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Preface

Cancer includes a large class of diseases of abnormal cell growth and is the most life-
threatening disease mankind has ever seen; it accounted for an astonishing 14.6% 
of all human deaths globally, according to the world cancer report in 2014. In the 
United States, 18,860 projected new cases and 10,460 deaths were reported in 2014 
for acute myeloid leukemia—the most common form of leukemia. Although most 
of the global research is focused on developing therapeutics for cancers and cancer-
related diseases, the successful treatment of cancer has been limited—due primarily 
to the emergence of resistance that leads to recurrence of a more aggressive form 
of the disease. As a result, there is an urgent need to reconsider current strategies of 
treatment and investigate the mechanisms of resistance. 

This volume focuses on mechanisms of resistance and strategies to improve 
targeted therapy using immunotoxins and related therapies. The development of 
recombinant immunotoxins, using toxins as killing moieties conjugated with anti-
bodies or ligands against cancer cell surface proteins, met the criteria of improving 
specificity and the cytotoxicity. Immunotoxin therapy, due to its specificity, is one 
of the major strategies used in targeted therapy that has shown promise in clinical 
trials. The toxins used are usually derived from bacterial or plant toxins, which are 
highly immunogenic. To reduce immunogenicity, genetically engineered versions 
were made by either silencing immunogenic epitopes or developing humanized ver-
sions of immunotoxins. However, the emergence of resistance and failure of the  
immunotoxins in many clinical trials have raised concerns about their utility, 
although immunotoxin is still the most promising approach used so far. The tar-
geted therapeutic approach has been an attractive alternative in contrast to conven-
tional treatment modalities. The development of monoclonal antibodies to specific 
surface targets on cancer cells led to the exponential growth of targeted therapy for 
better efficacy; this is evident from the fact that several monoclonal antibody-based 
therapies have been approved by the FDA. (These antibodies were later modified 
into single chain and recombinant versions.) Further, to minimize immunogenicity, 
humanized monoclonal antibodies were developed and, to improve activity, anti-
bodies were conjugated with drugs or protein toxins. However, the problems of 
immunogenicity, specificity, and toxicity have yet to be completely eliminated.
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Chapter 1 describes the history, construction, and types of immunotoxins de-
veloped to date. Chapter 2 presents a comprehensive view of resistance to cancers, 
different mechanisms involved in immunotoxin resistance, the role of cancer stem 
cells in resistance, and underlying mechanisms; it also presents future perspectives 
about strategies that could be used to target resistant cancer stem cells. Chapter 
3 describes the factors associated with sensitivity and potential resistance of can-
cer cells to pseudomonas exotoxin-derived immunotoxins. Chapter 4 provides an 
overview of signaling pathways involved in resistance. Chapter 5 focuses on the 
treatment of hematologic neoplasms using antibody-drug conjugates, and immuno-
toxins. Chapter 6 discusses the challenges involved in pseudomonas exotoxin-based 
immunotoxins. Chapter 7 deals with resistance to the antibody-drug conjugate 
gentuzumab ozogamicin, while Chapter 8 discusses overcoming resistance to apop-
tosis using engineered human Granzyme B and Angiogenin. Chapter 9 presents 
immune responses in cancer and their therapeutic impact. 

Resistance to Immunotoxins in Cancer Therapy, which includes reports about 
and reviews of cancer resistance, molecular and cellular mechanisms involved in 
resistance to targeted therapy, and methods to overcome resistance, is a comprehen-
sive guide to the complete understanding of resistance to immunotoxins.

Rama Shanker Verma, Ph.D.
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Chapter 1
Targeted Cancer Therapy: History 
and Development of Immunotoxins

Sudarshan Gadadhar and Anjali A. Karande

A. A. Karande () · S. Gadadhar
Department of Biochemistry, Indian Institute of Science, Bangalore 560012, Karnataka, India
e-mail: anjali@biochem.iisc.ernet.in

S. Gadadhar
sudarshan.gadadhar@gmail.com

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.

Keywords Immunotherapy · Immunotoxins · Antibodies · Targeted therapy · 
Ribosome · Inactivating proteins · Toxins

Abbreviations

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
IGF1R 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)2 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 
Bcr-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 Köhler 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, 131I, 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.131I-Tositumomab, which targets CD20 on lymphomas, 
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has been approved by the FDA for clinical therapy. Another isotope that has seen 
considerable success in tumor radioimmunotherapy is Yttrium-90 (90Y). It is also 
a β-emitter and compared to 131I, which yields a dose rate of 5 rad/h, 90Y 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) 90Y-
antiferretin, complete remission of the lymphoma was seen [33]. The current FDA 
approved radiolabeled antibody for clinical therapy of cancer is 90Y-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 (213B) which is an α-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 

Table 1.1  Antibodies targeting molecules expressed on immune cells: Adapted from [26]
Generic name 
(Trade name)

Target 
antigen

Target expression Antigen function Effect of antibody 
on tumor cells

Dacetuzumab 
(SGN-40)

CD40 DCs, B cells, 
monocytes and 
macrophages

DC maturation 
germinal center 
formation, Ig-
isotype switch-
ing and affinity 
maturation

Apoptosis in 
some tumors and 
increased tumor 
specific CD8+T 
cells

Tremelimumab 
(CP-675,206)

CTLA4 Activated T cells Inhibition of T cell 
proliferation

Tumor rejection, 
protection from 
re-challenge, 
enhanced tumor 
specific T-cell 
response

CT-011 PD1 Activated 
lymphocytes

Negative regulator 
of lymphocyte pro-
liferation and cyto-
kine production

Maintenance 
and expansion 
of tumor specific 
memory T cells 
and NK cell 
activation

BMS-663513 CD137 Activated T cells, 
Treg cells, NK 
cells, NKT cells, 
DCs, neutrophils 
and monocytes

Expansion of T 
cells,CD8+ T cell 
survival, NK cell 
proliferation and 
IFNγ production

Regression of 
established tumors 
and expansion of 
CD8+T cells

Daclizumab 
(Zenapax)

CD25 Activated T cells Promotes T cell 
proliferation. 
Expression is high 
in Tregcells

Transient depletion 
of CD25+ Treg 
cells Enhanced 
tumor regression 
Increase number of 
effector T cells
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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 (eEF2), 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 

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 IgG2 Colorectal cancer
Ofatumumab Arzerra CD20 Human IgG1 Chronic lympho-

cytic leukemia
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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’)2 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-α (TGF-α) 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, 

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)2: single chain Fv region of both heavy and light chains, linked 
by a linker, obtained as recombinant protein; Fab and F(abʹ)2: Proteolytically cleaved antibody
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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 
α-sarcin ( Aspergillusgiganteus) and restrictocin ( Aspergillusrestrictus) also 
belong to type I RIPs.

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
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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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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].

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
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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 1.3  Storage of RIPs in plants
Plant genus RIP Storage
Type I RIPs
Asparagus officinalis Asparin 1 and 2 Seeds
Saponariaofficinalis Saporin -L1, L2

Saporin -R1, R2, R3
Saporin – S5, S6, S8, S9

Leaves
Roots
Seeds

Momordicacharantia Momordin I and II Seeds
Geloniummultifi orum Gelonin Seeds
Phytolaccaamericana PAP, PAP II

PAP–S
PAP-C

Leaves
Seeds
Culture

Type II RIPs
Ricinuscommunis Ricin D, E and Ricinuscommunisaggluti-

nin (RCA)
Seeds

Abrusprecatorius Abrin a, Abrin b, Abrin c, Abrin d and 
Abrusprecatoriusagglutinin (APA)

Seeds

Adeniadigitata Modeccin, Modeccin 6B Roots
Sambucusebulus Ebulin I Leaves
Viscum album Viscumin Leaves

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
α-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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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 α-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 

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 
α-sarcin/ricin loop, and its ribose sugar, on the 28S rRNA of the 60S ribosomal subunit. Proteins 
like α-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
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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 α-sarcin were 
tested on cell lines inducing apoptosis through Stress Activated Protein Kinase 
(SAPK/JNK)-mediated response [63]. Toxins like Shiga toxin are reported to 
activate p38 MAP kinase and JNK leading to apoptosis [64].

• 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 Mcl1 
[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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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 

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 ε-NH2 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-α. These are then cloned into expression vectors, bacterial 
cells transformed with these vectors, and expressed as fusion proteins
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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, 

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
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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 α-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-
fìnity 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, CD3ε, 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 
mAb, 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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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 

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 

RFB4
Ricin dgA B-NHL

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 CD19 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 

(dsFv)
PE38 HCL, CLL, NHL

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

CSFR
GM-CSF DT388 AML

HA22 CD22 Anti CD22 (dsFv) PE38 HCL,ALL,NHL,CLL
Moxetumomabpasu-
dodotox

CD22 Anti CD22 (dsFv) PE38 HCL, B-CLL, NHL

UCHT1 CD3ε Anti CD3ε 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-
dgA + HD37-dgA)

CD19 / 
CD22

Anti CD22 + Anti 
CD19 mAbs

Ricin dgA ALL

HuM195/rGel CD33 Humanized Anti 
CD33

r-Gelonin Leukemia
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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-α (TGFα). 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, 
mAb 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 FRP5, 
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(FRP5)-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, SS1P, 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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Abstract Cancer relapse or recurrence has been the greatest challenge in the treat-
ment of this life threatening disease, which occurs due to resistance of cancer cells 
to drug or radiation therapy. Most often this resistance is developed during treat-
ment, which makes it even more complicated, leading to the failure of chemo or 
radiation therapy in the majority of cases. To circumvent these problems associated 
with conventional therapies, newer strategies were adopted like targeted therapy 
using monoclonal antibodies, immunotoxins and antibody-drug conjugates. How-
ever, targeted therapy also showed failure in many in vitro and in vivo studies that 
was again attributed to the emergence of resistant cells. Here, we discuss the vari-
ous factors and cellular mechanisms responsible for resistance against conventional 
therapies and targeted approaches like recombinant immunotoxins. Cancer stem 
cells (CSC’s) were identified as the major reason for resistance and their role in 
cancer relapse has been proved convincingly in recent studies. Hence, resistance 
mechanisms involved in CSC’s have been elaborated. We also summarize the strat-
egies being adopted currently to overcome resistance and different means of target-
ing resistant cancer stem cells that could be used in the future.

Keywords Immunotoxins · Cancer resistance · Cancer stem cells · Drug efflux · 
Survival pathway · Chemotherapy
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DAMP Damage-associated molecular patterns
DT Diphtheria toxin
EMT Epithelial Mesenchymal transition
GCS GlcCer synthase
GO Gemtuzumab ozogamicin
GSIs Gamma-secretase inhibitors
HIF Hypoxia inducible factor
IT Immunotoxin
MCL Mantle cell lymphoma
MDR Multi Drug Resistance
MRP1 Multidrug resistance protein 1
OV Oncolytic viruses
P-gp P-glycoprotein
SCLC Small Cell Lung Cancer
SCNP Single cell network profiling
T-ALL T cell acute lymphoblastic leukemia
TMM Telomere maintenance mechanisms
Tnfaip3 Tumor necrosis factor alpha induced protein 3
TRAIL TNF-related apoptosis-inducing ligand
VEGF Vascular endothelial growth factor

2.1  Introduction

Cancer is the most devastating disease that confers threat to human health. The 
widely used conventional treatment for all types of cancers is chemo- and radia-
tion therapies. However, the emerging resistance towards various chemotherapeutic 
drugs remains a great challenge in cancer treatment. Transcriptional misregulation 
of genes and accumulation of mutations commonly result in gaining resistance to 
the panel of chemotherapeutic drugs referred as Multi Drug Resistance (MDR). 
MDR can be defined as “a state of resilience against structurally and mechanisti-
cally unrelated drugs”. MDR is the principal mechanism by which many cancers 
develop resistance to chemotherapeutic drugs, leading to the failure of treatment in 
patients with a variety of blood cancers and solid tumors, including breast, ovarian, 
lung, and lower gastrointestinal tract cancers [1–3].

To combat chemotherapy resistance newer strategies were developed like target-
ed approaches which include immunotoxins, monoclonal antibodies, antibody frag-
ments (ScFv, Fab), antibody-drug conjugates etc. However, even targeted therapy 
faces challenges due to the emergence of resistance by more complex mechanisms. 
Here, we describe the various factors involved in cancer resistance with a focus 
on resistance against immunotoxins, the role of cancer stem cells in resistance and 
strategies to overcome resistance.
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2.2  Factors Responsible for Cancer Resistance

The hallmark of a cancer cell is the increased genomic instability and higher muta-
tion rates. Drug resistant tumour is most often acquired with characteristic features 
like gene mutations, gene amplification, or epigenetic changes that influence the 
drug metabolism, or export of drugs from cells. The daughter cells from cancer cells 
acquire changes (mutations) at a high rate. Acquiring gene mutation is a common 
characteristic feature of cancer cells. Normal cells can be targeted by drug treat-
ment. However, a mutated cell with a modified gene may have a function, which 
can no longer be the drug target [4]. Mutations in any of the genes involved in meta-
bolic pathways that are essential for cell growth, survival, maintenance of cellular 
homeostasis and cell division may result in resistance.

Other than mutations, the expression of drug transport proteins and the tumor 
niche play a major role in resistance. The tumor niche is a microenvironment which 
consists of diverse populations of malignant cells, with variable degree of resis-
tance, few of them being highly resistant [5]. Chemotherapy kills drug-sensitive 
cells, but a small population called “side population” survives, which then drives 
the cancer relapse. As the tumor begins to grow again, chemotherapy may fail to 
eliminate resistant populations that culminate into a poor prognostic recurrence of 
disease or even death. These side populations survive, proliferate at a higher rate 
and finally rebuild the tumor microenvironment.

2.2.1  Gene Mutations in Signalling Pathways

A20 is a protein encoded by the gene tumor necrosis factor alpha-induced protein 3 
(TNFAIP3). It regulates the canonical NF-κB activation and also acts as the cell’s 
autocrine inhibitory molecule. It interacts with NF-κB upstream signalling com-
ponents which keeps the pathway activation under control [6]. Recent reports sug-
gested that NF-κB-dependent A20 exerts cell-type specific anti- or pro-apoptotic 
functions. Increased A20 expression in few solid human tumors likely contributes 
to both carcinogenesis and response to chemotherapy. However, a current approach 
of analysing a unique molecular signature of each tumor holds promise for a per-
sonalized chemotherapeutic regimen comprising specific A20-targeting agents i.e., 
both inhibitors and enhancers [7].

Ibrutinib, an FDA approved drug, targets and inhibits the Bruton tyrosine kinase 
(BTK), which is found in increased levels in several types of B-cell malignancies, 
including mantle cell lymphoma (MCL) [8]. However, about one-third of these pa-
tients do not respond to the treatment and those that respond also become resistant 
to the drug [9–11]. It was identified later that there was a patient-relapse–specific 
mutation, C481S, in patients who initially had a durable response to ibrutinib but 
then showed disease progression. The mutation resulted in increased BTK activa-
tion which leads to AKT activation, further driven by the cell-cycle regulator CDK4 
[12, 13].
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FLT3 is a cytokine receptor belonging to the receptor tyrosine kinase class III 
family. Mutations in the FLT3 gene linked to a poor prognosis in acute myeloid leu-
kemia (AML). Early trials of FLT3 inhibitors gained resistance to treatment and the 
development of a new FLT3 inhibitor AC220 showed promising activity in patients 
with highly resistant leukemia [14].

Glucocorticoid resistance is a major cause of therapeutic failure in T cell acute 
lymphoblastic leukemia (T-ALL). AKT1 impairs glucocorticoid-induced gene ex-
pression by direct phosphorylation of NR3C1 at position S134 and blocking glu-
cocorticoid-induced NR3C1 translocation to the nucleus. Conversely, pharmaco-
logic inhibition of AKT with MK2206 effectively restores glucocorticoid-induced 
NR3C1 translocation to the nucleus, increases the response of T-ALL cells to glu-
cocorticoid therapy and effectively reverses glucocorticoid resistance in vitro and 
in vivo [10].

2.2.2  Drug Transporters

ATP-binding cassette (ABC) transporters play a major role in drug resistance. Che-
motherapeutic drugs are rapidly effluxed out by this family of transporters which are 
localized in the plasma membrane of resistant cells. Three well studied transport-
ers involved in multi-drug resistance are—P-glycoprotein (P-gp, MDR1, ABCB1), 
multidrug resistance protein 1 (MRP1, ABCC1), and breast cancer resistance pro-
tein (BCRP, ABCG2).

P-glycoprotein had shown strong evidence in support of its role in pleiotropic 
drug resistance in 1982, when it was shown that DNA from resistant cell lines trans-
formed in non-resistant cells conferred resistance which also correlated with protein 
expression [15]. The gene for P-glycoprotein, called MDR-1, was cloned in 1985, 
and the protein’s putative function was postulated on the basis of sequence homolo-
gies with bacterial hemolysin transport protein as an energy-dependent pump that 
expels small molecules from inside the cells [16, 17]. Recent work suggests that in 
non-small cell lung cancer cells: there is a correlation between MRP and mutant p53 
expression, suggesting that it can be used as a prognostic marker.

ABCG2 is the mitoxantrone resistance gene also known as breast cancer resis-
tance protein (BCRP), or ABC transporter in placenta (ABC-P). Mutant ABCG2 
protein is an ideal candidate for human stem cell protection and for use as a select-
able marker in gene therapy [18].

2.2.3  Tumor Microenvironment and Accessibility

Hypoxia and accumulation of HIF-1 alpha in solid tumor tissues are associated with 
resistance to chemotherapy, radiotherapy and immunotherapy [19]. Activated HIF-
1 induces the expression of vascular endothelial growth factor (VEGF) in cancer. 
Increase in VEGF levels promotes tumor metastasis by angiogenesis [20]. Anti-
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angiogenic therapy using humanized VEGF antibody and VEGF receptor tyrosine 
kinase inhibitors have been shown to have promising effect in solid cancer therapy.

Another important, but little studied, cause of drug resistance is the accessibility 
of drugs to tumor tissue. Since the diluted concentration of drug that reaches the 
target site, which is much less than the potential lethal concentration, it may trigger 
resistance in cancer cells [21].

2.3  Resistance to Immunotoxins

Targeting cancer cells by inducing apoptosis is one of the earliest approaches to con-
trol cancer. However, cancer cells bypass apoptosis by activating alternate survival 
pathways and/or by blocking/inactivating apoptotic pathways. Another strategy by 
which resistant cells evade apoptosis is through the efflux of drugs by membrane 
transporters by expressing multi-drug resistant genes.

Immunotoxins bind to specific cell surface receptor and are internalized into 
endocytic vesicles. After priming, it is then translocated to the cytosol, and inhibit-
ing protein synthesis by acting upon ADP-ribosylation of elongation factor 2 in the 
cytosol. Resistance can be induced by interference at any of these steps like down 
regulation of receptor or poor binding of immunotoxins, degradation of internalized 
toxins and failure of ADP-ribosylation of EF-2 by an escape mechanism in resistant 
cells (Table 2.1).

Gemtuzumab ozogamicin (GO) is a conjugate of monoclonal antibody targeting 
CD33 and the toxic drug calicheamicin. The poor expression of CD33 or the up-
take of GO was correlated with resistance in AML cell lines [22]. Similarly, higher 
expression of HER2 was associated with response to T-DMI, which is a conjugate 
of anti-HER2 antibody, trastuzumab and toxic drug moiety DMI, a derivative of 
maytansine, in cancer cells [23].

2.3.1  Dysfunctional Apoptotic Pathways

Anti-apoptotic factors downstream of DNA damage play a major role in gaining 
resistance against GO in AML. The AML cell line KG1a displayed resistance to 
GO due to defect in activation of the pro-apoptotic proteins Bak and Bax [24]. 
Activation of caspase-3 signaling was observed in HL60 and NB4 AML cells but 
not in GO-exposed KG1a AML cells. Bcl-2 family of anti-apoptotic proteins were 
reported to be involved in GO resistance in few studies. HL-60 cells with stable 
overexpression of Bcl-2 or Bcl-XL were reported to be resistant to GO [25]. De-
spite inhibition of protein synthesis by PE-based immunotoxins, cell death was not 
significant due to apoptosis via pro-survival proteins like Bcl-2 family. ABT-737, 
a BH3-only mimetic that inhibits Bcl-2 protein could restore sensitivity in resistant 
cell lines like DLD1 by neutralizing Bcl-2, Bcl-xl, and Bcl-w [26].
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2.3.2  ABC Transporters

Multidrug resistance protein1 (MRP1 or ABCC1), is overexpressed in 7–30 % AML 
cases and was associated with resistance to GO. Expression of P-gp in AML blast 
cells were correlated with resistance by treatment with GO in phase II clinical tri-
als. MDR1-Pgp and MRP1 efflux systems were reported to be engaged by CalCγ1 
in the resistant HL60 cell line but only MDR1-Pgp over-expression could abrogate 
drug cytotoxicity in MDR cells [27].

The expression of multi drug resistance proteins P-gp, MRP1 and MRP2 was 
characterized in CD33 + cell lines and AML samples. The MRP inhibitor MK-
571 showed cytotoxicity to GO in MRP-positive NB4 and HL-60 cells and the 
Pgp inhibitor cyclosporine (CSA) increased susceptibility to GO in P-gp-positive/
MRP-positive TF1 cells [28]. In a case study, it was reported that MRP activity in 
all patient samples and 17 out of 23 patients showed Pgp activity and further 12 pgp 
positive samples were found sensitive after treatment with CSA. This proves the 
important role of multi-drug resistance genes in gaining cancer resistance.

Gelonin is a RIP from the seeds of Gelonium multiflorum used in the immuno-
toxin. The IT HuM195-gelonin that consists of a humanized mAb specific for CD33 
conjugated to a recombinant gelonin toxin. P-gp was reported to be involved in 
resistance to HuM195-gelonin immunotoxin [25]. Resistance to HuM195-gelonin 
and to free rGelonin was also reported in The human leukemic cell lines HL60 and 
K562 by mediating multi-drug resistance through over expression of the P-glyco-
protein (P-gp). Inhibiting the function of P-gp was shown to reverse resistance to IT. 
However, they showed that the same cells were sensitive to other protein synthesis 
inhibitors like cycloheximide, saponin, and Pseudomonas exotoxin A [29].

2.3.3  Lysosomal Degradation

Lysosomes are involved in degrading internalized exogenous macromolecules 
which include active immunotoxin in the cytosol. Weldon et al. [30] observed that 
PE-based immunotoxin B3(dsFv)-PE38 targeting CD22 was susceptible to the 
lysosomal degradation pathway in CD22-positive human Burkitt lymphoma cell 
lines. Resistance to gelonin-based IT was suggested to be mediated by increased 
lysosomal degradation [29]. Misfolded proteins are cleared by the ER and trans-
located to the proteasome in the cytosol for degradation by retrotranslocation via 
a pathway known as ER associated degradation (ERAD). IT is known to exert its 
activity by translocation from the ER to the cytosol. AB toxins were suggested to 
act by mimicking misfolded proteins and entering the ERAD pathway to the cyto-
sol [31]. However, this will also result in the majority of proteins being degraded 
through this pathway which is one of the reasons for resistance.

Resistance of myeloid cells to ricin A-chain IT CD33, p67-7·dgA, was attributed 
to fast and efficient lysosomal degradation. The IT was found to bind to HL60 cells 
but was not capable of killing whereas anti-TfR immunotoxin could kill the cells 
[32].
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2.3.4  Other Factors

In a recent study, Moxetumomab pasudotox (HA22), an anti-CD22 Fv fused to 
Pseudomonas exotoxin A, showed resistance in KOPN-8 cells due to methylation 
of the CpG island in the DPH1 promoter that was overcome by the methylation 
inhibitor 5-Azacytidine [33]. Earlier Wei et al. [34] showed that HA22 resistant 
cell lines had low levels of DPH4 expression which in turn prevents diphthamide 
biosynthesis in ALL. The CpG island in the promoter region of DPH4 gene was 
hypermethylated in resistant cells which was reversed when incubated with 5-aza-
cytidine.

The PE conjugated IT targeting CD22 was found to be effective in drug resis-
tant hairy cell leukemia but not in acute lymphoblastic leukemia. In a recent work, 
Wei et al. [35] claimed that resistance was due to the failure of the immunotoxin to 
ADP-ribosylate and inactivate EF2 in the HA22-resistant lymphoma cell line. They 
showed that this was, in turn, owing to the deletion of the diphthamide synthesis 
gene WDR85, which results in the modification of diphthamide in EF2 and, thus, 
cannot be inactivated by the immunotoxin.

The PI3K/AKT signaling pathway is actively involved in cell growth, survival 
and apoptosis mediated by AKT phosphorylation. The activation of the AKT signal-
ing pathway has been correlated with failure to therapy in AML. Recently, Rosen 
et al., [36] noted the association of AKT signaling with GO resistance in vitro using 
the single cell network profiling (SCNP) assays with the AKT inhibitor, MK-2206, 
in AML samples.

2.4  Cancer Stem Cells and Resistance

The involvement of cancer stem cells (CSC’s) in tumor recurrence and invasion has 
been a long debated concept. Several studies have proved the presence of cancer 
stem cells in drug resistant cancers convincingly (Fig. 2.1). In a recent report by 
Ding et al., [37], CSC’s have been proven to be involved in trastuzumab resis-
tance in mammary carcinoma cells. Cojoc et al., [38] have extensively reviewed the 
mechanisms of resistance in cancer stem cells.

2.4.1  Drug Efflux

Cells that efflux drugs termed as side population (SP) are identified in resistant can-
cer cells. In cancer stem cells these MDR proteins are up-regulated and, thus, show 
resistance towards many chemotherapeutic drugs. The ABCG2 transporter has been 
reported to be involved in resistance to various drugs like methotrexate, doxorubi-
cin, imatinib, daunorubicin, topotecan, mitoxantrone etc [39]. The ABC family of 
transporters was also associated with resistance in targeted therapies such as the ty-
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rosine kinase inhibitors Sorafenib, Imatinib, Nilotinib, Gefitinib and Erlotinib [38]. 
Cancer stem cells use drug efflux mechanisms actively to prevent the drug from 
acting and this property is used to even sort CSC populations based on their ability 
to efflux dyes like Hoechst 33342.

2.4.2  Detoxification and Cellular Repair

Resistance to radiation therapy has been associated with increased involvement 
of ROS scavenging mechanisms which enhance cell survival by eliminating ROS 

Fig. 2.1  Mechanisms involved in cancer stem cell resistance. 1 Small molecule drugs are effluxed 
by the membrane transporters P-gp/MDR1, MRP1 and BCRP/ABCG2. 2 Some drugs are detoxi-
fied by the enzyme ALDH. ROS generated during radiation therapy are scavenged by enzymes 
like Glutathione S transferase, Peroxidase and Catalase. 3 DNA damage induced by radiation ther-
apy or drugs is repaired by HMG proteins and the cell cycle checkpoint mechanisms ATM-Chk2 
and ATR-Chk1 are activated. 4 Anti-apoptotic and developmental signaling pathways needed 
for survival like Notch, Wnt and Hedgehog pathways are activated. 5 Intracellular digestion by 
autophagy is activated by fusion of autophagosomes with endosomes and lysosomes. Targeted 
therapy using monoclonal antibodies and immunotoxins lead to specific binding to cell surface 
markers but are internalized and could be degraded by lysosomal enzymes. 6 CSC’s adopt quies-
cence by shutting down replication and remaining in a dormant state with no metabolic activity. 
7 The cancer microenvironment protects CSC’s from therapeutics or other stress. The CSC niche 
includes stromal fibroblasts, immune cells, mesenchymal stem cells, extra cellular matrix, growth 
factors and cytokines released by these cells and also physiologic factors like hypoxia and pH
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generated during therapy. The level of glutathione, one of the ROS scavengers has 
been correlated in gastrointestinal cancer cells and HNSCC. Other genes involved 
in ROS scavenging like superoxide dismutase, glutathione peroxidase and catalase 
were reportedly upregulated in CD44 + CD24−breast CSCs [38]. CSC’s were con-
sistently found to display high ALDH activity which is involved in detoxification 
and are associated with drug resistance. Levels of ALDH1 have been frequently 
used as a marker for identification and sorting of CSC’s. Administration of ALDH1 
inhibitors could reduce tumor growth and resistance [40].

Damage-associated molecular patterns (DAMP’s) are molecules released by 
damaged cells that initiate repair and survival mechanisms in cells. These molecules 
are recognized by pattern recognition receptors (PRR). Hombach-Klonisch et al. 
[41], suggest that DAMP signaling via several PRR may be one of the major tumor 
survival response associated with cell proliferation, inflammatory and autophagy 
responses in cancer stem cells.

2.4.3  DNA Repair and Modification

Cancer stem cells often display highly efficient DNA repair systems. Higher expres-
sion of DNA repair genes have been reported to be involved in chemo-resistance. 
Cells with higher expression of High Mobility Group (HMG) proteins show en-
hanced DNA repair mechanisms and thus evade killing by drugs. Cojoc et al. [38] 
has reviewed several studies which showed that DNA repair mechanisms are acti-
vated in cancer stem cells in glioma, nasopharyngeal carcinoma, lung, breast and 
mouse mammary tumors. Also, the checkpoint mechanisms have been induced in 
cancer stem cells via the kinase signaling pathways ATM-Chk2 and ATR-Chk1.

In another study genes involved in chromatin modification, such as KDM5A/
Jarid1A, a histone H3K demethylase and histone deacetylases (HDACs) were over 
expressed in drug resistant cells in Non-small cell lung cancer cell lines [42]. Thus, 
chromatin modifications and epigenetic changes can be partly responsible for resis-
tance [43]. The unlimited replicative potential is one of the hallmarks of cancer and 
it requires activation of telomere maintenance mechanisms (TMMs). Two TMMs 
are currently known in human cancer, namely, telomerase activity and the alterna-
tive lengthening of telomere (ALT) mechanisms. Although both TMMs appear to 
be equivalent in their ability to support immortalization, their contribution to tumor 
growth and survival and consequently patientsʼ prognosis may differ [44].

Telomeres are specialized DNA-protein structures located at the end of eukary-
otic chromosomes. They are essential for continued cell proliferation. Indeed, telo-
mere attrition, which occurs within each cell division, represents a molecular clock 
that counts the number of times a cell can divide and determines its entry into senes-
cence [45]. Other than acting as a mitotic clock, telomeres play an important role in 
the maintenance of genomic integrity. As suggested by Feijoo et al. [46], telomere 
erosion in a context of impaired cell cycle checkpoint may constitute an important 
mechanism during tumoriogenesis.
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2.4.4  Survival Pathways

Different studies have proven the involvement of developmental pathways, wingless-
type MMTV integration site family (WNT), Notch signaling and Hedgehog path-
ways in cancer stem cells and resistance. These pathways are involved in self-renewal 
of normal stem cells. Activators of Wnt, Notch and Hedgehog signaling pathways 
could induce proliferation of HSC’s. Inhibition of β-catenin of the Wnt pathway by 
axin was found to reduce the self-renewal capacity [47]. Cojoc et al. [38] in his re-
view compiled the studies that have shown over expression of genes involved in these 
pathways in cancer stem cells. Inhibitors of these pathways like gamma-secretase 
inhibitors (GSIs) and cyclopamine rendered the cells susceptible to treatment.

2.4.5  Autophagy and EMT

Autophagy is a lysosomal degradation pathway which is involved in the degrada-
tion of intracellular materials and the removal of damaged organelles, protein ag-
gregates or microbes. It plays a major role in cell survival in metabolic stress and 
preventing apoptosis in cancer cells. The epithelial Mesenchymal transition (EMT) 
which has also been associated with resistance to cancer therapy is known to be re-
lated to autophagy and stemness. Cancer stem cells utilize alternative mechanisms 
of survival to manage environmental stress, autophagy being one of them. Cojoc 
et al. [38], have shown increased resistance in prostate and pancreatic cancer cell 
lines by the induction of autophagy by Neurophilin-2.

2.4.6  Quiescence

One of the important features of CSC’s is their dormancy or quiescence. Dormant 
CSC’s are extremely slow cycling with an arrest in the GO phase and, hence, have 
a minimum energy requirement. They have been reported to show highest capacity 
for self-renewal. Quiescence was considered as a major factor responsible for the 
ability of CSC’s to survive harsh conditions and anti-cancer therapy. Drug resis-
tance was suggested to be due to the fact that most drugs target DNA replication and 
proliferation of cells or metabolic pathways which are greatly reduced in these cells. 
Their dormancy could be broken by the addition of cytokines involved in activating 
dormant CSC’s during injury like G-CSF and IFNα, which induced proliferation. 
This has been used as a strategy to eliminate CSC’s [48].

2.4.7  Microenvironment

CSC’s are often hidden in the hypoxic core of cancer tissue in a unique niche that 
contributes to its survival. This niche called the microenvironment is vital for their 
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existence as they are surrounded by stromal fibroblasts and an extra cellular ma-
trix (ECM) that release cytokines and signaling factors. Tumor and stromal-derived 
factors have been shown to play a key role in CSC maintenance and therapy resis-
tance. CXCL12/CXCR4 signaling and TGF-β/SMAD signaling are major pathways 
induced by these growth factors. Growth factors released in the tumor niche like 
PDGF, IL1β, TNF, TGF-β, chemokine CXCL12 and MMPs were involved in the 
development and regulation of CSC’s [38].

CSC’s are protected from the environmental stress and attack by therapeutic 
agents in the microenvironment. One of the major reasons for radio resistance was 
found to be hypoxia in the CSC niche since oxygen is required for radiation-induced 
killing. Also, the hypoxia-inducible factor (HIF) signaling is activated in hypoxic 
condition which in turn activates survival pathways.

2.5  Strategies Used to Overcome Resistance

2.5.1  Inhibitors of Anti-apoptotic Proteins

Blocking anti-apoptotic proteins Bcl-2, Bcl-xl, and Bcl-w is an important strategy 
used by many investigators to combat resistance. Oblimersen, was used to target 
Bcl-2, showed improvement in GO treatment in 25 % of AML patients in a phase II 
clinical trial [49]. IL-2/granzyme A fusion protein improved doxorubicin sensitivity 
of the MDR + lm1-mdr cell line by inducing caspase-independent apoptosis [50].

In a detailed study by Traini et al. [26], ABT-737 and PE immunotoxin could 
inhibit apoptosis in combination. ABT-737 could bind to the hydrophobic core of 
Bcl-2 proteins Bcl-2, Bcl-xl, and Bcl-w while the immunotoxin degraded Mcl-1 
protein, thus releasing the inhibition of the apoptotic pathway. ABT-263 as well 
as ABT-737 have been reported to show synergistic killing with PE immunotoxin 
targeting transferring receptor in Small Cell Lung Cancer (SCLC) cell lines that 
were otherwise resistant to the immunotoxin. Killing was observed in 6 h with loss 
of Mcl-1. The same effect was observed in vivo also when the immunotoxin was 
administered in combination with ABT-737 in nude mice with H69AR tumor [51].

TNF-related apoptosis-inducing ligand (TRAIL) reportedly induces apoptosis 
independent of major pathways controlling chemotherapy resistance [52]. The 
MDR + subline MDR-U2OS was shown to be TRAIL sensitive due to reduced 
AKT activation [53]. Apoptosis could be induced in resistant cells with low Bak us-
ing mesothelin conjugated with anti-TRAIL receptor 2 [54]. Anti-sense oligonucle-
otides have been employed in clinical studies to sensitize cancer cells to apoptotic 
triggers [55, 56]. However, there is emerging evidence to support the novel mecha-
nism of death inhibition by Bcl-2 involving its ability to modulate cellular redox 
status and mitochondrial metabolism.
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2.5.2  Blocking Membrane Drug Transporters

Hamada and Tsuruo [57] developed two monoclonal antibodies (MRK16 and 
MRK17) against the membrane transporter P-glycoprotein. Fitzgerald et al. [58], 
reported the use of MRK16 coupled with PE toxin in killing multi-drug resistant KB 
cell lines. The anti-P-glycoprotein monoclonal antibody MRK16 could overcome 
bone marrow resistance against daunomycin, doxorubicin, vincristine, vinblastine, 
etoposide, and taxol in multi-drug resistant transgenic mice. The MRK16-PE con-
jugate was also successfully shown to kill bone marrow cells in a dose-dependant 
manner [59]. MRK16 was used along with Saponin immunotoxin that could elimi-
nate 99 % of MDR cells [60]. A recombinant single-chain Fv fragment against P-gp 
was developed by Niv et al. [61].

It was proven that the combination of antibody conjugates with chemosensitisers 
(cyclosporin A, D, G) that block P-gp transporters restored the sensitivity of MDR 
cell lines [62]. Two inhibitors of ABCG2 and ABCB1 transporters, GF120918 and 
tariquidar, have been approved for clinical studies. Although CD33 is expressed in 
90 % of AML patients, more than 50 % of patients show remission due to GO resis-
tance mediated via the membrane transporters [63]. Addition of U0126, a MEK1/2 
inhibitor, was reported to prevent GO resistance induced in HL-60/GO resistant 
cells. Combination of the MDR modifiers PSC833 or MS209 with Gemtuzumab 
ozogamicin (CMA-676) was observed to reverse resistance in CD33 + AML with 
P-gp-related MDR [64] by inhibiting the efflux of therapeutic agents.

2.5.3  Delivery and Intracellular Trafficking

HPMA hydrogels were used successfully to prolong the delivery of antibody-drug 
conjugates with different targeting moieties (anti-CD71, anti-thymocyte globulin, 
anti-CD4, transferrin) tested on human multidrug resistance (MDR) cell lines [62]. 
The trafficking route via specific organelles was found to play a major role in the 
case of LMB2, an IT comprising PE38 and an Fv against IL2 receptor [65].

ABT-737 showed 20-fold enhanced killing of resistant cell lines by PE IT’s by 
increasing the delivery of IT from the ER to the cytosol by a mechanism poorly un-
derstood. However, it was hypothesized that ABT-737 induces ER stress and facili-
tates its transport to the cytosol [26]. Recently, IT named RG7787, a PE-based toxin 
targeting mesothelin was reported to be efficient due to resistance to lysosomal 
degradation in breast and gastric cancers [66].

2.5.4  Inhibition of DNA Repair and Telomerase Activity

Inhibition of DNA repair and DNA damage checkpoint mechanisms like the ki-
nase pathways ATM-Chk2 and ATR-Chk1 were utilized by some workers. The 
chk1 inhibitor AZD7762, debromohymenial-disine (DBH) that inhibits both Chk1 
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and Chk2 kinases and the ATM inhibitor KU55933 were effective against resistant 
populations along with chemo or radiotherapy [67]. Santambrogio et al. [68] used 
microRNAs to impair telomerase activity or to affect telomere functions in cancer 
cells. Crees et al. [69], Romaniuk et al. [70] and Uziel and Lahav [71] described 
the approaches developed during the last decades to inhibit telomerase, aimed to 
interfere with the enzyme's catalytic activity. Overall, accumulating evidence from 
preclinical studies on the effects of telomerase inhibition in human cancer has pro-
vided persuasive arguments to indicate that the enzyme is a well-validated cancer 
target and an ideal tumor-associated antigen [45].

2.5.5  Combination Therapy

Two treatment strategies were devised based on cancer cell genetic findings. It in-
volves the serial use of two anti-cancer drugs, the first to weaken or "prime" the 
cancer cells, and the second to deliver an added impact. To prime the cancer cells, 
researchers used Palbociclib (which selectively inhibits two cell-cycle promoting 
proteins, CDK4 and CDK6) to slow down the cancerʼs growth and sensitize cells 
being targeted by the second drug. Previous clinical studies have shown that pal-
bociclib itself can significantly inhibit the growth of mantle cell lymphoma. In the 
cells with a mutated BTK, palbociclib was administered first, and then the second 
drug idelalisib. In lymphoma cells lacking the BTK mutation, the investigators also 
started with palbociclib, followed by ibrutinib, since both drugs are well tolerated 
by the patients.

7-hydroxystaurosporine (UCN-01) is a novel protein kinase inhibitor that in-
creases chemotherapy-induced apoptosis in vitro and is in early phases of clinical 
development [72]. In vitro, UCN-01 is synergistic with multiple cytotoxic agents 
and increases fludarabine-induced apoptosis in a human breast cell line. These re-
sults suggest that UCN-01 sensitized the lymphoma to the cytotoxic effects of EP-
OCH, possibly by modulating the “threshold” for apoptosis, and may illustrate a 
new paradigm for reversal of drug resistance.

Immunotoxins were also used in combination with other drugs. Anti-CD138 IT 
B-B4-SO6 with doxorubicin were used as a combination therapy for the drug-re-
sistant multiple myeloma (MM)-derived cell line RPMI8226. The authors conclude 
that combination of IT and chemotherapy could prevent drug resistance that arises 
due to exposure to chemotherapy alone [73]. In another early study, the combination 
of ricin conjugated IT targeting CD19 (anti-B4 blocked ricin) combined with drugs 
like cisplatin, cyclophosphamide and etoposide showed long term cure in vivo in 
SCID mice with disseminated tumors of the multidrug-resistant human B-cell lym-
phoma Namalwal/mdr-1 [74].

IT containing anti-melanoma antibody ZME-018 recognizing a 240-kDa surface 
glycoprotein (gp 240) and the plant toxin gelonin was tested in resistant human 
melanoma cells (A375-M). Combination with cisplatin, IFN-γ, IFN-α, and etopo-
side were observed to enhance the cytotoxic effects of ZME-gelonin against resis-
tant cells [75]. Other combinations with GO include G-CSF that induced AML cells 
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to enter G2/M and hypodiploid phase and Valproic acid, a histone deacetylase in-
hibitor [63]. As mentioned earlier, the combination of ABT-737 with immunotoxin 
could enhance killing by 20-fold in resistant cell lines by neutralizing anti-apoptotic 
proteins and by increasing the delivery of the immunotoxin from the ER to the 
cytosol [26].

2.5.6  Nanotechnology

Nanotechnology holds great promise in establishing efficacious, innovative strat-
egies to overcome chemoresistance and may facilitate complementary treatment 
methods and cancer diagnostics. Various nanomedical devices are being introduced 
and evaluated, demonstrating encouraging results. While stealth liposomes serve as 
a benchmark, astonishing progress is witnessed in polymeric nanovehicles. It can 
be also combined with low molecular weight surfactants, inhibiting drug resistance 
in addition to solubilizing drugs. A nanocrystalline silver particle (8 nm) modi-
fied with TAT (AgNP-TAT) was developed for MDR cancer cell treatment. The 
antitumor activity was reported in both MDR cells and non- resistant cells [76]. 
AgNP-TAT showed significant enhancement in tumor cell killing, up to 24-fold 
higher cytotoxic effect compared to its counter-part lacking the TAT conjugation. 
AgNP-TAT NPs were able to effectively inhibit tumor growth in mice bearing ma-
lignant melanoma at a dose of 1 nmol/kg (compared with 4.3 μmol/kg of DOX), and 
showed significantly reduced adverse toxicity in vivo [77]. Various nanoparticle-
based approaches have been investigated to overcome efflux-mediated resistance. 
These include the use of formulation excipients that inhibit transporter activity and 
co-delivery of the anticancer drug with a specific inhibitor of transporter function 
or expression [78].

2.5.7  Other Novel Strategies

Oncolytic viruses (OV) are promising anti-cancer agents, capable of selectively 
targeting replication in tumor cells. Genetically modified oncolytic viruses (OVs) 
kill tumor cells via completely unique mechanisms compared to small molecule 
chemotherapeutics typically used in lung cancer treatment and can also be used 
to deliver specific toxic, therapeutic or immunomodulatory genes to tumor cells. 
Recent pre-clinical and clinical studies with oncolytic vaccine approaches have re-
vealed promising combination strategies that enhance oncolysis of tumor cells and 
circumvent tumor resistance mechanisms [79]. Synergistic effects of therapy based 
on combining OV and various cytostatics are in preclinical studies and have shown 
promising results.

