB3-PE Antibody PE Ovarian cancer
Recombinant toxins
B3(Fv)-PE38 Ley mADb B3 (scFv) PE38 Carcinoma
B3 (dsFv)-PE38 | Ley mAb B3 (dsFv) PE38 Carcinoma
TP40 EGFR TGF-c PE40 Bladder cancer
TP38 EGFR TGF-c PE38 Glioblastoma
BR96 Ley mAb BR96 (scFv) | PE40 Carcinoma
(scFv)-PE40
erb38 erbB2 Anti-erbB2 (dsFv) | PE38 Breast cancer
NBI-3001 IL-4R IL-4 (38-37) PE38KDEL | Glioma
Cintredekinbesu- | IL-13R IL-13 PE38QQR Brain cancer,
dotox Renal cell
carcinoma
SS1P Mesothelin mAD SS1 (dsFv) | PE38 Mesothelioma
DAB389EGF EGFR EGF DAB389 Carcinoma
scFv(FRP5)-ETA | erbB2 Anti-erbB2 PE38 Solid tumors
(FRP5) dsFv
Oportuzumab- EpCAM Anti-EpCAM PE40 Carcinomas
monatox (scFv)
Naptumomabe- 5T4 Anti-5T4 (Fab) SEA Renal cell
stafenatox carcinoma
MRI1-1 EGFRv-IIT Anti-EGFRv-1II | PE Brain cancer
(scFv)
TP-38 EGFR TGFa PE38 Glioblastoma
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