Over-expression of recombinant GlcCer synthase (GCS) confers resistance to 
adriamycin and to ceramide in GlcCer synthase-transfected human breast cancer 
cells, suggesting that drug resistance is related to stimulation of glycosylation of 
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ceramide and the resultant inhibition of drug induced apoptotic signalling. Block-
ing glycosylation of ceramide has been shown to increase cancer cell sensitivity 
to cytotoxic drugs. Drug combinations that enhance ceramide generation and limit 
glycosylation have been shown to enhance effectiveness of chemotherapy by induc-
ing apoptosis in cancer cell models

Targeting intracellular compartments is another challenging approach. A particu-
larly interesting direction which shows promise for targeted anticancer nanomedi-
cine is the use of viral components against drug resistant cancer cells. Hence, newly 
discovered anticancer- and antimetastatic drugs may be combined with a broad 
spectrum of molecules which includes small-molecule inhibitors, interfering RNA 
molecules, microRNA, oncolytic viruses, and also naturally occurring substances. 
This combination with anti-inflammatory and adjuvant therapies seems to be a very 
promising treatment approach [80].

2.6  Targeting Cancer Stem Cells

It is clear from various studies that cancer stem cells play a major role in resistance 
against all kinds of therapy. Almost all the factors listed as responsible for resistance 
in IT therapy are found to overlap in CSC’s. It is also quite evident that CSC’s are 
not only responsible for resistance against chemo and radiotherapy but also against 
IT therapy since they can use any of the following ways to handle IT’s conveniently:

i) They can be protected from exposure to IT in their microenvironment
ii) Efflux IT’s using membrane transporters,
iii) Utilize autophagy to degrade and get rid of recombinant IT’s,
iv) Use detoxification and repair pathways to circumvent the damage,
v) Recruit anti-apoptotic proteins to prevent apoptosis,
vi) Use alternative survival pathways to escape cell death and
vii) Remain quiescent with inactive cellular machinery.

Although the strategies mentioned earlier have been successful to some extent in 
avoiding resistance, it is highly unlikely that these strategies alone would be com-
pletely effective in dealing resistance since the major contributor to resistance re-
mains hidden and active. Hence, currently several groups are studying the possibil-
ity of targeting CSC’s to destroy cancer permanently. The targets include proteins 
involved in signaling pathways in CSC’s like WNT, NOTCH and Hedgehog path-
ways. drug transporters, CSC specific surface markers, ALDH, quiescence factors, 
anti-apoptotic proteins and factors involved in the CSC niche [81, 82].

2.6.1  Targeting Signaling Pathways in CSC’s

Various modes of therapies are being investigated to kill CSC’s which that have 
been summarized in the review by Han et al. [81]. Inhibition of the Hedgehog path-
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way with drugs like GDC-0449, LDE225 and GSIs like RO4929097 and MK-0752 
have been used along with chemotherapy with paclitaxel, carboplatin, capecitabine, 
cinblastine, gemcitabine and temozolo-mide [38]. The steroid-like compound, cy-
clopamine, was used to target SMO of hedgehog signaling that could eliminate 
prostate cancer cells in mice xenograft tumors in vivo and was shown to be effec-
tive in killing CSC’s in glioma sphere cells. Arsenic trioxide (As2O3) inhibits the 
glioma-associated oncogene homolog (Gli) and has been used in combination with 
the SMO inhibitors cyclopamine and GDC-0449. (-)-epigallocatechin-3-gallate 
(EGCG) with quercetin could inhibit self- renewal capacity in CSC’s by inhibiting 
the sonic hedgehog (SHh) pathway.

Inhibition of the Notch signaling using the γ-secretase inhibitor GSI-18 could 
eliminate CD133 + medulloblastoma cells while MRK-003 was effective in killing 
CSC’s in breast cancer. The Wnt signaling pathway has also been widely targeted 
like cAMP response-element binding protein (CBP)/b-catenin antagonist ICG-001, 
used to target leukemic stem cells [81]. Targeting mTOR involved in PI3/AKT us-
ing rapamycin could deplete leukemic stem cells [82]. The Notch signaling pathway 
has been inhibited by several other groups using GSI, siRNA or antibody against the 
Notch ligand, delta-like 4 ligand (DLL4), which either reduced the CSC population 
or rendered the CSC’s susceptible to drug therapy [38]. Recent study have reported 
that c-Met silencing could inhibit CSC’s in head and neck squamous carcinoma by 
down regulation of the Wnt/β-catenin signaling [83].

NF-κB is activated during lymphoid development and is used as a target in few 
studies. Inhibition of NF-κB activation using the proteasome inhibitors, bortezomib 
or MG-132, and inhibition of IκB kinase (IKK) by Parthenolide were used to target 
AML stem cells. However, CML stem cells were resistant to ABL kinase inhibitors 
imatinib and its derivative nilotinib [47].

2.6.2  Targeting Apoptosis and Cellular Repair Mechanisms  
in CSC’s

Inducing apoptosis by MSC’s expressing TNF-related apoptosis-inducing factor 
(TRAIL) along with mitoxantrone was effective in putative CSC’s. In our laborato-
ry, Madhumathi et al., (unpublished data) have successfully used TRAIL-based im-
munotoxins to induce apoptosis in CSC’s isolated from leukemic cell lines by cul-
turing cells in the presence of methotrexate. The Methotrexate resistant side popula-
tion was found to be enriched in the CSC population. Inducing apoptosis selectively 
in CSC’s using IT’s conjugated with TRAIL, targeting different surface markers of 
CSC’s has been a promising strategy used in our laboratory for all  cancers.

Inhibition of ALDH activity using all-trans retinoic acid (ATRA), synthetic reti-
noids, disulfiram, 4- diethylaminobenzaldehyde (DEAB) or ALDH1A1 shRNA were 
used in combination with chemotherapeutic drugs in various studies. Targeting ROS 
scavengers by buthionine sulfoximine (BSO) reduced radioresistance in CSC’s by in-
hibiting glutamate-cysteine ligase [38]. Sorafenib and sulforaphane could be used to 
inhibit ALDH1 activity and thus was postulated as potential drugs for CSC’s [40].
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2.6.3  Targeting Autophagy and Microenvironment in CSC’s

Autophagy has been inhibited in another strategy of killing CSC’s using lysosomo-
tropic anti-malaria drug chloroquine/hydroxychloroquine. Targeting tumor micro-
environment or hypoxic niche by improving tumor oxygenation has also been tested 
along with radio and chemotherapy. Inhibition of cytokine and chemokine receptors 
like IL-8 receptor CXCR1 by antibody or by repertaxin was successful in reduc-
ing breast CSC’s. Inhibition of TGF-β/SMAD pathway also showed reduction in 
CSC’s. Mab against VEGF, bevacizumab in mice glioma cell xenografts could de-
crease CD133+ cancer stem cells by anti-angiogenesis while treatment with IFN-α 
alone could kill side population in ovarian cancer [82]. Quiescence of CSC’s has 
been inhibited using Arsenic trioxide, G-CSF or IFN α as an alternative strategy 
[48].

2.6.4  Targeting Membrane Transporters and CSC Surface 
Markers

ABC transporters have been inhibited by drugs like phosphodiesterase-5 inhibi-
tors and fumitremorgin-type indolyl diketopiperazine, dofequidar fumarate, Ko143, 
ABCG2 siRNA, or ABCG2 inhibitor YHO-13351, in different types of cancers 
which could be used to target CSC’s since they over-express these transporters [38]. 
The monoclonal antibody (Mab) H90 targeting CD44 could bind and kill leukemic 
stem cells in AML in vivo. Since GO targets the CD33 receptors which are highly 
expressed in CSC’s, it was presumed that the activity of GO could be due to killing 
of CD33 + AML stem cells. Micro-RNAs have also been shown to be involved in 
inhibiting CSC’s [84, 85]. Lentiviral-mediated shRNA was used to target the neu-
ronal cell surface adhesion molecule LiCAM in CD133 + glioma stem cells [86].

Antibodies against other cell surface molecules like VLA-4 and CLL-1 (C-type 
lectin-like molecule-1) are being evaluated as potential targets [47]. Immunotoxins 
targeting CSC’s have been recently developed using ligands or antibodies that spe-
cifically bind CSC’s. IL3 conjugated with diphtheria toxin (DT), targeting CD123 
receptor that is over-expressed in leukemic stem cells, has been used for AML [87].

2.7  Conclusion

It is evident from the factors involved in resistance, that CSC’s are the major con-
tributors of therapy resistance for all kinds of treatments—either conventional or 
targeted therapies. Many mechanisms observed in immunotoxin resistance were 
also identified as a major feature of CSC’s like drug efflux, anti-apoptotic pathways, 
lysosomal degradation, etc. Thus, it could be concluded that CSC’s are responsible 
for resistance against all treatment modalities since they have innumerable ways to 
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handle all kinds of stress. They have mechanisms to evade any attack in order to 
survive in adverse conditions. Targeting two or three of these key survival strategies 
together by means of combination therapies would be ideal in managing cancer in 
the future, instead of targeting only one factor. Targeted therapy using immuno-
toxins should be combined with blocking other alternative survival pathways for 
maximum efficacy in treatment.
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Abstract Recombinant immunotoxins are composed of antibody-derived targeting 
entities fused to truncated toxins. Pseudomonas toxins inactivate eEF2 by ADP-
ribosylation and are potent antitumoral agents in clinical development. The sensitiv-
ity of tumor cells towards such fusion proteins, and hence their therapeutic efficacy, 
is influenced by multiple factors: (i) access to tumor cells, (ii) target antigen binding 
and internalization, (iii) entry into the cytosol, (iv) enzymatic modification of the 
intracellular target eEF2, and (v) induction of apoptosis. Parameters that affect these 
steps and hence modulate sensitivity include: (i) protein stability and immunogenic-
ity, (ii) presence, density and internalization of target antigen, (iii) cellular factors 
involved in processing, routing or translocation of the toxin, (iv) factors involved in 
diphthamide synthesis on eEF2, and (v) factors that influence cellular susceptibility 
towards apoptosis. This chapter describes sensitivity or resistance factors for Pseu-
domonas exotoxin -derived immunotoxins that were identified experimentally and/
or observed in clinical studies.

Keywords Recombinant immunotoxin · Pseudomonas exotoxin · Diphtheria 
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mAb Monoclonal antibody
PARP Poly-ADP-ribose polymerase
PE Pseudomonas exotoxin A
PK Pharmacokinetics
RIT Recombinant immunotoxin
rRNA Ribosomal RNA
RTK Receptor tyrosine kinase
SAM S-adenosyl-methionine
TGN Trans-Golgi network
TNFα Tumor necrosis factor alpha

3.1  Introduction

In cancer therapy, a paradigm shift is taking place from ‘classical’ approaches like 
chemotherapeutic drugs, radiation and hormonal therapies (with rather nonspecif-
ic activities and associated side effects) to highly specific targeted therapies. One 
promising targeted therapy approach is the application of antibody drug conjugates 
(ADCs) and ADC-like entities. ADCs combine antibody-mediated tumor specific-
ity with the potency of cytotoxic compounds [1]. They are composed of three com-
ponents: the monoclonal antibody (mAb), the pharmacologically active drug, and 
the linker in-between. Ideally, the mAb specifically binds to an internalizable anti-
gen that is abundantly presented on tumor cells, but not or only scarcely expressed 
on healthy tissue. Upon binding to their target on the surface of tumor cells, ADCs 
become internalized (e.g. via receptor mediated endocytosis) and deliver their cyto-
toxic payload into the cell. Subsequently, the cytotoxic compound is released from 
the antibody (e.g. in lysosomes) [2], exits vesicular compartments, and thereby en-
ters the cytoplasm or nucleus of cells to unfold cytotoxic activity [3].

In ‘classical’ ADCs, very potent small molecule toxins such as auristatins, may-
tansines, amanitines, pyrrolobenzamidines, calicheamicins [4–6] and others are 
conjugated to antibodies. These compounds are chemically connected to the an-
tibody at lysine or cysteine residues via a linker structure which is of sufficient 
stability to prevent premature drug release in the circulation. Linker stability limits 
or avoids non target cytotoxic side effects of free cytotoxics and shall also ensure 
a long circulating half-life of the ADC to provide extended time of exposure post 
injection. On the other hand, the linker must also enable release of the cytotoxic 
compounds from the large antibodies once the ADC has entered the cells. Examples 
for these types of ADCs that are already applied in cancer therapy are Kadcyla (T-
DM1), Emtansine coupled to Trastuzumab, targeting Her2 on tumor cells [7], and 
Adcetris (Brentuximab vedotin), a CD30 binding ADC which targets auristatin E to 
CD30 positive Hodgkin’s Lymphoma cells [8].

Other types of targeted toxins which possess similar functionalities as ADCs 
are recombinant fusion proteins composed of antibody derivatives and bacterial 
or plant-based protein toxins [9]. These recombinant immunotoxins share many 
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features with ADCs: high potency of their toxin payload, covalent linkage of pay-
load to an antibody moiety which targets the toxin to the surface of cancer cells, 
internalization into vesicular compartments, processing to release the toxin from 
the targeting vehicle, and finally entry of the toxin into the cytoplasm of tumor cells.

Recombinant immunotoxins, e.g. those that contain truncated pseudomonas exo-
toxin as toxic moiety (Fig. 3.1) have unique properties. Since an enzymatic active 
molecule can modify many targets over time, only a few molecules inside a cell are 
sufficient to efficiently cause cell death [10]. Hereby the mode of action can alter 
depending on the immunotoxin. For example, diphtheria toxin (DT) and Pseudo-
monas exotoxin A(PE) induce cell death by inactivation of protein synthesis via 
ADP-ribosylation of the translation elongation factor 2 (eEF2), whereas ricin, gelo-
nin, and other RIPs such as debouganin, sarcin and saporin lead to modification of 
rRNA and, thereby, inactivate ribosomes. While inhibition of protein synthesis can 
be sufficient to kill cells, in many cases toxin-mediated protein synthesis arrest also 
triggers induction of apoptosis of tumor cells [11, 12].

Fig. 3.1  Pseudomonas exotoxin A-and PE-derived immunotoxins. Removal of the non-spe-
cific cell binding domain I from Pseudomonas toxin (PE66, MW = 66 kDa) results in truncated 
derivatives PE38 (38 kDa) or PE24 (24 kDa) which can be de-immunized by removing B- and 
T cell epitopes [16, 17]. These toxin derivatives are ‘de-toxified’ because their access to cells is 
greatly diminished [18]. Replacement of the N-terminal cell binding domain by specific binding 
domains such as disulfide-stabilized Fvs [19] generates entities that specifically bind to and kill 
antigen-expressing cells
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Recombinant fusion proteins can not only kill proliferating cells but also the rest-
ing slow growing cells. These cells are often not susceptible to toxins that interfere 
predominantly with dividing cells such as those having tubulin or DNA as target. 
Nevertheless, these cells can be killed by immunotoxins due to their dependency 
on an intact protein synthesis. Examples for recombinant immunotoxin enzymes 
that block protein synthesis that are applied in the clinic or in experimental cancer 
therapy are DT-IL2,HA22, an anti-CD22 Fv fused to a portion of Pseudomonas 
exotoxin A which is used to treat CD22 expressing B-cell malignancies, and SS1PE, 
an anti-mesothelin Fv genetically fused to a truncated form of the Pseudomonas 
exotoxin derivative, PE38 [13–15].

This chapter (which is complemented by the chapter ‘Challenges for Therapeutic 
Application of Pseudomonas Exotoxin-Based Immunotoxins’ by V Dergachev and 
I Benhar) describes the factors that influence the sensitivity or potential resistances 
of cancer cells towards recombinant immunotoxins which contain truncated and/or 
mutated derivatives of Pseudomonas exotoxin as cytotoxic payloads.

3.2  Intoxication Pathways Define Determinants  
for Sensitivity and/or Resistances of Tumor Cells 
Towards Immunotoxins

Complex series of events are necessary for a toxin to kill cells. Defining the steps 
that are essential for toxicity is critical for understanding resistances or factors that 
modulate sensitivity. Figure 3.2 summarizes the sequence of events all of which 
need to be fulfilled for successful cell killing. Five major steps that are important 
for toxin function are described below.

Step 1
Delivery to target cells: Following application to patients, sufficient amounts of 
intact immunotoxin molecules must access target receptors on cell surfaces. Similar 
to ADC requirement of linker stability preventing release of payload from an anti-
body, immunotoxins need to be of sufficient stability to ‘survive’ in the circulation 
until encountering the target cell. In addition to molecular stability, bacterial toxins 
tend to be immunogenic and patients develop neutralizing antibodies. Therefore, a 
limiting factor for sufficient delivery of therapeutic immunotoxins is rapid clear-
ance of the toxin by neutralizing antibodies. These lead to degradation of the im-
munotoxins and thereby preventing delivery of sufficient amounts to target cells.

Step 2
Binding to the target antigen and internalization: Once the immunotoxin encounters 
the tumor cell, it binds to the cell surface antigen that is recognized by the antibody 
moiety. This results in internalization of the immunotoxin together with the target 
antigen. The presence of the target antigen in sufficient density, further processing, 
and a functional internalization machinery are therefore an absolute requirement 
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for cytotoxic activity of immunotoxins. One feasible resistance mechanism is the 
loss of target antigen, which prevents specific binding of the immunotoxin to tumor 
cells.

Step 3
Processing, routing and translocation into the cytoplasm: Following internalization, 
the toxin portion must be released from the antibody moiety. The antibody moi-
ety bound to the receptor gets degraded in the lysosome whereas the toxin portion 
is routed to the ER. PE-derived immunotoxins contain a recognition site for pro-
cessing by the protease furin which is present in vesicular compartments of most 
mammalian cells including tumor cells. Furin cleavage releases the enzymatically 
active toxin fragment from the cell targeting antibody. The toxin fragment contains 
a C-terminal routing motif that binds the KDEL receptor and directs the toxin frag-
ment to the endoplasmic reticulum (ER). There, the toxin utilizes the pathway for 
secreted proteins in a retrograde manner to enter the cytoplasm.

Fig. 3.2  ‘Toxin pathway’. After binding of the immunotoxin to the target antigen and internaliza-
tion, the toxin fragment is released from the cell-targeting antibody and routed to the ER. Then, the 
toxin enters the cytoplasm where it ADP-ribosylates eEF2 which results in the inhibition of protein 
translation and induction of apoptosis
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Step 4
Inactivation of eEF2 by ADP-ribosylation: Once in the cytoplasm, the C-terminal 
domain of PE modifies the diphthamide of eukaryotic translation elongation factor 
2 (eEF2) on position 715. Diphthamide is a posttranslational modification of His 
715 by seven different cellular enzymes. PE induces an ADP-ribosylation at this 
position leading to an arrest of protein synthesis due to inhibition of the elongation 
step of translation. The ADP-ribosylation reaction requires NAD as substrate and 
is identical to the eEF2 inactivation by diphtheria toxin. Because eEF2 ADP-ribo-
sylation occurs only on diphthamide modified eEF2, loss of the diphthamide makes 
cells resistant to the inhibition of protein synthesis caused by ADP-ribosylating tox-
ins like PE and DT.

Step 5
Arrest of protein synthesis and induction of apoptosis: ADP-ribosylated eEF2 is 
non-functional and hence cannot support the elongation step of ribosomal protein 
translation. As a direct consequence, cells can die due to their inability to produce 
new proteins. In addition to that, stalled protein synthesis that cannot be resolved 
over time frequently is accompanied with the induction of apoptosis. The balance 
of pro- and anti-apoptotic proteins in cells is strictly regulated but alterations in the 
apoptosis machinery that are very common in cancer cells. Thus, apoptosis and 
susceptibility of cells towards apoptosis can be additional factors determining sen-
sitivity of cells to protein toxins.

The sensitivity or resistance of tumor cells can be influenced by factors that are 
associated with the various steps of intoxication. Examples and observations of 
sensitivity and resistance mechanisms that are associated with them are described 
in more detail below.

3.3  Step 1—Access to Target Cells: Immunogenicity  
can be a Relevant Factor for Immunotoxin Therapy

After injecting immunotoxins into the blood stream of patients, sufficient amounts 
of intact immunotoxin have to reach target cells. Therefore, immunotoxins need to 
have the appropriate stability to ‘survive’in the circulation until they encounter their 
target cell. One factor that might influence immunotoxin levels and thereby reduce 
potency could be proteolysis of immunotoxins. In preclinical analyses and clinical 
trials performed with PE derived immunotoxins, rather short serum half-lives (some 
hours) were observed [20–22]. However, this short half-life might be determined by 
the size and lack of the antibody Fc regions rather than by proteolysis of the toxin 
or the antibody Fv fragments. Early work on protease sensitivity of whole PE toxin 
showed that removal of protease sensitive sites can extend the serum half-life of 
toxins (without an attached antibody) in animals [23]. Recent work by J Weldon 
et al. have demonstrated that within the context of a recombinant immunotoxin- 
removal of large parts of domain II eliminates protease sensitive sites and thereby 
stabilizes the toxin (against endosomal proteases) [24].



633 Factors that Determine Sensitivity and Resistances of Tumor …

One major factor that still limits the therapeutic efficacy of recombinant im-
munotoxins at the initial ‘access step’ is immunogenicity. The toxin moiety is of 
bacterial origin and, hence, recognized as foreign by the human immune system. 
Therefore, in patients with normal immune systems it elicits rapid immune re-
sponses characterized by the generation of neutralizing antibodies which inactivate 
immunotoxins before they can bind to and attack cancer cells. Interestingly, immu-
nogenicity in leukemia and lymphomas patients whose immune system is damaged 
by the disease is less of a limitation than in applications that target solid tumors. 
Examples for immunotoxins that target such diseases are immunotoxins that target 
the IL2 receptor [25], or the CD22 antigen. In solid tumor applications, initial tri-
als showed some promising results but neutralizing immune responses prevented 
repeated dosing and, hence, limited therapeutic success [26]. Subsequent trials with 
co-administration of immunosuppressants enabled repeated dosing and increased 
the therapeutic potency [27]. Thus, for solid tumor treatment with recombinant im-
munotoxins, immunogenicity is a relevant resistance factor which may be overcome 
by immunosuppressive co-therapy. In addition, approaches to humanize the bacte-
rial toxin by elimination of T- and/or B-cell epitopes have been developed [28, 29].

3.4  Step 2—Target Cell Binding: Loss or Reduction  
of Target Antigens Reduce Sensitivity of Tumor Cells 
Towards Targeted Toxins

After the antibody moiety binds to the antigen on the tumor cell, the immunotoxin 
together with the target antigen are internalized. (Rates vary from 10–20 % per hour 
(mesothelin) to 100 % per hour (CD22)). Therefore, if the levels of the target anti-
gen on the surface of the tumor cell are reduced, fewer amounts of immunotoxins 
will bind and be internalized. It was shown that the response to an anti-CD22 im-
munotoxin on cells with high CD22 expression levels was significantly better than 
on those with lower levels [30]. Kreitman et al. also reported that the efficacy of the 
recombinant immunotoxin RFB4(dsFv)-PE38(BL22) to kill tumor cells of patients 
with B-cell leukemia highly depends on the presence and the absolute number of 
target molecules on tumor cells in vitro [31, 32].

These observations indicate that the presence of the target antigen in sufficient 
density is a very important factor for therapeutic potency. Tumor cells can become 
resistant to targeted toxins if they reduce or lose the expression of the antigen that is 
recognized by the immunotoxin. This mode of resistance is not specific for targeted 
protein toxins or inhibitors of protein synthesis, but is common for all types of 
ADCs and ADC-like molecules. One way to ameliorate or overcome this limitation 
may be the generation of ADCs or immunotoxins which recognize and bind more 
than one cell surface antigen. This reduces the chance of resistance due to the lesser 
probability of a cancer cell losing both target antigens simultaneously.
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3.5  Step 3—Entry of Toxins into Cells: Loss of Processing 
Enzymes and Modulation of Vesicular Compartments 
Reduce Toxin Activity in Cultured Cells

Once the recombinant fusion protein has been internalized it must be cleaved 
from the antibody moiety and transferred to the ER where it is processed and fi-
nally released to the cytoplasm. PE-derived immunotoxins contain a recognition 
site for processing by the protease furin, which is present in vesicular compart-
ments of most mammalian cells including tumor cells. To release the enzymati-
cally active toxin fragment from the cell targeting antibody, cleavage by furin is 
essential.

Cells which do not possess furin are compromised in this processing step. For 
example, LoVo cells, which do not express functional furin, are quite resistant to 
PE [33]. Other proteases within vesicular compartments may be able to partially 
compensate for lack of furin, albeit to a much lesser degree. As a consequence, 
cells with reduced furin levels or cells without furin have a greatly diminished 
sensitivity to PE (as well as to DT). KDEL-receptor mediated routing of the furin-
processed C-terminal toxin fragment is another important step in the intoxication 
process. In cell culture, it was shown that interference with vesicular routing or 
binding to the KDEL receptor interferes with toxin activity and causes resistance. 
For example, S Seetharam et al. have shown that interference with vesicular routing 
causes toxin resistances [34], and VK Chaudhary et al. showed that the C-terminal 
sequence that binds to the KDEL receptor is a requirement for toxin activity [35]. 
Thus, cellular alterations that modulate or interfere with these routing mechanisms 
will also affect the sensitivity of tumor cells to recombinant toxins. The importance 
of routing and translocation for immunotoxin activity may be further supported by 
the recent finding that ABT-737, a BH3 mimetic that can synergize with immuno-
toxin activity, can promote the entry of the toxin from the lumen of the ER into the 
cytosol [16].

In a genome-wide RNAi screen that identified genes required for ricin and PE 
intoxications, D Moreau et al. reported that genes that encode proteins involved 
in trafficking and acidification of vehicles can have a significant influence on 
toxin sensitivity [36]. Down-regulation of these genes in tumor cells could, 
thereby, also lead to resistance towards immunotoxins. The relevance of these 
potential resistance mechanisms in cancer therapy has not yet been shown. All 
experiments so far have been performed in cell culture. Also, the capability to 
process precursor proteins (furin), and the capability for vesicular transport and 
routing are important to sustain optimal metabolism and growth of cells, includ-
ing tumor cells. Defective processing and routing pathways in most cases reduce 
cell growth, most likely also those of tumor cells. Therefore, it is questionable 
if cancer cells will acquire resistances to immunotoxins to a significant degree 
which are based on interference with these mechanisms in a clinically relevant 
setting.
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3.6  Step 4—ADP-Ribosylation of eEF2: Reduced  
or Altered Expression of Diphthamide Synthesis 
Genes is Associated with Immunotoxin Resistances

Once the toxin reaches the cytosol, the C-terminal domain of PE modifies the eu-
karyotic translation elongation factor 2 at His 715 by catalyzing ADP-ribosylation 
of the diphthamide modification on eEF2 using NAD as ADP-ribosyl donor. This 
arrests protein translation leading to cell death [37]. ADP-ribosylation of eEF2 oc-
curs only when His715 of eEF2 contains a diphthamide. Diphthamide is generated 
by a pathway including seven diphthamide genes called DPH1-7 [38]. A pathway 
model has been described for yeast by Liu et al. and Lin et al. [39, 40]. This biosyn-
thesis process for cells with intact synthesis pathway (i.e. with all enzyme function-
alities present) is summarized in Fig. 3.3.

Because eEF2 ADP-ribosylation occurs exclusively on diphthamide modified 
eEF2, loss of the diphthamide renders eEF2 resistance to the ADP-ribosylating 
toxins PE and DT. Interestingly, diphthamide modification, even though highly 

Fig. 3.3  Diphthamide synthesis. The diphthamide pathway was adapted from the model by Liu 
et al. and Lin et al. [39, 40] for yeast. SAM S-adenosyl-methionine. The role of DPH5 and/or 
alternative pathways and products in cells that lack one or more enzymes may need further clari-
fication. [41]
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conserved in all eukaryotic cells as well as archaebacteria, appears not to be es-
sential for the viability of cultured cells, albeit it is necessary for the development 
of mice [42–44]. Therefore, cancer cells are able to modify or deregulate genes and 
products in the diphthamide synthesis pathway.

One way of acquiring immunotoxin resistance by cancer cells is via a reversible 
methylation of their DPH4 promoter, which has been described by H. Wei et al. 
[45]. HAL-01 cells isolated from acute lymphoblastic leukemia (ALL) patients only 
showed poor response to HA22, a recombinant immunotoxin composed of an anti-
CD22 Fv fused to a portion of Pseudomonas exotoxin A. In resistant cells no ADP-
ribosylation and inactivation of eEF2 were detected due to low levels of DPH4 
mRNA and protein, which prevent diphthamide biosynthesis. Furthermore, it was 
shown that low expression levels of DPH4 could be explained by specific methyla-
tion of a CpG island in the DPH4 promoter. Interestingly, resistance to HA22 was 
not permanent but reversible. ALL cells cultivated without HA22 reverted to HA22 
sensitivity in 4 months. Also, treatment of sensitive cells with the DNA methyla-
tion inhibitor 5-azacytidine prevented the emergence of resistant cells [45]. These 
results indicate that combinational treatments might be worth to consider in the 
future.

The HAL-01 cell line was not the only one found to be resistant against HA22. 
KOPN-8, a human pre-B leukemia cell line, was also resistant to HA22 treatment 
due to a hyper-methylation of a DPH promoter. The difference was that in KOPN-8 
CpG islands of the DPH1 promoter were highly methylated, whereas in HAL-01 it 
was DPH4. Both genes encode for proteins needed for diphthamide synthesis. An-
other difference is that in the HAL-01 cell line resistance to HA22 was reversible, 
whereas in the KOPN-8 cells resistance was quite stable [46].

Not only hyper-methylation of a DPH promoter can promote the loss of toxin 
sensitivity. Wei et al. also showed that deletion of the DPH7 gene (also known as 
WDR85) can cause toxin resistance [41]. In an HA22 resistant lymphoma cell line 
the DPH7 gene was deleted leading to inability of HA22 to ADP-ribosylate and 
inactivate eEF2. By inactivation of DPH7 a novel form of diphthamide with an 
additional methyl group catalyzed by DPH5 was generated, which prevented ADP-
ribosylation [41].

3.7  Step 5—Signaling and Apoptosis: Protective Factors 
and Pathways can Reduce Toxin Sensitivity

ADP-ribosylated eEF2 is non-functional and, hence, disrupts the elongation step 
of ribosomal protein translation. As a consequence, protein synthesis is stalled and 
cells subsequently die due to their inability to generate and/or replace essential pro-
teins. In addition, arrested protein synthesis that cannot be resolved over time fre-
quently leads to the induction of apoptosis. Thus, apoptosis, and susceptibility of 
cells towards apoptosis can be an additional factor that determines the sensitivity of 
cells to protein toxins, or that influence the time that is necessary for the cell to die.
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One example that demonstrates that apoptosis factors influence the sensitivity 
of tumor cells to PE and immunotoxins isan in vitro cell culture experiment that 
described sensitivity in the presence of Bcl-2. B-cell lymphoma 2 (Bcl-2) belongs to 
the Bcl-2 family which regulates cell death, by either inducing or inhibiting apopto-
sis. Bcl-2 is specifically considered as an important anti-apoptotic protein [47, 48]. 
In this regard, it was shown that overexpression of Bcl-2 in MCF-7 breast cancer 
cells, which were stably transfected with a Bcl-2 expression plasmid, became less 
sensitive to immunotoxins [49]. However, overexpression of Bcl-2 leads only to a 
limited degree of resistance to immunotoxins PE, DT, and ricin whereas the cells 
were almost completely resistant to tumor necrosis factor alpha (TNFα, 1000-fold) 
[49]. In accordance, several leukemia cell lines were found to be sensitive to a PE 
containing immunotoxin even though they showed increased levels of Bcl-2 expres-
sion. These results indicate that overexpression of Bcl-2 can affect the sensitivity 
of cancer cells to immunotoxins, but that anti-apoptotic factors such as Bcl-2 do 
not confer ‘absolute’ drug resistance [50]. Another influence of apoptosis proteins 
on toxin sensitivity is supported by experiments investigating toxin sensitivity in 
the presence of caspase inhibitors. Induction of caspases upon application of im-
munotoxin shows that apoptosis is induced rapidly after toxin exposure [51]. In 
accordance with the caspase activation, these experiments on MCF-7 breast cancer 
cells with B3(Fv)-PE38 showed cleavage of poly-ADP-ribose polymerase (PARP).
This cleavage could be prevented by treatment of the cells with caspase inhibitors 
as well as by overexpression of Bcl-2. This provides evidence for the involvement 
of caspases in toxin-induced cell killing. Further evidence for the contribution of 
apoptosis-related proteins to the activity of PE-derived immunotoxins is the obser-
vations by Du et al. [52] who analyzed the activity of PE in mouse embryo fibro-
blasts that were deficient in Bak or Bax. The results of these analyses indicated that 
PE-mediated apoptosis is associated with MCL-1 degradation and dependent on 
Bak activation.

An alternative approach to determine cellular factors that influence sensitivity or 
resistance of cells to immunotoxins has been undertaken by an expression cloning 
approach [53, 54]. In an attempt to identify toxin sensitivity or resistance factors, 
they transfected a cDNA expression library containing human cDNAs into MCF-7 
cells and subsequently selected cDNAs that conferred resistance of MCF-7 breast 
cancer cells to immunotoxins. One set of these resistance-mediating plasmids con-
tained antisense cDNA fragments homologous to the yeast chromosome segrega-
tion gene CSE1. The CSE1L/CAS gene is involved in multiple cellular processes 
[55]. It plays a role in cell division, in mitosis [56–58], in nuclear transport (export 
factor for importin alpha [59], as well as in apoptosis [55, 60]. The latter functional-
ity (apoptosis) most likely contributes to toxin sensitivity. Antisense-mediated re-
duction of the human CSE1 homologue CAS protein generated a resistance against 
the ADP-ribosylating toxins PE and DT, as well as to tumor necrosis factor -α and β. 
Cells stably transfected with the antisense plasmid revealed reduced apoptosis com-
pared to controls. CAS antisense did not affect cell death induced by staurosporine, 
cycloheximide, or etoposide indicating that CAS may play a role in selected but not 
all pathways of apoptosis. Moreover, it was shown that neither ADP-ribosylation 
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of the eukaryotic elongation factor 2 by PE, DT nor TNF binding was prevented 
by depletion of the CSE1L/CAS protein. Nevertheless, transfectants could recover 
after removal of the toxin whereas normal MCF-7 cells died after exposure to the 
toxin [60]. The mechanism by which the reduction of CAS protein leads to resis-
tance against PE, DT and TNF remains elusive. However, it was shown that CAS 
not only plays a role in the regulation of apoptosis but also of proliferation [55]. In 
several tumors such as colon and breast cancer and in lymphoid neoplasms, CAS 
expression (mRNA and protein) is upregulated [61, 62]. Therefore, it is possible 
that CAS, like MYC, P53 or Bcl-2, is involved in the regulation of apoptosis as well 
as proliferation [63–65], and, hence, influences toxin sensitivity of the apoptotic 
level.

Other described intracellular signaling pathways that affect the sensitivity of 
cells towards targeted toxins include cell surface receptors (receptor tyrosine ki-
nases, RTKs).One of these, the insulin receptor (INSR), promotes cell growth and 
protects against loss of viability and apoptosis. It is activated by insulin and insulin-
like growth factor I (IGF-I), which activate pathways involved in cell growth and 
survival processes [66–68]. SiRNA-mediated knockdown of the insulin receptor 
enhanced the cytotoxic activity of SS1P (a recombinant immunotoxin fragment of 
PE attached to the Fv portion of a mAb targeting mesothelin) in several human 
cancer cell lines. The knockdown of insulin receptor also increased the cleavage 
of SS1P by furin, potentially liberating more toxins from the antibody, to reach the 
cytosol and inactivate the elongation factor 2 [69].

Other tyrosine kinases which are similar to INSR include HCK, SRC, PDGFR-α 
and BMX. SiRNA-mediated reduction of the mRNA levels of these RTKs also in-
creased the cytotoxic potency of SS1P. Especially, HCK knockdown substantially 
enhanced SS1P efficacy. Similar to siRNA knockdown of INSR, decreased HCK 
levels promoted cleavage of SS1P by furin. The same effect could be achieved by 
treating tumor cells with Src inhibitors (SU6656 and SKI-606) leading to enhanced 
killing of PE-derived recombinant immunotoxins [70].

3.8  Conclusions and Outlook

This chapter has provided evidence that sensitivity and resistance of tumor cells 
towards PE-derived targeted toxins can be rationally associated with different steps 
in the intoxication pathways. A concluding summary of these factors, which have 
either been described in vitro or have been observed in animals, or in clinical trials 
is listed in Table 3.1.

The amounting knowledge about pathways and factors that are required for 
modulating immunotoxin sensitivity enables us not only to understand resistances, 
but also to devise treatment options to improve immunotoxin therapy, and to en-
hance antitumor efficacy. These include the development of deimmunized entities 
to circumvent neutralization before the toxins can even bind to their target cells 
(ongoing), the use of bispecific targeting modules to reduce the effects of potential 
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reduction or loss of target antigen, or co-administration of compounds that reduce 
immunogenic responses or that sensitize tumors and tumor cells to immunotoxins.
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Abstract The use of toxic plant or microbial proteins or polypeptides as immu-
notoxins has been a long-pursued strategy to increase the efficacy of targeted anti-
cancer therapeutics. However, although these toxins can be highly potent, resistance 
has repeatedly been observed. Resistance to immunotoxin scan occur because of 
neutralizing antibodies or limited tumor cell access but also because of protective 
cellular signaling events in cancer cells. An increasing number of preclinical studies 
indicate that the latter form of resistance can be caused by a variety of mechanisms 
that either pre-exist because of genetic or epigenetic alterations or are induced by 
the immunotoxin itself, including modulation of cell surface expression of target 
antigens, altered trafficking or cleavage of toxin molecules, reduced synthesis of 
modified amino acid residues that are required for the toxin’s inhibition of protein 
synthesis, inhibited caspase activation or activation of other pro-survival pathways, 
and perhaps activation of drug transporter proteins. While the clinical relevance of 
these potential resistance mechanisms remains to be demonstrated in future studies, 
they provide a conceptual framework for cellular resistance to immunotoxins, and 
may form the basis for the development of rational strategies aimed at improving 
immunotoxin-based cancer therapy.
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Abbreviations

Bcl-2 B-cell lymphoma-2
cAMP Cyclic AMP
CSEL1/CAS Cellular apoptosis susceptibility gene
DT Diphtheria toxin
EF-1 Elongation factor-1
EF-2 Elongation factor-2
IAP Inhibitor of apoptosis protein
IFNγ Interferon gamma
IGF Insulin like growth factor
IL-1α Interleukin:1 alpha
IL-3 Interleukin-3
IL-4 Interleukin-4
JNK C-Jun NH2-terminal kinase
NAD Nicotinamide adenine dinucleotide
NRG1-β1 Neuregulin:1 beta1
PARP Poly (ADP) ribose polymerase
PKA Protein kinase A
PKC Protein kinase C
PE Pseudomonas exotoxin A
PI3K Phosphatidylinositol 3-kinase
rRNA Ribosomal RNA
TNFα Tumor necrosis factor alpha
TRAIL TNF related apoptosis-inducing ligand
TWEAK TNF like weak inducer of apoptosis
XIAP X-linked inhibitor of apoptosis protein

4.1  Introduction

The use of toxic plant or microbial proteins or polypeptides as immunotoxins has 
been a long-pursued strategy to increase the efficacy of therapeutic antibodies and 
cell-binding ligands [1, 2]. Although other purposes, such as the modulation of 
immune responses or the treatment of viral or parasitic infections have been en-
visioned, the majority of immunotoxins has been generated for the treatment of 
human cancers [3, 4]. With the availability of recombinant technologies, progress 
in the development of anti-tumor immunotoxins is rapidly accelerating [5]. Still, 
the vast majority of such agents comprise toxic moieties that are based on Pseudo-
monas exotoxin A (PE), Diphtheria toxin (DT), cholera toxin, the deglycosylated 
ricin A chain, recombinant gelonin, or saporin [3, 4, 6–10]. These toxins are exqui-
sitely potent: in some instances, very few molecules can kill a eukaryotic cell [11]. 
Nonetheless, during the development of immunotoxins, less-than-desired efficacy 
has repeatedly been observed, highlighting the need to understand the mechanisms 
underlying clinically relevant resistance of cancer cells to these targeted agents. 
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Relative resistance to immunotoxins can occur through a variety of ways, rang-
ing from the development of neutralizing antibodies—mostly directed at the toxic 
portion of the immunotoxin—to limited tumor cell access or binding to cellular 
mechanisms that limit the cytotoxic effects of toxin molecules. This chapter will 
review the latter form of resistance to immunotoxins, with particular emphasis on 
the resistance conferred by signaling events in target cells.

4.2  Conceptual Considerations on Cellular Immunotoxin 
Resistance

The commonly used toxins each have an enzyme domain that must reach the cytosol 
of the target cell in order to exert their cytotoxic activity [3, 4, 6–10]. This requires a 
complex chain of events that includes target cell recognition and binding, internal-
ization of the receptor/immunotoxin complex, intracellular trafficking of processed 
toxin, cytosolic translocation of the catalytic domain, and effective induction of a 
signaling cascade that ultimately leads to cell death. Each of these steps, if subop-
timal, could lead to relative toxin resistance, offering the target cell ample opportu-
nity to interfere with the cytotoxic activity of immunotoxins. Detailed insight into 
this multistep process is, therefore, key in understanding how cellular resistance 
could arise and, conversely, how immunotoxins could be rendered more efficacious.

Some but not all of the elements of the journey of the immunotoxin from the 
initial docking onto the targeted cell surface antigen to the cytosol have been eluci-
dated mechanistically. For DT, the immunotoxin is internalized after ligand binding 
via receptor-mediated endocytosis and clathrin-coated pits into an endosome, where 
the DT catalytic and translocation domains undergo furin-mediated cleavage. Upon 
endosome acidification, the translocation domain changes its conformation, is in-
serted into the endosomal membrane, and forms a channel through which the cata-
lytic domain translocates into the cytosol. APE-immunotoxin is similarly internal-
ized via receptor-mediated endocytosis, after which PE undergoes a conformational 
change and the catalytic and translocation domains are cleaved by furin-mediated 
proteolysis in endosomes at low pH. Following reduction of the single disulfide 
bond holding the proteolytic fragments together, the catalytic domain is routed to 
the trans-Golgi network, where the C-terminal exposed KDEL-like sequence binds 
the KDEL intracellular sorting receptor. This allows transportation to the endoplas-
mic reticulum, from where the catalytic domain translocates into the cytoplasm. 
Like PE, ricin travels backward from the Golgi to the endoplasmic reticulum, where 
its disulfide-linked chains are separated by protein disulfideisomerase, with sub-
sequent translocation of the catalytic domain into the cytosol. On the other hand, 
saporin may not rely on Golgi-mediated retrograde transport but translocates to the 
cytoplasm from the endosomes [3, 4, 6–10].

Relative to this complex cellular uptake, processing, and trafficking process, the en-
zymatic action that initiates the cell death process is quite simple and well understood: 
for example, the catalytic domains of DT and PE transfer the adenosine 5'-diphos-
phate-ribosyl moiety of nicotinamide adenine dinucleotide (NAD) to a modified 
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histidine residue (diphthamide) in elongation factor-2 (EF-2); this ADP ribosylation 
inactivates EF-2 and blocks the elongation step of polypeptide assembly, inhibiting 
protein synthesis. Ricin A, gelonin, and saporin are N-glycosidases that inactivate ri-
bosomes by depurinating a critical adenine residue in 28 S ribosomal RNA (rRNA), 
thereby preventing the association of elongationfactor-1 (EF-1) and EF-2 with the 60 s 
ribosomal subunit and inhibiting protein translation. In contrast, cholera toxin acts by 
ADP ribosylation of the Gs-a subunit of G proteins leading to an increased cyclic AMP 
(cAMP) level and pore formation in the cell membrane [3, 4, 6–10].

While other mechanisms are involved [12–14], one pathway—well studied for PE, 
DT, and ricin—involves the loss of the short-lived myeloid cell leukemia sequence 
1 (Mcl-1; a pro-survival Bcl-2 family protein) and X-linked inhibitor of apoptosis 
protein (XIAP), induction of Bak, caspase activation, cleavage of poly(ADP)-ribose 
polymerase (PARP), DNA fragmentation, and subsequent induction of apoptotic cell 
death [12, 13, 15–23]. At least for a DT-immunotoxin, some experimental evidence 
also exists to suggest that the toxin activates the caspase cascade through a Fas-asso-
ciated death domain protein (FADD)-dependent mechanism that, however, does not 
involve the death receptors Fas, TFNR1, and TRAIL receptors DR4 and DR5 [24]. 
Similar to PE, DT, and ricin, cholera toxin also activates caspases leading to cleav-
age of PARP, triggering of DNA fragmentation, and apoptosis [25–29], and also has 
shown to inhibit the c-Raf/Mek/Erk signaling pathway [30].

In the following sections, some of the mechanisms by which cancer cells escape 
immunotoxins will be summarized. Of note, resistance mechanisms have generally 
been studied in cell line models of human cancer, and although such studies provide 
a conceptual framework, their clinical relevance remains to be demonstrated. Many 
of these mechanisms may be pre-existent, that is genetic or epigenetic aberrations 
have led to alterations of cellular signaling and expression of resistance factors such 
anti-apoptotic Bcl-2 family proteins. Thus, the immunotoxin meets an already resis-
tant cell. However, while less explored, some studies indicate that the immunotoxin 
itself can activate cellular signaling events that, ultimately, may lead to relative 
immunotoxin resistance. For example, Andersson et al. have provided experimental 
evidence that a PE-immunotoxin can induce an initial stress response that leads to 
activation of survival pathways with activation of the c-Jun NH2-terminal kinase 
(JNK) and the AMP-activated protein kinase, effects that could partially block PE-
immunotoxin-induced apoptosis [31]. On the other hand, cholera toxin exposure 
may lead to cAMP-mediated induction of members of the inhibitor of apoptosis 
protein (IAP) family (BIRC3 and BIRC7) [32], similarly causing relative protection 
from apoptosis, again indicating that the toxin itself can cause signals that could 
inhibit the effective induction of cell death.

4.2.1  Alteration of Immunotoxin Resistance via Modulation 
of Caspase Activation Pathways

Caspase-mediated apoptosis can be initiated intrinsically via diverse stimuli that 
provoke cell stress or damage and then typically activate one or more members 
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of the BH3-only protein family, which overcome the inhibitory effect of the anti-
apoptotic B-cell lymphoma-2 (Bcl-2) family members and promote the assembly 
of Bak–Bax oligomers within mitochondrial outer membranes or extrinsically via 
extracellular ligands such as tumor necrosis factor-alpha (TNFα) or Fas ligand that 
then activate transmembrane death receptors [33]. While tightly regulated in normal 
cells, defects in apoptosis signaling pathways are a hallmark of many human can-
cers [34–37]. Given the central role of caspase activation in the cell death of immu-
notoxin-targeted tumor cells, it is not surprising that modulation of both the mito-
chondrial or death receptor pathway affects the sensitivity of cancer cells to poisons 
such as PE, DT, ricin, and cholera toxin. Best studied in this regard are the effects of 
pro- and anti-apoptotic Bcl-2 family members. For example, overexpression of the 
pro-apoptotic protein, Bak, can increase the sensitivity to PE-based immunotoxins, 
whereas silencing of Bak expression causes relative resistance [38]. Conversely, 
upon treatment with PE, DT, ricin, or cholera toxin, toxin-induced PARP cleavage 
and apoptotic cell death is inhibited in cell lines forced to overexpress Bcl-2, lead-
ing to a modest relative cellular resistance [12, 39, 40]. Similarly, PE-immunotoxin-
mediated apoptosis can be reduced by overexpression of the anti-apoptotic proteins, 
Mcl-1 or Bcl-xL [22]. Because of the well-recognized importance of Bcl-2 family 
proteins in the resistance of cancer cells to conventional chemotherapeutics and 
targeted immunotherapies, there is a long-standing interest in the use of pharmaco-
logical approaches that lower the threshold to mitochondrial apoptosis. For immu-
notoxins, the validity of this strategy is suggested by preclinical data with ABT-263 
and ABT-737– BH3-only mimetics that bind to and neutralize Bcl-2, Bcl-xL, and 
Bcl-w [41, 42]—which yield synergistic killing when combined with a PE-based 
immunotoxin in tumor cell lines.Intriguingly, this sensitization may at least partly 
be due to an increase in endoplasmic reticulum permeability and promotion of the 
dislocation of PE from the endoplasmic reticulum to the cytosol, resulting in en-
hanced inhibition of protein synthesis [43–47].

Signaling events through cell death receptors have similarly been identified as 
modulators of immunotoxin resistance. For example, tumor necrosis factor-alpha 
(TNFα) sensitizes to DT- and PE-based but not ricin-based immunotoxins and 
can overcome immunotoxin resistance in targeted cell lines in vitro [16, 17, 48]. 
Likewise, treatment with an anti-Fas antibody that can mimic TNFα in mediating 
cytotoxicity against certain target cell lines enhanced DT-immunotoxin-mediated 
apoptosis; pretreatment with interferon-gamma (IFNγ) upregulated Fas antigen ex-
pression and further augmented the cytotoxic activity of the combination of anti-Fas 
antibody and DT-based immunotoxin [49]. Furthermore, the use of TNF-related 
apoptosis-inducing ligand (TRAIL) or the anti-TRAIL receptor 2 agonist antibody, 
lexatumomab (HGS-ETR2), which activate the extrinsic pathway of apoptosis, to-
gether with a PE-based immunotoxin targeting mesothelin synergistically triggered 
caspase-8 recruitment and activation, Bid cleavage and Bax activation and led to 
subsequent cell death in pancreatic cancer cell lines, even in the absence of func-
tional Bak protein [38]. Consistent with this, the addition of TRAIL also sensitized 
acute myeloid leukemia cells to the cytotoxic activity of a DT-based immunotoxin 
targeting interleukin-3 (IL-3) in some cell models [50].
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4.2.2  Resistance Mediated by the Cellular Apoptosis 
Susceptibility Gene

The cellular apoptosis susceptibility gene ( CSEL1/CAS) has been found highly ex-
pressed in a variety of human cancers, and expression levels have been positively 
correlated with high tumor state, high tumor grade, and worse clinical outcome 
[51]. Perhaps somewhat paradoxically, CSEL1/CAS was initially identified in 
breast cancer cells that were resistant to PE, PE-immunotoxin, diphtheria toxin, and 
TNFα. In these cells, toxin resistance was associated with reduction of CSEL1/CAS 
protein levels [52, 53], indicating that this protein facilitates apoptosis induced by 
PE or diphtheria toxin.

4.2.3  Resistance Mediated by Insulin-Like Growth 
Factor Signaling

The insulin-like growth factor (IGF) signaling system is a key physiologic regulator 
of tissue growth, development, and energy metabolism, and is exploited by cancers 
and underlying cancer stem cells for their proliferation, survival, invasion, and me-
tastasis [54–59]. Recent data suggest that the IGF signaling axis also interferes with 
the intracellular activation of immunotoxins and can mediate relative resistance to 
this therapeutic strategy. Specifically, siRNA-mediated knockdown of the insulin 
receptor in several human mesothelin-expressing cell lines enhanced to cytotoxicity 
of both PE and a PE-based immunotoxin targeting either mesothelin or the transfer-
rin receptor but did not increase cytotoxicity of DT. Mechanistically, this effect of 
insulin receptors on PE-mediated cell death was attributed to an increased cleavage 
of the toxin by furin, resulting in greater inhibition of protein synthesis [60].

4.2.4  Immunotoxin Resistance via Interference 
with Diphthamide Synthesis

As reviewed above, DT and PE ADP ribosylate diphthamide, a uniquely modified 
histidine residue, in EF-2 to inhibit protein synthesis and initiate cell death. Post-
translational modification of this histidine residue is under the control of several 
proteins, including Dph1-5 [61]. Several studies suggest that interference with the 
activity of the proteins governing diphthamide synthesis is an effective strategy 
of cancer cells to counteract the effects of immunotoxins. For example, reversible 
silencing of either the DPH1 or the DPH4 gene via promoter methylation has been 
demonstrated to lead to relative resistance of acute lymphoblastic leukemia cells 
to a PE-immunotoxin targeting CD22 [62, 63]. The observations that a deletion of 
the WDR85 gene, which has recently been shown to be involved in diphthamide 
synthesis, and a dominant-negative mutant of Dph2 similarly lead to resistance to 
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DT- and/or PE-immunotoxins [64, 65] suggest that other proteins could be the target 
for survival signaling strategies of cancer cells.

4.2.5  Modulation of Immunotoxin Resistance via PI3K/AKT 
Signaling

The phosphatidylinositol 3-kinase (PI3K)/Akt pathway, a key physiologic regulator 
of transcription, translation, cell cycle progression, differentiation, metabolism, and 
apoptosis is often dysregulated in human cancers and has been implicated in their 
competitive growth advantage, metastatic competence, angiogenesis, and therapy 
resistance [66–69]. Limited data suggest that the PI3K/Akt pathway also modulates 
the cellular resistance to immunotoxin-based therapies. Using a PE-immunotoxin 
targeting the prostate-specific membrane antigen, Baiz et al. showed that treatment 
of prostate cancer cells with a pan-PI3K inhibitor significantly increased immuno-
toxin-mediated cytotoxicity [70]. Likewise, studies by Davol et al. indicated that 
the PI3K inhibitor, wortmannin, could enhance the cytotoxicity of several immuno-
toxins, in particular those containing saporin or gelonin. However, the same effects 
were not observed with another PI3K inhibitor (LY294002), raising the suspicion 
that the effect observed with wortmannin may have occurred through pathways not 
involving PI3K [71].

4.2.6  Immunotoxin Resistance via Drug Transporter Activity

One of the most common mechanisms of cancer cell resistance to chemotherapy 
is the expression of ATP-binding cassette (ABC) transporter proteins [72–74]. As 
is well established for one family member, ABCB1 (MDR1, P-glycoprotein), drug 
resistance via these transporter proteins is influenced by several signaling pathways 
and transcription factors, including PI3K/Akt and camp/protein kinase A (PKA), 
among others [75, 76]. Only a limited number of studies have examined the ability 
of ABC transporter proteins to cause cellular resistance to immunotoxins, and partly 
mixed results were reported. Specifically, de Jong et al. found that drug-selected 
tumor cells that either overexpressed ABCB1 or ABCG1 (breast cancer resistance 
protein [BCRP]) or were transfected with cDNA for ABCC2-5 (multidrug resistance 
protein [MRP] 2–5) remained sensitive to a PE-containing immunotoxin targeting 
interleukin-4 (IL-4), whereas tumor cells overexpressing ABCC1 (MRP1)were rel-
atively resistant to the PE-immunotoxin but not PE itself [77]. Consistent with these 
findings, McGrath et al. found no evidence that ABCB1 overexpression reduced 
the sensitivity to PE in myeloid leukemia cells. Similarly unaffected was the cel-
lular sensitivity to ricin, whereas ABCB1 overexpression was associated with resis-
tance to gelonin and a gelonin-based immunotoxin targeting CD33 as well as a very 
weak resistance to DT; mechanistic studies suggested that increased accumulation 
and degradation of the immunotoxin within the acidified lysosomal compartment 



82 R. B. Walter

may underlie this ABCB1-associated resistance to gelonin-immunotoxins [78]. In 
contrast, no evidence of resistance to a gelonin-immunotoxin targeting the TNF-
like weak inducer of apoptosis (TWEAK; TNFSF12) receptor Fn14 (TNFRSF12A) 
was found in human melanoma cells engineered to overexpress ABCB1 and drug-
selected human ovarian cancer cells [79].

4.2.7  Modulation of Immunotoxin Resistance via Cytokine 
Signaling

Several lines of evidence suggest that cytokine signaling can modulate the sensitiv-
ity of tumor cells to the cytotoxic effects of immunotoxins in different ways. As 
mentioned above, some cytokines such as TNFα can activate cell death receptors 
and the extrinsic pathway of apoptosis, and augment the cytotoxic effects of some 
immunotoxins. Other cytokines can activate signaling cascades that, ultimately, im-
pact immunotoxin sensitivity via modulation of target antigens on the cell surface 
of cancer cells and/or alterations of trafficking/processing of the immunotoxin after 
internalization, as for example shown for interferon-gamma (IFNγ), interleukin-1 
alpha (IL-1α), and neuregulin-1 (NRG1)-β1 [79–81].

4.2.8  Modulation of Immunotoxin Resistance via Protein Kinase 
C Signaling?

The protein kinase C (PKC) isozymes transduce a myriad of signals that, in many 
human cancers, are linked to tumor cell proliferation, survival, multidrug resistance, 
invasion, metastasis, and tumor angiogenesis [82, 83]. Given these properties, it is 
conceivable to hypothesize that PKC signaling could mediate immunotoxin resis-
tance. This idea would be supported by the observation that PKC inhibition with 
chelerythrine modestly increased the cytotoxic activity of cholera toxin in lung can-
cer cell lines [27]. This idea would further be supported by findings with the PKC 
inhibitor, enzastaurin, which enhanced the cytotoxic effects of a PE-immunotoxin 
targeting mesothelin at least partly through loss of anti-apoptotic Bcl-2 family pro-
teins and activation of caspases [84]. However, 2 other PKC inhibitors (Go6976 
and sotrastaurin) did not sensitize the cancer cell lines to the PE-immunotoxin, sug-
gesting that the mechanism underlying enzastaurin’s impact on PE-immunotoxin-
mediated cytotoxicity may have included effects on non-PKC signaling pathways 
[84]. Moreover, activation of PKC signaling via bryostatin 1 sensitized chronic 
lymphocytic leukemia cells to the cytotoxic activity of a PE-immunoconjugate tar-
geting CD22, perhaps at least in part via upregulation of CD22 expression on the 
leukemia cells [85].
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4.3  Conclusion

The available studies suggest that cancer cells dispose of numerous possibilities to 
counteract and avoid the cytotoxic effects of immunotoxins. Given the complex up-
take and processing that is required for toxins to reach their site of action, it is likely 
that many more mechanisms exist that have yet to be discovered. Still, the available 
preclinical data should be useful in informing hypothesis-driven correlative stud-
ies that can be conducted during the clinical testing of immunotoxins so that the 
clinically relevant mechanisms of resistance can be determined. The latter should 
then provide the ultimate impetus to develop rational combination strategies aimed 
at overcoming cellular resistance to immunotoxins and improving immunotoxin-
based cancer therapies.
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Abstract The antibody-drug conjugate (ADC) is a unique combination of potent 
cytotoxic drugs covalently linked to monoclonal antibodies (mAb) through a stable 
specialized chemical linker. Recombinant immunotoxins, fusion proteins which 
contain the cytotoxic portion of a protein toxin fused to the Fv portion of an anti-
body, represent the most promising group of ADCs. Antibody-drug conjugates 
maximize drug delivery to tumor cells without increasing toxicity to normal cells. 
There are a number of ADCs in preclinical and clinical developments in haemato-
logical malignancies that target CD19, CD22, CD25, CD30, CD33, CD37, CD74, 
and CD79b. One of them, brentuximab vedotin, is approved for use in Hodgkin’s 
lymphoma and systemic anaplastic large cell lymphoma. This chapter focuses on 
the use of mAbs or fragments of mAbs attached to cytotoxic agents produced by 
bacteria or plants, including high-molecular-weight protein toxins and low-molec-
ular-weight chemical entities such as calicheamicin, mytansinoids or auristatin, in 
the treatment of acute myeloid leukemia, B- and T-cell lymphoid malignancies, 
Hodgkin lymphoma and multiple myeloma.

Keywords A-dmDT390-bisFv · Brentuximab vedotin · Combotox · DCDTS4501A ·  
DCDT2980S · Denileukin diftitox · Gemtuzumab ozogamicin · Inotuzumab 
ozogamicin · Indatuximab ravtansine · Lorvotuzumab mertansine · Moxetumomab 
pasudotox · Polatuzumab vedotin · SAR-3419

Abbreviations

ADC Antibody drug conjugate
ADCC Antibody-dependent cell-mediated cytotoxicity
AE Adverse event
ALL Acute lymphocytic leukemia
AML Acute myeloid leukemia
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ALCL Anaplastic large cell lymphoma
Ara C Cytarabine
ASCT Autologous stem cell transplantation
BCR B-cell receptor
BV Brentuximab vedotin
CDC Complement mediated cytotoxicity
CHOP Cyclophosphamide adriamycin-vincristine-prednison
CLC Capillary leak syndrome
CLL Chronic lymphocytic leukemia
CR Complete response
CRp CR with no platelet recover
CTCL Cutaneous T-cell lymphomas
DFS Disease-free survival
DLBCL Diffused large B-cell lymphoma; dose limiting toxicity
DM4 N2 ′-deacetyl-N2 ′-(4-mercapto-4-methyl-1-oxopentyl) maytansine
DLT Dose-limiting toxicity
FL Follicular lymphoma
FDA Food and Drug Administration
GO Gemtuzumab ozogamicin
HCL Hairy cell leukemia
HL Hodgkin lymphoma
IO Inotuzumab ozogamicin
IR Indatuximab ravtansine
MM Multiple myeloma
mAb Monoclonal antibody
MCL Mantle cell lymphoma
MM Multiple myeloma
MRD Minimal residual disease
LM Lorvotuzumab mertansine
LBL Lymphoblastic lymphoma
MTD Maximum tolerated dose
MMAE Monomethyl auristatin E
MMAF Monomethyl auristatin F
NHL Non hodgkin lymphoma
OR Overall response
PFS Progression free survival
PK Pharmacokinetics
PV Polatuzumab vedotin
PR Partial response
PTCL Peripheral T-cell lymphoma
RFS Relapse free survival
SD Stable disease
VLS Vascular leak syndrome
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5.1  Introduction

Over the last few years, several antibody-drug conjugates (ADCs) have been in-
vestigated in clinical trials in patients with hematologic malignancies, and some of 
them have important clinical value. The binding domains of monoclonal antibodies 
(mAbs) and antigen binding fragments (Fabs) can be used to deliver cytotoxic sub-
stances to cells which express cognate antigens on their surface [1, 2]. Recombinant 
immunotoxins are fusion proteins which contain the cytotoxic portion of a protein, 
toxins produced by bacteria or plants fused to the Fv portion of an antibody [3]. 
Protein toxins are highly potent enzymes, and only a small number of molecules 
need to be delivered to the site of action, the cell cytosol. Most immunotoxins ad-
ministered in the clinic are derived from Pseudomonas exotoxin-A, diphtheria toxin 
or ricin. These agents mediate their cytotoxicity by inhibiting protein synthesis. In 
addition, mAbs, or fragments of mAbs, can be attached to low-molecular-weight 
cytotoxic agents such as calicheamicin, mytansinoids or auristatin. The antibody 
binds to an antigen on the target cell and the highly toxic protein is internalized by 
the target cells. The enzymatic fragment of the toxin then translocates to the cyto-
sol, whereupon the cell is killed by the enzymatic inhibition of protein synthesis 
and initiation of the apoptotic cascade [4]. Toxic proteins can be attached directly 
to antibodies via peptide bonds, and they can be modified easily with engineered 
modifications of toxin genes. Immunotoxins maximize drug delivery to tumor cells 
without increasing toxicity to normal cells. These drugs use a different mechanism 
to induce cell death than traditional cytotoxic agents, thus potentially circumventing 
chemoresistance.

There are a number of antibody–drug conjugates (ADCs) in preclinical and clini-
cal development that target CD19, CD22, CD25, CD 30, CD33, CD37, CD74, and 
CD79b (Table 5.1). Antibodies against these targets are good choices as carriers of 
drugs for the treatment of leukemias and lymphomas, because they are internaliz-
ing. Here we discuss on ADCs which are attached to cytotoxic agents produced by 
bacteria or plants, including high-molecular-weight protein toxins and low-molecu-
lar-weight chemical entities, such as calicheamicin, mytansinoids, and auristatin, in 
the treatment of acute myeloid leukemia (AML), B- and T-cell lymphoid malignan-
cies, Hodgkin lymphoma (HL) and multiple myeloma (MM).

5.2  Anti-CD33 Immunotoxins for Acute Myeloid 
Leukemia

Acute myeloid leukemia is a clonal disease characterized by proliferation and ac-
cumulation of myeloid progenitor cells in the bone marrow, leading ultimately to 
hematopoietic failure. This is the most common type of leukemia in adults, yet 
continues to have the lowest survival rate [5]. In the US, 18,860 projected new cases 
of AML and 10,460 deaths were reported in 2014 [6]. Combinations of cytarabine 
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(Ara-C) and anthracyclines are still the mainstay of induction therapy, and the use 
of high-dose Ara-C is now a standard consolidation therapy in AML patients aged 
< 60 years. Although several new agents have shown promise in treating AML, it is 
unlikely that these agents will be curative when administered as monotherapy. It is 
more likely that they will be used in combination with other new agents or with con-
ventional therapy. CD33 represents an attractive target for antibody-based therapy 
in patients with AML. It is a transmembrane cell surface glycoprotein receptor that 
is specific for myeloid cells [7]. The CD33 antigen is present on approximately 
90 % of AML myeloblasts, including leukaemic clonogenic precursors as well as 
normal myeloid precursor cells, but not on CD34+ pluripotent hematopoietic stem 
cells or in non-haematopoietic tissues [8]. However, CD33 is expressed in more 
committed myeloid precursors and is not present in AML stem cells [9].

5.2.1  Gemtuzumab Ozogamicin

Gemtuzumab ozogamicin (GO, Mylotarg™, Wyeth/Pfizer Inc) is an immunotoxin 
composed of a humanized IgG4 kappa anti-CD33 antibody conjugated to the cyto-
toxic antitumor antibiotic, calicheamicin, isolated from the products of fermenta-
tion by the bacterium Micromonospora echinospora. Subsp. The antibody portion 
of GO binds specifically to the CD33 antigen on the surface of immature normal 
cells of myelomonocytic lineage including myeloid blasts, but not on normal hema-
topoietic stem cells.

The results of early nonrandomized studies showed GO to be effective in pa-
tients over 60 years old with relapsed AML, for whom intensive treatment was 
not suitable [10]. The results of phase II studies revealed an overall response (OR) 
rate of 30 %, including 23 patients with complete response (CR) and 19 with CR 
with incomplete platelet recovery (CRp), among 142 patients with recurrent AML 
treated with two doses of GO [11, 12]. These results led to the accelerated approval 
of GO by the US Food and Drug Administration (FDA) in May 2000 for treat-
ment of patients aged 60 years and older with recurrent AML who were not con-
sidered candidates for other chemotherapy. Unfortunately, the trial on simultaneous 
administration of GO with intensive chemotherapy in induction and consolidation 
in younger patients with AML was stopped prematurely when no improvement in 
clinical benefit was observed, and after a higher number of deaths was observed in 
patients who received GO. In June 2010, the FDA withdrew GO and it is no longer 
commercially available [13, 14].

Subsequent randomized clinical trials have shown a survival benefit to be as-
sociated with GO in subgroups of patients with AML [Table 5.2; 15–18]. More 
recently, other randomized studies have been completed that support the efficacy of 
GO in combination with chemotherapy, in specific subsets of patients with newly 
diagnosed AML with acceptable toxicity. In particular, the results from the LRF 
AML14 and NCRI AML16 indicate that the addition of GO to low-dose Ara-C 
doubled the remission rate but did not improve the overall survival in older patients 
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[16]. However, a significant survival benefit was observed in the large randomized 
MRC AML15 trial in AML patients who demonstrated favorable cytogenetics [15]. 
In this study, 113 untreated younger patients were randomly assigned to receive a 
single dose of GO (3 mg/m2) on day 1 of an induction course consisting of either 
daunorubicin and Ara-C; Ara-C, daunorubicin, and etoposide; or fludarabine, Ara-
C, granulocyte colony-stimulating factor (G-CSF) and idarubicin. The addition of 
GO was well tolerated and no increase of toxicity was observed in the GO arm. 
The overall response (OR) and the overall survival (OS) were similar. However, 
although a significant survival benefit was noted for patients with favorable cytoge-
netics and a beneficial trend was seen in intermediate-risk patients, no such benefit 
was observed for patients with a poor-risk disease [18]. This randomized phase III 
clinical trial evaluated the potential benefit of the addition of GO to standard induc-
tion and postconsolidation therapy regime in patients with AML. Patients were ran-
domly assigned to receive either a standard DA induction therapy regime compris-
ing daunorubicin (60 mg/m2 per day on days 1, 2, and 3) and Ara-C alone, or a DA +  
GO combination of daunorubicin (45 mg/m2 per day on days 1, 2, and 3), Ara-C 
(100 mg/m2 per day by continuous infusion on days 1–7) and GO (6 mg/m2 on day 
4). Patients who achieved CR received three courses of high-dose cytarabine. Those 
remaining in CR after consolidation were randomly assigned to receive either no 
additional therapy or three doses of GO (5 mg/m2 every 28 days). From August 
2004 until August 2009, 637 patients were registered for induction. The CR rate was 
69 % for DA + GO and 70 % for DA ( P = 0.59). Among those who achieved a CR, 
the 5-year relapse-free survival rate was 43 % in the DA + GO group and 42 % in 
the DA group ( P = 0.40). The 5-year overall survival rate was 46 % in the DA + GO 
group and 50 % in the DA group ( P = 0.85). One hundred and seventy-four patients 
in CR after consolidation underwent postconsolidation randomization. Disease-free 
survival (DFS) was not improved with postconsolidation GO (HR, 1.48; P = 0.97). 
In this study, the addition of GO to induction or postconsolidation therapy failed to 
show improvement in the CR rate, disease-free survival, or overall survival. The 
results of this trial failed to demonstrate improvement in the CR rate, relapse free 
survival (RFS), or OS survival when GO was added to either the induction therapy 
or the postconsolidation therapy.

5.2.2  AVE9633

AVE9633 (ImmunoGen Inc/Sanofi-Aventis) is a new immunoconjugate compris-
ing of an anti-CD33 humanized mAb, huMy9-6, linked through a disulfide bond 
to the maytansine derivative DM4 (N2 ′-deacetyl-N2 ′-(4-methyl-4(oxobutyldithio)-
1-oxopentyl)-maytansine), a potent tubulin inhibitor [19]. In a phase I study, 
AVE9633 was administered to 54 patients with refractory/relapsed AML, as drug 
infusion on day 1 of a 21-day cycle, day 1 and 8 and day 1, 4 and 7 of a 28-day 
cycle (NCT00543972) [Table 5.2; 20]. The primary objective of the study was to 
determine the maximum tolerated dose (MTD) of AVE9633 and to characterize the 
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dose limiting toxicity. Allergic reactions during infusion, particularly the presence 
of bronchospasms, was the main toxicity. Dose limiting toxicity (DLT) was reached 
for the three day schedule at 150 mg/m2, with the MTD being 130 mg/m2. The DLT 
was not reached for either the one or two-day schedules. Two responses were ob-
tained in this trial, including one CR and one partial response (PR), and biological 
activity was seen in five other patients. However, the development of AVE9633 was 
discontinued after the completion of the treatment of study patients in this phase 1 
trial.

5.2.3  HUM-195/rGEL

HUM-195/rGel (M.D. Anderson Cancer Center) is an immunotoxin containing an 
M195 anti-CD33 humanized mAb conjugated to recombinant gelonin via an N-
succinimidyl-3-(2-pyridyl-dithio)-propionate linkage [21]. M195 is an IgG2a mAb 
derived from a mouse immunized with live human leukemic myeloblasts. Its reac-
tivity is restricted to myeloid blasts and myeloid progenitors and is not present in 
mature myeloid cells [22]. The HUM-195 recombinant antibody has higher avidity 
for binding CD33 and better induces antibody-dependent cell-mediated cytotoxicity 
(ADCC) and complement-mediated cytotoxicity (CDC) than M195 [23]. Recom-
binant gelonin (rGel) is a single-chain recombinant version of the gelonin toxin 
originally isolated from the seeds of Gelonium multi-florum. It inactivates the ribo-
somal 60 S subunit by cleaving the RNA adenine N-glycoside bonds in a sequence-
specific fashion and inhibits protein synthesis [24].

The HUM-195/Rge was investigated in a phase I study in patients with relapsed 
or refractory myeloid leukemias and the results were recently published [25]. The 
drug was administered to 28 patients intravenously at four dose levels (12, 18, 28 
and 40 mg/m2 per course). The MTD was established as 28 mg/m2. The DLT was 
infusion-related allergic reaction including hypoxia and hypotension. Three patients 
showed a 38–50 % reduction in bone marrow blasts and four patients developed a 
reduction in peripheral blood blasts of at least 50 %. In addition, normalization of 
platelets was observed in one patient treated with 40 mg/m2.

5.2.4  SGN-CD33A

SGN-CD33A (Seattle Genetics, Inc.) is a novel CD33-directed ADC which demon-
strates preclinical antitumor activity against multi-drug resistant human AML. It is 
a humanized anti-CD33 antibody linked to pyrrolobenzodiazepine (PBD) dimers, 
highly potent cytotoxic DNA-crosslinking agents, by engineered cysteines (EC-
mAb) using proprietary site-specific conjugation technology. In vitro studies with 
SGN-CD33A revealed approximately 3-fold higher activity than GO against prima-
ry AML cells [26, 27]. A phase I study examining the safety profile of SGN-CD33A 
administered as a single agent in patients with AML is ongoing (NCT01902329).
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5.3  Antibody-Drug Conjugates for B-Cell Lymphoid 
Malignancies

Lymphoid malignancies comprise a heterogeneous group of disorders originating 
from clonal proliferation of B or T lymphocytes. B-cell lymphoid malignancies 
are more common than T-cell neoplasms, accounting for approximately 85–90 % 
of all non-Hodgkin’s lymphomas (NHL) [28]. The incidence of NHL has been in-
creasing steadily over the past several decades. At present, it is the fifth most com-
mon cancer in the US, with an estimated 79,990 new cases and 20,170 deaths [29]. 
The most common subtypes of B-cell NHL are diffused large B-cell lymphoma 
(DLBCL) and follicular lymphoma (FL). DLBCL accounts for approximately 30 % 
of all new diagnosed cases and more than 80 % of aggressive lymphomas. FL is the 
second most common lymphoma, representing approximately 70 % of all indolent 
lymphomas and 22 % of all lymphomas. In addition, mantle cell lymphoma (MCL) 
is a distinct disease entity in the WHO classification of malignant neoplasms, and 
comprises 7 % of NHL [30]. Currently, ADC targeting the antigens CD22, CD19, 
CD25, CD30, CD37, CD70, CD79b and CD180 are in preclinical studies or clinical 
trials for B-cell malignancies (Table 5.3).

5.3.1  Anti-CD22 Immunotoxins

CD22 is a 135 kDa B-cell-specific transmembrane sialoglycoprotein whose expres-
sion is limited to B-cells. It is expressed in about 70 % of B cell lymphomas and 
leukemias but is not expressed on plasma cells, memory B cells, stem cells, mono-
cytes or T-cells [31]. CD22 is a signaling molecule that plays a role in cellular adhe-
sion, regulation of B-cell homing, and modulation of B-cell activation. It regulates 
B-cell function, both as a lectin-like adhesion receptor and as a component of the 
B-cell activation complex. The function of CD22 through the B-cell receptor (BCR) 
complex is due to phosphorylation of three tyrosine-based inhibitory motifs on its 
intracellular tail upon BCR stimulation [32, 33]. CD22 is internalized into the cell 
when bound by an antibody. At least six different anti-CD22 immunotoxins are cur-
rently under clinical investigation, including inotuzumab ozogamicin, BL22, mox-
etumomab pasudotox, Anti-CD22-MCC-DM1, pinatuzumab vedotin and combotox 
[Table 5.3; 34].

5.3.1.1  Inotuzumab Zogamycin

Inotuzumab ozogamicin (IO, CMC-544, Wyet/Pfizer) is an immunotoxin, a close 
relative of gemtuzumab ozogamicin, comprising a hinge-stabilized humanized anti-
CD22 IgG4 mAb covalently linked to calicheamicin, a toxic natural product of Mi-
cromonospora echinospora via an acid-labile acetylphenoxy butanoic linker [35]. 
The mAb is joined to calicheamicin via the acid hydrolysable 4-(4’-acteylphenoxy) 
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butanoic acid (AcBut) linker. This linker is more effective than a more stable amide 
linker in both in vitro cytotoxicity and in vivo anti-tumor assays. Inotuzumab ozo-
gamicin has shown promising single-agent activity in patients with relapsed/refrac-
tory B-lineage ALL and in CD22 positive indolent and aggressive NHL [36, 37].

In a study by Kantarjian et al., 49 adults and children with refractory and relapsed 
ALL were treated with single-dose, intravenous IO in a phase II study [Table 5.3; 
38]. Patients were given 1.8 mg/m2 IO intravenously over 1 h every 3–4 weeks. The 
OR rate was 57 %, including 9 (18 %) CR and 19 (39 %) marrow CR. The most fre-
quent adverse events (AE) were fever, hypotension and liver-related toxic effects. 
A subsequent study examined a group of 90 patients [39], 49 of whom were treated 
with single-dose, intravenous IO 1.3–1.8 mg/mg/m2 every 3–4 weeks, while the 
remaining 41 received inotuzumab weekly at a dose of 0.8 mg/m2 on day 1 and at a 
dose of 0.5 mg/mg/m2 on days 8 and 15, every 3–4 weeks. In this study, the OR rate 
was found to be 58 % including CR in 19 %, CRp in 30 % and a bone marrow CR 
(no recovery of counts) in 9 %. The median remission duration was 7 months and 
the median OS was 6.2 months.

A combination of inotuzumab ozogamicin with low-intensity hyper-CVD (Mini-
hyper-CVD) as frontline therapy has been also investigated in older patients with 
ALL [40]. Treatment was safe and showed very encouraging results. Of the 14 pa-
tients evaluable for response, 13 (93 %) responded, including 12 CR and one CRp, 
all with flow-cytometric minimal residual disease (MRD) negative status. One-year 
disease-free survival (DFS) was 83 % and OS 93 %. No DLT was observed. Inotu-
zumab ozogamicin also demonstrated promising activity in pediatric patients with 
relapsed and refractory ALL [41].

The drug has demonstrated good tolerability and significant efficacy against 
CD22 positive B-cell NHL [42, 43]. In a phase I study, IO was administered in-
travenously as a single agent once every 3 or 4 weeks at doses ranging from 0.4 to 
2.4 mg/m2 to 79 patients with relapsed/refractory FL and DLBCL [44]. The OR rate 
was 39 % and median PFS was 10 months for patients treated at the MTD. Median 
PFS was 10.4 months. In patients with FL treated at the MTD, the OR rate was 68 % 
and median PFS was approximately 10.4 months. Corresponding values for patients 
with DLBCL were 15 % and 49 days [45].

The safety and activity of IO and rituximab combination therapy was evalu-
ated in a phase I/II study in 118 patients with relapsed/refractory CD20 and/CD22 
positive NHL. The objective response rate was found to be 87 % for patients with 
FL and 74 % for patients with DLBCL, and the 2-year PFS rates were 68 % and 
42 %, respectively. The median duration of response was 17.7 months for relapsed 
DLBCL and was not reached for patients with FL after a median follow-up of 40 
months. Most common grade 3–4 AEs were thrombocytopenia, noted in 31 % of 
patients, and neutropenia, noted in 22 %. Studies exploring the combination of IO 
alone, and in combination with rituximab and other chemotherapeutic regimens are 
ongoing in a phase III trial (NCT00562965).
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5.3.1.2  BL22

BL22 (RFB4(dsFv)-PE38, CAT-3888; National Cancer Institute) is an anti-CD22 
immunotoxin fusion protein between a murine anti-CD22 disulfide-linked Fv 
(dsFv) antibody fragment and Pseudomonas exotoxin PE38. BL22 is cytotoxic to 
several CD22-positive cell lines, being 1.5–6.7-times more cytotoxic than the sin-
gle-chain recombinant immunotoxin [46]. BL22 was investigated in chemotherapy-
resistant hairy cell leukemia (HCL) [Table 5.4; 47]. All patients included into the 
study had circulating hairy cells that expressed CD22. BL22 was administered at 
doses between 0.2 and 4.0 mg as a 30 min intravenous infusion every other day to 
a total of three doses. After a partial response, patients could receive a total of 16 
cycles of BL22, and patients who had a CR could receive two additional cycles. Of 
16 patients treated with BL22, 11 (69 %) had a CR and two had a PR. During a me-
dian follow-up of 16 months, 3 of the 11 patients who had a CR were retreated with 
BL22 because of relapse, and all of them had a second CR. A common toxic effect 
was transient hypoalbumina and an elevated aminotransferase level. Two patients 
developed reversible hemolytic uremic syndrome. BL22 demonstrated a < 20 % 
 response rate in chronic lymphocytic leukemia (CLL) and ALL, diseases in which 
the leukemic cells contain much lower numbers of CD22 target sites.

Table 5.4  Clinical trials evaluating antibody drug coniugates and immunotoxins in hairy cell 
leukemia
Study Treatment 

regimens
Patients 
characteristics

N Efficacy Adverse events

Kreitman 
et al. 2001 
[46]

BL22, 0.2–4.0 mg 
i.v. every other 
day for a total of 
three doses

Classic HCL—
13 pts, HCL 
variant—3 pts, 
all pretreated 
with median 
three courses of 
purine analogues

16 CR—11pts  
(3 pts relapsed 
after 8, 12, 
and 7 months, 
PR—2 pts

Reversible 
hemolytic-uremic 
syndrome—2 pts; 
common toxic 
effects—transient 
hypoalbuminemia 
and elevated 
aminotransferase 
levels

Kreitman 
et al. 2012 
[49]

Moxetumomab 
pasudotox 
5–50 μg/kg every 
other day for three 
doses (QOD × 3), 
with up to 16 
cycles repeating at  
≥ 4-week intervals

Classic 
HCL—26 pts, 
HCL variant— 
2 pts, 1–7 prior 
courses of purine 
analogs (median 
two courses)

28 OR—86 %, 
CR—46 %, 10 
(80 %) of 13 
patients remain-
ing in CR for 
a median of 29 
months

Transient grade 2 
hemolytic uremic 
syndrome—2 pts, 
hypoalbumin-
emia, aminotrans-
ferase elevations, 
edema, headache, 
hypotension, nau-
sea, and fatigue

Kreitman 
et al. 2000 
[57]

LMB-2 2–63 μg/
kg i.v. over 30 min 
on alternate days 
for three doses 
(QOD × 3)

HCL pts previ-
ously treated 
with purine 
analogs

4 CR lasting 6 
manths—1 pt, 
PR > 44 days—3 
pts

Transaminase 
elevations, fever, 
nausea, vomiting, 
diarrhea

CR complete response, HCL hairy cell leukemia, OR overall response, PR partial response
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5.3.1.3  Moxetumomab Pasudotox

Moxetumomab pasudotox (CAT-8015, HA22, Astra Zeneca) is a new generation 
of CD22-specific targeted immunotoxins. It comprises a disulfide-stabilized, vari-
able mouse CD22 fragment fused to a Pseudomonas aeruginosa exotoxin A PE38 
fragment via a 7-mer linker. [48]. The drug was mutated from BL22 by changing 
SSY to THW at positions 100, 100a, and 100b of VH. Moxetumomab pasudotox 
is internalized upon binding to CD22, inhibiting protein translation and promoting 
apoptosis. This agent may have a role in the treatment of HCL, especially in patients 
where conventional therapies produce limited responses or treatment failure [49]. 
Moxetumomab pasudotox at doses up to 50 μg/kg QOD × 3 has activity in relapsed/
refractory HCL and has a safety profile that supports further clinical development 
for treatment of this disease. The drug is up to 50-times more active on lymphoma 
cell lines and leukemic cells from patients with CLL and HCL than BL22. No DLT 
has been established in a phase I trial in 28 patients with refractory/relapsed HCL 
and MTD has not been reached [Table 5.4; 50]. Drug-related toxicities included 
grade 1–2 hypoalbuminemia, aminotransferase elevations, edema, headache, hy-
potension, nausea, and fatigue. Nineteen of 26 patients (73.1 %) responded with a 
CR rate of 34.6 % and a PR rate of 38.5 %. Moxetumomab pasudotox has been also 
clinically tested and showed antitumor activity in other B-cell malignancies includ-
ing CLL, B-cell NHL, and ALL. (NCT01030536, NCT00659425, NCT00586924). 
The clinical activity and safety profile of this drug support further clinical develop-
ment for the treatment of HCL and other CD22 positive lymphoid neoplasms.

5.3.1.4  Pinatuzumab Vedotin

Pinatuzumab vedotin (PV, DCDT2980S, RG7593, Genentech Inc) is an anti-CD22 
monoclonal antibody conjugated to monomethyl auristatin E (MMAE), which is 
the same toxin incorporated in brentuximab vedotin [51, 52]. MMAE is a synthetic 
derivative of dolastatin 10, a potent anti-microtubule inhibitor, originally isolated 
from the marine shell-less mollusk Dorabella auricularia.

Pinatuzumab vedotin has therapeutic activity and acceptable toxicity in patients 
with relapsed or refractory B-cell NHL when used at doses of 1.8 and 2.4 mg/kg 
[53, 54]. MTD was defined as 2.4 mg/kg either as a single agent or in combination 
with rituximab at a dose of 375 mg/m2 every 21 days [55]. The drug alone and in 
combination with rituximab were generally well-tolerated. The most frequent ad-
verse events included neutropenia (26 %), hyperglycemia (10 %), peripheral sensory 
neuropathy (10 %), fatigue (5 %), and diarrhea (5 %). Peripheral sensory neuropathy 
was reversible in some patients with dose delays and reductions. The overall objec-
tive responses were observed in 41 % patients treated with PV and 31 % patients 
receiving PV in combination with rituximab. These results may indicate that the ad-
dition of rituximab does not appear to enhance the efficacy of PV. The combination 
of rituximab with PV is undergoing further evaluation in an ongoing randomized 
phase II study in patients with refractory/relapsed DLBCL and FL (NCT01691898).
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5.3.2  Anti-CD25 Immunotoxins

CD25 is the interleukin 2 receptor (IL-2R) which is expressed on activated normal 
T and B cells and macrophages. CD25 is also present on the malignant cells of pa-
tients with a variety of hematologic malignancies, including acute T-cell leukemia 
(ATL), CLL, anaplastic large-cell lymphomas (ALCL), B-cell NHL, peripheral T-
cell lymphomas (PTCL), cutaneous T-cell lymphomas (CTCL) and HCL. LMB-2 
(Anti-Tac(Fv)-PE38, National cancer Institute) is an anti-CD25 recombinant immu-
notoxin containing variable domains of MAb anti-Tac and truncated Pseudomonas 
exotoxin [56]. LMB-2 was well tolerated and was found to have clinical activity in 
CD25 positive hematologic malignancies. In a phase I study, patients with CD25+ 
hematologic malignancies refractory to standard and salvage therapies were treated 
with LMB-2 at doses which ranged from 2 to 63 μg/kg administered intravenously 
over 30 min on alternate days for three doses [57]. Dose-limiting toxicity (DLT) at 
the 63 μg/kg level included transaminase elevations, diarrhea and cardiomyopathy. 
LMB-2 induced one CR and seven PRs in 34 assessable patients. One HCL patient 
achieved a CR, which was ongoing at 20 months. In addition, seven PRs were noted 
in CTCL, HCL, CLL, HL and adult T-cell leukemia (ATL). Importantly, all four 
HCL patients responded to LMB-2 therapy. The phase II trial of LMB-2 in HCL is 
ongoing (NCT00321555).

5.3.3  Anti-CD19 Immunotoxins

CD19 is a 95-kDa type I transmembrane glycoprotein belonging to the immuno-
globulin (Ig) superfamily with expression restricted to B cells [58]. High expres-
sion levels of CD19 are observed on the vast majority of NHL, acute lymphoblastic 
leukemia (ALL) and CLL cells. However, it is not found on hematopoietic stem 
cells, plasma cells, or other healthy tissues. Since most B-cell lymphoid malignan-
cies retain CD19 expression, it represents an excellent target for immunotherapy of 
these disorders. This molecule acts as a co-receptor, enhancing signaling and anti-
gen processing by the B-cell receptor complex in response to antigen stimulation 
[59]. CD19 has a broader expression profile than that of CD20 and a more efficient 
internalization and it is thought that CD19 is a better target for immunotoxins.

5.3.3.1  SAR-3419

SAR-3419 (Sanofi-Adventis, NJ, USA) is an anti-CD19 composed of the human-
ized antibody huB4 conjugated to the maytansine derivative DM4 ( N2 ′-deacetyl-
N2 ′-(4-mercapto-4-methyl-1-oxopentyl) maytansine), via a cleavable disulfide 
linker N-succinimidyl-4-(2-pyridyldithio)butyrate (SPDB linker). DM4 is a thiol-
containing maytansinoid, originally isolated from the bark of the African shrub 
Maytenus ovatus [60]. It is a highly potent tubulin inhibitor which inhibits tubulin 
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polymerization and enhances microtubule destabilization. In consequence, DM4 
suppresses microtubule dynamics, resulting in a mitotic block and apoptotic cell 
death. DM4 binds to tubulin and inhibits the microtubule assembly in a similar 
manner to Vinca alkaloids, but is 100–1000-fold more potent [61]. In preclinical 
studies, SAR3419 was found to be more effective than rituximab and a standard 
cytotoxic chemotherapy regimen (cyclophosphamide-Adriamycin-vincristine-
prednisone, CHOP) against CD19+ tumor cells in diffuse large B-cell lymphoma 
(DLBCL) and follicular small cleaved cell lymphoma models [62].

During evaluation in two phase I trials in refractory/relapsed patients with NHL, 
SAR3419 was found to possess significant activity and low hematological toxicity 
(Table 5.5) [63, 64]. In an every-3-weeks dosing trial, objective responses were ob-
served in 6 (17 %) out of 35 patients who received doses in the range of 10–270 mg/
m2. In a dose-escalation study, SAR3419 was administered alone by intravenous 
infusion in patients with refractory/relapsed NHL [64].

Patients were treated with escalating doses of SAR3419 repeated qw for eight 
to 12 doses. Forty-four patients were treated on seven dose levels ranging from 5 
to 70 mg/m². The qw/q2w schedule allowed accumulation to be limited, resulting 
in a decrease in the SAR3419 plasma trough and average concentrations of around 
1.4-times of those identified with the qw schedule. Around 30 % of patients with 
either indolent or aggressive NHL responded to therapy. In these phase I studies, 
clinical responses were noted mainly in patients with FL and DLBCL. The qw/q2w 
schedule at 55 mg/m² showed an improved safety profile compared with the qw 
schedule. When administered weekly, SAR3419 was well tolerated and active. The 
qw/q2w was selected for clinical phase II studies. The dose-limiting toxicities were 
reversible and included severe blurred vision associated with microcystic epithelial 
corneal changes and neuropathy.

A phase II study evaluated a combination of SAR3419 and rituximab therapy in 
patients with relapsed/refractory DLBCL [65]. Fifty-three patients received 375 mg/
m2 of rituximab i.v. and 55 mg/m² of SAR3419 on days 1, 8, 15 and 22, followed 
by bi-weekly rituximab and SAR3419 at the same doses for two additional 28-
day cycles. An OR rate of 58.3 % was achieved for patients with relapsed DLBCL, 
while 42.9 % was noted for refractory patients. Asthenia, nausea, cough, diarrhea 
and vomiting were the most common non-hematologic AEs. SAR3419 holds prom-
ise as a novel and well-tolerated therapy in B-cell lymphoid malignancies.

5.3.3.2  Combotox

Combotox (National Cancer Institute/Montefiore Medical Center) is a 1:1 mixture 
of two immunotoxins prepared from deglycosylated ricin A chain (dgRTA) conju-
gated to mAbs directed against CD22 (RFB4-dgA) and CD19 (HD37-dgRTA [66, 
67]. Both anti-CD19 (HD37) and anti-CD22 (RFB4) are murine IgG1 mAbs. Pre-
clinical studies have demonstrated that combotox has cytotoxic activity against pre-
B-ALL cell lines and cells from patients with pre-B ALL. Combotox can be safely 
administered to children with refractory leukemia and has antileukemic activity in 
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this patient population. A phase I dose-escalation study evaluated the use of com-
botox in 17 children with refractory or relapsed B-lineage-ALL [Table 5.3; 68]. 
Combotox was administered at levels of 2 mg/m2, 4 mg/m2, 5 mg/m2, and 6 mg/m2: 
Of these, 5 mg/m2 was established as the MTD and recommended for future studies. 
Complete remission was obtained in three patients, and in six additional patients, a 
decrease of percentage of peripheral blood blast counts > 95 % was observed.

In the adult ALL phase I study, all patients with peripheral blasts experienced 
decreased blast counts following the administration of combotox, and one out of 17 
patients with refractory or relapsed B-lineage-ALL achieved a partial response [69]. 
Blast count reductions were rapid and were restricted to only the blast population, 
demonstrating specific cytotoxicity. Vascular leak syndrome was the dose-limiting 
toxicity and the MTD was 7 mg/m2. The combination of combotox with Ara-C 
resulted in significantly longer median survival in a murine xenograft model of 
advanced ALL [70]. In this study, sequential administration of Ara-C and combotox 
was superior to concurrent administration. These results have led to a phase I clini-
cal trial exploring this combination in adults with relapsed or refractory B-lineage 
ALL (NCT01408160).

5.3.3.3  DT2219ARL

DT2219ARL (Scott and White Hospital and Clinic) is a bispecific immunotoxin 
targeted against CD19 and CD22. Bispecific ligand directed toxins are single-chain 
biologicals produced by linking a truncated toxin to two well-established targeting 
ligands. DT2219ARL is composed of two scFv antibodies and a truncated form 
of a diphtheria toxin [71]. Catalytic DT390 was genetically modified by reverse 
orienting VH-VL domains and adding aggregation reducing/stabilizing linkers for 
superior in vivo anti-leukemia activity. These modifications resulted in increased 
long-term tumor-free survival in two highly aggressive human B cell malignancy 
models in SCID mice: a bioluminescent xenograft imaging model of Raji Burkitt’s 
lymphoma and a Daudi model. A phase I dose escalation study of DT2219ARL for 
the treatment of relapsed or refractory B-lineage leukemia and lymphoma is ongo-
ing (NCT00889408).

5.3.3.4  SGN-CD19A

SGN-CD19A (Seattle Genetics) is an immunotoxin designed for the treatment of 
B-cell lymphoid malignancies directed against CD19. It is composed of a human-
ized anti-CD19 monoclonal antibody conjugated with monomethyl auristatin F 
(MMAF) with a protease-sensitive peptide-based linker [72]. Preclinical data in-
dicates that SGN-CD19A effectively binds to target cells, internalizes and induces 
durable tumor regressions in multiple preclinical cancer models. A phase 1 trial 
evaluating SGN-CD19A has demonstrated antitumor activity and an acceptable 
safety profile in heavily pretreated patients with ALL and aggressive types of NHL 
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including B-cell lymphoblastic lymphoma (B-LBL) and Burkitt lymphoma [73]. 
SGN-CD19A was administered on days 1 and 8 of 21-day cycles at up to seven 
cohort-specific doses (0.3–2.3 mg/kg) to nine patients with B-ALL, three patients 
with B-LBL and one patient with Burkitt lymphoma. Antitumor activity has been 
observed, including CR in one heavily pretreated B-ALL patient and stable disease 
in two patients with lymphoma. The most common drug-related AEs included py-
rexia, nausea, chills, fatigue, headache, pain, blurred vision, cough and diarrhea. In 
the second trial, SGN-CD19A is given every 3 weeks to patients with aggressive 
B-cell NHL (NCT01786135).

5.3.4  Anti- CD70 Immunotoxins

CD70 is a type II integral membrane protein and the ligand for CD27, which belongs 
to the tumor necrosis factor receptor superfamily [74]. This antigen is expressed 
by DLBCL and FL and also by the malignant cells of HL, Waldenström macro-
globulinemia, and multiple myeloma (MM) [75]. It is also aberrantly expressed 
on HTLV-1-associated T-cell lymphoma/leukemia, and EBV-associated malignan-
cies [76]. However, this molecule has highly restricted expression in normal tissue. 
CD70 has been regarded as a novel potential therapeutic target for lymphoid malig-
nancies. Two ADCs targeting CD70, SGN-75 and MDX-1203, are currently being 
investigated in phase I studies (NCT01015911, NCT00944905).

5.3.4.1  MDX-1203

MDX-1203 (Bristol-Myers Squibb) is a fully human anti-CD70 antibody conjugat-
ed to MED-2460 (duocarmycin), a CC-1065 (rachelmycin) analogue, via a cleav-
able peptide-based linker [77, 78]. MED-2460 is an inactive prodrug. Upon inter-
nalization, MED-2460 is released and binds to double-stranded B-DNA within the 
minor groove, thereby alkylating the—3 position of adenine, which may inhibit cel-
lular proliferation of tumor cells. The cytotoxic activity of MDX-1203 is dependent 
on cleavage of the linker by lysosomal proteases. Study of MDX-1203 in patients 
with advanced/recurrent clear cell renal cell carcinoma and relapsed/refractory B-
cell NHL has been completed (NCT00944905).

5.3.4.2  SGN-75

SGN-75 (Seattle Genetics, Inc.) consists of anti-CD70 the antibody h1F6 conju-
gated to the duocarmycin-based toxin MMAF through a plasma-stable linker [79, 
80]. Upon binding to CD70, SGN-75 internalizes and releases cysmc MMAF 
which binds tubulin and induces G2/M arrest and apoptosis. A phase I trial in pa-
tients with renal cell carcinoma and NHL has been completed (NCT01015911) 
[81]. This dose-escalation, multicenter study investigated the safety, tolerability, 
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PK,  pharmacodynamic effects, and antitumor activity of SGN-75 monotherapy in 
patients with CD70-positive metastatic renal cell carcinoma or relapsed/refractory 
NHL. SGN-75 has generally been well tolerated: the MTD has not been reached in 
either dosing schedule and doses up to 3 mg/kg q3wk and 0.6 mg/kg q1wk have 
been tolerated. The most common AEs were found to be fatigue, nausea, dyspnea, 
peripheral edema and thrombocytopenia. Best responses in NHL group were 1 CR 
and 6 stable disease (SD).

5.3.5  Anti-CD79: Polatuzumab Vedotin

Polatuzumab vedotin (PV, DCDTS4501A, RG7596, Genentech Inc.) is an anti-
CD79b mAb conjugated to monomethyl auristatin E (MMAE) designed to target B-
cells. CD79b is a component of the B-cell receptor (BCR) expressed on the surface 
of B-cells in the majority of B-cell lymphoid malignancies. Upon internalization 
and proteolytic cleavage, MMAE binds to tubulin and inhibits its polymerization, 
causes G2/M phase arrest and induces apoptosis. In phase I study, PV demonstrated 
anti-tumor activity and an acceptable toxicity profile in heavily pre-treated patients 
with relapsed/refractory B-cell NHL including FL, DLBCL and mantle cell lym-
phoma (MCL) [Table 5.5; 82]. Polatuzumab vedotin was generally well tolerated. 
The most common grade 3 AEs were neutropenia occurring in 39 % of the patients 
and leukopenia in 12 %. The observed toxicities, neutropenia and peripheral sensory 
neuropathy, were consistent with the known mechanism of action of the study drug 
and were manageable. A recommended dose of 2.4 mg/kg every 21 days (q21d) was 
established for phase II clinical trials. Among 17 patients treated at clinically rel-
evant doses ≥ 1.8 mg/kg, 8 displayed an objective response to polatuzumab vedotin 
monotherapy with evidence of durable responses.

Recently, updated results were published regarding the treatment of a group of 
patients with refractory/relapsed DLBCL and indolent NHL with 1.8 mg/kg polatu-
zumab vedotin, with or without 375 mg/m2 q21d rituximab, as well as an 2.4 mg/
kg expansion cohort [83]. Sixty patients received polatuzumab vedotin at doses of 
1.8 mg/kg–2.4 mg/kg or polatuzumab vedotin + rituximab. The PV + rituximab 
safety profile was similar to PV monotherapy. DCDTS4501A and the DCDT-
S4501A + rituximab combination were generally well-tolerated. Treatment-related 
AEs included neutropenia, diarrhea, nausea, pyrexia, peripheral neuropathy, periph-
eral sensory neuropathy and hypokalemia. The median PFS for DLBCL patients 
treated with PV or PV+ rituximab was 149 days and the median PFS for indolent 
NHL was 241 days. Additional studies of PV combined with immunochemotherapy 
are being planned.

5.3.6  Anti-CD30: Brentuximab Vedotin

Brentuximab vedotin (BV, Adcetris®, SGN-35; Seattle Genetics) is a next-gener-
ation ADC comprising the antibody cAC10, specific for human CD30, covalently 
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attached to the microtubule-disrupting agent monomethyl auristatin E (MMAE) via 
a protease-cleavable linker [84]. CD30 is a transmembrane glycoprotein receptor 
and is a member of the tumor necrosis factor receptor superfamily. After binding 
with CD30 on the surface of malignant cells, the BV-CD30 complex is internalized 
into a lysosome where enzymatic linker cleavage releases MMAE. Subsequently, 
MMAE disrupts the microtubules and spindle and causes G2/M cell cycle arrest 
and apoptosis. A Phase II clinical trial to evaluate the efficacy and safety of BV as 
a single agent in relapsed or refractory patients with CD30-positive NHL is ongo-
ing (NCT01421667). This study also evaluates the safety and efficacy of BV in 
combination with rituximab in patients with relapsed or refractory DLBCL. Interim 
results in patients with DLBCL and primary mediastinal B-cell lymphoma (PMBL) 
has been recently reported [Table 5.5; 85]. In an interim analysis of 62 patients, 
compelling antitumor activity has been observed with BV. Of the 43 evaluable 
DLBCL patients, 40 % achieved an objective response, including 7 CR and 10 PR. 
The median PFS duration was 36 weeks. No correlation between CD30 expres-
sion and response rate was observed. The most frequently occurred AEs included 
fatigue, nausea and neutropenia, pyrexia, diarrhea, peripheral sensory neuropathy, 
vomiting, anemia and constipation

5.3.7  Anti-CD37: IMGN529

CD37 is a member of the tetraspanin superfamily of cell surface antigens, which are 
considered as a target for B cell malignancies, and is expressed by most B-cell ma-
lignancies [86]. It has been found to be significantly expressed on neoplastic cells 
of patients with CLL, HCL and NHL. In B-cell NHL, CD37 expression is observed 
in aggressive NHL, like Burkitt lymphoma, mantle cell lymphoma (MCL), FL and 
small lymphocytic lymphoma (SLL) [87]. However, it is absent or minimally ex-
pressed on CD10+ precursor B- cells in the bone marrow, terminally differentiated 
plasma cells, normal T cells, NK cells and myeloid cells—monocytes and granulo-
cytes. CD37 is selectively expressed on normal mature B-cells and by most B-cell 
malignancies; these all demonstrate higher levels of CD37 expression than CD20. 
CD37-directed antibody-drug conjugates have been recently explored by Deckert 
et al. [88].

IMGN529 is a novel anti-CD37 K7153A antibody conjugated to the maytansinoid, 
DM1, a potent anti-microtubule agent, via the thioether linker, SMCC (succinimidyl-
4-(N-maleimidomethyl)cyclohexane-1-carboxylate). IMGN529 combines the intrin-
sic proapoptotic and immune effector activities of its anti-CD37 antibody component 
with the cytotoxic potency of its DM1 maytansinoid payload through apoptosis in-
duction, ADCC, and CDC. IMGN529 was found to exhibit enhanced cytotoxicity 
against lymphoma cell lines, and induces G2/M cell cycle arrest following internal-
ization and lysosomal processing to lysine-Nε-SMCC-DM1, the sole intracellular 
maytansinoid metabolite.

Beckwith et al. developed a transgenic mouse model over-expressing human 
CD37 exclusively in B cells [89]. IMGN529 was evaluated in double transgenic 
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mice characterized by the development of a CLL-like disease with hCD37+ leu-
kemic cells in the peripheral blood and lymphoid organs. In this model, IMGN529 
rapidly eliminated peripheral blood leukemia and improved overall survival. 
IMGN529 is directly cytotoxic to human CLL in vitro, depletes B-cells in the whole 
blood of the patient, and promotes their destruction by macrophages and NK cells. 
These results demonstrate the value of the novel human CD37 transgenic mouse 
model for evaluating anti-human CD37 therapeutics, and highlight the potential of 
IMGN529 for the treatment of CLL and other CD37-positive B-cell malignancies. 
IMGN529 was highly active against subcutaneous B-cell tumor xenografts in SCID 
mice with comparable or better activity than rituximab, CVP or bendamustine. In 
human blood cells, IMGN529 application resulted in potent and specific depletion 
of normal and CLL B cells and leukemic cells from CLL patients. IMGN529 ap-
pears to be a useful agent for the treatment of CD37-positive B-cell malignancies. A 
phase I study of IMGN529 in patients with relapsed or refractory NHL is ongoing 
(NCT01534715).

5.4  Immunotoxins for T-Cell Lymphoid Malignancies

T-cell lymphoid malignancies are a heterogeneous group of T-cell neoplasms aris-
ing from post-thymic mature T-cells. Compared with B-cell lymphomas, T-cell 
lymphomas are uncommon and account for 10–15 % of all NHL. In addition, there 
is a marked geographical variation in incidence of these disorders. Different T-cell 
lymphoma subtypes require different treatment approaches. Recently, novel treat-
ments for T-cell lymphomas including new cytotoxic agents, monoclonal antibod-
ies, epigenetic modifier and immunotoxins represent available treatment options 
[Table 5.6; 90].

5.4.1  Brentuximab Vedotin

Brentuximab vedotin is well tolerated and highly active in patients with refrac-
tory anaplastic large-cell lymphoma (ALCL). Systemic ALCL is a mature T cell 
lymphoma with characteristic morphological, immunophenotypic and cytogenetic 
features and constitutes approximately 2–3 % of all lymphoid neoplasms. The cur-
rent WHO classification includes anaplastic lymphoma kinase (ALK)-positive and 
ALK-negative variants. The activity of BV was evaluated in immunologically de-
ficient mice with human ALCL xenografts [91]. This agent was active at 1–3 mg/
kg, which was lower than the maximum tolerated dose of approximately 100 mg/
kg. Systemic ALCL is a CD30-positive aggressive subtype of mature T-cell lym-
phoma. For patients with relapsed ALCL, outcomes are poor, with a median OS of 
7.0 months [92]. Brentuximab vedotin was evaluated in a phase II multicenter trial 
in 58 patients with relapsed or refractory systemic ALCL after at least one prior 
therapy (Table 5.6) (NCT00866047) [93, 94]. Patients received BV at a dose of 
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1.8 mg/kg intravenously every 3 weeks over 30 min. Of 58 patients treated in the 
study, the OR rate was 86 %, and CR was noted in 59 % of the patients. The median 
duration of OR was 12.6 months while CR was 13.2 months. Grade 3 or 4 AEs were 
neutropenia (21 %), thrombocytopenia (14 %), and peripheral sensory neuropathy 
(12 %). The updated results of the study have been presented recently [Table 5.6; 
94]. At the time of the analysis, the median observation time from the first dose 
of BV was 33.4 months. The median duration of response was 13.2 months for all 
patients and 26.3 months for patients who obtained a CR. The median PFS for all 
patients was 14.6 months and the estimated 3-year OS rate was 63 %. A randomized 
phase III study has been initiated to evaluate the effectiveness of BV in combina-
tion with cyclophosphamide, doxorubicin, and prednisone for frontline treatment of 
CD30-positive mature T-cell lymphomas (NCT01777152).

The safety and antitumor activity of BV administered as a retreatment option for 
patients who had previously achieved an objective response with prior BV treat-
ment have been recently reported [95]. Eight patients with systemic ALCL were 
retreated and three patients were retreated twice. The objective response rate in sys-
temic ALCL patients who received BV retreatment was 88 %, including 63 % CR. 
The estimated median duration of response for ALCL patients was 12.3 months and 
the median PFS 12.9 months. Three systemic ALCL patients were retreated twice. 
One patient achieved a CR and two patients achieved a PR with both retreatment 
experiences. In August 2011, BV received accelerated approval for the treatment of 
systemic ALCL.

The phase II open-label clinical trial found that BV is active against mycosis 
fungoides (MF) and other CD30+ cutaneous T-cell lymphomas [96]. In this study, 
48 patients with lymphomatoid papulosis (LyP) and primary cutaneous ALCL (pc-
ALCL) or CD30+ MF were included. The criteria for inclusion comprised the pres-
ence of skin lesion expression of CD30, more than 10 LyP lesions, one or more 
tumors, and the need for systemic therapy. Brentuximab vedotin was given i.v. at 
1.8 mg/kg every 21 days. Patients achieving a CR received two additional doses, 
while those achieving PR after eight cycles could receive up to 16 doses. Overall 
response was achieved in 34 (71 %) patients, including CR in 17 (35 %). The OR 
rate for 28 patients with MF was 50 %. Median PFS was 1.68 years from first dose. 
The most common AE of any grade was peripheral neuropathy, observed in 29 of 
48 (60 %) evaluated patients.

5.4.2  Denileukin Diftitox

Denileukin diftitox (DD, DAB 486-IL2; Ontak®, Eisai Inc., Seragen, Inc.) is a re-
combinant fusion product of an amino-terminal methionine: the first 386 amino 
acid residues of mature diphtheria toxin fused to amino acid residues 1-133 of hu-
man IL-2 [97, 98]. Denileukin diftitox selectively binds to high-affinity interleu-
kin-2 (IL-2) receptors (IL-2Rs) that are expressed on activated normal and ma-
lignant lymphocytes. Upon internalization and acidification, denileukin diftitox is 
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proteolytically cleaved within the endosomes to liberate the enzymatically-active 
portion of the diphtheria toxin. The fragment of diphtheria toxin is translocated 
across the endosomal membrane into the cytosol, where it inhibits protein synthe-
sis via ADP-ribosylation of elongation factor-2, ultimately resulting in cell death. 
CD25 antigen, an interleukin-2 (IL-2) receptor alpha-chain, is expressed on the sur-
face of CLL cells in 30–50 % of patients and at a higher density than on normal B 
cells.

Denileukin diftitox has been shown to be a useful agent in the treatment of pa-
tients with persistent or recurrent cutaneous T-cell lymphoma (CTCL) despite other 
therapeutic interventions. In these patients, the response rates ranged from 30 to 
50 % [Table 5.6; 99, 100]. Denileukin diftitox showed meaningful and durable ef-
fects on the response rate. Patients receiving DD 9 μg/kg/day had OR rates between 
23 % and 38 %. Patients receiving 18 μg/kg/day demonstrated higher response rates 
ranging between 36 % and 49 %. The median duration of response lasted between 
2.7 and 46.1 months.

Recently, Duvic et al. found the duration of response in CTCL patients treated 
with denileukin diftitox who experienced PR or CR in 3 phase III studies to be 
277 days vs. 81 days using placebo [101]. The duration of response was longer in 
patients who developed capillary leak syndrome (CLC) than in the patients without 
this complication (619 vs. 267 days, respectively) but the difference was not signifi-
cant ( P = 0.28). Nausea, pyrexia, fatigue, CLS, and rigors were the most frequent 
adverse events. Importantly, denileukin diftitox may bestow a clinically meaningful 
benefit in patients with CTCL who relapsed after an initial response to the drug 
[102]. In a phase II study, the safety and efficacy of a combination of DD and cyclo-
phosphamide, doxorubicin, vincristine and prednisone (CHOP) was determined in 
49 patients with newly diagnosed peripheral T-cell lymphoma (PTCL) [Table 5.6; 
103]. The patients received DD 18 μg/kg/day on days 1 and 2 with CHOP on day 3, 
every 21 days for 6–8 cycles. The OR rate was 65 % with the median duration of re-
sponse 30 months and median PFS 12 months The most frequent treatment-related 
grade three or higher AEs were lymphopenia (24.5 %) and neutropenia (20.4 %).

5.4.3  A-dmDT390-bisFv (UCHT1)

A-dmDT390-bisFv(UCHT1) is a bivalent anti-T cell immunotoxin consisting of 
1-390 amino acid residues of the chain A diphtheria toxin (DT) joined via a spacer 
to the Fv fragment of UCHT1, which is connected to a second UCHT1 Fv fragment 
via a disulfide bond. This immunotoxin selectively kills CD3ε-positive T cells. The 
addition of the second Fv fragment overcomes the steric hindrance of immuno-
toxin binding due to the large N-terminal DT domain [104]. The maximum tolerated 
dose, pharmacokinetics and immunogenicity of A-dmDT390-bisFv(UCHT1) have 
been evaluated in studies based on rat and squirrel monkey models [105]. Both 
animal species received 0, 2.5, 25 or 56.25 μg/kg of A-dmDT390-bisFv(UCHT1) 
intravenously twice daily for four consecutive days. Transient elevation of liver 
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transaminases, transient lethargy, inappetence and weight loss were noted in the 
groups receiving high doses. The MTD of 200 μg/kg was found to be a dose suf-
ficient for anti-tumor activity in vitro and in a rodent model. Phase I/II study in 
patients with surface CD3+ malignant T cell diseases is ongoing (NCT00611208).

5.5  Hodgkin Lymphoma

Hodgkin lymphoma (HL) arises from the germinal center and the post-germinal 
center B-cells, with tumors composed of a minority of neoplastic (Reed-Sternberg) 
cells in an inflammatory background of a variable number of lymphocytes, eosino-
phils, neutrophils, macrophages/histiocytes, plasma cells, fibroblasts, and collagen 
fibers. The crude incidence of HL in the European Union is 2.3 and the mortality 
is 0.4 cases/100 000/year. In the USA, 9190 new cases and 6250 deaths from HL 
were estimated in 2014 [6]. From an immunophenotypic perspective, virtually all 
classical Hodgkin lymphoma Reed-Sternberg cells express CD30, a marker that is 
very useful for the diagnosis of HL [106]. Classical HL is a highly curable cancer 
with long-term survival exceeding 80 % [107]. However, depending on the initial 
stage and on various prognostic features, up to 30–40 % of patients can relapse after 
frontline therapy.

Brentuximab vedotin represents an option in patients failing autologous stem 
cell transplantation (ASCT). A pivotal phase II study included 102 HL patients who 
had failed ASCT, 71 % of whom had relapsed within 1 year of ASCT [Table 5.6; 
[108, 109]. All received 1.8 mg/kg BV every 3 weeks as a 30-min outpatient i.v. 
infusion for a maximum of 16 cycles. The patients received a median of 9 cycles of 
BV for up to 16 cycles, resulting in an overall response rate of 75 % with a 34 % CR. 
The median duration of response was 6.7 months for responders and 20.5 months 
for complete responders. Brentuximab vedotin has a modest toxicity profile, with 
peripheral sensory neuropathy being one of the most clinically significant side ef-
fects, and this is largely reversible. Brentuximab vedotin-induced peripheral neu-
ropathy was primarily sensory, although motor neuropathy has also been observed. 
The most common adverse events apart from peripheral neuropathy, were nausea, 
fatigue, neutropenia, and diarrhea. The findings of approximately 3 years of follow 
up study from this ongoing trial were recently presented, including characterization 
of patients who experienced long-term remissions [109]: the median observation 
time from first dose of BV was found to be 32.7 months. Fifty one (50 %) of the pa-
tients were alive and the median OS was 40.5 months. Fourteen patients remained 
in remission and were not treated with a new anti-cancer therapy, excluding five 
patients who received consolidative allo-SCT.

Retreatment with BV monotherapy was evaluated in patients with HL who re-
lapsed after achieving CR or PR with initial therapy in a previous study [110]. 
Twenty-one patients with HL were retreated with 1.8 mg/kg BV intravenously ap-
proximately every 3 weeks over 30 min as an outpatient infusion. The objective 
response rate was 60 %, including 30 % CR, while the estimated median duration of 
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response was 9.5 months. Retreatment with BV was associated with a higher rate of 
peripheral motor neuropathy, than seen in previous trials. Recently, a randomized 
phase III study has been initiated to evaluate BV in combination with AVD (doxo-
rubicin, vinblastine, and dacarbazine) versus ABVD (doxorubicin, bleomycin, vin-
blastine, and dacarbazine) for frontline treatment of HL (NCT01712490). Brentux-
imab vedotin has received accelerated approval from the FDA for the treatment of 
classical HL that has relapsed either after ASCT or after two lines of combination 
chemotherapy in patients ineligible for ASCT [111].

5.6  Immunoconjugates for Multiple Myeloma

Multiple myeloma is an incurable neoplastic disease characterized by clonal prolif-
eration of plasma cells in the bone marrow. In 2014, a total of 24,050 new cases and 
11,090 deaths from multiple myeloma were estimated in the USA [6]. However, the 
incidence of MM is known to vary according to ethnicity. The use of novel targeted 
agents alone, or in combination with novel or high-dose conventional therapies, 
has improved the clinical outcome of MM patients. Despite the evolution of effec-
tive frontline treatment strategies, patients who enter clinical remission eventually 
relapse and become refractory to treatment. The established success of mAbs in the 
treatment of several neoplastic diseases has promoted interest in developing anti-
body-based therapies for MM, including antibodies conjugated to potent cytotoxic 
moieties [112]. Three such immunoconjugates which target cell surface proteins 
found on MM cells are currently in clinical development (Table 5.7). Milatuzumab-
doxorubicin (MD) is an anti-myeloma ADC consisting of milatuzumab, a human-
ized anti-CD74 mAb, conjugated to the anthracycline antibiotic doxorubicin. Inda-
tuximab ravtansine (IR) is an anti-CD138 antibody-maytansinoid conjugate. The 
third anti-MM immunoconjugate is lorvotuzumab mertansine (LM), which targets 
the neural cell adhesion molecule, CD56, expressed on the majority of myeloma 
cells [113].

5.6.1  Milatuzumab-Doxorubicin Antibody-Drug Conjugate

CD74 is an integral membrane protein and tumorassociated antigen (TAA). This 
molecule is an attractive target for ADC because it internalizes and recycles after 
antibody binding [114]. Milatuzumab-doxorubicin (hLL1-DOX, Immunomedics 
Inc.) is an immunoconjugate consisting of milatuzumab, a humanized anti-CD74 
mAb conjugated to the anthracycline antibiotic doxorubicin. It selectively binds 
to CD74 on MM cell surfaces. After internalization, the doxorubicin moiety is re-
leased, where it intercalates between base pairs in the DNA helix and inhibits topoi-
somerase II. In consequence, doxorubicin prevents DNA replication and increases 
double-strand breakage, thus inhibiting the proliferation of cells which overexpress 
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CD74. Milatuzumab-doxorubicin is the first anti-CD74 immunoconjugate to enter 
clinical trials. A phase I/II study of MD for safety and tolerability in patients with 
MM is ongoing (NCT01101594).

5.6.2  Indatuximab Ravtansine

CD138 (Syndecan-1) is expressed on normal plasma cells, with no expression on 
other hematopoietic stem cells [115]. In addition, CD138 represents one of the most 

 Table 5.7  Clinical trials evaluating antibody drug coniugates and immunotoxins in multiple 
myeloma
Study Treatment 

regimens
Patients 
character-
istics

N Efficacy Adverse events

Heffner 
et al. 2012 
[119]

BT062 40 mg/
m2–160 mg/m2 
days 1, 8, and 15, 
every 4 weeks

Relapsed 
or 
relapsed/
refractory 
MM

23 PR—1 pt 
SD—11pts 
PFS—112 
(90–245) 
days

The most frequently reported 
AEs: anemia, diarrhea, 
fatigue

Kelly et al. 
2013 [121]

BT062 80 mg/
m2–120 mg/m2 
(days 1, 8, and 15, 
every 4 weeks) 
+ Lenalidomide 
(25 mg, daily 
on days 1–21) + 
Dexamethasone 
(40 mg on days 1, 
8, 15, and 22)

Relapsed/
refractory 
MM

15 OR—78 % 
(CR 1 pt, 
very good 
PR 1pt, PR 
5 pts, SD 
2pts)

The most common AEs: 
fatigue, hypokalemia, 
diarrhea

Chanan-
Khan et al. 
2010 [125]

IMGN901 
40–140 mg/m2/
week

CD56+ 
relapsed/
refractory 
MM

37 OR—5 pts 
(2 partial 
responses 
and 3 
minimal 
responses)

Fatigue, renal failure, 
weakness

Berdeja 
et al. 2012 
[126]

IMGN901 (Days 
1, 8, 15 every 28 
days) + Lenalido-
mide (25 mg) 
days 1 to 21 
every 28 days + 
dexamethasone 
(40 mg) (Days 
1, 8, 15, and 22 
every 28 days)

CD56+ 
relapsed/
refractory 
MM

44 OR—59 
CR—1pt 
VGPR—8 
pts PR—9 
pts

Peripheral neuropathy in 
most cases in cycles > 3, 
neutropenia,hyperuricemia, 
tumor lysis 
syndrome,neutropenia, 
thrombocytopenia, anemia, 
hemolytic anemia, and LDH 
increase

AE adverse event, NHL non Hodgkin’s lymphoma, NR not reported, OR overall response, PFS pro-
gression free survival, PR partial response, SD stable disease, VGPR very good partial remission



5 Antibody-Drug Conjugates and Immunotoxins for the Treatment … 119

specific target antigens for identification of MM cells. Its expression on MM cells is 
significantly higher than on normal plasma cells. Moreover, CD138 is highly over-
expressed on various solid tumors including ovarian carcinoma, subtypes of lym-
phoma and leukemia, and neuroendocrine tumors such as Merkel cell carcinoma. 
Anti-CD138 immunoconjugates significantly inhibit growth of MM cell lines and 
primary tumor cells from MM patients.

Indatuximab ravtansine (BT062, Biotest AG Dreieich, Germany) is an anti-
CD138 antibody-maytansinoid conjugate comprising the anti-CD138 chimerized 
mAb nBT062 and the maytansinoid DM4 as cytotoxic agent, joined through a di-
sulfide linker [116]. It was developed by Biotest AG as a primary diagnostic marker 
for multiple myeloma [117]. After the binding of IR to CD138, the conjugate is 
internalized and releases DM4, leading to the death of a target cell [118]. As previ-
ous preclinical and early clinical studies of IR have shown this agent to have signifi-
cant anti-myeloma activity, particularly after combination with lenalidomide and 
dexamethasone, a prospective, open label, dose-escalation phase I/IIa study was 
initiated to evaluate the safety and efficacy of IR in combination with lenadomide 
and dexamethasone (Table 5.7) (NCT00723359) [119–122]. Treatment cycles were 
repeated until progression of the underlying disease or occurrence of unacceptable 
toxicities. The overall response rate was 78 % among nine patients evaluated for 
efficacy, including one patient with CR receiving a dose of 120 mg/m2. The MTD 
has been established as 100 mg/m2. The most common AEs were diarrhea, fatigue 
and hypokalemia. The available data indicate that IR is well tolerated, both when 
administered as a single agent and as part of a combination regimen, at doses of up 
to 100 mg/m².

5.6.3  Lorvotuzumab Mertansine

CD56 is a member of the immunoglobulin superfamily of cell surface adhesion 
glycoproteins, originally identified by its role in neural cell adhesion and migration. 
It is expressed in up to 78 % of multiple myelomas [122, 123].

Lorvotuzumab mertansine (LM, IMGN901, ImmunoGen) is an antibody-drug 
conjugate composed of a humanized IgG1 version of the N901 (huN901) anti-
CD56 antibody, lorvotuzumab, linked via a cleavable disulfide linker to the tubulin-
binding maytansinoid DM1 [124]. DM1 is a synthetic derivative of maytansine, an 
ansa macrolide, that binds to tubulin at the vinca alkaloid-binding site, leading to 
inhibition of microtubule assembly and cell proliferation, and then to cell death. 
This agent displays antitumor activity in preclinical models of multiple myeloma. 
Lorvotuzumab mertansine can be also potentially useful in such other malignancies 
as small-cell lung cancer, Merkel cell carcinoma, and other cancers of neuroendo-
crine origin.

Lorvotuzumab mertansine has demonstrated single agent clinical activity and 
an acceptable safety profile in relapsed/refractory multiple myeloma patients (Ta-
ble 5.7). In a phase I study of MM, the MTD of single-agent LM was 112 mg/
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m² [125]. The results from a phase I study demonstrated that combination therapy 
incorporating LM with revlimid and dexamethasone is effective for relapsed and 
refractory MM patients [126]. Lorvotuzumab mertansine was administered intra-
venously at doses of 75 mg/m2–112 mg/m2 once per week for 3 weeks in a 4-week 
treatment cycle. In addition, all patients received 25 mg revlimid orally on days 
1–21, as well as 40 mg dexamethasone orally once per week. Patients were treated 
until disease progression or the development of unacceptable side effects. Of the 44 
patients enrolled, 41 were evaluable for safety. Peripheral neuropathy was the most 
common AE and occurred in 100 % of the patients receiving the drug at doses of 90 
and 112 mg/m2. The OR rate was 59 %, including one patient with CR. The MTD 
was established as 75 mg/m2 when administered daily for 3 consecutive days every 
3 weeks.

5.7  Conclusions

Immunoconjugates are composed of an antibody, or an antibody fragment, and a 
toxin portion. Major advances in the efficacy and safety of immunotoxins have 
been achieved by incorporating highly potent drugs and using stable linkers to bet-
ter exploit the half-life of the mAb component of these drugs. Recent clinical data 
has clearly demonstrated that new generations of ADCs and immunotoxins have 
improved clinical activity and safety.

A major advance in the development of immunoconjugates resulted from the 
incorporation of highly potent cytotoxins such as calicheamicins, maytansinoids, 
auristatins, and duocarmycins into new agents. In addition, recombinant immuno-
toxins containing only the Fv fragment of the antibodies fused to a truncated toxin 
have been developed. This new approach will probably have a major impact on the 
treatment of lymphoid and myeloid malignancies. Responses have been observed in 
many patients, and additional studies are now required to define the optimal dose, 
schedule, and proper combinations for particular diseases.

However, the clinical development of immunoconjugates has been hindered by 
a variety of problems, including poor antigen specificity, nonspecific toxicities, im-
munogenicity and induction of antibody formation, and difficulties in their produc-
tion. Nevertheless, over 25 immunoconjugates are currently under clinical develop-
ment for use in hematologic malignancies, and the data emerging from clinical trials 
will provide a critical insight into the design of the next generation of immunocon-
jugate therapy.
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Abstract Immunotoxins are therapeutic molecules that belong to a class of bio-
pharmaceuticals called “Armed antibodies”. Immunotoxins are based on very 
potent toxins of bacterial or plant origin that lack target-cell specificity. To make 
them target-cell-specific, the non-specific cell binding domains of the original tox-
ins are replaced with a target-cell-specific binding protein, in most cases a mono-
clonal antibody or a recombinant antibody fragment. The most clinically-advanced 
immunotoxins are currently being evaluated in phase II and III clinical studies. Like 
other targeted and non-targeted therapeutics, immunotoxins too suffer from several 
limitations that may hinder their therapeutic efficacy. Such limitations include, but 
are not limited to immunogenicity, modification of the extracellular target to which 
the targeting antibody binds, modification of the intracellular target upon which the 
toxin acts to cause cell growth inhibition, and insufficient potency as single agents 
and off-target toxicity, where non-target cells and organs are affected by the immu-
notoxin, severely impairing its therapeutic index. This chapter is devoted to a group 
of immunotoxins in which the toxic moiety is derived from exotoxin A (PE) of the 
bacterium Pseudomonas aeruginosa. The limitations to the efficacy of PE-based 
immunotoxins, as well as potential solutions for overcoming such limitations, will 
be presented. Chapter 2 of this book: “Resistance of tumor cells against antibody-
targeted protein toxins” by Ulrich Brinkmann et al. is focused on factors that influ-
ence the sensitivity or potential resistances of cancer cells towards recombinant 
immunotoxins which carry truncated and/or mutated derivatives of Pseudomonas 
exotoxin as cytotoxic payloads.

Keywords Immunotoxin(s) · Pseudomonas exotoxin A · Immunotoxin · 
Monoclonal antibody · Immunogenicity · De-immunization
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ADC Antibody-drug conjugate
APCs Antigen presenting cells
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ATL Adult T-cell leukemia
BBB The blood brain barrier
CED Convection-enhanced delivery
CLL Chronic lymphocytic leukemia
CTCL Cutaneous T-cell lymphoma
dsFv Disulfide-stabilized Fv fragment of an antibody
DT Diphtheria toxin; E. coli, Escherichia coli bacteria
EGFR Epidermal growth factor receptor
GBM Glioblastoma multiforme
HCL Hairy cell leukemia
IL-13 Interleukin 13
IL-13R Receptor for IL13
IL-4 Interleukin 4
IL-4R Receptor for IL4
IT Immunotoxin
LeY LewisY carbohydrate antigen
mAb Monoclonal antibody
NSAIDs Non-steroidal anti-inflammatory drugs
PBMCs Peripheral blood mononuclear cells
PDAC Pancreatic ductal adenocarcinoma
PE (or ETA) Pseudomonas exotoxin A
PEG Polyethylene glycol
RICs Antibody-radionuclide conjugates (radioimmunoconjugates)
RIP Ribosome-inactivating protein
scFv Single-chain Fv fragment of an antibody
VLS Vascular leak syndrome

6.1  Introduction

Many organisms living in nature are known to produce and secrete poisonous sub-
stances to their local environment. These toxins appear as secondary metabolites and 
virulence factors originating from animals/plants/bacteria and usually play notable 
roles in defense/prey strategies, necessary for maintaining the fitness and survival 
of the organism. Natural toxinsvary, with a wide range of chemical composition and 
molecular size, aiming at different cellular targets and operating in mechanisms of 
action. They have been perfected during evolution for efficient harming of potential 
enemies; some of them are lethal even in minute doses.

The majority of natural protein toxins can be classified into three groups by their 
mechanism of intoxication: (1) disruption of cell integrity, (2) disruption of electri-
cal activity of the cell, and (3) disruption or interference with cellular processes 
mediated by enzymatic activity.

During the last three decades, monoclonal antibodies (mAbs) have become ma-
jor promising “players” for anti-cancer therapy. Most of the approved mAbs, a little 
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over 30, inhibit growth of target cells by recruiting immune effector mechanisms 
or by interfering with a cell-survival signal transduction pathway, However, the 
majority of antibodies does not show sufficient cell-killing effects in their native 
“naked (un-armed)” form, and, thus, can only be used as “guided missiles”, deliver-
ing a lethal cargo to the target cells to enhance killing activity [1]. These antibody-
drug complexes (immunoconjugates) may bear a variety of potential killing agents 
and are usually classified into four groups: (1) antibody-radionuclide conjugates 
(RICs)—designed to deliver a sufficiently high dose of radiationlocally to eradicate 
the tumor while sparing the surroundingnormal tissue; (2) antibody—small-mol-
ecule drug conjugates (ADCs)—designed to selectively deliver potent anticancer 
drugs and, thus, improve their therapeutic index; (3) antibody-protein toxin conju-
gates (immunotoxins, ITs)—recombinant fusion proteins composed of antibodies 
and plant or bacterial-derived toxins; and (4) antibody–enzyme conjugates—de-
signed to be administrated with prodrugs to provide them the required metabolism 
and activate the drug locally [2].The combination of antibody-provided specific tar-
geting and a highly potent cytotoxic agent in a single molecule enables the crucial 
discrimination between healthy and cancer cells within the body. Another promi-
nent advantage of immunoconjugates over the free drug is in their large molecular 
dimensions that provide them with in vivo stability, leading to a prolonged thera-
peutic effect [3]. In general, immunoconjugates suffer from several limitations such 
as immunogenicity, sub-optimal pharmacokinetics and biodistribution properties or 
decomposition before being delivered (premature cargo release)—all these are only 
several examples of challenging limitations. Thus, currently only three mAb-based 
immunoconjugates have been approved by the FDA: two murine radiolabeled anti-
CD20 mAbs for treatment of B-cell lymphomas (ibritumomabtiuxetan and tositu-
momab) and humanized anti-CD33 antibody-drug conjugate for the treatment of 
leukemia (gemtuzumabzogamicin) [4].

In this chapter, we will focus on representatives from the immunotoxins group 
with a focus on the most clinically-advanced group, Pseudomonas exotoxin-based 
immunotoxins.

6.2  Immunotoxins

ITs are targeted toxins in which a specific target or, usually a monoclonal antibody 
or an antibody fragment, replaces the non-specific cell-binding domain of a bacte-
rial or a plant toxin [5]. Many toxins were evaluated as candidates for develop-
ment as ITs, still, the field is dominated by two bacterial ADP ribosylating toxins, 
Pseudomonas exotoxin and diphtheria toxins, and by one representative of the plant 
ribosomal-inactivating proteins (RIPs), ricin toxin. All of these toxins, once their 
catalytic domain reaches the cytosol, inhibit protein synthesis either by inhibiting 
translation elongation (ADP ribosylating toxins) or by inactivating eukaryotic ribo-
somes (RIPs), eventually leading to cell death [5].

The first generation of ITs, created in the mid to late 1980s, were composed 
of intactIgGs that werelinked to full-length toxins by disulfide bonds. These ITs 
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suffered from an enormous size, heterogeneous composition and lack of specificity, 
making them limited in their ability to penetrate into solid tumors. The second gen-
eration of ITs, investigated from the mid 1980s to the early 1990s, were composed 
of truncated versions of toxins that lack a cell binding domain that were chemi-
cally conjugated to a targeting moiety. The development of the third generation 
of ITs (recombinant ITs, RITs), started in the early 1990. This development was 
made possible due to break through in recombinant DNA and protein engineering 
technologies, and consisted of atoxin-encoding DNA sequence fused to the antigen-
encoding DNA sequence (or antibody fragment, particularly variable region of the 
antibody engineered as a single chain Fv) on the same Expression vector and were 
mostly expressed in E.coli bacteria. These conjugates were much smaller in size 
and homogeneous [3]. Early recombinant RITs used mAb variable regions of the 
heavy and light chains in the single chain format (scFv) that were connected by a 
15-amino acid peptide linker [6]. Later, to improve stability and binding activity, 
the peptide linker was replaced by a disulfide bond between the heavy and light 
chain Fv fragments (dsFv), and binding affinity was improved by in vitro affinity 
maturation [7].

The critical features of ITs are: (1) the cell-binding domain of the native toxin 
is replaced with an antibody fragment [8, 9]; (2) general size minimization is done 
by removing unnecessary parts of the toxin and by using small antibody fragments 
rather than full-size IgGs—this significantly improves the ability to penetrate into 
solid tumors and also protects Its from degradation by proteases [10, 11]; and (3) 
reducing or eliminating immunogenic epitopes that maybe recognized by the im-
mune system and contribute to rapid neutralization and elimination of the therapeu-
tic molecule [9, 12].

The most commonly used toxins may be divided into two groups by their origin: 
(1) bacterial exotoxins—diphtheria toxin from Corynebacterium diptheriae (DT) 
and Pseudomonas exotoxin A from Pseudomonas aeruginosa (PE); and (2) plant 
toxins—ricin (the prominent member of this group), saporin and pokeweed antivi-
ral protein (PAP). All of the above have been tried in targeting a variety of tumor-
associated surface markers [13, 14].

As this chapter is being written, searching PUBMED using “immunotoxin” as 
a query word returned 5364 hits. There are hundreds of publications related to PE-
based ITs. Our chapter, focusing on limitations to clinical applicability of PE-based 
immunotoxins, cannot be comprehensive enough to allow the citation of most of 
them. We apologize to the authors of studies that were not cited in this chapter.

6.3  Brief Historical Overview of PE-Based ITs

Pseudomonasexotoxin A (abbreviated PE or ETA) is one of the virulent factors that 
are naturally secreted by the Pseudomonas aeruginosa bacterium and helps it in-
vade animal tissues, including the tissues of humans. PE is a polypeptide composed 
of 613 amino acid residues and it belongs to the ADP-ribosylation toxins family. 
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The toxin itself contains three main structural and functional domains: (1) the N-
terminal receptor ® binding domain Ia (aa 1-252) is required for target cell recogni-
tion; (2) domain II (aa 253–364) is responsible for retrograde translocation (T) of 
the toxin through cell membrane into the cytosol; and (3) the catalytic (C) domain 
III (aa 405–613), together with the last amino acids of domain Ib (aa 365–404),is 
the catalytic unit of the protein [8, 15]. After the toxin reaches the blood, carboxy-
peptidases remove the C-terminal lysine (#613) and expose the REDL sequence 
(that functions as a KDEL, ER retrieval sequence). Next (see Fig. 6.1), the toxin 
binds to CD91 (alpha2-macroglobulin receptor) on the cell surface via its cell-bind-
ing domain Ia, followed by the toxin's internalization via clathrin-coated pits into 
early endosomes. Acidification of the endosome leads to PE dissociation from its 
receptor, a conformational change and finally cleavage of the toxin by the cellular 
protease furin (within the furin-sensitive loop in domain II). This cleavage results 
in two products linked by an intradomain disulfide bond. This disulfide bond un-
dergoes reduction and the C-terminal part, comprising part of domain II, domain 
I band domain III travels to the trans-Golgi network, binds to the KDEL receptor 

Fig. 6.1  How PE and PE-based ITs intoxicate cells. a PE or IT binds to their respective cell sur-
face receptors. b They internalize into clathrin-coated pits that fuse with early endosomes, where 
they undergo furin-mediated cleavage and reduction of the interdomain disulfide bond. c The 
C-terminal part (CTD) retro-translocates via Golgi to the ER (d). e The CTD is further translocated 
from the ER to the cytosol where it binds to a diphthamide residue on the translation elongation 
factor 2 (EeF-2) and ADP ribosylates it. This step irreversibly-inactivates EeF-2, leading to arrest 
in protein synthesis and eventually to apoptotic cell death
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(via its exposed REDL sequence) and finally routes to the endoplasmic reticulum 
(ER).In the ER, sequences in domain II mediate the translocation of the 37 kDa 
fragment to the cytoplasm via the Sec61p translocon. Once in the cytosol, the cata-
lytic domain III blocks the eukaryotic translation elongation factor 2 (EF2) via an 
ADP-ribosylation mechanism, causing arrest of protein synthesis. This event initi-
ates the apoptotic cascade by lowering Mcl-1 levels and unleashing Bak to promote 
apoptotic death [16–18].

In the early 1980s, Ira Pastan’s group at the NIH pioneered the development of 
PE-based immunotoxins. They were the first to propose the possibility of targeting 
PE to cancer cells by using antibodies. Like other first generation ITs, the first at-
tempt to attach PE to antibody was done chemically, by treatment with iminothio-
lane, which reacts with lysine residues on proteins and generates free sulfhydryl 
groups that are used in the coupling reaction. PE was attached to anti-transferrin 
receptor and anti-Tac antibodies that binds to CD25 on T-cells and T-cell malignan-
cies [19]. Because these antibody-toxin conjugates contained the non-specific cell-
binding domain I, they remained capable of binding healthy cells, thus producing 
side effects in animals, and due to severe hepatotoxicity, clinical trials were little 
pursued. A first-generation PE-based immunotoxin that was tried in patients was 
OVB3-PE [20, 21].

Deletion of domain I was the first step in making the second generation, PE-
based immunotoxins. Structure-function studies of PE that were carried out during 
the same time period have shown that a large part of domain Ib (a.a.365–380) can be 
deleted without effecting cytotoxicity, resulting in a smaller version of the modified 
toxin called PE38 (the name denotes the molecular weight of the protein, i.e. the 
truncated derivate is 38 kDa, while the domain I-deleted toxin is 40 kDa) [22]. To 
facilitate efficient site-specific chemical coupling, a small-lysine containing pep-
tide was appended at the amino terminus (a molecule that was named LysPE38). A 
prototype second domain immunotoxin was a conjugate between the anti LewisY 
(LeY, a carbohydrate antigen widely presented in colon, breast and many other epi-
thelial cancers) carbohydrate antigen B3 mAb and LysPE38. This immunotoxin, 
designated LMB-1, has shown a much better therapeutic window in animals and 
was subsequently tested in phase I clinical studies. Such a clinical trial has shown a 
complete response in a patient with breast cancer and a striking partial response in a 
patient with colon cancer with extensive metastases to retroperitoneal lymph nodes 
[23]. This was a milestone study, since it demonstrated for the first time an antitu-
mor response to an immunotoxin in epithelial tumors. In that study, the maximum 
tolerated dose (MTD) of LMB-1 was 75 µg/kg given intravenously three times 
every other day. The major toxicity was vascular leak syndrome—an example for 
off-target toxicity that will be further discussed below.

Enter the third generation immunotoxins; the immunotoxins that have been de-
veloped since the early 1990s were mostly designed and produced by using molecu-
lar biology techniques and thus were called recombinant immunotoxins (RITs). This 
enabled reducing the size from ~ 200 kDain chemical conjugated immunotoxins to 
63 kDain RITs, and, in this manner, significantly increased penetration into solid 
tumors. The two RITs that were the first to be selected for clinical development 
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were B3 (Fv)-PE38 (LMB-7), targeting LeY, and anti-Tac (Fv)—PE38 (LMB-2),  
targeting CD25.

LMB-7 completed a long series of pre-clinical studies that will be discussed 
below. It underwent a single phase I clinical study (study NCT00003020 in WWW.
clinicaltrials.gov)to testthe effectiveness in treating patients who have leptomenin-
geal metastases. During its preclinical development, this prototypic third generation 
immunotoxin demonstrated limitations that are typical of such molecules, such as 
immunogenicity, instability and off-target toxicity, which will be further discussed 
below. As for LeY as a therapeutic target, a PE-based IT developed by Bristol-Myers 
Squibb, BR96 sFv-PE40, was evaluated preclinically, but later abandoned [24].

Anti-Tac (Fv)—PE38 (LMB-2) is based on mAb Anti-Tac that binds the alpha 
subunit of the IL2 receptor (CD25, the Tac antigen) with high affinity. Many he-
matological malignancies express this receptor at a high level ranging from several 
hundred to a few thousand sites/cell. Daclizumab (trade name Zenapax) is a thera-
peutic humanized anti-Tac mAb antibody that is FDA approved to prevent rejec-
tion in organ transplantation and is undergoing clinical evaluation for treatment 
of multiple sclerosis [25–27]. ITs based on anti-Tac antibody fragments have been 
extensively studied by Ira Pastan’s group and their collaborators since the early 
1990s and have been evaluated in a number of clinical studies. Clinical trials were 
conducted in patients with hairy cell leukemia (HCL), chronic lymphocytic leuke-
mia (CLL), Hodgkin’s disease and cutaneous T-cell lymphoma, showing partial and 
complete responses. Due to the problems of instability and aggregation at 37 °C, 
RITs were designed in away that light and heavy chains of the Fv are held together 
by an engineered disulfide bond. Anti-Tac sdFv-PE38 RITs were also evaluated fol-
lowing such stabilization (see below).

BL22 is an example of a disulfide-linked immunotoxin where the Fv of the anti-
CD22 antibody (RFB4) was linked to PE38. Many B-cell malignancies express the 
CD22 antigen on their cell surface. The development of anti CD22, PE-based ITs 
began with RFB4 (Fv) PE38 [28], which underwent “disulfide stabilization”, result-
ing in BL22. BL22 has shown remarkable activity in drug-resistant HCL in phase 
1 clinical trials.

Another example for a disulfide-stabilized IT is SS1P [SS1 (dsFv) PE38], an 
anti-mesothelin RIT. Mesothelin is a 40-kDa cell surface membrane glycoprotein 
and its biological role in normal mesothelial cells is not clear. While showing lim-
ited expression in normal human tissues, it is known to be a solid tumor antigen 
that undergoes up-regulation in a number of epithelial cancers such as pancreatic, 
ovarian, lung and others [29]. This offers it as an attractive candidate for targeted 
therapy. SS1P was produced by the fusion of anti-mesothelin Fv (SS1) to PE38, a 
38-kDa portion of Pseudomonas exotoxin, improved by affinity maturation and di-
sulfide-stabilization [30–32]. The mechanism of action involves binding to the tar-
get, internalization by endocytosis and cell death by arrest of protein synthesis [9]. 
It is currently being evaluated in a phase I clinical trial in patients with mesothelin 
positive tumors. Currently, two anti-CD22-Pseudomonas exotoxin (PE) immuno-
toxins designed for treatment of B-cell malignancies are undergoing clinical phase 
II evaluation: BL22 [RFB4- (dsFv)-PE38] and its affinity matured version HA22 
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(moxetumomab pasudotox) that was developed due to low activity of the original 
BL22 in some other B-cell malignancies (i.e., CLL, ALL and non-Hodgkin’s lym-
phoma). HA22 has a higher binding affinity for CD22 and greater in vitro potency. 
Phase I trials in patients with hairy cell leukemia ( n = 32) showed that moxetu-
momab pasudotox has a better complete response rate comparing to BL22 (31 vs. 
25 %, respectively). Expanding its application to other hematological malignancies 
is also under evaluation [33].

While the study of PE-based RITs in the continental USA was carried out pri-
marily by Ira Pastan’s group and their collaborators, several groups in Europe have 
also studied similarly constructed RITs. Most of these studies were carried out in 
in vitro or in animal models and will not be discussed in detail here (a partial list of 
such studies can be found in references [34–40]. Winfried Wels and collaborators 
have been studying RITs that target ErbB2 and EGFR since the early 1990s. While 
most of their studies were pre-clinical [41–44], they did carry out a phase I clini-
cal study with the RIT called scFv (FRP5)-ETA. ScFv (FRP5)-ETA is a recombi-
nant single-chain antibody-toxin fusion protein with binding specificity for ErbB2/
HER2. Previous studies from their group demonstrated potent antitumor activity of 
the molecule against ErbB2 overexpressing tumor cells in vitro and in animal mod-
els. The clinical study of scFv (FRP5)-ETA was reported in 2003, summarizing case 
reports from four different clinical centers. Eleven patients suffering from meta-
static breast and colorectal cancers and from malignant melanoma were treated on a 
compassionate use basis by intratumoral injection of scFv (FRP5)-ETA into cutane-
ous lesions once daily for 7–10 days. Treatment caused the injected tumors to shrink 
in six of the tencases evaluated (60 %). Complete regression of injected tumor nod-
ules was accomplished in four patients (40 %), and partial reduction in tumor size in 
another two patients (20 %). The authors suggested that their results demonstrated 
that local therapy with scFv(FRP5)-ETA can be effective against ErbB2 expressing 
tumors, justifying further clinical development of this reagent [45].

Despite success in treating hematologic malignancies, the therapeutic application 
and, in fact, the FDA approval of RITs has been hindered by a number of obstacles: 
immunogenicity of the murine antibody, immunogenicity of the protein toxin and of 
the targeting antibody, rapid clearance from the blood stream and systemic toxicity 
at very low doses (the maximum tolerated dose achievable with such immunotoxins 
is about 0.05 mg/kg). The combination of rapid clearance and low dose limits them 
from use in solid tumors. Biodistribution studies show that only negligible amounts 
of intravenously administrated RITs reach the tumor tissue (< 0.01 % of the injected 
dose per gram of tumor) and, thus, it is unlikely that therapeutic concentrations of 
such RITs can be delivered to solid tumors. In addition, recent trials have shown 
that despite toxin-mediated inhibition of protein synthesis, the action is not abso-
lute, and in some cases mammalian cells that were treated by RITs appear to survive 
the treatment [46]. This phenomenon, referred to here as insufficient potency, points 
to the existence of some not fully understood/described toxin-resistance mecha-
nisms. Current effort is directed at better understanding the complex regulation ma-
chinery at different stages of the pathway by which immunotoxins kill cells. This 
knowledge may be helpful to enhance the killing effect of these immunotoxins, or 
even to expand them to the treatment of different malignancies [47, 48].
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In summary, the major limitations of RITs are: immunogenicity, limited stability, 
insufficient potency, off-target toxicity and sub-optimal PK/PD profile. Additional 
obstacles that are also typical of other antibody-based therapeutic approaches are 
loss of target antigen on the cancer cells, receptor shedding and modification of the 
intracellular target molecule upon which the toxin acts (see Fig. 6.2). These limita-
tions, and solutions that have been suggested or attempted to overcome them, are 
the subject of the following sections.

6.4  Immunogenicity of PE-based RITs and Solutions  
for Reducing it

Immunogenicity of protein therapeutics is presently considered a major obstacle 
to their successful clinical application. Immunogenicity is generally manifested by 
the appearance of anti-drug-antibodies (ADAs) and finding ways to “deimmunize” 
immunogenic biopharmaceutical (biologics) is a burgeoning field of study [49–52]. 
Therapeutic monoclonal antibodies, being the largest group of biologics, are no ex-
ception to that rule, and a lot of effort has and is still being invested in reducing their 
immunogenicity [53–56].The leading approach for reducing the immunogenicity of 
biologics involved the identification of B- or T-cell epitopes by computational or be 
experimental means (or combinations thereof) and eliminating amino acid residues 
that correspond to these epitopes while trying to maintain the activity of such “de-
immunized” proteins [56–59].

The immunogenicity of PE-based RITs was recognized since the very early days 
of RIT development (see Fig. 6.3). This was in the early 1990s when the term “de-
immunization” was net yet coined. Still, several studies were carried out to identify 
mouse, primate and human antibody epitopes of PE and PE-based RITs [60–62].

Fig. 6.2  How cancer cells may become resistant to RITs. a Cancer cells may down-regulate, 
mutate or lose altogether the cell-surface protein to which the RIT binds. This will result in the 
cells becoming resistant to the RIT. b Modification of the intracellular target leading to the cell 
becoming resistant to the toxin. In the case of PE, when EeF-2 is mutated in a way that it no longer 
binds the PE domain III, the cells become totally resistant to PE intoxication. Fortunately, such 
resistance has been observed only in the cell culture and not in the clinical setting
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Well before deimmunization of PE-based RITs was attempted, other approaches 
to reduce their immunogenicity were carried out. Initially, the attachment of poly-
ethylene glycol (PEGylation) to PE and RITs was considered. PEGylation of bi-
ologicals as a means of modulating their PK/PD and/or their immunogenicity is 
known for over 30 years [63–65]. A number of studies were carried out to evaluate 
the effects of PEGylation on PE and RITs. Initially, detailed mapping of surface-
exposed residues that can be mutated to cysteine (to facilitate chemical conjugated 
to PEG) on PE domains II and III were carried out [66, 67]. In these studies, a 
large number of residues were identified that could be mutated to cysteine with 
minimal loss of potency. Several PE cys domain III mutants that were conjugated 
to monomethoxy-polyethylene glycol (mPEG) via a disulfide or a thioether bond 
retained high cytotoxic activity. However, when a 20-kDa mPEG was used, there 

Fig. 6.3  Immunogenicity. When an IT is injected into an animal or human patient with an intact 
immune system, antibodies that recognize immunogenic epitopes on the targeting antibody and 
(primarily) on the toxin lead to IT neutralization upon repeated administration. This makes subse-
quent treatment not useful
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was a decrease in cytotoxic activity with the disulfide-bonded molecules being 
more active. Positions 522 and 604 were good sites for PEGylation, but position 
490 was not. The authors also found that PEGylation of PE 522C prolonged its 
in vivo circulation time in mice [67]. When PE domain II was studied, each of 
the five most exposed surface amino acids (H276, E282, N306, R313, and E327) 
were mutated to obtain PE-cys proteins that retained most of their cytotoxic activ-
ity. When the PE-cys proteins were conjugated with ovalbumin, using a cleavable 
disulfide linkage, cytotoxicity was retained, but it was lost with a non-cleavable 
thioether linkage. In contrast, cytotoxicity was maintained when PE-cys mutants 
were coupled to 5- or 20-kDa mPEG, using either a disulfide or a thioether linkage. 
Pharmacokinetic studies on one of the PEG-conjugated molecules (R313C) showed 
that the mean residence time (t1/2) was prolonged to 72 min, compared to 20 min 
for un-PEGylatedPE-cys (R313C). The authors suggested that those studies showed 
that it is possible to derivatize PE at specific residues in domain II, maintain sig-
nificant cytotoxic activity, and alter pharmacokinetics. Those studies also suggested 
that large mPEG molecules can be translocated to the cytosol while still attached 
to domain II of PE [66]. These two early studies of PE PEGylation did not evaluate 
the effect on immunogenicity.

Six years later, another study evaluated the effect of site-specific PEGylation, 
this time of a RIT. To make a PEGylated RIT with improved therapeutic properties, 
the authors prepared a mutant of anti-Tac (Fv)-PE38 (LMB-2). For site-specific PE-
Gylation of LMB-2, one cysteine residue was introduced into the peptide connector 
(ASGCGPE) between the scFv and the toxin. This mutant LMB-2 (cys1-LMB-2), 
which retained full cytotoxic activity, was then site-specifically conjugated with 5 
or 20 kDa of polyethylene glycol-maleimide. When it was compared with unmodi-
fied LMB-2, both PEGylated RITs showed similar cytotoxic activities in vitro, but 
superior stability at 37 °C in mouse serum, a 5- to 8-fold increase in plasma half-
lives in mice, and a 3- to 4-fold increase in antitumor activity. This was accompa-
nied by a substantial decrease in animal toxicity and immunogenicity [68].

The anti mesothelin RIT SS1P was also studied as a PEGylated RIT. The authors 
have modified this immunotoxin using several PEGylation strategies employing 
releasable linkages between the protein and the PEG polymers, and observed supe-
rior performance of these bioconjugates when compared to similar PEG derivatives 
bearing permanent linkages to the polymers. The releasable PEGylated RITs exhib-
ited increased antitumor activity in A431-K5 xenografts in mice, with a diminished 
animal toxicity. Pharmacokinetic analysis of the releasable PEGylated derivatives 
in mice demonstrated an over 80-fold expansion of the area under the curve expo-
sure of bioactive protein when compared to the un-modified (un-PEGylated) RIT 
[69].

To preserve potency, PEGylation of RITs by conjugating PEG to lysine resi-
dues should be site-specific and link the PEG to residues so that potency is not 
compromised. A mutant of PE with no lysine residues within PE38, designed for 
site-specific chemical conjugation was described in 1994 [70] (see also Sect. 5, 
below). However, in a RIT, the targeting antibody also contains lysine residues and 
accidental conjugation of PEG to some of them may compromise binding affinity. 
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Two studies looked at mutating lysine residues of scFvs that were used to target 
RITs. In the first study, the effect of chemical modification of lysine residues of the 
scFv of the anti LeY RIT B3 (Fv)-PE38 was carried out to study which of the scFv 
lysine residues could tolerate chemical modification while preserving biological 
activity. The authors found that derivatizing lysine residues of B3 (Fv)-PE38 causes 
a marked loss of specific target cell cytotoxicity and/or immunoreactivity. They also 
showed that two lysine residues in the antibody-combining region of B3 (Fv)-PE38 
can be replaced with arginine residues, with only a small loss of cytotoxicity and no 
change in specificity. This mutant molecule is 3-fold more resistant to inactivation 
by derivatization with succinimidyl 4-(N-maleimidomethyl)cyclohexane 1-carbox-
ylate (SMCC) or Bolton-Hunter reagent [71].

In the second study, to determine if a RIT could be produced with a diminished 
number of lysine residues so that chemical modification could be restricted to cer-
tain regions of the protein, the authors chose the RIT anti-Tac(dsFv)-PE38 that has 
13 lysine residues in the Fv portion and 3 in the toxin. They prepared a series of 
mutants with 0–12 lysines in the Fv and 0 or 3 in the toxin. Almost all of these 
molecules retained full biological activity. Those data suggest that replacement of 
lysine residues can be achieve without loss of biological potency. These molecules 
could be a useful starting point to carry out site-specific PEGylation experiments of 
RITs [72].These studies demonstrated that chemical modification of RITs in gen-
eral and their PEGylation in particular are very dependent on the antibody used for 
targeting, with some antibodies being more tolerant than others. As for PE itself, it 
can be chemically modified at a large number of positions with full preservation of 
potency. Presently, we are not aware of attempts to introduce PEGylated PE-based 
RITs into the clinic.

Regarding immunogenicity of PE-based RITs, it can originate from the targeting 
antibody, from the toxin or from artificial linkers used to connect together the parts 
of the molecule. PE itself has long been known to be a highly immunogenic protein 
and high titers of anti-PE binding, as well as neutralizing antibodies, were gener-
ated in rodents, primates and humans that were injected with RITs, following even 
a single injection [61, 73, 74]. Antibodies against the targeting Fvs also appeared 
in most cases, but their titers were much lower that the anti-toxin titers. In general, 
it is well documented that HAMA, human anti mouse antibodies that appear in hu-
mans injected with murine antibodies, are mostly directed at the antibody constant 
domains and less against the antibody variable domains.

There is a single study where a murine scFv used to target a RIT was humanized. 
In that study, the humanization of the scFv of the anti LeY RIT B3(Fv)-PE38 (LMB-
7) by “framework exchange” was reported. The variable domains of the heavy (VH) 
and light (VL) chains were aligned with their best human homologs to identify 
framework residues that differ. Initially, 11 framework residues in VH and six in 
VL were changed by site-specific mutagenesis to human framework residues and 
introduced simultaneously into a preassembled single-chain Fv expression cassette. 
Six VH and five VL residues that differ were not changed because they were bur-
ied in the interdomain interface, or previously found to result in decreased affinity 
when mutated. As in many naïve initial attempts at antibody humanization [75], this 
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basic design resulted in some 20-fold loss of activity. To recover affinity, VL resi-
dues at the interdomain interfacial position 100 and at the buried position 104 were 
changed to the human sequence, which resulted in increasing the activity 8-fold. 
Changing the VH residue at position 82b from the human sequence back to that of 
the mouse restored the activity 2- to 3-fold to the full binding and cytotoxic activ-
ity of the mouse sequence. Humanized B3(Fv)-PE38 lost immunogenic epitopes 
recognized by sera from monkeys that had been immunized with B3(Fv)-PE38 [76].

Currently, no special effort is being invested in humanizing the scFvs or dsFvs 
that are used in clinical studies. The antibodies used to target LMB-2, SS1P, BL22 
and HA22 are murine. As described below, most of the efforts for RIT deimmuniza-
tion were focused on the toxin. We believe that now, when toxin deimmunization 
has met with apparent success, more attention will be directed at the targeting anti-
body, and future RITs, directed at new targets, will be based on humanized or fully 
human antibodies.

The largest strides toward reducing the immunogenicity with practical implica-
tions towards clinical development have been made during the past 10 years in 
a series of studies that were designed to identify and eliminate the immunogenic 
epitopes of PE itself. Because PE is of bacterial origin, it is highly immunogenic 
to animals and humans. As a result, all PE-based ITs are also highly immunogenic 
proteins. The recently conducted clinical trials include three RITs based on a 38-
kDa fragment of PE, PE38 (Moxetumomab pasudotox, SS1P, and LMB-2) which 
is made up of domains II and III. Both domains II and III contain immunogenic 
B-cell epitopes [62]. Of note, over half of the patients with drug resistant HCL that 
were treated with BL22 achieved complete remission after 3–10 cycles of treat-
ment [77]. However, patients having a normal immune system respond with pro-
duction of anti-toxin antibodies after approximately 3 weeks, significantly limiting 
the number of cycles that could be applied for these patients. It should be noted that 
patients with leukemias and lymphomas (like in the case of drug resistant HCL) 
have a shattered immune system due to previous chemotherapy treatments, making 
their immune response to RITweaker than that of carcinoma patients. Destruction 
of immune cells by tumor cells infiltrating into the bone marrow also contributes 
to the weak immune system of such patients. However, to increase efficiency and 
expand immunotoxin therapy to other types of cancers, deimmunization is a neces-
sary move to enable multiple cycles of treatment [58]. Clinical observations from 
patients treated with different derivatives of PE38 have shown that most of the anti-
bodies were directed against PE38 and rarely to the Fv. It was understood that find-
ing efficient ways to reduce the immunogenicity of PE38 have a crucial importance 
for clinical applications of PE38-based RITs in the future.

To briefly recount the order of events in the development of an anti-protein im-
mune response: high affinity antibodies are produced and undergo affinity matu-
ration in B cells. Initial antigen recognition happens between the antigen and a 
surface-displayed immunoglobulin, the B-cell receptor on pre-B cells. This is fol-
lowed by internalization of the antigen, digestion to peptides and its further presen-
tation on the surface by major histocompatibility complex class II. Next, specific 
helper T cells bind to those B cells that together promote class-switching, affinity 
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maturation and production of high affinity antibodies by mutual stimulation. This 
process is mediated by different intracellular signals and co-receptors, and occurs 
in secondary lymphoid organs, such as lymph nodes [78, 79]. It should be stressed 
that the location of B cell epitopes does not fully overlap with the locations of the T 
cell epitopes on an immunogenic protein [80].

Ira Pastan’s group at the NIH has been working for about a decade exploring the 
field of PE38 deimmunization while applying several approaches. The leading ap-
proach that was evaluated first is based on identifying B-cell epitopes on the protein 
and their elimination by mutagenesis. One should bear in mind that to preserve kill-
ing abilities in mutated RITs, several features of the toxin should be preserved: (1) 
cleavage by furin, (2) translocation to the ER, (3) translocation from ER to cytosol, 
(4) binding to NAD, (5) binding to EF2 and (6) transfer of ADP ribose to EF2. Onda 
et al. performed a series of studies aimed to deimmunize the anti CD22 RIT HA22. 
These studies combined structural and functional analyses with identification and 
removal of B-cell epitopes. First, they isolated a panel of anti-PE38 mouse mAbs 
and categorized them into seven major epitope groups and 13 subgroups. Their 
working hypothesis was that changing large, surface-exposed, hydrophilic residues 
that are commonly involved in antibody binding, such as arginine, lysine, glutamine, 
and glutamate, to smaller residues such as alanine, glycine, or serine will reduce or 
eliminate the antibody reactivity with the mutated RIT. The derived RIT mutants 
were found to have a reduced immunogenicity in mice and retained antitumor ac-
tivity [81]. Subsequently, in a study aimed at stabilizing the toxin by eliminating 
protease cleavage sites (carried out on SS1P, an anti-mesothelin RIT see Sect. 5, be-
low), a large part of domain II was removed, resulting in the RITHA22-LR; HA22-
lisosomal resistant). Since many B-cell epitopes are located in domain II, HA22-LR 
hada diminished immunogenicity compared to the parental molecule HA22-PE38. 
[10, 62, 81, 82]. In the more recent studies, the authors performed a detailed bioin-
formatic analysis and revealed a small number of discrete, putative B-cell epitopes 
that may be important for antibody recognition and are all located on the surface of 
domain III. Subsequent 8 point mutations enabled to abolish the identified epitopes. 
The obtained deimmunized HA22-LR-8M did not induce a primary or secondary 
response when repeatedly injected intravenously into mice, yet retained excellent 
cell killing of CD22 + cells and antitumor activity in a mouse xenograft model. Since 
(until such RITs will enter clinical evaluation) it was not possible to evaluate the 
immunogenicity in humans, an antigenicity study that is closely related was done 
instead (binding of HA22-LR-8M to preexisting anti PE38 antibodies that were ob-
tained from patients that were treated with RITsLMB-9 or SS1P during their clinical 
evaluation as a surrogate measure of the immune response [62]). HA22-LR-8M 
demonstrated consistently lower antigenicity than HA22-PE38 with patient serum 
samples in the competition assay as well as with mouse anti PE38 antibodies, hint-
ing that mice and humans may share some B-cell epitopes [83].

To further reduce the immunogenicity of PE-based RITs, despite the fact that the 
previously obtained HA22-LR-8M with eliminated major mouse B-cell epitopes 
demonstrated no significant response with human serum, it was obvious that since 
not all human and mouse epitopes are identical additional human B-cell epitopes 
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need to be identified and eliminated. Liu et al. focused on the production of further 
improved variants of HA22-LR by identifying and silencing additional human B-
cell epitopes. The authors constructed a phage-display library containing Fvs that 
react with the native PE38 toxin. RITs were then point mutated to locate B-cell epi-
topes reactive with these phage-displayed human Fvs. Using this approach, six hu-
man B-cell epitopes were identified in domain III. These epitopes were eliminated 
by mutations, and the best clone, HA22-LR-LO10. had a total of seven point muta-
tions in domain III, had much better cytotoxic activity in vitro (when tested for kill-
ing CD22 + lymphoma cell lines) compared to its predecessor HA22-LR, and same 
anti-tumor activity in an in vivo mouse xenograft model in which CA46 Burkitt’s 
lymphoma cells were implanted subcutaneously. Antigenicity was measured by a 
competition assay and showed that binding of HA22-LR-LO10by sera of 22 out of 
25 patients was reduced up to 10.000-fold.

SS1P, anti-mesothelin RIT, was a subject for additional attempts to deimmu-
nize PE-based RITs. The clinical utility of SS1P is limited by inducing an immune 
response and by causing dose-limiting capillary leak syndrome (CLS) in patients. 
With SS1P treated patients that immunogenicity problem is more acute than HA22 
treated patients as SS1P patients are not immunosuppressed, thus, they all mount an 
antibody response to the RIT already following the first administration. Weldon et 
al. tried to overcome these obstacles by redesigning the SS1P molecule. The authors 
implemented earlier observations that were made during the development of the 
much less immunogenic variant HA22-LR, where two major mouse B-cell epitope 
groups and antigen processing sites were removed from PE38, while in vitro activ-
ity on patients’ CLL cells was dramatically increased [62, 82]. When those changes 
were introduced into SS1P, the LR-adapted SS1P, named SS1-LR/GGS/8M, carried 
the following modifications: (1) domain II was removed; (2) a Gly–Gly–Ser short 
peptide linker was added after the furin cleavage site; and (3) eight highly solvent 
exposed residues were replaced in the catalytic domain III of PE. SS1-LR/GGS/8M 
had significantly improved properties compared to its parental SS1P, had increased 
anti-tumor activity, and could be given in much higher doses to rats and mice with-
out production of toxic side effects. Its immunogenicity was diminished greatly, 
suggested by lowered reactivity with human anti-sera against SS1P [84].

Taking into account the pivotal role of T cells for the immune response and the 
formation of neutralizing antibodies in particular, it was hypothesized that removal 
of T-cell epitopes may be also required to better meet the challenge of reducing 
the immunogenicity of PE-based RITs. Following this line of reasoning, Mazor 
et. al conducted a study that investigated CD4 + T-cell epitopes in PE38 and used 
these data to produce RITs that do not stimulate T-cell responses in a majority of 
human donors. To identify peptides that result in T-cell activation, donor peripheral 
blood mononuclear cells (PBMCs) were incubated with RIT for initial stimulation, 
in order to allow processing of the RIT by antigen-presenting cells (APCs) and 
further presentation of its peptides to T cells. Then, these activated T cells were 
exposed to overlapping synthetic peptides corresponding to the PE38 sequence. 
T-cell response was measured by ELISpot assay for IL-2 secretion. The result was 
that samples from all 50 healthy donors (that had never been exposed to PE38) 
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responded to at least one peptide. This promiscuous HLA class II DRB1-restricted 
highly immunodominant epitope was found in 46 % (23/50) of the donors with dif-
ferent HLA alleles and located in domain II of PE. Alanine-scanning mutagenesis 
revealed two amino acids that were found responsible for establishing of this T-cell 
immunodominant epitope, and their deletion/alanine exchange yielded elimination 
of this epitope. Subsequently, mutations in discovered positions were introduced 
into HA22. The obtained HA22- L297A and HA22-Y298A mutants were evaluated 
on four CD22 + cell lines, showing a small decrease in cytotoxicity compared to 
the parental HA22 RIT. Novel mutant derivatives preserved the RIT stability and 
did not stimulate a T-cell response as was shown by in vitro expansion with whole 
protein (not immunogenic in 34 % of donors and less immunogenic in an additional 
42 % of the donors). To rule out the possibility that by mutating PE new T-cell epi-
topes were generated, alanine mutagenesis was used to reduce the binding of pep-
tides to HLA molecules. The authors discussed their plans to continue effort to find 
epitopes in domain III as well and combine them with already achieved deletions 
in domain II. This, they suggested, may yield a RIT with very low immunogenicity 
characteristics to apply in humans with a normal immune system [85].

Recently, the same approach was applied to prepare a further deimmunized 
HA22 RIT. HA22-PE38 (also known as Moxetumomab Pasudotox) is currently un-
dergoing phase III clinical trials for the treatment of refractory hairy-cell leukemia 
(http://www.clinicaltrials.gov/ct2/show/NCT01829711?term=Moxetumomab+Pas
udotox&rank=1). To perform a high-resolution mapping of the T-cell epitopes on 
PE38, Mazor et al. applied the same approach described in the previous paragraph 
[85]. It enabled the discovery of seven additional T-cell epitopes located on the 
domain III, additionally to the already known immunodominant epitope on the do-
main II. This knowledge was used to construct an RIT named LMB-T18 based on 
the HA22-LR scaffold (that lacks domain II) with six additional point mutations in 
domain III (R505A, R494A, L477H, R427A, L552E, and F443A) and incorporated 
a GGS peptide linker after the furin cleavage site. The authors found that the cell 
killing efficiency of the mutated RIT, evaluated in vitro in four CD22 + cell lines, 
proved to bevery potent (IC50s less than 10 pM). In vivo evaluations were carried 
out using SCID mice implanted with lymphoma cell xenografts showing complete 
remissions. LMB-T18 was also evaluated for killing cells freshly isolated from 
seven HCL and six CLL patients and found that it was extremely active. The T-cell 
response had a decrease of 90 % compared with HA22-PE38 (tested with PBMCs 
from naive donors). The authors concluded that the next logical step wouldbe to 
produce RITs with combined B-cells and T-cells eliminated/mutated epitopes [86].

The RIT deimmunization studies described in this section involved bioinformat-
ics tools as well as experimentation. In the B-cell epitope elimination campaign, the 
bioinformatics part was restricted mainly to using the 3D structure of PE to identify 
the putative surface-exposed residues that may be a part of the B-cell epitopes. There 
are no generally accepted algorithms for predicting B-cell epitopes. The situation is 
different with regard to predicting T-cell epitopes. One such approach was recently 
demonstrated in a report by King et al. who described a computational protein de-
sign method that can predict T-cell epitopes and maximize the content of  human 
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peptide sequences without affecting protein stability. This method incorporates host 
genome information and MHC-binding prediction tools. Interestingly, when applied 
to predict T-cell epitopes of PE38, mutations that were predicted by the theoretical 
method partially matched the mutations observed in previous deimmunization ex-
periments of Mazor and colleagues. To experimentally verify the computational 
predictions, the approach was applied on superfolderGFP and on PE38, resulting in 
successful prediction and elimination of known immunodominant T-cell epitopes. 
The work was focused only on eliminating the most immunoreactive epitopes for 
a given set of MHC alleles, therefore, to cover a breadth of HLA allotype diversity 
and testing of a larger number of patients should be tested [87].

To conclude this section, immunogenicity of PE-based immunotoxins, arguably 
the largest hurdle for their progress to clinical approval, has been addressed in a 
most impressive tour-de-force of epitope identification and elimination. One should 
also be at awe to the remarkable robustness of the PE protein that can tolerate so 
much “abuse”; deletion of large parts and many combined point mutations and still 
retain potency. We are confident that these, what we shall perhaps call “fifth gen-
eration PE-based RITs”, will soon enter clinical studies. Such deimmunized RITs 
should be more effective in cancer treatment because more treatment cycles can be 
given.

6.5  Limited Stability of PE-Based RITs and How it Was 
Overcome by Antibody and Toxin Engineering

When the first third generation PE-based RITs were constructed they were based on 
single-chain antibody fragments (scFvs) fused to PE38. It soon became clear that 
scFv-based RITs suffer from limited stability, with a tendency to aggregate in solu-
tion fairly rapidly. It was quite clear that PE itself was not toblame, since recombi-
nant forms of PE were already produced and had shown excellent stability. It was 
also known that scFvs are in general un-stable antibody fragments. Solutions for 
stabilizing Fv fragments were offered by the group of Andreas Plückthun already 
in 1990 [88]. In that publication, the authors compared how well the Fv of the mAb 
McPC603 can be stabilized by chemical crosslinking, by a peptide linker (as a scFv) 
or by the introduction of an artificial disulfide bond facilitated by mutating VH-VL 
interfacial residues to cysteines. In that study, disulfide stabilization proved to be 
very efficient in improving stability. However, the disulfide-stabilized McPC603-
derived Fvs suffered from some loss in binding affinity.

About two years later, a “disulfide stabilization” campaign was initiated by Ira 
Pastan at NIH and collaborators. They undertook a systematic analysis of antibody 
structural analysis for designing the positions of the introduced cysteine mutations 
to fulfill in particular two major criteria: (1) that the selected positions would be 
universal interfacial positions, with a Cα-Cα distance suitable for the formation 
of the artificial disulfide bond, and (2) that the engineered disulfide bond would 
be distal from the CDR loops, so the binding affinity would not be compromised. 
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The first article describing disulfide-stabilized Fvs (that became known as dsFvs, 
see Fig. 6.4) in the context of RITs was published in 1993 [89]. A series of articles 
followed, further evaluating several pairs of interfacial positions for disulfide stabi-
lization, and testing the generality of the approach by constructing and evaluating 
RITs based on different antibodies [31, 90–96]. In those studies, it was found that 
all the tested antibodies were more stable as dsFvs in comparison to the correspond-
ing scFvs, and that in almost all cases the affinity had not been compromised. As 
a result, disulfide stabilization became the “norm” for antibody fragments used as 
targeting moieties of RITs. In fact, all the PE-based RITs that were clinically evalu-
ated since the mid-1990s, which include BL22, HA22 and SS1P (LMB-2 is the only 
one still based on a scFv) are all dsFv-based RITs [77, 97–99]. An additional RIT 
that has been evaluated (mostly preclinically, but soon to be tested in patients) as 
asdFv-PE38 fusion protein is MR1–1 [100], directed against a mutant form of the 
EGF receptor.

Fab fragments are universally known to be more stable than scFvs. A few Fab-
based immunotoxins have been produced and evaluated pre-clinically [101, 102]. 
When third generation PE-based RITs were first constructed, their size was kept to 
a minimum to facilitate improved tumor penetration. Hence, scFvs and later dsFvs 

Fig. 6.4  Affinity maturation and disulfide stabilization. Affinity maturation of the targeting anti-
body (simulated on the left by increasing contact complementarity with the antigen) contributes to 
higher affinity, leading to increased potency. Stabilization of the targeting Fv (disulfide stabiliza-
tion, simulated on the right) also contributes to improved RIT efficacy

 



6 Challenges for Therapeutic Application of Pseudomonas … 147

were the targeting molecules of choice. More recently, smaller derivatives of PE 
were developed as part of the effort to deimmunize PE and to make it more resistant 
to proteolysis [10]. While sdFv-PE38 RITs are about 63 kDa in size (about the kid-
ney infiltration size), the smaller RITs are cleared more rapidly from the circulation. 
Thus, their size is sub-optimal and will likely be re-increased by using Fabs to target 
them instead of dsFvs.

PE itself is a very robust protein with exceptional stability and solubility. This 
can be appreciated from one of the studies where the stability of scFvs and dsFvs 
was compared. In that study by Reiter et al., the stability of scFvs and dsFvs was 
compared by incubating them at temperatures from 25 ºC to 50 ºC or in the pres-
ence of increasing concentrations from 0–8 molar of the denaturing agent urea and 
measuring residual activity following the incubation. PE itself was included as a 
control. The results that were obtained clearly showed the increase stability of ds-
Fvs compared to the corresponding scFvs. Still, even the more stable dsFvs were 
inactivated at some point while PE itself remained fully active even at the harshest 
tested conditions [94].

Nevertheless, PE underwent many modifications to make the derivatives suit-
able for particular challenges. Early studies compared the potency of PE deriva-
tives in which the C-terminal REDLK ER retrieval sequence was changed to other 
sequences, including the “canonical ER retrieval sequence” KDEL, and their po-
tencies in cell killing were compared. ER retrieval is a key step in the retrograde 
transport that PE (and PE-based RITs) undergoes on the route from receptor binding 
to cytosolic localization. This is because PE molecules that do not enter the pathway 
leading to the ER are delivered to the lysosome and destroyed. In such studies, it 
was found that PE and RITs that have the C-terminal sequence KDEL are more 
potent (by about 10 fold) than the REDLK, REDL of RDEL sequences [103, 104]. 
However, such toxins had a much higher liver toxicity in mice and, therefore, a 
potentially reduced therapeutic window. As a result, RITs that progressed to clinical 
development carry the wild-type C-terminal sequence.

An additional useful modification of PE was the removal of all the lysine resi-
dues in PE38 to make it (after the addition of an N-terminal peptide that contains a 
single lysine residue) most suitable for site-specific lysine-directed chemical con-
jugation. A few derivatives were made, like PE38QQR and PE38QQΔ, in which 
lysine at PE positions 590 and 606 were mutated to glutamine and the C-terminal 
lysine was either mutated to arginine (QQR) or deleted (QQΔ) [70].

As described above, during intracellular trafficking, PE and RITs can berouted to 
a “productive” route ending in the lysosome or a “destructive” route ending in lyso-
somal degradation. Several studies evaluated the possibility of producing PE deriva-
tives that are less susceptible to lysosomal degradation. Notably, studies by Weldon 
et al. were focused on mapping residues within PE38 that, when mutated or deleted, 
reduce the extent of lysosomal degradation. The authors have investigated the pro-
teolytic susceptibility of PE38 immunotoxins to lysosomal proteases and found that 
cleavage sites were clustered within a limited segment of PE38. Specifically, the 
lysosomal protease cleavage sites occurred between residues 260–261, 265–266, 
297–298, 341–342, 342–343, 351- 352, 352–353, 353–354, 364–381, 390–391, and 
391–392. All these clustersare located within domains II and Ib. Subsequently, RIT 
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deletion mutants were generated in this region using HA22, an anti-CD22 Fv-PE38 
RIT currently undergoing clinical trials for B-cell malignancies. One of these mu-
tants, HA22-LR (for “lysosome resistant), lacked all the identified cleavage sites 
(essentially most of domain II, leaving the “furin cleavage loop”), was resistant to 
lysosomal degradation, and retained excellent biological activity. HA22-LR killed 
CLL cells more potently and uniformly than did HA22, suggesting that lysosomal 
protease digestion may limit immunotoxin efficacy unless the susceptible domain 
is eliminated. Finally, a remarkable observation that was made during the study is 
that mice tolerated doses of HA22-LR at least 10-fold higher than lethal doses of 
HA22, and these higher doses exhibited markedly enhanced antitumor activity. The 
authors concluded that HA22-LR advances the therapeutic efficacy of HA22 by us-
ing an approach that may be applicable to other PE-based immunotoxins [10]. It is 
expected that PE-LR will be the toxin-of-choice for the RITs that will be developed 
in the future.

A bonus that resulted from the generation of HA22-LR is, as described above 
in the section discussing immunogenicity, that many B- and T-cell epitopes of PE 
are mapped to domain II. Thus, the LR version of PE-based RITs is inherently less 
immunogenic than PE38 [86].

In a follow-up study, Liu et al. tested the hypothesis that increased stability may 
result in reduced immunogenicity of RITs. The authors introduced a disulfide bond 
into domain III by identifying and mutating two structurally adjacent residues to 
cysteines at sites suggested by computer modeling. This RIT, HA22-LR-DB, dis-
played a remarkable increase in thermal stability and an enhanced resistance to 
trypsin degradation. In addition, HA22-LR-DB retained cytotoxic and anti-tumor 
activity, while exhibiting significantly lower immunogenicity in mice [105].

6.6  Insufficient Potency and Combining Therapies  
to Enhance Potency

In oncology, drug combinations are the mainstay of therapeutic intervention. One of 
the major potential strategies for the problem of insufficient potency is by combina-
tion of RITs with agents that enhance cell killing. In general, in cancer treatment, 
synergistic effects caused by combination therapies usually considered to be more 
effective comparing to single agents.

A case-in-point of overcoming insufficient potency can be demonstrated in the 
case of the anti-mesothelin RIT SS1P [SS1(dsFv)PE38]. SS1P is currently evalu-
ated clinically in patients with mesothelin positive tumors. Despite successful phase 
I clinical trials, recent studies show that SS1P alone is limited in its efficiency [99, 
106]. In fact, the major obstacle for treating patients with SS1P is the immunogenic-
ity of PE, which was discussed above in Sect. 4. Still, these observations led sci-
entists to examine SS1P in combination with other agents to improve its efficiency 
against different tumors. So far, such combination therapy studies were carried out 
mostly in vitro and in animal models.
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In one study, SS1P was evaluated in combination with taxol (Paclitaxel, a drug 
whose action involves stabilization of cellular microtubules. As a result, it interferes 
with the normal breakdown of microtubules during cell division). Immuno-defi-
cient mice were implanted with A431/K5 tumors expressing mesothelin antigen and 
were treated with SS1P alone, taxol alone, or the two agents together. The results 
showed that the combination treatment had a strong synergistic anti-tumor effect 
in the mice, but not in vitro [107]. An additionalstudy by the same group investi-
gated the mechanism of synergy and comparedtaxol-sensitive and taxol-resistant 
KB tumors (both equally sensitive to SS1P alone). It turned out that KB tumors 
have high levels of shed mesothelin in their extracellular space (receptor shedding, 
see Fig. 6.5). Taxol treatment significantly lowered shed mesothelin levels in drug-
sensitive but not in the drug-resistant KB tumors. The shed form of mesothelin 
antigen competes with the membrane form of the antigen for binding of SS1P, and 
as a result decreases its anti-tumor activity. Taxol-induced reduction in shed antigen 
levels can explain the synergy of immunotoxin and taxol in taxol-sensitive tumors 
and lack of synergy in taxol-resistant tumors [108].

An additional study focused on studying the effect of modulating the concen-
tration of shed antigen on RIT potency was carried out using LMB-2. While RITs 
have been shown with high effectiveness in malignancies where most of the tumor 
burden is suspended in the peripheral blood or spleen (like in case of HCL), they are 
very limited in their effectiveness against aggressive solid tumors [109].This study 
evaluated the potential to obtain a synergistic effect of LMB-2combined with the 
chemotherapeutic agent gemcitabine (a nucleoside analog) in case of ATL. LMB-2 
was previously evaluated in patients with relapsed and refractory hematologic

Fig. 6.5  Increasing potency by drug combination. a Many cell surface receptors, including RIT 
targets, shed the extracellular domain to the tumor interstitium and on to the circulation. The shed 
form of the RIT target competes with the membrane form for binding of the RIT, and as a result 
decreases its anti-tumor activity. In one example described in the text, when the anti-mesothelin 
RIT SS1P was combined with taxol, the taxol treatment significantly lowered shed mesothelin lev-
els in drug-sensitive but not in the drug-resistant KB tumors. b A drug combination may increase 
the antigen density on the target cells, as is described in the case where BL22 RIT was combined 
with bryostatin 1, which led to an increase of CD22 expression on difficult-to-treat target cells, 
resulting in their becoming sensitive to RIT treatment
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malignancies with most promising results obtained in Hodgkin’s lymphoma, 
CTCL, HCL, CLL and ATL [98, 110]. However, its clinical benefits were limited 
because of immunogenicity and rapid disease progression, particularly in ATL. The 
authors proposed that in the case of solid tumors, the presence of high concentra-
tions of soluble target antigen CD25 (sCD25) may potentially block the circulating 
LMB-2 and lower the effective concentration that can bind the tumor cells. To study 
if this is indeed the case, the levels of sCD25 in CD25 + ATAC-4 tumor xenografts 
in nude mice were measured before and after administration of gemcitabine and 
then determined whether gemcitabine and LMB-2 would show in vivo or in vitro 
synergy. It was found that levels of interstitial sCD25 within the tumors were higher 
by100-fold than in the serum and that gemcitabine could reduce them by 10-fold. 
Additionally, a synergistic antitumor activity in vivo was shown by combination 
of gemcitabine and LMB-2, while in vitro their combined effect was only additive 
[109]. These two studies highlight the obstacle placed by the presence of soluble 
target proteins that compete with the tumor cells for RIT binding and the importance 
of treatments that reduce the concentration of soluble targets on potentiating RITs.

Another study of combination therapy involved mesothelin-expressing pancre-
atic cancers that are known to be resistant to most of the chemotherapeutic agents. 
The SS1P RIT inhibited protein synthesis in two of the pancreatic cancer cell lines, 
but did not significantly affect cell death. The resistance to RIT treatment was con-
tributed to low levels of the pro-apoptotic protein Bak. The authors demonstrated 
that combining TRAIL or an anti-TRAIL receptor 2 agonist antibody, HGS-ETR2, 
with SS1P caused an effective synergistic effect leading to cell death and reduction 
of tumor size in xenograft-bearing nude mice [111].In yet another study, SS1P was 
applied in combination with several activated protein kinase (PKC) inhibitors. PKC 
enzymes contribute to cells survival, proliferation and angiogenesis and this is why 
the therapeutic application of PKC inhibitors are considered a potential strategy to 
improve cancer treatment [112]. Enzastaurin, but not two other tested PKCs in the 
study, has shown significant enhancement of SS1Pimmunotoxin action in combina-
tion treatment of cells that exhibited partial resistance to SS1P alone. Reductions 
of ATP levels, caspase activation and loss of attachment from culture dishes finally 
resulted in apoptotic cell death. This synergistic effect was concentration-dependent 
in the range of 4–10 µM enzastaurin and showed a 10-fold enhancement of immu-
notoxin action of KLM1 cells [113]. This combination treatment resulted in greater 
general reductions in protein synthesis and even in the complete loss of activation 
of caspases 3 and 7, and of several proteins, such as Mcl-1, Bcl2, AKT, considered 
pivotal in many immunotoxin-cell death models. The nature of this additional in-
hibitory action and the contribution of each component are not fully clear. However, 
the authors note that like many other kinase inhibitors, enzastaurin is known to be a 
multi-kinase inhibitor (not sufficiently specific) and it will be a problem to achieve 
required-for-treatment concentrations in patients with mesothelin-positive tumors. 
They suggested that looking for more specific kinase inhibitors that produce syner-
gistic effects with RITs is a challenge for future studies.

In a recent study, the authors hypothesized that protein tyrosine kinases may have 
important roles in affecting their susceptibility of cancer cells to RITs. Tyrosine  
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kinases are known to be major players of protein phosphorylation within cells, and 
are hyperactivated during cancer processes. The anti mesothelin RIT SS1P and the 
anti CD22 RIT and HA22 (moxetumomab pasudotox) were chosen for the study. 
To examine their hypothesis, the authors used siRNAs to knock down the expres-
sion of 88 known tyrosine kinases in cancer cells while testing their response to 
SS1P or HA22. Only five of the siRNAs (that knocked down the expression of 
INSR, HCK, SRC, PDGFRβand BMX) were found to enhance the activity of SS1P. 
Further investigation of the enhancement mechanism showed that HCK knockdown 
stimulated SS1P processing by furin-mediated cleavage, lowered levels of the anti-
apoptotic protein Mcl-1 and raised the expression level of the pro-apoptotic protein 
Bax. Additionally, the authors demonstrated that SRC family inhibitors could mimic 
the effect of tyrosine kinase knockdown, resulting in a significant increase of SS1P 
and HA22 killing activity in A431/H9 and CA46 cells, respectively. One of these 
SRC inhibitors, SU6656 has been successfully evaluated in mouse xenograft tumor 
models, where it demonstrated a synergistic antitumor effect with both SS1P and 
with HA22 [114].Another recent study looked for additional agents that could in-
duce an effective cell apoptosis of pancreatic ductal adenocarcinoma (PDAC) cell 
lines that are resistant to SS1P despite high mesothelin expression. In that study, 
SS1P was combined with the BH3-mimetic ABT-737 (which selectively targets and 
neutralizes three BCL2 family pro-survival proteins BCL-XL, BCL-2, and BCL-W, 
but now Mcl-1 [115]). The combination led to a significant increase in cell death, 
while the studied cells lines were resistant to each component alone. The effect had 
a variable extent in different cell lines (KLM-1, BxPc-3, Panc 3.014). The authors 
showed that RIT-mediated protein synthesis inhibition and the capability to down 
regulate Mcl-1 and Bcl2A1 were major factors that affected the efficacy of the 
combination treatment [116].

The following study is a case in point where drug combination was used to 
expand the utility of an RIT for treating additional malignancies than originally 
intended. BL22 is an RIT targeting CD22 molecules presented on the surface of 
certain B-cell malignancies such as lymphoma and leukemia [117, 118]. BL22 has 
shown significant therapeutic potency in patients with HCL [119], but failed in the 
treatment of less indolent leukemias and lymphomas [77], particularly CLL. This 
failure was apparently due to lower expression of the target CD22 on the surface of 
tumor cells of the unresponsive malignancies. In a recent study, it was found that 
pre-activation of primary CLL cells with the macrocyclic lactone bryostatin 1 (a 
potent modulator of protein kinase isolated from the marine bryozoan Bugulane-
ritina) overcame this issue. Primary CLL cells that were treated with bryostatin 1 
followed by BL22 treatment showed significant induction of apoptosis. It turned 
out that bryostatin 1 works in two distinct pathways: (1) it strongly upregulates the 
surface expression of CD22 receptors on leukemic cells that cause a "hairy cell phe-
notype" in CLL cells, and (2) it depletes protein kinase C-β2. Additionally to CLL 
cells, the authors showed that BL22 and bryostatin 1 combined treatment exerts a 
strong apoptotic effect in large B-cell lymphomas and mantle cell lymphoma cells. 
The authors concluded that this drug synergism should be tested in vivo to evaluate 
if it can be a feasible therapeutic approach for CLL and B-cell malignancies [48].
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6.7  Potentiation of RITs by Affinity Maturation  
of the Targeting Antibody

The antigen binding affinity of antibodies is one of the key factors contributing to-
their therapeutic efficiency. In vitro affinity maturation of therapeutic antibodies is 
a commonly applied practice in their clinical development (see Fig. 6.4) [120–124].

Accordingly, affinity maturation of the targeting antibodies used to construct 
RITs may significantly improve their antitumor activity. There are several strategies 
for in vitro affinity maturation of antibodies. These include “non-targeted within the 
V-gene” approaches such as error-prone PCR, mutator E. coli strains, chain shuf-
fling and DNA shuffling and “targeted within the V-gene approaches” such as CDR 
randomization, CDR walking, hotspot mutagenesis, PCR-based mutagenesis, par-
simonious mutagenesis and saturation mutagenesis. Each approach has its own ad-
vantages and disadvantages. The affinity maturation approach introduces sequence 
diversity into the antibody genes, creating a repertoire of mutants derived from the 
original antibody. One of several display technologies is then applied to isolate the 
highest affinity clones for further study [125, 126].

Affinity maturation of an scFv as a part of a RIT was first reported in 1999. 
In that report, Chowdhury and Pastan reported the affinity maturation of the anti 
mesothelin scFv SS1. The process that was applied was called “mimicking somatic 
hypermutation in vitro”, which may be classified as a “targeted within the V-gene” 
approach. In that study, DNA sequences were identified in the antibody variable do-
mains that are naturally prone to hypermutations (as evident from the fact that they 
are frequently mutated during the natural in vivo affinity maturation process that 
antibodies undergo). The authors selected a few hot spots encoding non-conserved 
amino acids, and introduced random mutations to make libraries with a size of un-
der 104 independent clones. Affinity selection of the hot spot libraries by phage 
display yielded several mutants with a 15- to 55-fold increase in affinity [32]. The 
best affinity matured clone later became the dsFv used to target the SS1P RIT [99].

Another study focused on the improvement of the anti-CD22 RIT BL22 for B-
cell malignancies. In the previous section, it was already mentioned that BL22 was 
much less effective against CLL compared to HCL. Thus, to improve its affinity, hot 
spot mutagenesis combined with phage display using CD22-positive Daudi cells 
for affinity selection was carried out. The best affinity improved clone contained 
mutations in HCDR3, specifically amino acid residues Thr-His-Trp (THW) in place 
of Ser-Ser-Tyr (SSY) at positions 100, 100A, and 100B of the Fv and had an af-
finity improved from 85 nM to 6 nM. The THW mutant (that was named HA22) 
had a 5- to 10-fold increase in activity on various CD22-positive cell lines and was 
up to 50 times more cytotoxic to cells from patients with CLL and HCL [97, 127]. 
Later, in order to achieve a more productive intracellular trafficking and reduced 
immunogenicity (described above), most of the PE domain II was deleted, resulting 
in an RIT named HA22-LR. HA22LR was much more effective than HA22-PE38 
in killing CLL cells, showing less general toxicity. In an attempt to further improve 
the affinity of HA22, Kawa et al. applied a different approach instead of the hotspot 
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mutagenesis that was used in HA22 evolution. In that case, a different antibody 
fragment format was used, consisting of an scFv further stabilized byan artificial 
disulfide bond (according to the dsFv approach). The resulting HA22 (scds) Fv-LR 
had the same cytotoxicity as that of HA22 (dsFv) LR. In order to identify func-
tionally important residues for antigen binding, alanine scanning mutagenesis was 
implemented. Single asparagine to alanine exchange (N34A) in VL CDR1 resulted 
in a substantial increase in affinity and activity. Cell viability assays showed that 
the N34A mutanthad a 10-fold improvement in activity toward CD22-positive cell 
lines. The authors suggested that this may constitute a clinical benefit with a lower 
dose and in turn lead to a decrease in nonspecific toxicity in patients [128].

Recently, Kuan et al. isolated a high-affinity scFv against the glycoprotein NMB 
and showed how affinity maturation can improve its potency as a targeting an-
tibody of an RIT. The glycoprotein NMB (GPNMB) is a transmembrane glyco-
protein specifically associated and overexpressed in malignant gliomas, such as 
common primary adult brain tumor glioblastoma multiforme (GBM). The median 
survival after diagnosis of GBM is 14 months [129]. Glycoprotein NMB and other 
antigens presented in GBM are promising targets for immunotherapeutic cancer 
treatments. Initially, the anti-GPNMB scFv (G49) isolated from a human synthetic 
phage display library, showed high affinity to GPNMB-expressing cells and once 
converted to an RIT form was cytotoxic to GPNMB-positive glioma cells. The au-
thors conducted in vitro affinity maturation (by a random mutagenesis approach) 
and introduced mutations into CDR3 of the light chain and CDR1 of the heavy 
chain. This introduction of sequence diversity combined with phage display made it 
possible to isolate a mutant scFv (902V) with an 11-fold increase in affinity. Clone 
902V was further improved by sequence randomization throughout the whole scFv 
by error-prone PCR, and one mutant, F6V, was selected by yeast-surface display. 
Finally, this affinity-matured scFv was fused with PE38. The obtained F6V-PE38 
targets HGGs, medulloblastomas, and melanomas; it has shown significant activity 
in in vitro cell-killing assays and in vivo models of GPNMB-expressing xenografts 
in nude mice [130].

The most recent study involved other common cell surface targets for glioblas-
toma; gangliosides 3ʹ-isoLM1 and 3ʹ,6ʹ-isoLD1. Gangliosides are a group of sialic 
acid-containing glycosphingolipids with extending extracellular section. They are 
overxpressed in over 60 % of glioblastomas, making them attractive therapeutic 
targets for brain malignancies [131]. Piao et al. developed a novel RIT, DmAb14m-
(scFv)-PE38KDEL (DmAb14m-IT) that specifically binds these gangliosides. First, 
the authors isolated ganglioside-targeting mAbs as murine hybridomas. Next, they 
cloned DmAb14 that exhibited high reactivity towards both 3ʹ-isoLM1 and 3ʹ,6ʹ-
isoLD1. Since the original hybridoma was of the IgM isotype, which is not ideal 
for fusion with ITs, cloning of its VH and VL domainsas a scFv was carried out. 
Subsequently, the DmAb14-scFvs were subjected to in vitro affinity maturation by 
CDR hotspot random mutagenesis combined with phage display. The best resulting 
clone was fused with PE38KDEL (PE38 that carries KDEL sequence at C-termi-
nus to improve ER retrieval, leading to RIT potentiation). In vitro evaluation of 
the resultantRIT showed significantly improved abilities compared to the parental 
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molecule: increased cytotoxicity, better cell internalization and better affinity to the 
ganglioside targets. It showed potent killing activity on glioma cell lines and tumor 
xenograft-derived cells expressing 3ʹ-isoLM1 and 3ʹ,6ʹ-isoLD1 [132].

6.8  Reducing Off-Target Toxicity and Overcoming 
Physical Barriers

In general, RIT dose-limiting toxicity is regarded in most cases as a part of “off-
target” toxicity, resulting from interactions of the RIT with cells and tissues other 
than the target malignant cells. Regarding PE-based RITs, in the pre-clinical studies 
the dose-limiting toxicity in mice of PE and RITs was mostly liver toxicity [10, 133, 
134]. Interestingly, it has been reported that the non-specific mouse liver toxicity 
of PE-based RITs can be significantly reduced by engineering the targeting Fvs to 
lower the isoelectric point of the Fv. The authors hypothesized that this may be due 
to modified pharmacokinetics of the differently-charged RITs, however, this has 
not been established experimentally. An additional modification of the PE compo-
nent of RITs that reduced mouse toxicity was the deletion of most of the domain 
II in the context of HA22-LR (10-fold lower than HA22-PE38) [10]. The authors 
suggested that the observations that were made during the studies of lowering the 
toxicity by lowering the pI of the targeting Fvs probably did not account for the dif-
ference between HA22 and HA22-LR. This is because HA22-PE38 and HA22-LR 
have an identical Fv and the pI of HA22-LR is slightly increased relative to the pI 
of HA22 (pIHA22-PE38 = 5.26 and pIHA22-LR = 5.63). In addition, the 2- to 3-fold differ-
ence in toxicity observed for this pI lowering strategy is also much smaller than the 
more than 10-fold difference between HA22 and HA22-LR [10]. It is still unknown 
whether the lower non-specific toxicity of lower pI RITs or using the LR toxin in-
stead of PE38 is relevant to toxicity in humans [134, 135].

As for RITs that were tested clinically, dose limiting toxicity in humans varied 
between different RITs and so did off-target toxicities. In some cases the cause of 
the off-target toxicity was identified but in other cases it is still unknown. When 
the “second generation” IT LMB-1 (the anti LeY IgG B3 chemically conjugated to 
PE38) was tested in a phase I clinical study, the dose-limiting toxicity was mainly 
vascular leak syndrome (VLS, manifested by hypoalbuminemia, fluid retention, 
hypotension and, in one case, pulmonary edema) [23].Kuan et al. investigated the 
effects of several PE-based ITs on different human endothelial cell lines to elucidate 
the mechanism of VLS induced by ITs containing PE and found that anti LeYITs, in-
cluding LMB-1 and also the RIT LMB-7 (B3(Fv)-PE38 were toxic to several of the 
endothelial cell lines that were tested. This effect was unique to the B3-targeted ITs 
as other RITs that target different antigens were not toxic to endothelial cells. The 
authors further found that the cytotoxicity of B3-containing ITs is due to specific B3 
binding to endothelial cells comes from the fact that the cytotoxicity can be blocked 
by excess free mAb B3 as competitor [136].
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LMB-7 was also tested in a phase I clinical trial, in which, as in the case of 
LMB-1, VLS was also observed (although it was not dose limiting) [137]. In fact, 
in that clinical trial, two significant toxicities were observed. The first toxicity was a 
targeted toxicity: severe gastritis caused by the killing of normal cells that expressed 
LeY antigen in the stomach. This toxicity could be prevented by blocking acid se-
cretion with the proton pump inhibitor Omeprazole accompanied by antacids. At 
higher dose levels renal toxicity developed and was dose limiting. This toxicity was 
probably because of the small amounts of LeY present on some tubular cells in the 
kidney [9].

The anti LeY RIT SGN-10 (BR96 sFv-PE40) was developed by Seattle Genet-
ics and tested in a phase I clinical trial in 46 patients with LeY-positive metastatic 
carcinoma that was published in 2002. In that study, the dose limiting toxicities 
were gastrointestinal (including diarrhea, nausea, and vomiting) and VLS [138]. 
During the pre-clinical evaluation of SGN-10, it was tested in a rat VLS model. It 
was reported that intravenous administration of BR96 sFv-PE40 resulted in symp-
toms that closely resemble VLS seen in human immunotoxin trials. Prophylactic 
administration of the corticosteroid dexamethasone resulted in the prevention of 
VLS and survival of rats injected with what would otherwise be lethal doses of the 
RIT without changing the therapeutic efficacy [139, 140]. It should be noted that 
dose-limiting toxicities and adverse effects that were observed in most of the clini-
cal trials used to evaluate RITs could be managed by simple medical interventions 
with i.e. blood-pressure lowering drugs or NSAIDs.

The anti mesothelin RIT SS1P was evaluated in two phase I study in which toxic-
ity was also evaluated. In one study, SS1P was given by continuous infusion over 10 
days. Continuous infusion was tested as an approach to increase tumor uptake. In 
the other trial, SS1P was given by a 30 min infusion every 2 days for 3–6 doses. The 
significant dose-limiting toxicity in both trials was pleuritis ascribed to the targeted 
killing of normal mesothelial cells in the pleura. VLS characterized by weight gain 
and a fall in serum albumin also occurred, but was not dose limiting [9, 141].

A group of ITs was developed in which PE38 or PE38KDEL is not targeted by 
an antibody but, rather, by a ligand (or part of a ligand) binding to a cell-surface 
receptor that is overexpressed in cancer. As a matter of fact, the only FDA approved 
IT (which is not PE-based) is denileukin diftitox (Ontak). Ontak, an IL-2-DT fusion 
protein, was approved in 1999 the for patients with persistent or relapsed CD25-
positive cutaneous T-cell lymphoma (CTCL) [142].

As for ligand-PE fusion proteins, IL-4, IL-13 and EGFR were the tested ligands. 
Although overexpressed in malignancies, the receptors for these cytokines are pres-
ent on many normal cells so that systemic therapy results in unacceptable toxic side 
effects. For example, in a phase I trial of IL-4(38–37)–PE38KDEL in patients with 
advanced solid tumors that expressed IL-4R, the dose-limiting toxicity was liver 
damage and no objective responses were observed. These agents are better suited 
for local therapy, and three of these agents that target the EGF, IL-4 and IL-13 re-
ceptors have been evaluated for the therapy of glioblastoma. During treatment, the 
proteins were slowly infused into or next to the brain tumor by continuous infusion 
over many hours. Phase I and II trials of IL-4(38–37)–PE38KDEL showed a few 
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complete and partial responses, but the associated toxicity was unacceptable (the 
dose-limiting toxicity was liver damage) and the development of this IT was aban-
doned [143]. By contrast, both TGFalpha–PE38 and IL-13–PE38QQR were much 
better tolerated and have shown complete responses in some patients during phase I 
and phase II trials. The development of these ITs is ongoing [144–146].

The toxic side effects of immunotoxins in animals and humans are of two types. 
One type arises from the targeted killing of normal cells that have the same antigen 
as the tumor cells. Unfortunately, the best solution to overcome this toxicity is to 
find a different target antigen that is not expressed on normal cells (and, of course, 
a different antibody). The second type of toxicity arises from undefined nonspecific 
binding to normal cells which is probably driven by the toxin itself or from physi-
cochemical properties of the RIT. The studies that were described in this section 
highlight the importance of carefully assessing the target specificity of antibodies 
that are used to target RITs. Because RITs are so potent, differences in target expres-
sion level that may be sufficient for “naked” therapeutic antibodies (the anti EGFR 
mAb cetuximab and the anti ErbB2 mAb trastuzumab are such antibodies) may not 
provide a sufficient therapeutic window for RITs.

Finally, another critical issue for the success of treatment with immunotoxins 
is overcoming physical barriers within the body to gain access to the tumor target. 
Reducing the size of ITs was described in the introduction as a general solution for 
improving tumor penetration. The blood brain barrier (BBB) is the major barrier 
for systemically delivering chemotherapeutics from the circulation to brain tumors, 
for example the brain tumor glioblastoma multiforme (GBM) [147]. Traditional 
procedures like surgical resection and radiation therapy have little effectiveness for 
targeting brain tumor tissues due to their highly invasive nature. Catheter place-
ment has many disadvantages in the context of drug delivery, such as leakage of 
the infusate into the interventricular and subarachnoid spaces and results in poor 
drug delivery and distribution [148]. As an alternative novel approach, convection-
enhanced delivery (CED) was proposed to circumvent the BBB through direct in-
tracerebral injection (by using a hydrostatic pressure gradient) of large drug mol-
ecules throughout the interstitial spaces of infiltrated brain tumors. The proposed 
advantages of CED drug delivery platform are: (1) minimizing the exit of the drug 
from the brain while enhancing the drug delivery and reducing systemic toxicity 
effects; (2) therapeutic agent distribution may be controlled by the applied pressure 
and, thus, it enables to deliver constant concentrations of the RITs for a predictable 
distance before a drop-off [149]; and (3) CED enables limited neurotoxicity yet pro-
vides effective drug therapy to the tumor upon accurate catheter placement [150]. 
As part of the need for more accurate methods of validation and drug distribution, 
Mehta et al. demonstrated the ability of monitoring CED of RITs in humans by in 
vivo imaging. The imaging for CED was performed by combined the infusion of 
the MR1-1 RIT [MR1-1(dsFv)-PE38KDEL] and the MRI contrast agents: iodine-
labeled albumin (124I-HSA) and gadolinium conjugated diethylenetriaminepenta-
acetic acid in patients with supratentorial recurrent malignant gliomas. This method 
enabled high-resolution monitoring of large molecule distribution with the tissue 
[151]. The authors concluded that CED-infusion approaches offer a promising plat-
form for therapy in patients with GBM.
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Abstract Many new agents have been introduced in the treatment of acute myeloid 
leukemia (AML), and around 80 % of AML achieve complete remission (CR). 
However, a considerable number of patients relapse, which is mainly associated 
with drug resistance. Gemtuzumab ozogamicin (GO) is a conjugate of a cytotoxic 
agent, a calicheamicin derivative, linked to a recombinant humanized monoclonal 
antibody (mAb) directed against the CD33 antigen, which is expressed on leukemia 
cells from more than 90 % of patients with AML. GO was approved with promising 
results from phase I and II studies. However, the initial phase III study failed to con-
firm the merit of GO compared to conventional chemotherapies. One of the reasons 
is explained by the drug resistance acquired in leukemia cells before and during the 
treatments. Several resistance mechanisms against GO have been proposed. Among 
them, the most important resistant mechanism is the multidrug resistant (MDR) 
P-glycoprotein (P-gp). Some MDR modifiers removed the resistance of GO in vitro. 
However, one of the MDR modifiers, cyclosporine A (CyA), did not improve the 
response rate or survival, despite considerable number of adverse effects. Several 
investigators have reported promising results with the use of GO in acute promy-
elocytic leukemia (APL), which commonly expresses a larger amount of CD33 and 
a lower amount of P-gp than that of AML. Recent results show the efficacy of GO 
in a favorable risk of AML, such as core binding factor leukemia and APL. Another 
calicheamicin immunoconjugate, inotuzumab ozogamicin (IO), also introduced in 
B cell malignancies, provides us with promising results. However, IO also report-
edly has similar resistant mechanisms to GO.

Keywords Calichamicin · Immunoconjugate · Gemtuzumab ozogamicin · 
Inotuzumab ozogamicin · Acutemyeloid leukemia · B cell malignancies · 
P-glycoprotein

Abbreviations
AML Acute myeloid leukemia
mAb Monoclonal antibody
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CR Complete remission
GO Gemtuzumab ozogamicin
MDR Multidrug resistant
P-gp P-glycoprotein
CyA Cyclosporine A
APL Acute promyelocytic leukemia
IO Inotuzumab ozogamicin
OS Overall survival
DFS Disease-free survival
MRP1 MDR-associated protein 1
CRp Complete remission with thrombocytopenia
RFS Relapse-free survival
OR Overall response
SOS Sinusoid obstructed syndrome
HSCT Hematopoietic stem cell transplantation
Ara-C Cytosine arabinoside
DNR Daunorubicin
RAEB Refractory anemia with excess blasts
EFS Event-free survival
pBzRs Peripheral benzodiazepine receptors
HiDAC High dose AraC
ETP Etoposide
WHO World Health Organization
ATRA All-trans retinoic acid
Am80 Tamibarotene
ATO Arsenic trioxide
MR Molecular remission
ITAM Immunoreceptor tyrosine activation motifs
ITIM Immunoreceptor tyrosine inhibitory motifs
BCR B-cell antigen receptor
CLL Chronic lymphocytic leukaemia
NHL Non-Hodgkin lymphoma
CBF Core binding factor

7.1  Introduction

Acute myeloid leukemia (AML), one of the most representative hematological 
malignancies [1], constitutes approximately 25–30 % of adult leukemias in the 
Western countries. The age-adjusted incidence rate of AML is approximately 3–4 
per 100,000 people, and the incidence increases with aging. AML is characterized 
by the clonal proliferation of hematopoietic precursor cells and impairment of nor-
mal hematopoiesis. Many agents have been introduced in the treatment of AML, 
and around 80 % of AML cases achieve complete remission (CR) [2, 3]. However, a 
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considerable number of patients relapse, and as a result, the 5-year-overall survival 
(OS) and disease-free survival (DFS) remain at around 40 and 20 %, respectively. 
The reasons have been explored mainly by the genomic methods, which showed 
that AML was genetically more heterogeneous than expected. Moreover, the speci-
ficity of molecular diagnosis does not necessarily result in a specific molecular 
targeted therapy. Several promising agents have failed to win through randomized 
trials in AML [4, 5]. Monoclonal antibody therapy against CD33 was also intro-
duced and developed despite such a background.

Gemtuzumab ozogamicin (GO), whose development code was CMA676, is a 
conjugate of a calicheamicin derivative and a recombinant humanized antibody 
(IgG4) directed against the CD33 antigen [6]. Calicheamicin is a highly potent anti-
tumor antibiotic [7–10], which binds to DNA, breaks double-stranded DNA, and 
induces cell death. It is classified under the same category as toxin-conjugated an-
tibody against surface antigen of tumor cells. Here, we try to understand the action 
and resistant mechanism of calicheamicin immune-conjugates by GO. In addition, 
we introduce several means to overcome the drug resistance.

7.2  CD33

The CD33 antigen, a 67-kDa trans-membrane glycoprotein, belongs to the immu-
noglobulin (Ig) superfamily subgroup of sialic acid-binding Ig-like lectins (siglecs). 
[6, 11, 12]. It consists of two Ig-like extracellular domains and two cytoplasmic 
domains, [13] which have tyrosine residues similar to the immune-receptor tyro-
sine-based inhibitory motifs. Several protein tyrosine phosphatase inhibitors or the 
bridge formation by immunoglobulins result in phosphorylation of the tyrosine. 
While the molecular reaction stream after the phosphorylation of the tyrosine and 
the precise function of CD33 have not been well elucidated, it has been thought to 
be associated with cell adhesion and interaction. It could suppress cell proliferation 
and function, and induce apoptosis in vitro [14], but these functions have not been 
clarified in vivo.

CD33 is normally expressed on myelocyte and myelomonocytic precursor cells, 
as well as mature myeloid lineage cells, macrophages, monocytes, and dendritic 
cells [15–17]. The amount of CD33 reaches highest in promyelocytes and myelo-
cytes, and decreases with maturation of the myeloid lineage. CD33 is also expressed 
on erythroblasts, megakaryoblasts, and Kupffer cells at some level, [11, 12] but not 
on normal hematopoietic stem cells and lymphocytes [18, 19].

Eighty to 90 % of AML are reportedly considered as CD33-positive [17, 20–
22]. The amount of CD33 on AML cells is estimated at 10,000–20,000 copies/cell, 
which is 3–5 times more than normal bone marrow cells [23]. CD33 is sometimes 
determined on acute lymphoblastic leukemia (ALL), but the amount is relatively 
smaller (5–26 %) than AML [22, 24] and differs among the ALL subtypes. These 
facts suggest that CD33 is a useful target for the development of therapeutic agents 
for AML and limited ALL.
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Fluorescence conjugated with anti-CD33 antibody, hP67.8, which was detected 
on the cell surface just after incubation, moved to intracellular location after 3–5 h 
and disappeared after 24 h [25]. The data supports that CD33 is rapidly internal-
ized after anti-CD33 antibody binding, and then moved to the lysosome where the 
immunoconjugates undergodegradation and quenching of the fluorochrome. The 
internalization process indicated that antibody-cytotoxic agent complexes can ef-
fectively be taken up by CD33 positive leukemia cells. Consequently, radio- and 
toxin-conjugated anti-CD33 antibodies have been developed, such as conjugates of 
radioisotopes, calicheamicin, gelonin, and ricin [26–29]. Of these, GO has drawn 
attention with the encouraging results.

Many surface antigens are reportedly co-expressed on CD33-positive AML cells 
[24]. However, only CD34 reportedly relates to the efficacy of GO. In the previous 
study, GO was less effective on CD34-positive leukemia cells, even when they ex-
pressed a sufficient amount of CD33; this effect was independent of the amount of 
CD34 [30]. Sievers et al [31] reported in their clinical study that the expression of 
CD34 was associated with a shorter survival after treatment with GO. These might 
be explained by that CD34-positive cells have more defensive mechanisms includ-
ing P-glycoprotein (P-gp) than CD34-negative cells.

7.2.1  Gentuzumab Ozogamicin (GO)

GO is a humanized IgG4 anti-CD33 monoclonal antibody (hP67.6) conjugated 
to NAc-gamma calicheamicin DMH, a hydrazide derivative of calicheamicin 
(Fig. 7.1) [32]. Approximately half of antibodies are conjugated by calicheamicin, 
with an average load of 4–6 molecules of calicheamicin per antibody. Calicheami-
cin, a hydrophobic enediyne antibiotic agent, was first isolated from the actinomy-
cete Micromonospora echiospora ssp. Calichensis [7, 8]. The hydrazone function in 
the AcBut linker, which links the antibody and calicheamicin, releases calicheami-
cin divertive from its conjugated state under acidic conditions.

After GO binds to CD33 on the cells, CD33-antibody complexes are rapidly inter-
nalized and transferred into lysosomes [25]. The calicheamicin derivative is released 
via hydrolysis in the acid environment of the lysosome. Then it moves to the nucleus, 
and binds to the minor groove of DNA in a sequence-specific manner. It cleaves 
single and double-stranded DNAs by the removal of specific hydrogen atoms from 
the deoxyribose rings of DNAs [9]. DNA damage leads to apoptotic or non-apop-
totic cell death due to mitochondrial damage [33–35]. Naito et al [36] observed cell 
morphology after the incubation of GO by video-microscopy, which revealed some 
cells exhibited apoptotic changes, while the remaining cells showed non-apoptotic 
features. The cytotoxic mechanism of GO is the same as that of free calicheamicin, 
except for the internalization via CD33. Cells incubated with calicheamicin undergo 
either temporary or permanent cell cycle arrest depending on the concentration [31, 
36]. Transient G2/M arrest was observed prior to the increase of the hypodiploid por-
tion in cell lines incubated with GO. Several molecular pathways, such as Chk1 and 
Chk2 phosphorylation and caspase 3, reportedly played roles in this process [37].
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Cells expressing higher levels of CD33 were reportedly more susceptible to GO 
[38]. On the other hand, several patients with CD33-negative leukemia have also 
responded to GO [39]. Several studies have tried to explain the efficacy of GO on 
CD33-negative leukemia. One proposed explanation is that GO is partially moved 
into cell by CD33-independent endocytosis [39]. Another is that CD33-negative 
leukemia cells may have a sub-threshold low amount of CD33, which reacts sub-
stantially with GO [40].

7.2.2  GO Monotherapy, Phase I Study

In a phase I study conducted in the U.S., 40 patients with relapsed or refractory (re-
lapsed/refractory) AML were treated by GO (0.25–9 mg/m2) [41]. Leukemia cells 
were eliminated from the blood and bone marrow of 8 (20 %) of the 40 patients. 
Neutrophil counts recovered in five of these eight patients, but platelet count recov-
ered in only three. Patients who achieved complete remission (CR) without recov-
ering the platelet count more than 100 × 109/L were entered to the concept of CR 
with thrombocytopenia (CRp), which has been subsequently used in the evaluation 
of GO.

Fig. 7.1  GO is a humanized IgG4 anti-CD33 monoclonal antibody (hP67.6) conjugated to NAc-
gamma calicheamicin DMH, a hydrazide derivative of calicheamicin
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7.2.3  Phase II Study

Phase II trials with GO were started at a dose of 9 mg/m2 (2-week intervals for two 
doses) [42]. A total of 142 patients with AML in first relapse were enrolled in the 
study. Of these, 30 % achieved overall response (OR), including CR and CRp. The 
median relapse-free survival (RFS) was 5.3 months [43]. Grade 3 or 4 bilirubinemia 
was observed in 23 %, and hepatic transaminitis in 17 %. Hepatic sinusoid obstruct-
ed syndrome (SOS) was observed in seven patients (3 %), and three of these were 
fatal. Five patients, who received hematopoietic stem cell transplantation (HSCT) 
before the treatment of GO, did not have apparent SOS. However, 3 of 27 patients, 
who received HSCT after the treatment of GO, died of SOS. Based on these results, 
the Food and Drug Administration of U.S. approved GO for relapsed CD33-positive 
AML in patients 60 years of age or older [45].

7.2.4  Drug Resistance via P-glycoprotein

MDR is a phenomenon in which malignant cells acquire cross-resistance to a variety 
of unrelated cytotoxic drugs. P-gp, one of the most potent MDR mechanisms, is a 
membrane glycoprotein that actively pumps cytotoxic agents out from cells, and 
decreases intracellular drug accumulation [44, 45]. Various agents have been intro-
duced to overcome P-gp-associated drug resistance. They include calcium blocker, 
quinidine, cyclosporine, cepharantin, carotenoids and soforth. Naito et al [36] ana-
lyzed the cytotoxic effect of GO on NOMO-1 and NB4 cell lines as well as their 
multidrug resistant sublines, NOMO-1/MDR and NB4/MDR. They analyzed it by a 
video-microscopic system, DNA fragmentation, dye exclusion and 3H-thymidine up-
take after analysis of CD33, CD34 and P-gp expressions. A concentration-dependent 
cytotoxic effect of GO was observed in cell lines that expressed CD33. Sensitive 
cells were temporally arrested at the G2/M phase of the cell cycle before undergo-
ing morphological changes. GO was not effective on the multidrug-resistant sub-
lines compared with the parental cell lines. MDR modifiers, MS209 and PSC833, 
restored the cytotoxic effect of GO in P-gp-expressing sublines. They concluded that 
calicheamicin derivatives, which are internalized with GO via CD33 and detached 
from GO in lysosomes, could be pumped out by P-gp from the cells (Fig. 7.2) [36]. 
Matsui et al [31] continuously analyzed the in vitro effects of GO on leukemia cells 
from 27 AML patients in relation to the amount of P-gp, MDR-associated protein 1 
(MRP1), CD33 and CD34. The effect of GO, estimated by the amount of hypodip-
loid portion on the cell cycle, was inversely related to the amount of P-gp estimated 
by the MRK16 monoclonal antibody, and to the P-gp function assessed by intracel-
lular rhodamine-123 accumulation in the presence of MDR modifiers. They showed 
that MDR modifiers reversed GO resistance in P-gp-expressing CD33+leukemia 
cells. GO was less effective on CD33+CD34+ than CD33+CD34− cells. Interestingly, 
similar results were obtained in studies using inotuzumab ozogamicin (IO), a cali-
cheamicin-conjugated anti-CD22 antibody, for lymphoid malignancies [46, 47]. It 
will, herein, subsequently be described in detail. Another study showed the cells that 
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were persistently exposed to low-dose GO acquired resistance to GO and expressed 
P-gp [48]. GO-sensitiveHL-60 cells, which were persistently exposed to low con-
centrations of GO, changed to GO-resistant HL-60(HL-60/GOR) cells. P-gp was 
significantly expressed in HL-60/GOR cells, but not in parental HL-60 cells.

These in vitro results were confirmed imperviously mentioned phase I studies of 
GO [40, 41]. Good responders were more frequently observed in leukemia patients 
characterized by low dye efflux in vitro. Any kind of screening tests for P-gp before 
the treatment of GO might be helpful to have a better clinical outcome. Naito et al 
[36] suggested that the combination use of GO and MDR modifiers may be an ideal 
therapeutic approach for P-gp-expressing leukemia, assuming that the hematologic 
and non-hematologic toxicities are not worsened. This idea has been tried clinically 
in relapsed/refractory AML.

7.2.5  GO Treatment with MDR Modifier, CyA

Cyclosporin A (CyA), which has been easily-available and widely used as an im-
munosuppressant, has a considerable effect as an MDR modifier on the other hand. 
It has, in fact, been administered as an adjunct to GO-containing chemotherapy in 
the treatment of AML (Table 7.1) [49–51]. Apostolidou et al [49] treated with GO 
(6 mg/m2 on day 6), cytosine arabinoside (Ara-C)(1 g/m2 on days 1–5), liposome-
encapsulated daunorubicin (DNR) (75 mg/m2 on days 6–8) and CyA (on day 6) 
(MDAC regimen)for 11 patients with relapsed/refractory AML. One (9 %) patient 
achieved a transient CR, and one achieved CRp. Grade 3/4 toxicities included sep-
sis in 7 patients(63 %); hyperbilirubinemia in 6 (54 %), and mucositis in 3 (27 %).

Tsimberidou et al [50] evaluated the efficacy and toxicity of a combination regi-
men of GO (6 mg/m2 on day 1),fludarabine (15 mg/m2 on days 2–6), AraC (0.5 g/
m2 on days 2–6) and CyA (6 mg/kg on days 1 and 2) (MFAC regimen) in 59 patients 
with previously untreated AML, refractory anemia with excess blasts (RAEB), or 

Fig. 7.2  After GO binds to 
CD33 on the cells, CD33-
antibody complexes are 
internalized and transferred 
into lysosomes, in which 
calicheamicin is detached. 
Intracellularly released 
calicheamicin derivatives 
are pumped out via P-gp in 
multidrug-resistant cells. 
MDR modifiers recover the 
effect of GO
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RAEB in transformation (RAEBT): 39 patients (66 %) were AML and 20 patients 
(34 %) were RAEB/RAEBT. CR was achieved in 27 patients (46 %) and CRp was 
achieved in patient (2 %). The 1-year OS was 38 % and the event-free survival (EFS) 
in patients with CR/CRp was 27 %. Grade 3/4 toxicity included hyperbilirubinemia 
in 31 % and transaminitis in 7 % of the patients. Four patients (7 %) developed SOS. 
They conducted a Phase II study of the MFAC regimen in 32 patients with resistant/
relapsed AML [51]. Nine (28 %) patients achieved CR, and 2 (6 %) CRp. The 1-year 
OS was 19 %. Fourteen patients (44 %) developed grade 3/4 hyperbilirubinemia, 6 
(18 %) grade 3/4 hepatic transaminitis, and 3 (9 %) SOS.

CyA did not improve the response rate nor survival, although SOS was observed 
in a considerable number of patients. The unsuccessful attempt of the treatment 
may be explained by the possibility that CyA ablates the function of P-gp, which is 
widely distributed across critical organ systems, resulting in increased adverse ef-
fects, and that the clinical outcome from the P-gp negative cases assumed influence 
on the non-significance of the results [52]. Several transporters other than P-gp have 
also been suggested. MRP1, another well-known transporter protein, is sometimes 
expressed in AML [53]. However, the clinical importance of MRP1 was relatively 
limited among the mechanisms of resistance to GO [54]. Other transporters report-
edly have further limited effects.

7.2.6  Drug Resistance Other Than P-glycoprotein

The roles of βcl-2 and βcl-x, anti-apoptotic proteins, in the resistance to GO have 
been reported [55, 56]. GO induced proapoptotic activation of Bak and Bax and 
stress-activated protein kinase in sensitive AML cells, but not in resistant ones, 
KG1a AML cells. The effect of GO was enhanced by βcl-2 antisense oligonucle-
otide, oblimersen sodium, but reduced by over-expression of βcl-2 and βcl-x. Bax, 
Bak and stress-activated protein kinase may play a role in resistance to GO [57]. The 
resistance mechanism is not specific for GO, but considerable. Oblimersen (7 mg/
kg, days 1–7 and 15–21) was administered with GO (9 mg/m2 on days 4 and 18) 
in 48 elderly patients with relapsed AML (Table 7.1) [55]. Twelve patients (25 %) 
achieved OR. The median OS for all patients enrolled was 2.3 months. Grade 3/4 
toxicities were sepsis (12 %) urinary tract infection (8 %), pneumonia (6 %) and 
respiratory events (31 %).

The peripheral benzodiazepine receptors (pBzRs) locate in the multiprotein mi-
tochondrial pore complex which regulates mitochondrial membrane potential. Bcl-
2 and related anti-apoptotic proteins block apoptosis by keeping the pores closed, 
but pBzR ligands promote the opening of pores and induce apoptosis. The pBzRs 
ligand, PK11195, increased the sensitivity of AML cells to standard chemothera-
peutics both by inhibiting P-gp and by promoting mitochondrial apoptosis [56]. It 
increased the sensitivity to GO in AML cells in vitro.

Rosen et al [58] reported that the activation of survival signaling pathways, 
such as PI3K/AKT, MEK/ERK and JAK/STAT, is reportedly associated with GO 
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resistance in vitro in AML cells. An AKT inhibitor, MK-2206, restored the resis-
tance of GO and calicheamicin in resistant AML cells.

The transport of GO into the bone marrow may be important for intensifying 
the effect of GO [27, 38]. An excess of circulating CD33-positive cells decreased 
the effect of GO, and resulted in worse outcomes [26, 59]. GO may be spent in the 
circulation before it reaches the bone marrow [31, 32, 36]. This suggests that GO 
might be made more effective by the reduction of CD33 in peripheral blood by 
proceeding chemotherapy [46]. Therefore, GO is often managed several days after 
the start of induction chemotherapy. However, we understand that a high blast cell 
count is equally an adverse prognostic factor in leukemias treated with other anti-
leukemic agents.

Several agents may also enhance the effect of GO. G-CSF increased the effect 
of GO, and induced AML cells to enter G2/M and a hypodiploid phase [60, 61]. 
Valproic acid, a histone deacetylase inhibitor, strengthened the effect of GO [62]. 
However, the synergistic effect of GO with these agents has not been confirmed in 
clinical studies. Clinically, multiple mechanisms may simultaneously arise in the 
development of resistance to GO.

7.2.7  Phase III Study with GO for AML and Disappearance 
from the Market

The Southwest Oncology Group (SWOG) studyS0106 reported the benefit and tox-
icity of adding GO to standard therapy in 627 patients with de novo AML [63]. Pa-
tients were randomized to receive induction therapy with DNR (45 mg/m2 on days 
1–3) and AraC (100 mg/m2 on days 1–7) and GO (6 mg/m2 on day 4) (AD+GO) or 
standard induction therapy with DNR (60 mg/m2 on days 1–3) and AraC (100 mg/
m2 on days 1–7) (AD). After patients achieved CR, they received consolidation 
therapy with 3 courses of high dose AraC (HiDAC). Patients in remission were re-
randomized to the treatment of GO (5 mg/m2 every 28 days, 3 doses) or observation. 

Table 7.1  Treatment with GO in combination with multidrug resistant modifiers for the relapsed/
refractory AML
Regimen Combi-

nation 
therapy

GO (/m2) No. of 
cases

Median 
age

CR (CRp) 
%

Refrac-
tory case 
(%)

VOD 
(%)

Authors

MDAC DNA, 
AraC, 
CyA

6 mg × 1 11 37 
(16–67)

9 (9) 37 0 Apostlidou 
et al [49]

MFAC F, AraC, 
CyA

4.5 mg × 1 32 53 
(18–78)

28 (6) 34 9 Tsimberi-
dou et al 
[50]

Anti-
βcl2

Oblim-
ersen

9 mg × 1 48 67 (> 60) 10 (15) 0 0 Moore et al 
[55]

AraC cytrabine, CyA cyclosporine A, DNR daunorubicin, F fludarabine
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The OR rate was 74 % in both induction arms. The RFS was not significantly differ-
ent between two arms. Adverse effects were significantly increased in the AD+GO 
arm. The results of SWOG-S0106 triggered Pfizer Corp. to voluntarily withdraw 
GO from the market in 2010.

7.2.8  Subsequent Phase III Study for AML

In a subsequent study, 238 patients with de novo AML and an intermediate karyo-
type were treated with standard chemotherapy with or without GO [64]. GO (6 mg/
m2) was added to standard 3 + 7 induction, and to a consolidation of mitoxantrone 
(MIT) and AraC. The CR rate and early death rate were not different between both 
groups. Grade 3/4 hepatic toxicities were increased in the GO arm. The EFS and 
the OS were not changed in both treatment arms. In patients who did not receive 
HSCT, EFS was significantly higher in the GO arm (54 vs 27 %) while OS was not 
improved.

In the MRC-AML15 trial, 1113 patients with de novo AML, excluding APL, 
were randomly assigned to receive either of the following 3 induction treatments: 
DNR and AraC; DNR, etoposide (ETP) and AraC; or fludarabine, IDA, AraC and 
G-CSF; with or without GO (3 mg/m2) [65]. After achieving remission, 948 patients 
were randomly assigned to GO (3 mg/m2) in combination with amsacrine, AraC and 
ETP or HiDAC (1.5 g or 3 g/m2). The CR rate or the OS were not significantly dif-
ferent between both groups. Survival benefit of GO was observed in patients with 
favorable cytogenetics, but not in patients with high-risk cytogenetics. GO did not 
increase toxicity.

In other results from the UK and Denmark, 1115 patients with AML or high-risk 
MDS were randomly assigned to receive induction chemotherapy with either DNR 
(50 mg/m2 on days 1, 3, 5) and AraC (100 mg/m2 twice a day on days 1–10) or DNR 
and clofarabine (20 mg/m2 on days 1–5), with or without GO (3 mg/m2) [66]. The 
OR rates were not different between both groups. GO did not increase toxicity and 
mortality. Three-year cumulative incidence of relapse was significantly lower, and 
3-year OS was significantly better in the patients treated with GO.

Two hundred and seventy-eight elderly patients with de novo AML received 
DNR (60 mg/m2 on days 1–3) and AraC (200 mg/m2 for 7 days) without (control 
group) or with GO (3 mg/m2 on days 1, 4, and 7) [67]. The OR rate was not dif-
ferent between the two groups. The 2-year-EFS, OS, and RFS were significantly 
improved by the addition of GO. GO did not increase the risk of death from 
toxicity.

These recent results demonstrated some advantage for patients treated with GO. 
In addition, induction mortality was not increased in these studies. Efficacy was 
observed, typically in patients with favorable-risk, and sometimes in intermediate-
risk. The reason for this has not been elucidated. However, multiple resistant mech-
anisms observed in high-risk could explain it.
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7.2.9  The Efficacy of GO for Acute Promyelocytic Leukemia 
(APL)

APL, which is classified asAML-M3 in the FAB classification system and as APL 
with t(15;17)(q22;q12) and PML-RARA transcript within myeloid malignancies 
according to the World Health Organization (WHO) classification system [68]. 
This disease is characterized by differentiation arrest in myeloid precursor cells 
and their uncontrolled proliferation. All-trans retinoic acid (ATRA) has dramati-
cally decreased these complications, and around 90 % of newly-diagnosed patients 
achieved CR and more than 60 % survived long-term with subsequent post-remis-
sion chemotherapy [69–72]. While ATRA combined with chemotherapy has been 
the standard treatment for patients with APL, approximately 20 % undergo relapse 
[73–75]. Several salvage therapies, including tamibarotene (Am80), arsenic triox-
ide (ATO), and stem cell transplantation, have been introduced for the treatment of 
APL [76, 77]. GO was also administered to APL, and the successful outcome of 
this therapy has been reported for patients with newly diagnosed or relapsed APL 
[78–80].

Several reasons have been proposed to explain the efficacy of GO for APL [81, 
82]. First, a large amount of CD33 is commonly expressed on the surface of APL 
cells. Second, the level of P-gp on the surface of APL cells is significantly lower 
than that of AML. Third, APL cells are highly sensitive for free calicheamicin. 
Lo-Coco et al [79] reported that 14 of 16 patients with molecularly relapsed APL 
achieved molecular remission (MR) after GO monotherapy (6 mg/m2at 2-week in-
tervals for three doses). Of 14 responders, seven (50 %) remained in sustained MR 
for a median of 15 months. GO was administered again in two patients with relapse, 
and both obtained a new MR.

Another study reported that two patients in a third morphologic relapse with a 
considerable number of APL cells were treated by GO monotherapy (9 mg/m2 on 
days 1 and 15) and achieved CR [80]. One of the patients was treated with consoli-
dation chemotherapy, but the other was not. Both patients had a considerably long 
CR. GO may represent another treatment option if stem cell transplantation is not 
being considered in APL.

Aribi et al [81] reported the efficacy of a combination therapy consisting of ATO, 
ATRA and GO in eight patients with APL in first relapse. Patients were treated with 
ATO until CR, and then received the consolidation therapy including ATO, ATRA 
and GO (9 mg/m2) once a month for 10 months. The second CR was longer than the 
first CR in 75 %. Moreover, all patients achieved MR. Grade 3/4 non-hematological 
toxicities were not observed. These reports show that GO is effective for APL pa-
tients with molecularly relapsed and advanced relapsed forms of the disease. These 
data also support the use of GO treatment for APL, which usually have low levels 
of P-gp and high levels of CD33.
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7.3  CD22

CD22, a 140 kD a transmembrane sialo-adhesion glycoprotein, is widely distributed 
in mature B cells.[83–85] CD22 is a member of the Ig super-family and has seven 
extracellular Ig-like domains, which mediate cell adhesion tosialic-acid-bearing li-
gands. The cytoplasmic regions of CD22 have the immune receptor tyrosine activa-
tion motifs (ITAM) and tyrosine inhibitory motifs (ITIM). CD22 ITAMs are phos-
phorylated after BCR activation, and enhance the recruitment of protein tyrosine 
phosphatases to CD22. The CD22-associated phosphatases then dephosphorylate 
BCR components resulting in the attenuation of BCR signaling. The function of 
CD22 is reportedly to modulate the B-cell antigen receptor (BCR) signaling and 
to regulate cell-cell interactions. The activation of CD22 by ligand binding and 
cross-linking send negative signals and result in cytotoxicity for B-cell lymphoma 
[86–89].

7.3.1  Inotuzuma Bozogamicin

Calicheamicin conjugated antibody-targeted chemotherapy strategy has been also 
applied to B cell malignancies. Because the expression of CD22 is restricted to the 
B cell lineage and CD22 has a characteristic of internalising molecules, anti-CD22 
antibody can be used for targeted delivery of calicheamicin. IO is the calicheamicin 
conjugated to a humanized IgG4 anti-CD22 mAb, G544, with the linker containing 
an acid-labile hydrazone. Therefore, the action mechanisms of IO are similar to GO, 
except that these conjugates recognize distinct molecular targets. Clinical efficacies 
have been reported in several B cell malignancies [90–92].

7.3.2  Drug Resistance of IO

The reports about the resistant mechanism of IO have not be more frequently found 
than those of GO. However, the similar resistant mechanisms observed in the stud-
ies of GO can be found in IO. The effect of IO was analyzed in relation to CD22 and 
P-gp in B-cell chronic lymphocytic leukaemia (CLL) and non-Hodgkin lymphoma 
(NHL) in vitro [47]. The cell lines used were the CD22-positive parental Daudi 
and Raji and their P-gp positive sublines, Daudi/MDR and Raji/MDR. The effect 
of IO was analyzed by morphology, annexin-V staining, and cell cycle distribu-
tion. A dose-dependent, selective cytotoxic effect of IO was observed in cell lines 
that expressed CD22. CMC-544 was not effective on Daudi/MDR and Raji/MDR 
cells compared with their parental cells. The MDR modifiers, PSC833 and MS209, 
restored the cytotoxic effect of CMC-544 in P-gp-expressing sublines. In clinical 
samples, the cytotoxic effect of CMC-544 was inversely related to the amount of 
P-gp, and to intracellular rhodamine-123 accumulation. The effect positively cor-
related with the amount of CD22.
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7.4  Conclusion

Antibody-targeted chemotherapy using immunoconjugates of calicheamicin is the-
oretically an effective therapeutic method in the treatment of cancers. They have 
improved the specificity and therapeutic effects. They have been used as a single 
agent or in combination with conventional chemotherapies or other molecular target 
therapies, and several successes have been reported. However, the immunoconju-
gates of calicheamicin also acquire drug resistance and, hence, it should be used 
with understanding of their characteristic features.

GO has introduced a new perspective into the treatment of AML. However, 
the second evaluation of this treatment did not yield positive results mainly due to 
MDR. Recent studies have shown the efficacy of GO in AML, with a favorable risk 
in APL as well. Subsequent evaluations should focus on the efficacy of GO in the 
core binding factor (CBF) leukemia and its mechanism of action, which may lead 
to the re-approval of GO. IO is a very potent agent against B cell malignancies. IO 
action and resistant mechanisms will be similar to GO. Combination therapies with 
other agents will be promising.
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Abstract The use of therapies based on antibody fusion proteins for the selective 
elimination of tumor cells has increased markedly over the last two decades because 
the severe side effects associated with conventional chemotherapy and radiotherapy 
are reduced or even eliminated. However, the initial development of immunotox-
ins suffered from a number of drawbacks such as nonspecific cytotoxicity and the 
induction of immune responses because the components were non-human in origin. 
The most recent iteration of this approach is a new class of targeted human cytolytic 
fusion proteins (hCFPs) comprising a tumor-specific targeting component such as 
a human antibody fragment fused to a human effector domain with pro-apoptotic 
activity. Certain tumors resist the activity of hCFPs by upregulating the intracellular 
expression of native inhibitors, which rapidly bind and inactivate the human effec-
tor domains. Higher doses of the hCFPs are, therefore, required to improve thera-
peutic efficacy. To circumvent these inhibitory processes, novel isoforms of the 
enzymes granzyme B and angiogenin have been designed to increase their intrinsic 
activity and reduce their interactions with native inhibitors resulting in more potent 
hCFPs that can be applied at lower doses. This chapter summarizes the basic scien-
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tific knowledge that can facilitate the rational development of human enzymes with 
novel and beneficial characteristics, including the ability to avoid neutralization by 
native inhibitors.

Keywords Targeted therapy · Human cytolytic fusion protein · Apoptosis · Effector 
domain · Angiogenin · Granzyme B · Tumor-specific binding domain · Natural 
inhibitor · Serpin B9 · PI-9 · RNH1

Abbreviations

Å Angström
ADC Antibody drug conjugate
ALS Amyotrophic lateral sclerosis
AML Acute myeloid leukemia
AMML Acute myelomonocytic leukemia
APAF 1 Apoptoticproteaseactivatingfactor 1
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IFN Interferon
IL Interleukin
IRES Internal ribosome entrysite
LeY Lewis Y antigen
LPS Lipopolysaccharide
MOMP Mitochondrial outer membrane permeabilization
mRNA Messenger RNA
mRNP mRNA-based ribonucleoproteins
NKcells Natural killer cells
NLS Nuclear localization signal
NRW North-Rhine Westphalia
NuMA Nuclear mitotic apparatus protein
PARP Poly (ADP-ribose) polymerase
PEG Polyethylene glycol
PI Propidium iodide
PI 9 Proteinase inhibitor-9
raPIT5a Rat pituitary gland
RCL Reactive center loop
RISC RNA-induced silencing complex
RNA Ribonucleic acid
RNAi RNA interference
RNH1 Ribonuclease/angiogen ininhibitor 1
RPMI Roswell Park Memorial Instiute
rRNA Ribosomal RNA
scFv Single chain fragment variable
SDS Sodium dodecyl sulfate
tiRNA tRNA-derived stress-induced RNA
TNF Tumor necrosis factor
tRNA Transfer RNA
XIAP X-linked inhibitor of apoptosis protein
XTT  2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Car-

boxanilide

8.1  Introduction: From Classical Immunotoxins 
to Human Cytolytic Fusion Proteins

The treatment of cancer is still dominated by the classical approaches of surgery, che-
motherapy and radiotherapy. These techniques are notorious for their off-target activity, 
leading to serious and often life-threatening side effects as well as the development of 
drug resistance and high relapse rates due to the survival of residual tumor cells. Target-
ed cancer therapy can reduce the side effects associated with conventional treatments, 
thus, providing versatile tools for the continuing fight against cancer.
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The first targeted cancer therapies were monoclonal antibodies, which imple-
mented Paul Ehrlich’s concept of using ‘magic bullets’ to selectively fight disease-
causing organisms. At least 12 therapeutic antibodies have already entered the mar-
ket [1] and many more are currently undergoing clinical development [2]. However, 
full-size antibodies often lack therapeutic efficacy due to their poor tumor penetra-
tion and the need for high doses to compete with serum immunoglobulins [3, 4].

Further development involved the coupling of antibodies to toxic molecules to 
increase their potency, resulting in two distinct concepts: antibody drug conjugates 
(ADCs) and immunotoxins [5]. Whereas ADCs are antibodies chemically conju-
gated to a toxin, drug or radionuclide, the toxic component of immunotoxins is a 
naturally occurring protein originating from bacteria or plants. The most prominent 
examples are Pseudomonas aeruginosa exotoxin A (ETA) [6] and the castor bean 
ricin A chain [7]. Thus far, four generations of immunotoxins have been described. 
The first generation was a subset of the ADCs, essentially full-size antibodies 
chemically conjugated to whole-protein toxins. The technological and pharmaco-
logical disadvantages of these molecules led to their replacement by second and 
third generations of immunotoxins which were genetic fusions comprising native 
ligands or single-chain variable fragments (scFv) as the targeting component and 
truncated bacterial or plant-derived toxins with the natural cell-binding domain de-
leted (Fig. 8.1). These fusion proteins are easier to manufacture, they have fewer 
side effects, and they are more efficacious due to enhanced tumor penetration and 
stability. The therapeutic potential of ADCs and immunotoxins has been demon-
strated in several clinical trials [3, 8, 9] and a handful have already entered the 
market: Brentuximab vedotin, an ADC comprising the anti-CD30 antibody bren-
tuximab coupled to the antimitotic agent monomethyl auristatin E for the treatment 
of Hodgkin’s lymphoma [10], trastuzumab emtansine, an ADC comprising the Her-
2 specific antibody trastuzumab (Herceptin) linked to the maytensine derivative 
DM1 for the treatment of Her2-positive metastatic breast cancer [11], and finally 
Denileukin diftitox (Ontak®), a fusion protein comprising the diphtheria toxin and 
interleukin-2 for the treatment of non-Hodgkin’s lymphoma [12].

One major drawback of the classic immunotoxins is their immunogenicity, 
which is caused by both their component domains. The use of murine antibod-
ies or fragments thereof induces a human anti-mouse antibody (HAMA) response 
in some patients, which reduces the efficacy of molecules containing murine anti-
body components and causes allergic reactions with life-threatening complications 
in extreme cases [13, 14]. The early generation of immunotoxins is, therefore un-
suitable for long-term treatment regimens involving multiple doses, which is often 
necessary for cancer therapy. Complete ‘humanization’ is therefore a prerequisite 
for future clinical development [15, 16]. Numerous strategies have been developed 
to reduce the immunogenicity of immunotoxins, including the co-administration 
of immunosuppressive drugs [17, 18], derivatization of the antibody with polyeth-
ylene glycol (PEG) to mask the protein from immune surveillance [19], and the 
removal or modification of major B-cell and T-cell epitopes [20, 21]. More recent 
antibody-engineering techniques have allowed the development of humanized or 
fully human antibodies by grafting the complementarity-determining regions onto a 
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Fig. 8.1  Generations of immunotoxins. First generation immunotoxins were created by the 
chemical conjugation of antibodies and intact native toxins. Removal of the non-specific binding 
domain while retaining the native translocation domain of the toxin moiety led to second genera-
tion immunotoxins with markedly increased specificity. Recombinant DNA techniques allowed 
the production of third generation immunotoxins in which the native cell binding domain of toxins 
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human framework, using transgenic mice expressing human immunoglobulin genes 
or screening human-antibody phage display libraries [22, 23].

Even if the antibody component is upgraded, the bacterial and plant-derived 
toxins can still elicit an immune response. Complete humanization is, therefore, 
achieved by replacing such toxins with pro-apoptotic human proteins that induce 
cell death. This step has yielded the fourth and most recent generation of immu-
notoxins, which are known as human cytolytic fusion proteins (hCFPs). We have 
developed a series of hCFPs using effector domains based on the human serine 
protease granzyme B [24], human ribonucleases (RNases) such as angiogenin [25], 
human kinases such as death-associated protein kinase 2 (DAPK2) [26], and the 
microtubule-associated proteins (tau) [27]. Further examples of human effector 
domains include death receptor ligands and pro-apoptotic members of the BCL-2 
family [16, 28]. Several hCFPs have already been tested to confirm their selective 
activity and efficiency in vitro and in vivo [16, 29].

8.2  Human Granzyme B

8.2.1  The Role of Granzyme B in Immune Surveillance

Several key features of the immune system help to prevent the development of can-
cer. Cytotoxic lymphocytes, which include natural killer (NK) cells and cytotoxic T 
lymphocytes (CTLs), are the main defense against cells infected with intracellular 
pathogens or transformed into a tumorigenic phenotype [30]. Cytotoxic lympho-
cytes use two major pathways to induce apoptosis in infected or transformed cells. 
The first is the death receptor pathway mediated by the stimulation of death recep-
tors on the tumor cell surface, i.e. CD95 (Fas receptor), the tumor necrosis factor 
(TNF)-related apoptosis-inducing ligand receptors TRAIL-R1 and TRAIL-R2, and 
the death receptors DR4 and DR5 [31, 32]. The second is the granule exocytosis 
pathway, mediated by the pore-forming protein perforin and a family of pro-apop-
totic serine proteases (granzymes) [33]. Five human genes have been identified thus 
far encoding structurally related granzymes ( B, A, H, K and M) with unique expres-
sion profiles and substrates specificities [34–37].

Granzyme B, a 32-kDa serine protease, is one of the key effector molecules in 
granule-mediated apoptosis during both the specific and non-specific host rejection 
of tumors and virus-infected cells by cytotoxic lymphocytes [38, 39]. The protease 
is expressed as an inactive enzyme precursor carrying an N-terminal signal peptide 
sequence. After cleavage of the signal peptide in the endoplasmic reticulum (ER), 

is genetically replaced by shorter antibody fragments (e.g. scFvs) or natural ligands, thus, improv-
ing manufacturing and tumor cell penetration. Within the fourth generation immunotoxins (human 
cytolytic fusion proteins), the toxin moiety, an endogenous cell death inducing protein of human 
origin, is genetically fused to humanized/human antibody fragments or natural ligands in order to 
reduce immunogenicity



1918 Engineered Versions of Granzyme B and Angiogenin …

granzyme B is glycosylated with two mannose-6-phosphate groups. The glycosyl-
ated protein is then directed into the secretory granules of NK cells and CTLs where 
it is activated by dipeptidyl peptidase I (DPPI)/Cathepsin C [40, 41]. Within the 
granules, granzyme B and perforin are stored as a multimeric complex using the 
proteoglycan serglycin as a scaffold [42]. Following target cell recognition using 
an elaborate repertoire of receptors, and then effector cell activation, the cytotoxic 
granules containing granzyme B/perforin complexes (as well as other granzymes) 
are released by calcium-dependent exocytosis into the submicroscopic intercellular 
cleft (immunological synapse) formed with the target cell [43, 44]. The physiologi-
cal substrates of granzyme B are located predominantly in the cytosol but also in the 
nucleus [45]. The enzyme must, therefore, be translocated from the immunologi-
cal synapse across the target cell plasma membrane to the specific site of action, 
and this step is not fully understood despite numerous investigations. At least two 
models of granzyme B uptake have been proposed, both based on the membrane-
penetrating properties of perforin [46].

Once released, granzyme B activates several pro-apoptotic pathways by cleav-
ing and activating multiple protein substrates, including procaspases and structural 
proteins of the cytoskeleton, as well as proteins involved in protein folding and 
DNA repair (Fig. 8.2) [47]. It displays an unusual specificity for aspartate or glu-
tamate at the P1 site within a specific P4–P1 tetrapeptide motif (Ile-Glu-Pro-Asp/
Glu) in its substrates [36]. Granzyme B cleaves the initiator procaspase-8, promot-
ing its homodimerization and subsequent activation of the mitochondrial pathway. 
It also directly activates procaspase-3 and procaspase-7, thus triggering apoptosis 
at multiple points along the caspase-dependent pathway. Likewise, granzyme B di-
rectly activates the mitochondrial pathway by cleaving the BH3-interacting domain 
death agonist (BID) [48]. Activation of the mitochondrial apoptotic machinery by 
granzyme B, either indirectly by caspase-8 or by the direct generation of truncated 
BID (tBID), is driven by the translocation of tBID into the mitochondria and the 
local activation of the pro-apoptotic BCL-2 family members BAX and BAK. Once 
cleaved, these proteins promote mitochondrial outer membrane permeabilization 
(MOMP) and the release of cytochrome c (cyt c) from the mitochondrial intermem-
brane space, accompanied by further pro-apoptotic proteins such as Smac/DIABLO 
and OMI/HTRA2, which promote caspase activation by blocking the inhibitor of 
apoptosis proteins (IAP) [49].

In the presence of dATP, the cytosolic release of cytochrome c results in the 
binding of the apoptotic protease activating factor 1 (APAF-1) and the formation 
of the heptameric apoptosome complex [50]. Apoptosome formation promotes the 
autocatalytic activation of procaspase-9 and subsequent processing of procaspase-3 
and procaspase-7 [51], which coordinate the execution phase of programmed cell 
death by cleaving multiple intracellular death substrates (Fig. 8.2). This leads to the 
typical morphological changes associated with apoptosis including DNA fragmen-
tation, chromatin condensation, cell shrinkage, plasma membrane blebbing and the 
formation of apoptotic bodies. Granzyme B is also capable of activating the down-
stream death substrates of caspases, reflecting its caspase-like preference for an as-
partate in the P1 position [52–56]. This mitochondria/caspase-independent pathway 
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Fig. 8.2  Multiple pathways of granzyme B-mediated apoptosis induction. Two proposed 
mechanisms of perforin-facilitated delivery of native granzyme B to the target cell cytosol are 
described: Passive diffusion in response to perforin-induced Ca2+-dependent membrane pore 
formation or cytosolic release by perforin-mediated endosomal membrane disruption. Fusion of 
granzyme B to a targeting moiety directs specific binding to a cell surface receptor which is consti-
tutively endocytosed. Once released into the cytosol, granzyme B utilizes three major mechanisms 
to induce apoptosis in target cells: [1] direct cleavage of effector caspases ( caspase pathway) [2] 
activation of the mitochondrial pathway, either directly by the cleavage or Bid, or indirectly by 
caspase-8 activation or [3] direct cleavage of cellular death substrates like the nuclear mitotic 
apparatus protein (NuMA), PARP (poly(ADP-ribose) polymerase), DNA-PK ( DNA-dependent 
protein kinase), Lamin B and DFF45 ( DNA fragmentation factor-45)/ICAD ( inhibitor of caspase-
activated DNase) ( mitochondria/caspase-independent pathway)
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bypasses the strict regulatory control of the caspase cascade allowing the reliable 
induction of apoptosis in target cells.

Granzyme B may also have an extracellular, perforin-independent non-toxic role 
that contributes to innate and adaptive immunity by processing cytokines and dis-
rupting endothelial cell–cell contacts allowing the extravasation of leukocytes into 
affected tissues [57]. The degradation of extracellular matrix proteins by granzyme 
B is likely to play a significant role in the pathophysiology of many chronic inflam-
matory diseases, including autoimmunity and transplant rejection [39].

8.2.2  Therapeutic Potential and Limitations of Granzyme 
B for the Treatment of Cancer

The inherent advantages of granzyme B as an immunotherapeutic toxin include its 
role as a pleiotropic effector molecule for NK cells and CTLs, its broad portfolio 
of apoptosis-inducing mechanisms, its human origin (reducing its immunogenicity) 
and the ease with which hCFPs based on this enzyme can be synthesized.

The functional expression of granzyme B and fusion proteins containing it has 
been achieved in several heterologous systems, including Escherichia coli, Pichia 
pastoris, insect cells and mammalian cell lines such as HEK293T, HeLa, Jurkat and 
COS [24, 58, 64]. The enzymatic activity of granzyme B depends on correct pro-
cessing and the generation of a free N-terminus. Several strategies addressing this 
issue have been developed, such as inserting an enterokinase cleavage site upstream 
of the mature polypeptide sequence allowing in vitro-processing [24, 61, 65, 66], 
and the direct fusion of a Saccharomyces cerevisiae mating factor α leader sequence 
allowing in vivo-processing by Kex2 protease in the Golgi apparatus [58, 67]. In 
vivo-processing was also achieved by expressing the native granzyme B precursor 
protein with the propeptide deleted in insect and COS cells, the insertion of a furin 
site [63, 64] and the co-expression of rat DPPI [68].

The potential of granzyme B in targeted cancer therapy has been demonstrated 
in vitro by coupling it to antibody fragments or natural ligands targeting CD64 [24], 
gp240 [65, 69], ErbB2/Her2 (human epidermal growth factor receptor 2) [58, 60, 
70, 71], human luteinizing hormone receptor (hLHR) [61], the Lewis Y antigen 
(LeY) [59], and CD30 [72].

Despite encouraging data demonstrating the potential of human granzyme B for 
targeted cancer therapy, the involvement of granzyme B as the main effector mol-
ecule in natural cellular defenses against transformed tumor cells is both a blessing 
and a curse. It is a blessing because granzyme B achieves the efficient and reliable 
induction of apoptosis via multiple pathways, thus potentially evading the anti-
apoptosis mechanisms of tumors. However, it is also a curse because native gran-
zyme B is strictly regulated, which means that the over-expression of anti-apoptotic 
molecules occurs not only in cells directly or indirectly involved in immune surveil-
lance but also in transformed cells as an escape strategy.
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We recently summarized examples of tumor cells, which have been found to 
express PI-9 to evade granule-mediated killing and might, therefore, be difficult 
to treat with granzyme B-based immunotherapeutics [73]. Indeed, several studies 
have confirmed the direct correlation between PI-9 expression and the loss of gran-
zyme B pro-apoptotic activity and cytotoxic lymphocyte activity in vitro and in 
vivo. Immune system evasion promoted by PI-9 could, therefore, have a significant 
impact on cancer therapy based on granzyme B. The overexpression of recombi-
nant PI-9 in a primarily PI-9-negative prostate cancer cell line conferred protection 
against the induction of granule-mediated apoptosis by NK92 cells [74]. Further-
more, boosting PI-9 expression in the breast cancer cell line MCF-7, either using 
estrogens or by stable transfection with a PI-9 transgene, conferred resistance to NK 
cell cytotoxicity [75, 76]. The knockdown of PI-9 expression by RNA interference 
(RNAi) abolished the estrogen-mediated inhibition of NK cell-mediated apoptosis 
[75]. Similar results were obtained in earlier studies with the hepatoma cell line 
HepG2ER7 [77]. Granule-mediated apoptosis was also progressively blocked in 
HeLa cells stably transfected with a functional PI-9 transgene but not in those stably 
transfected with an inactive mutant. PI-9 expression has been confirmed in a variety 
of human tumor cell lines and the murine homologue Spi-6 is likewise expressed 
in murine tumor cells, revealing a direct correlation between Spi-6/PI-9 expression 
and resistance to CTL-mediated killing [78]. PI-9-positive cancer cells are gener-
ally resistant against granzyme B-mediated cytotoxicity, including the myeloblastic 
K562 cells, the Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines 
LCL-1 and LCL-2, the Burkitt’s lymphoma cell line Daudi, AMLR cells and the 
U937 subclone U937PI-9+ [79]. Nevertheless, the overall impact of PI-9-mediated 
resistance against granzyme B remains controversial. For example, CTL and NK 
cell cytotoxicity was observed in various lymphoma cell lines regardless of PI-9 ex-
pression [80] and hCFPs based on granzyme B were toxic towards the PI-9-positive 
breast cancer cell lines SK-BR3 and MCF-7, which upregulate PI-9 expression in 
the presence of estrogen [59, 75, 78]. Despite this controversy, the strictly regulated 
nature of granzyme B activity has been shown to interfere with the cytotoxicity of 
granzyme B-based hCFPs in a series of studies, encouraging the development of 
hCFPs that can circumvent the anti-apoptotic activity of PI-9.

8.2.3  Regulation of Granzyme B Activity by PI-9

The exact manner in which tumor cells and virus-infected cells become resistant to 
granule-mediated killing by cytotoxic lymphocytes remains unclear. Immune sur-
veillance based on granule-mediated cytotoxicity is tightly controlled at the post-
translational level by serine proteinase inhibitors (serpins), among which PI-9 is the 
only known endogenous human antagonist of granzyme B [81]. PI-9 is a 42-kDa in-
tracellular protein from the ovalbumin family of intracellular serine protease inhibi-
tors (clade B serpin superfamily, member 9), a group of structurally related proteins 
that regulate protease activity in the vertebrate adaptive and innate immune systems 
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by irreversible complex formation with the protease, i.e. they act as a suicide sub-
strate [82–84]. PI-9 accumulates not only in the cytosol of lymphocytes to protect 
them from granule leakage, but also in bystander cells such as B cells, monocytes, 
mast cells, and antigen-presenting cells, which are likely to be affected by granzyme 
B during an immune response [85–88]. PI-9 expression is likewise upregulated in 
cells at immune privileged sites, including the eye lens capsula, ovaries, placenta, 
testis and embryonic stem cells [88, 89]. During inflammation it is expressed by 
pro-inflammatory cells and cells infected by diverse viruses, including cytomega-
lovirus and EBV [87, 90, 91]. PI-9 expression can be upregulated by cytokines and 
inflammatory modulators such as lipopolysaccharides (LPS), interferons (IFNα and 
IFNγ), TNFα, and interleukins IL-1β and IL-2 [90, 92, 95], as well as estradiol-
17β and other estrogens in the human liver, human HepG2 hepatoblastoma cells 
and MCF-7 breast cancer cells [75, 96–98]. Furthermore, PI-9 expression can be 
upregulated in renal tubular cells following allograft rejection, suggesting a protec-
tive role against granzyme B-mediated cytotoxicity that results in improved graft 
survival [99].

Cancer cells can evolve multiple intrinsic and extrinsic mechanisms to evade 
the granule exocytosis and death receptor apoptosis pathways [100]. This not only 
contributes to the transformation of tumor cells but also represents one of the major 
challenges in both targeted cancer therapy/immunotherapy and standard chemo-
therapy [101]. There is strong evidence that the upregulation of PI-9 gene expres-
sion in tumor cells confers resistance against granule-mediated cytotoxicity and 
allows tumors to escape immune surveillance [76, 78, 102]. Highly variable PI-9 
expression has been reported in different human cancers, including carcinomas of 
the lung, prostate gland, breast, cervix, colon, nasopharynx and esophagus [74, 75, 
78, 103, 106] as well as melanomas [107], leukemias [108] and lymphomas [80, 
102, 109]. High levels of PI-9 are also associated with a poor prognosis in some 
cancers [105, 107, 110, 111].

A number of mouse tumors has been shown to express Spi-6, the murine homo-
log of PI-9 [112, 113]. The upregulation of Spi-6 in dendritic cells (DCs) and tumors 
inhibits granule-mediated cytotoxicity conferred by granzyme B [78, 113]. Murine 
and human granzyme B show substantial differences in terms of structure, substrate 
preferences and cytotoxicity (human granzyme B is 30 times more potent) [84, 
114], therefore, granzyme B inhibition by Spi-6 may play only a minor role in the 
development of murine tumors. However, serpina3n is an inhibitor of human gran-
zyme B secreted by murine Sertoli cells [115]. Like PI-9, serpina3n acts as a suicide 
inhibitor by forming irreversible SDS-stable inhibitor-protease complexes. An in-
tracellular serpin derived from the rat pituitary gland (raPIT5a) is also structurally 
related to PI-9 and can also form SDS-stable complexes with human granzyme B 
suggesting a regulatory function [116].

Although a direct correlation between PI-9 expression and the failure of many 
immunotherapeutic approaches has not been confirmed, the upregulation of PI-9 in 
tumor cells must be taken into account when developing effective immunotherapeu-
tic strategies involving granzyme B. These not only include targeted therapies using 
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granzyme B as a pro-apoptotic effector molecule but also active immunotherapy 
aiming to induce tumor-specific immune responses [107].

Tumor cells likewise regulate apoptosis by the overexpression of different 
classes of anti-apoptotic proteins, primarily blocking death receptor and ER stress-
induced apoptosis, but indirectly influencing granzyme B-mediated cytotoxicity 
by interfering with apoptotic signaling pathways. These include the anti-apoptotic 
BCL-2 family members, BCL-2, BCL-xL, MCL-1, BCL-W, BFL-1 and BCL-B, 
which block the induction of apoptosis at the mitochondrial level and might in-
terfere with the promotion of MOMP by granzyme B [117]. The dysregulation of 
anti-apoptotic BCL-2 family proteins is one of the key features of cancer and often 
underlies the poor response to current treatments [118–122]. BCL-xL and MCL-1 
are often upregulated in tumors and may confer resistance by blocking multiple 
apoptotic pathways [123, 124].

The direct activation of caspases by granzyme B is negatively regulated by in-
hibitor of apoptosis proteins (IAPs), a family of structurally-related caspase inhibi-
tors that blocks the execution phase of apoptosis. IAPs are upregulated in many 
cancers [125–128] and this confers resistance to several apoptosis-based therapies 
[129–132]. Blocking the caspase and mitochondrial pathways by overexpressing 
BCL-2 and the X-linked inhibitor of apoptosis protein (XIAP) confers resistance to 
granule-mediated cell death induced by human NK cells [133]. IAPs and anti-apop-
totic BCL-2 family members are, therefore, attractive targets for cancer therapy 
[134, 135].

8.2.4  Therapeutic Options to Restore the Sensitivity 
of PI-9-Positive Tumors Against Granzyme B

8.2.4.1  Downregulation of PI-9 Expression and Activity

Therapeutic concepts that increase the specific cytotoxicity of granzyme B against 
PI-9-positive cancer cells include the downregulation of PI-9 gene expression by 
RNAi or antisense RNA. In this context, PI-9 siRNA can restore the sensitivity 
of allogeneic mesenchymal stem cells [136] and breast cancer cells [75] but as a 
clinical practice RNAi is challenging because the delivery of siRNAs is generally 
inefficient and off-target effects are common place [137].

Granzyme M is a regulatory protease co-secreted with granzyme B in cytotoxic 
granules, and this enzyme has been shown to cleave PI-9 and, therefore, inhibits its 
activity at the protein level [138]. The co-application of granzyme M genetically 
fused to tumor cell-specific ligands and granzyme B hCFPs should allow both en-
zymes to be directed to the same target cells, resulting in the inactivation of endog-
enous PI-9 and the promotion of granzyme B-mediated cytotoxicity. We recently 
generated a fusion construct comprising granzyme M and the CD64-specific anti-
body H22(scFv) [139, 140], resulting in specific in vitro cytotoxicity towards the 
AML cell line HL60 [141, 142].
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8.2.4.2  Design of Granzyme B Variants that are Insensitive Towards PI-9

The strategies described above are indirect approaches that require the co-adminis-
tration of a separate therapeutic modality to inhibit PI-9. A more elegant and ambi-
tious solution is the identification of critical contact residues between the protease 
and its substrate and the generation of a modified granzyme B variant that retains its 
pro-apoptotic activity but is no longer sensitive to PI-9. In an analogous approach, a 
human tissue-type plasminogen activator was mutated to achieve resistance against 
a complex mixture of endogenous serpins [143].

Based on in silico analysis carried out by the German Research School for Simu-
lation Sciences in Jülich, we recently identified the molecular contacts between 
granzyme B and PI-9 by molecular modeling [144]. The inhibition of granzyme B 
by PI-9 involves the generation of a reversible Michaelis complex followed by a 
covalent stoichiometric 1:1 interaction, resulting in the irreversible inactivation of 
both the enzyme and the inhibitor [81, 145, 146]. The crystal structure of PI-9 is not 
yet available, but classical inhibitory serpins are unique among active site protease 
inhibitors because they share a characteristic, metastable tertiary structure compris-
ing nine α-helices (A-I), three β-helices (A-C) and a variable exposed RCL [147, 
148]. The latter is the primary interaction interface with granzyme B because it acts 
as a pseudosubstrate with the typical P4–P1 recognition motif featuring a glutamate 
residue at position P1 [81, 149, 150].

Our prediction of the structure of the Michaelis complex was based on the X-ray 
structures of the related complex of rat trypsin and Manduca sexta serpin B1 [145], 
and a 2 Å resolution crystal structure of human granzyme B bound to a five-residue 
peptide [151]. The unsolved structure of human PI-9 was predicted by homology 
modeling, building on the rat trypsin/serpin B1 complex, and the backbone of hu-
man granzyme B was adapted to rat trypsin followed by alanine-scanning calcula-
tions [152] and molecular dynamics simulations. This allowed us to identify R28 
and R201 as the most important amino acids at the interface of the enzyme and its 
substrate, but because these were not part of the active site they were not expected 
to affect its catalytic activity. Substitution of the arginine residue with alanine (neu-
tral charge), glutamate (opposite charge) and lysine (identical charge) resulted in 
seven variants that were potentially resistant to PI-9, namely R28A, R28K, R28E, 
R201A, R201K, R201E and the double mutant R28A-R201A.

Based on these in silico findings, we used Baker’s computer-aided simulation 
modeling (CASM) procedure [152] followed by molecular dynamics simulations of 
PI-9 complexes with wild-type and mutated granzyme B in aqueous solution. Three 
variants (GrBR28K, GrBR201A and GrBR201K) appeared most likely to cause 
complex destabilization without affecting catalytic activity. These in silico calcu-
lations were confirmed by comparative in vitro assays measuring the proteolytic 
cleavage of the synthetic substrate AC-IEDT-pNA, which mimics the cleavage site 
of the granzyme B substrate procaspase-3 [153], by wild-type and mutant granzyme 
B in the presence and absence of recombinant PI-9 [144]. Mutations were intro-
duced into granzyme B by site-directed mutagenesis and the resulting variants were 
transiently expressed in HEK293T cells before affinity-purification from the culture 
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supernatant. In the presence of PI-9, the GrBR28K and GrBR201A mutants retained 
76 and 46 % of their original activity, respectively, whereas the GrBR201K mutant 
retained 94 % of its activity and was, therefore, the most promising derivative. This 
combination of in silico and in vitro techniques allowed us to identify granzyme B 
mutants that were potentially much more suitable for the treatment of resistant and 
relapsing PI-9-positive tumors. However, the PI-9 insensitivity of a granzyme B 
variant (K27A) described at an earlier stage was not confirmed in our in silico and 
in vitro studies [149].

8.2.4.3  Therapeutic Efficacy of hCFPs Based on GrBR201K

The encouraging in vitro data inspired us to generate hCFPs containing each of the 
three most promising granzyme B mutants (GrBR28K, GrBR201A and GrBR201K) 
paired with scFvs targeting CD30 for the treatment of Hodgkin’s lymphoma or 
CD64 for the treatment of CD64+ malignancies. CD64, the high-affinity receptor 
for human IgG (FcγRI), is constitutively expressed on macrophages, monocytes 
and their progenitors [154]. CD64 is upregulated on cancer cells of the monocyte/
macrophage lineage such as AML [155, 156], and on macrophages during inflam-
mation [157, 158]. CD64 expression on myeloid cells is induced by cytokines such 
as IFNγ [159]. CD64 is an excellent candidate target for immunotherapy because it 
is overexpressed on AML subtypes M4 and M5 (according to the French-American-
British classification) [156, 160] but is not expressed on pluripotent stem cells or 
CD34+ hematopoietic progenitor cells [161].

AML is a heterogeneous group of malignancies characterized by the hyperprolif-
eration of hematopoietic stem cells of the myeloid lineage [162]. The accumulation 
of malignant progenitor cells in the bone marrow suppresses normal hematopoiesis 
and disturbs the balance of blood cell production. Standard AML chemotherapy is 
associated with high relapse rates due to repopulation by residual cells and/or the 
development of multi-drug resistance [163, 164]. Patients with relapsed AML can 
be treated with radiotherapy or allogeneic hematopoietic stem cell transplantation, 
but these options are associated with the risk of complications in elderly patients 
and those suffering from comorbidity [165]. In 2000, targeted therapy with gem-
tuzumab ozogamycin (Mylotarg), an ADC comprising a CD33-specific antibody 
chemically linked to the antitumor antibiotic calicheamicin, was approved by the 
FDA for the treatment of relapsed AML, but it was withdrawn from the market in 
2010 because the safety risks outweighed the clinical benefits [166].

Wild-type granzyme B fused to the CD64-specific H22(scFv) (GrB-H22(scFv)) 
was shown to induce apoptosis in vitro against PI-9-negative U937 cells (an AML-
related cell line stimulated by IFN-γ) and ex vivo against AML primary cells [24]. 
Next we carried out a proof-of-concept study to determine whether hCFPs based 
on mutant granzyme B could achieve the selective elimination of PI-9-positive tu-
mor cells. The PI-9-resistant human granzyme B protein GrBR201K was fused to 
the CD64-specific H22(scFv) to generate the hCFP GrbBR201K-H22(scFv). Sub-
sequent comparative ex vivo studies using CD64+ primary cells from AMML and 



1998 Engineered Versions of Granzyme B and Angiogenin …

CMML patients treated with wild-type and mutant versions of granzyme B revealed 
that GrBR201K-H22(scFv) was much more cytotoxic than its wild-type counterpart 
in the presence of PI-9 as demonstrated by both the XTT-assay and the Annexin V/
propidium iodide (AV/PI) staining [167]. Western blot analysis of primary cell ly-
sates showed that PI-9 was upregulated in cells from three of four CMML patients 
and one of three tested AMML patients after incubation for 14 h in RPMI medium 
containing 10 % fetal calf serum. There was no significant difference in the cyto-
toxicity of the wild-type and mutant granzyme B constructs against PI-9-negative 
cells from AMML and CMML patients as well as the PI-9-negative human promy-
eloic leukemia cell line HL-60. The GrBR201K mutant can, therefore, restore the 
sensitivity of PI-9-positive target cells towards granzyme B and may significantly 
improve the clinical outcome.

We have also generated hCFPs comprising wild-type granzyme B or GrBR201K 
fused to the antibody Ki4(scFv), which targets CD30 overexpressed on classical 
Hodgkin’s lymphoma cells [72]. AV/PI staining of PI-9-positive L428 and PI-
9-negative L540cy Hodgkin’s lymphoma cells showed that PI-9 expression in the 
L428 cells nearly completely abolished the cytotoxic activity of the wild-type gran-
zyme B construct, which showed potent cytotoxicity towards L540cy cells, whereas 
the mutant granzyme B construct was cytotoxic against both cell lines. A compara-
tive study of the wild-type and mutant versions was then carried out using a mouse 
subcutaneous tumor model based on L428 cells transfected with the red fluorescent 
protein katushka2 [168]. The evaluation of tumor growth by optical imaging using 
the CRi Maestro system revealed that GrBR201K-Ki4(scFv) but not the wild-type 
construct was able to reduce tumor size with a statistical significance of P < 0.005 
compared to control mice treated with PBS. These results demonstrated for the 
first time that the resistance of cancer cells against granzyme B conferred by PI-9 
can be overcome in vitro, ex vivo and in vivo by using the PI-9 insensitive variant 
GrBR201K which was developed by in silico molecular modeling.

8.3  Human Angiogenin

Human angiogenin (Ang) is a 14-kDa stress-activated ribonuclease also known as 
RNase 5, which acts as a potent stimulator of neovascularization [169, 170] and 
shares 33 % sequence identity with pancreatic RNase A [171]. The enzyme is unique 
in humans and is encoded by a gene on chromosome 14q11 in close proximity to 
the α/λ T-cell receptor gene [169, 172]. Angiogenin is expressed by mast cells and 
fibroblasts with an N-terminal signal peptide that facilitates its secretion into the 
blood stream [171, 173, 174] where it circulates at a concentration of 250–360 ng/
ml [175]. It specifically targets smooth muscle cells, endothelial cells and motor 
neurons, stimulating proliferation, cell migration and tubular development in re-
sponse to environmental conditions [176, 177]. The expression of angiogenin is 
upregulated in several types of cancer and it promotes the establishment, growth 
and metastasis of tumors [178, 179].
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Angiogenin plays an important role in the central nervous system (CNS) and is 
strongly expressed in developing neurons to promote neurite outgrowth and neu-
ronal pathfinding [180]. Some loss-of-function angiogenin mutants are strongly 
associated with the development of the motor neuron disease amyotrophic lateral 
sclerosis (ALS) in certain pools of patients [176]. The administration of functional 
angiogenin has a neuroprotective effect in transgenic ALS mice and primary ALS-
related motoneuron cell cultures [181]. Mutations in the angiogenin gene have also 
been linked to Parkinson’s disease although the activity of the enzyme in this con-
text has yet to be characterized [182].

Smooth muscle cells and endothelial cells are targeted via specific binding sites 
on the cell surface displaying actin [183], heparin, plasminogen, elastase or angio-
statin [175, 184]. After binding to the cell surface, angiogenin is internalized by 
receptor-mediated endocytosis [185]. The detailed mechanism of endosomal escape 
is unknown but it is thought that angiogenin translocates into the cytosol from early 
endosomes [186]. Under physiological conditions, it undergoes rapid nuclear trans-
location immediately after endosomal escape triggered by a nuclear localization 
signal (NLS) spanning amino acids 55–59 [187, 188]. In the nucleus, angiogenin 
enhances the transcription of ribosomal RNA (rRNA) genes by epigenetic activation 
at the promoter, thereby facilitating the protein synthesis necessary for blood vessel 
growth, primary tumor development and metastasis [189, 190]. The cellular activ-
ity of angiogenin strongly depends on cell density and environmental stress. Under 
normal conditions, the ribonuclease is inhibited in the cytosol by the ubiquitous 
ribonuclease inhibitor RNH1 after internalization, but it remains free in the nucleus 
and can interact with the DNA as described above [191]. However, angiogenin in 
the cytoplasm is released from RNH1 under oxidative stress conditions [191]. This 
reflects oxidation of several RNH1 thiol groups followed by its rapid degradation 
[192, 193]. Oxidative stress also causes most of the nuclear angiogenin to return 
to the cytosol and enables inhibition of the remaining nuclear enzyme to avoid 
further rRNA production [191]. Angiogenin inhibits cell-free protein synthesis by 
cleaving 5S, 18S and 28S rRNAs as well as the transfer RNA (tRNA) at the 3′-CCA 
position and within the anticodon loop [194, 195]. The latter can be prevented by 
the DNA methyltransferase DNMT2 because tRNA methylation protects it from 
degradation by angiogenin [196]. Substrate cleavage is species-dependent because 
human angiogenin does not prevent the proliferation of murine cells [197]. The 
degradation processes described above result in the synergistic inactivation of ribo-
somes and tRNAs to block translation, simultaneously inducing the production of 
tRNA-derived stress-induced RNAs (tiRNAs). The 5′-tiRNA segment can displace 
eIF4A/G from capped and uncapped mRNAs as well as eIF4F from the m7G-cap 
[193]. These events work in concert and ultimately result in translational repression 
[198–202]. The tiRNAs can also trigger the phospho-eIF2α-independent assembly 
of stress granules, containing complexes of concentrated and untranslated mRNA-
based ribonucleoproteins (mRNPs) [193, 198, 203]. Single-stranded tiRNA frag-
ments are also incorporated into the RNA-induced silencing complex [204], which 
results in the specific cleavage of complementary mRNA strands before translation 
can be initiated [205]. The shutdown of protein synthesis by angiogenin is believed 
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to be a mechanism of active cellular stress response that blocks energy-intensive 
processes. Interestingly, cytochrome c released from mitochondria can interact with 
tiRNA, thereby preventing the assembly with APAF-1 to form the apoptosome. This 
phenomenon probably represents a mechanism to avoid the premature induction of 
apoptosis [206].

Several mechanisms have been proposed to explain how angiogenin induces 
apoptosis, including sensitization based on the suppression of translation of mRNAs 
encoding anti-apoptotic proteins [207]. However, anti-apoptotic proteins are often 
synthesized from internal ribosome entry sites (IRES) that are not inhibited by tiR-
NAs [191, 208]. The stress granules that assemble following the production of tiR-
NAs are thought to modulate the balance between pro-apoptotic and anti-apoptotic 
signaling pathways [209].

8.3.1  Targeted Cell Depletion Using Human Angiogenin

The ability of angiogenin to shut down protein synthesis makes it a promising effec-
tor component for hCFPs (Fig. 8.3). The targeted depletion of specific cell popula-
tions using angiogenin-based hCFPs has already been demonstrated in vitro and ex 
vivo [25, 197, 210, 214].

Nevertheless, further modifications are required to increase the cytotoxicity of 
such constructs because conventional immunotoxins have EC50 values several or-
ders of magnitude lower than hCFPs, in the picomolar range [215–218]. This may 
be explained, in part, by the fact that human enzymes lack a natural translocation 
domain, which restricts their capacity for endosomal escape [219]. Another draw-
back is the presence of intrinsic inhibitors in the target cells, as described above for 
granzyme B and PI-9 [220, 221]. In the case of angiogenin, the natural inhibitor 
is the above mentioned cytosolic protein RNH1 (also called RI, RNH and PRI) 
which binds the ribonuclease and, indeed, all monomeric members of the pancreatic 
RNase family with an extraordinarily high affinity [222]. RNH1 is found mainly 
in the cytosol but small amounts are also present in the mitochondria and nucleus 
[223]. The interaction between RNH1 and angiogenin is one of the strongest protein 
interactions discovered thus far, with a Ki value of 10−13 − 10−16 correlating with 
a complex half-life of several days [220, 221, 224]. The inhibition of angiogenin 
completely abolishes its angiogenic and RNase activities, the latter being necessary 
for apoptosis [225]. RNH1 is ubiquitous in human cells and it accounts for more 
than 0.01 % of the total intracellular protein content [226–228]. The cytotoxicity of 
hCFPs based on angiogenin and other RNases is, thus, dependent on the delivery 
of adequate amounts of the fusion protein into the cytosol to overcome RNH1-me-
diated inhibition [222]. When small amounts are delivered, cytotoxicity correlates 
with the ability of the ribonuclease to evade RNH1, as discovered during the char-
acterization of ranpirnase (ONCONASE®) from the northern leopard frog Rana 
pipiens. [229]. This enzyme has a low catalytic activity but remarkable cytotoxicity 
in the picomolar range when fused to an anti-CD22 antibody [230]. This efficacy is 
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Fig. 8.3  Cytotoxic activity of the H22(scFv)-AnghCFP. The cytolytic fusion protein H22(scFv)-
Ang specifically targets overexpressed CD64 on the target cell surface via the H22(scFv) [1]. 
After receptor-mediated internalization [2], the early endosome gets acidified finally leading to 
the release of the hCFP from the receptor and the escape from the endosome [3]. Once in the cyto-
sol, angiogenin cleaves tRNA molecules at the 3′-CCA termini [4] and the anticodon-loop [5] to 
generate tiRNAs [6]. The generated fragments induce a translational arrest because they are able 
to block the binding sites for the translation initiation factors eIF4A and eIF4G [6]. In addition, 
tRNA fragments can be incorporated into the RNA-induced silencing complex (RISC) leading to 
efficient mRNA degradation and down-regulation of protein biosynthesis [7]. All events synergis-
tically promote translational arrest and apoptosis induction
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largely dependent on its insensitivity towards RNH1. In contrast, an hCFP contain-
ing human pancreatic RNase usually achieves EC50 values in the nanomolar range 
[231]. In a phase II clinical trial, 43 % of patients with unresectable malignant me-
sothelioma experienced stabilization of their formerly progressive disease follow-
ing a single dose of ONCONASE®. This drug is currently undergoing a phase III 
clinical trial for the treatment of malignant mesothelioma [232–235]. This example 
clearly demonstrates the therapeutic potential of targeted RNases and shows that 
their efficacy mainly depends on their ability to induce apoptosis even in the pres-
ence of RNH1. Wild-type human RNases must be administered in large doses to 
overcome intrinsic inhibition, presenting a higher risk of side effects. As discussed 
above for granzyme B, it has therefore been necessary to develop angiogenin mu-
tants to circumvent RNH1 inhibition and achieve satisfactory therapeutic potency 
at low doses.

8.3.2  Generation of Angiogenin Mutants with Improved 
Cytotoxicity

The successful induction of apoptosis by angiogenin requires cytosolic localization, 
potent RNase activity and low sensitivity towards RNH1. All of these properties can 
be improved using the strategies discussed in the following three sections.

8.3.2.1  Enhancing Cytosolic Translocation and Retention

Most human enzymes lack a natural translocation domain and the first obstacle 
affecting the cytotoxicity of hCFPs is, therefore, inefficient endosomal release fol-
lowing internalization. One solution is to incorporate artificial adapter sequences 
between the binding moiety and the human effector domain [214]. The cytotoxicity 
of hCFPs can be enhanced using this strategy but the proteins were found to be less 
stable in serum due to the proteolytic cleavage sites of the adapter, making such 
proteins unsuitable for therapeutic applications. Alternatively, the initial immuno-
toxin concept featured toxins with their own natural translocation domains which 
can be incorporated into hCFPs. For example, the P. aeruginosa ETA′ transloca-
tion domain has been combined with human granzyme B to improve its endosomal 
release [62, 236]. However, an incorporation of bacterial or plant-derived peptides 
into hCFPs removes the advantage of using human effector proteins because the 
molecule once again becomes immunogenic.

Another way to address this issue is to consider the intracellular routing of 
hCFPs containing human RNases. Typically, hCFPs bind to cell-surface receptors 
and are taken up by receptor-mediated endocytosis into early endosomes, which 
are acidified before the protein is released. This route is dependent on the signal 
peptide present on all human RNases, and it is important to ensure that hCFPs are 
not directed to the lysosomal compartments. For cytotoxic variants of RNase A, it 
was shown that > 95 % of the internalized enzyme was degraded in the endosomal-
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lysosomal pathway before the protein reached the cytosol [221]. The amino acid 
sequence KFERQ was identified as a signal peptide for lysosomal delivery [237]. 
Angiogenin does not contain a lysosomal signal peptide but does contain a NLS 
that directs it efficiently to the nucleus. In pulmonary artery endothelial cells under 
in vitro conditions, it accumulates in the nucleus after just 15 min [185]. Even if 
nuclear localization is not desirable, nuclear import requires the enzyme to first pass 
through the cytosol, where tRNA degradation can take place to induce apoptosis. 
However, the removal of the angiogenin NLS to promote cytosolic retention was 
unfavorable because the mutant was less cytotoxic than its wild-type counterpart 
although it retained the normal enzymatic activity [185]. This indicates that nuclear 
routing using an NLS and the avoidance of lysosomal compartments is essential for 
the cytotoxicity of angiogenin.

8.3.2.2  Increasing the Enzymatic Activity of Angiogenin

The shutdown of protein synthesis depends on the RNase activity of angiogenin. 
Consequently, another way to increase the cytotoxicity of hCFPs containing this 
enzyme is to increase its catalytic activity, thus inactivating tRNAs more efficient-
ly and producing more tiRNA. Angiogenin has a relatively low catalytic activity 
compared to other RNases, but this activity is nevertheless required to stimulate 
angiogenesis [238]. The reason for the low ribonucleolytic activity was explained 
when the crystal structure of the enzyme was solved [239]. In contrast to pancre-
atic RNase A, the active center of angiogenin is obstructed by a glutamine resi-
due at position 117 (Q117) [240] and the C-terminal segment of the protein must, 
therefore, undergo a conformational change to allow substrate binding and cleavage 
[240, 241]. Substitution mutations Q117G and Q117A disrupt the hydrogen bond 
between Q117 and T44, which stabilizes the native enzyme conformation [241]. 
Therefore, the removal of Q117 was believed to favor the accessibility and cleav-
age of tRNA, producing more tiRNA and increasing the cytotoxicity of the enzyme. 
The angiogenin Q117G variant was therefore fused to H22(scFv) doubling the cy-
totoxicity of the hCFP compared to the equivalent construct containing wild-type 
angiogenin [242].

8.3.2.3  Reducing the Susceptibility of Angiogenin to Inhibition

As discussed above, angiogenin in the cytosol is exposed to RNH1, which seques-
ters the ribonuclease into an inactive complex and efficiently prevents the induc-
tion of apoptosis [225]. Current developments are focusing on the generation of 
angiogenin mutants that retain their ability to cleave tRNA even in the presence of 
the inhibitor. Similar observations have been made while modifying the human pan-
creatic RNase: the substitution of four amino acids reduced its affinity for RNH1 by 
more than 103-fold without affecting its catalytic activity, and the cytotoxicity of the 
mutant was only eight-fold lower than that of ONCONASE® [243]. Furthermore, 
inhibition-resistant dimeric mutants have been developed for human pancreatic 
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RNase [244] and BS-RNase [245]. However, the modification of human enzymes 
for therapeutic applications is restricted by the possibility that each modification 
may change the native protein conformation or even form novel epitopes on the 
surface that can be targeted by neutralizing antibodies. Therefore, the optimization 
strategy should focus on the generation of a limited number of mutations that im-
prove cytotoxicity without causing overt structural changes.

Some angiogenin mutants with a reduced affinity towards RNH1 have already 
been identified by in vitro protein interaction experiments and ex vivo within the 
scope of neovascularization studies [178, 246, 247]. We adapted this knowledge to 
our requirements and assumed that hyper-angiogenic variants with a lower inhibitor 
affinity would be more suitable as hCFP effector domains, given that neovascular-
ization requires RNase activity even in the presence of the inhibitor. This would also 
allow the formation of tiRNA and would therefore shut down protein synthesis. The 
Ang G85R/G86R variant was shown to have a 106-fold lower affinity for RNH1 
than the wild-type enzyme [178]. Further analysis showed that this variant was 
10–25 times more cytotoxic than the wild-type enzyme towards the human promy-
elocytic leukemia cell line HL-60 when fused to H22(scFv) [242]. EC50 values in 
the picomolar range were observed against human pro-inflammatory macrophages, 
which represents a five-fold higher efficacy than ETA′-based immunotoxins [197, 
242]. This example clearly demonstrates the potential of modified human angio-
genin variants that are resistant to the inhibitor RNH1.

8.3.2.4  Angiogenin Variants with Several Modified Properties

Angiogenin mutants that combine two or all three of the improvements described 
above would be promising effector domains of hCFPs, but the development of such 
combined variants is challenging because the mutations may be mutually incompat-
ible. Mutations that reduce the affinity of angiogenin for RNH1 would be unsuitable 
if they were too close to the active site because this might interfere with substrate 
binding or cleavage. Even if the separate mutations were located in distinct do-
mains, their combined effect might alter the overall conformation of the enzyme 
resulting in a reduction or loss of catalytic activity. Finally, even if the different 
mutations were mutually compatible, they might not act synergistically and may, 
therefore, represent only a marginal improvement over the single-mutant variants.

To generate a variant with multiple improved properties, we combined the 
Q117G and G85R/G86R versions of the enzyme described above. Based on our 
previous studies, we expected a synergistic improvement by combining the lower 
affinity for RNH1 with the higher RNase activity. Instead, the resulting enzyme 
showed extraordinary RNase activity but lower cytotoxicity than the individual Ang 
G85R/G86R mutant because the affinity for RNH1 was restored to a near wild-type 
level [242]. The advantage of more efficient substrate cleavage was therefore offset 
by the greater susceptibility to inhibition. These data highlight the need for in silico 
modeling to circumvent the need for trial-and-error mutagenesis. This approach is 
indispensable in the field of protein design and will help to optimize the functional-
ity of therapeutically relevant enzymes.
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8.4  Conclusion

Human cytolytic fusion proteins (hCFPs) have been developed to overcome the 
drawbacks of former generations of immunotoxins, whose efficacy is extraordi-
nary but whose clinical applications are limited by potential immunogenicity and 
side effects. Human pro-apoptotic enzymes offer a promising alternative to bacte-
rial and plant-derived toxins but human cells are equipped with several inhibitor 
proteins that reduce the efficacy of such effectors. The development of mutants 
that escape these cellular protection mechanisms while maintaining their catalytic 
properties could, therefore, improve the therapeutic efficacy of hCFPs. The novel 
isoforms of granzyme B and angiogenin discussed in this chapter were generated 
by site-directed mutagenesis to increase their pro-apoptotic efficacy, highlighting 
the potential of mutant human proteins as improved effector domains. The resulting 
hCFPs can compete with immunotoxins in terms of efficacy and can even outper-
form them in certain target cells. Furthermore, hCFPs are better tolerated by the 
immune system and, therefore, offer the prospect of long-term therapeutic efficacy, 
particularly where conventional immunotoxins have failed. For example, a deletion 
in the WDR85 gene, encoding a WD-repeat protein that plays a role in the first step 
of diphthamide biosynthesis, has recently been shown to confer resistance against 
ETA′-based immunotoxins in some children affected by acute lymphoblastic leuke-
mia [248]. Similar resistance mechanisms might develop against each toxin regard-
less of its origin. However, these patients may still be sensitive towards human pro-
apoptotic enzymes, particularly if they are optimized as an effector domain. In silico 
modeling and simulations will facilitate the design of novel mutants in the future. 
Based on these advantages, hCFPs containing improved enzyme mutants promise 
to become a powerful and innovative class of novel anti-cancer immunoconjugates 
in the future.
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Abstract Therapeutic targeted oncoimmunology has a long history reaching back 
to the nineteenth century and represents the basis of modern tumor immunology. 
Cell biological and molecular genetic techniques have uncovered crucial cellular 
and molecular mechanisms underlying effective cancer immunotherapies used in 
the clinic. To illustrate the scientific way that led to actual insights into the molecular 
and cellular approaches realized in recent cancer therapies, this chapter introduces 
into the history of oncoimmunology. Experimental findings of adoptive cell transfer-
based cancer therapy are summarized under functional, immunological aspects. An 
actual overview of the antitumor prosperity of all genetically engineered tumor cells 
expressing recombinant cytokines which were characterized by animal experiments 
is given. The application of antigen-presenting cells which are triple transgenic for 
immune stimulatory cytokines, tumor specific antigens, and the correlated major 
histocompatibility complex class I necessary for tumor antigen presentation is 
explained exemplarily. A recent experimental animal model characterizing critical 
parameters for preconditioning the host prior to ACT of transgenic T cells and 
essential therapeutic conditions is described.

Keywords Adoptive cell transfer · Animal model · Cytokine · Effector cells · 
Immune evasion · Immune surveillance · Transgene · Tumor-specific antigen

Abbreviations

ACT Adoptive cell transfer
DCs Dendritic cells
GM-CSF Granulocyte macrophage colony stimulating factor
HSCT Hematological stem cell transplantation
IFN-γ Interferon-gamma
IL Interleukin
LAK cells Lymphokine activated killer cells
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MCA Methylcholanthrene
NK cells Natural killer cells
MHC Major histocompatibility complex
M-MuLV Moloney murine leukemia virus
MMTV Mouse mammary tumor virus
RAG-2 Recombination-activating gene-2
SCID Severe combined immunodeficiency
TILs Tumor-infiltrating leukocytes
TAAs Tumor-associated antigens
Tcyt Cytotoxic T cells
TH cells T Helper cells
TH2 cells TH type 2
TSCM cells T memory cells
TCM cells T central memory cells
TEM cells T effector memory cells
TSAs Tumor-specific antigens

9.1  Introduction: Milestones in Cancer Research

Cancer immunology is a field of immunology that comprises all aspects of 
interactions between the immune system and cancer cells that are functionally 
involved in the generation, course and control of tumors. The cornerstone for can-
cer immunology was laid in 1891, when Coley described a successful therapeutic 
approach for treatment of cancer by generating an inflammatory immune response 
[1]. Encouraged by observations from Martha Tracy and S. P. Beebe of the Hunting-
ton Cancer Research Fund, who demonstrated that large multiple sarcomas in dogs 
rapidly disappeared under local or systemic injections of bacterial toxins, Coley 
applied a mixture of bacterial toxins derived from the Streptococcus erysipelas and 
the Bacillus prodigiosus in cancer patients. The thus generated erysipelas infection 
resulted in tumor clearance in ~ 30 % of patients with lymphoma or sarcoma. Based 
on the success of this cancer therapy, Coley concluded that infections “…may have 
an important bearing upon the whole cancer problem, since, if by the administra-
tion of certain bacterial toxins we can cause the degeneration, death, and absorption 
of living tumor cells of one variety of cancer—sarcoma—it is not unreasonable to 
suppose that by the use of some other forms of bacterial toxins we may succeed in 
destroying or inhibiting the growth of the other and more common variety—carci-
noma.” [2] Based on his clinical observations he formulated the theory that post-
surgical infections can help patients to recover better from their cancer by provoking 
an inflammatory response. But while Coley assumed that in most cases the etiology 
of cancer is associated with an acute injury [3, 4], Paul Ehrlich proposed the hypoth-
esis that nascent transformed cells arise continuously in our bodies and he further 
suggested that the immune system continuously scans for transformed cells and can 
suppress and finally eradicate such cells [5]. As a possible mechanism to combat 
transplanted neoplastic cells, Paul Ehrlich assumed an antibody-mediated athrepsy 
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of nutritive substances essentially required for the development of the neoplastic 
cells but was unable to identify any tumor-specific nutrition factor, due to technical 
limitations at that time.

The first experimental proof demonstrating the generation of a tumor-specific 
immune response was provided by Richmond Prehn and Joan Main in 1957 who 
showed that tumors induced by chemical carcinogens in mice could stimulate tu-
moricidal responses leading to rejection of this kind of experimentally induced tu-
mor [6]. Surprisingly, spontaneously arising tumors were not rejected when tested 
in the same experimental manner. From this and subsequent studies it was a deduct-
ed option that naturally originating tumors were not immunogenic due to a given 
immune tolerance against the body’s own antigens rendering the immune system 
powerless in the control of spontaneously developing neoplasms.

However, this assumption was challenged by Burnet and Thomas. Burnet implied 
that neo-antigens specific for degenerated cells can arise in tumors and might 
provoke an effective immune response that would eliminate developing cancers 
[7–9]. Thomas incorporated the age of an organism and the thus increasing prob-
ability for cancer development due to somatic mutations. The existence of somatic 
mutations rendering normal cells to become tumorigenic was shown by Sanford 
and colleagues in 1954 [10]. They verified that a normal fibroblast cell develops 
spontaneous mutations by in vitro culturing over several passages and acquires the 
propensity to generate sarcomata when injected into mice of the homologous strain.

Based on the experimental verification of spontaneous mutations as a natural 
source of cancer, Thomas suggested that complex long-lived organisms must pos-
sess mechanisms to protect against neoplastic disease similar to those mediating ho-
mograft rejection [11]. Describing the existence of mouse tumor-specific antigens 
and their functional role for immune system based tumor defense [12], represented 
a further crucial brick in the composition of the cancer immunosurveillance hypoth-
esis, first conceptualized by Burnet in 1957. Citation: “The failure in cancer is due 
not to any weakness of the organism but to a change in the character of the cells 
rendering them in one way or another insusceptible to the normal control.” Interest-
ingly, this prediction includes also phenomena in oncoimmunology not known in 
former times but today termed as “immune evasion”.

In 1984, Snyder and Bishop observed that a single mutation in the oncogenic 
tyrosine kinase v-src of the Rous-Sarcom-Virus resulted in the loss of tumorigenic-
ity of the virus in immunocompetent mice [13]. They explained this result with the 
presumption that due to the mutation the virus evasion of the host immune response 
was no longer possible and concluded that evasion of the host immune response is a 
necessary step in tumorigenesis by v-src. In 1985, Mullen and Schreiber observed, 
in an UV-induced fibrosarcoma mouse model, that tumor cells can actively sup-
press the specific tumoricidal immune response without suppressing the immune 
system in general [14] and termed this effect a “tumor-induced evasion from the 
immune system” [15]. At the same time, Rooney and colleagues demonstrated that 
Epstein-Barr virus-positive Burkitt’s lymphoma can evade from the cytotoxic T cell 
response [16]. Based on these observations the hypothesis of an immune evasion 
strategy of neoplastic cells was introduced to the field of tumor immunology.
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So far, the immune system was regarded as a tumor defense system only. But in 
the late 1990s, it was reported that tissue sites with inflammation were more fre-
quently associated with tumor formation, leading to the assumption that leukocytes 
might also contribute to tumor growth. In 1986, Dvorak and colleagues indicated 
tumor sites as “wounds that never heal” [17] and in the last 20 years numerous im-
mune cell derived factors with pro-tumorigenic properties have been identified. But 
to cope with the history of tumor science, it has to be pointed out, that this “novel” 
insight in tumor development was previously recognized by Virchow in 1863, who 
postulated during one of his lecture at the University of Berlin [18], that a chronic 
irritation and previous injuries are preconditions for tumorigenesis. In addition, 
multiple resident stromal cell types which are part of the tumor microenvironment 
can collectively contribute to tumor progression. The interplay of neoplastic cells, 
stromal cells and invading leukocytes leads to a miscellaneous activity pattern of 
the various cell types and a complex cocktail of soluble mediators, which altogether 
sculpture the developing tumor. By unraveling the tumor sculpting effects of the 
immune system on developing tumors, the term cancer immunosurveillance used 
as a host-protecting mechanism was no longer appropriate in its original form. To 
describe more accurately the dual host-protecting and tumor-sculpting interplay 
between immune and tumor cells, Dunn, Bruce, Ikeda, Old and, Schreiber pro-
posed the use of the broader term “cancer immunoediting” [19]. They envisaged the 
model of cancer immunoediting, which includes three phases of cancer develop-
ment termed as “Elimination, Equilibrium and Escape” [20, 21]. The outcome of 
the cancer immunoediting process is uncertain and depends on whether the immune 
system is able to completely eliminate all neoplastic cells during the “Elimination 
phase,” or tumor sculpting processes successfully interfere with leukocyte func-
tions by induction of immunologic anergy, tolerance or indifference against the 
neoplastic cells.

The “Elimination phase” starts at the point when cells of the innate immune 
system recognize the presence of a growing tumor, due to the tumor dependent local 
remodeling and damage of stromal tissue. As a consequence, inflammatory signals 
are generated leading to the attraction and activation of cells of the innate immune 
system to the local tumor site. These tumor-infiltrating leukocytes (TILs) produce 
various cytokines and chemokines, which further promote infiltration and activa-
tion of more TILs, in a self-enhancing circuit. Some mediators of this complex 
cytokine/chemokine storm carry inhibitory effects on the formation of new blood 
vessels. Other cytokines/chemokines function as activators of cytotoxic cells or 
promote tumor death via apoptosis. The resulting tumor cell debris become ingested 
by dendritic cells (DCs) which afterwards migrate to the draining lymph nodes, 
where they function as antigen-presenting cells (APCs). In the case of the presence 
of tumor-specific antigens (TSAs) these dendritic cells are able to recruit cells of 
the adaptive immune system. In the final phase of elimination, tumor-specific CD4+ 
and CD8+ T cells home to the tumor site and the TSA-specific killer T cells then de-
stroy the antigen-bearing tumor cells. The anti-tumorigenic immune response runs 
out and terminates the “Elimination phase”.
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However, in rare cases some neoplastic cells survive the “Elimination phase” 
and enter the “Equilibrium phase” which is clinically characterized by a dormancy 
of the tumor cells. This immune-mediated tumor dormancy is sustained by a frag-
ile balance between the presence of tumoricidal and tumor promoting cytokines 
and might persist over several years. During this time, tumor editing occurs and it 
gradually becomes likely, that tumor cell variants develop, which are able to avoid 
immune surveillance due to their loss of antigenicity. Additionally, tumor cell vari-
ants might actually become more and more capable to use leukocytes or stromal 
cells of the tumor microenvironment to support tumor development. At this stage 
the tumor cells pass into the “Escape phase”, in which the balance of the tumor 
microenvironment is skewed towards tumor progression by generating a complex 
immune suppressive milieu and enhancing the vascularization of the growing solid 
tumor. In fact, the “Elimination phase” and the “Escape phase” share many simi-
larities, except that the novel tumor cell variants have acquired an enhanced malig-
nancy during their functional dormancy at the “Equilibrium phase”. Interestingly, 
the period of dormancy of tumor cells can last over many years, as observed for 
human melanoma. In 2003, two cases of malignant melanoma have been reported 
in kidney allograft recipients, that received the organs from a donor which had been 
cured from melanoma over a period of 16 years and was classified as melanoma 
free [22]. In both cases the donor kidney originated from the same donor.

9.2  Immunotherapies at the Beginning of the Twenty-
First Century

The most important message of tumor medicine, starting with early observations 
by Coley, Ehrlich and, Virchow in the nineteenth century up to actual insights into 
the molecular and the cellular mechanisms underlying the hallmarks of cancer is: 
“Cancer can be overcome by the body’s own immune system at all phases of tumor 
editing.” Enormous effort has been made in the past 30 years to identify suitable 
cytokines, TSAs and tumor-associated antigens (TAAs) to develop biochemical or 
molecular biological tools for targeting tumor cells for inhibiting tumor growth sup-
porting factors and/or for triggering antitumorigenic immune responses. To date, 
three main groups of immunotherapies are accepted for cancer treatment and used 
in the clinic: (i) antibody therapies (ii) cytokine/chemokine therapies, and (iii) cell-
based therapies.

The following sections will discuss current cancer immunotherapeutic approach-
es and their underlying cellular mechanisms. An overview about the therapeutic 
potential and challenges of up to current antibody-based strategies used in human 
cancer therapies is given in another topic of this book.

Cytokine-based therapies use specific cytokines or cytokine cocktails to ma-
nipulate and direct immune responses to generate tumoricidal effector cells able to 
eradicate existing tumors. The rationale for this approach is based on the observa-
tion that during the phase of immunoediting tumor cells can exploit cytokines to 



M. Bette226

reduce immune effector functions, increase resistance against apoptosis, or even 
support tumor growth and dissemination. The therapeutic application of cytokines 
might counteract the tumor controlled editing process mediated by a sophisticated 
cytokine milieu and reverse the tumor microenvironment from tumor permissive 
to tumoricidal. The first clinical results of cytokine-based cancer therapies, which 
used partially purified cytokines, started in the late 1970s by the application of 
leukocytes derived interferons [23, 24]. In the following years, further trials dem-
onstrated the therapeutic benefits of leukocyte derived interferons on non-Hodg-
kin’s lymphomas, myeloma, malignant melanoma, and other malignancies even if 
only with moderate success. Additionally, cytokines from the group of interleukins 
known to exhibit immune stimulatory properties were found to be effective in can-
cer treatment. The major advantage of using cytokines in cancer treatment is the 
unlimited availability of recombinant cytokines. The huge disadvantage of using 
systemically applied cytokines or cytokine cocktails are the associated severe side 
effects [25–31]. A novel approach to deliver cytokines to cancer patients is the us-
age of genetically modified cells which express and release one or more different 
cytokines. Transfer of such cells into the tumor microenvironment seems to be more 
effective for tumor treatment with simultaneously reduced adverse effects observed 
in association with systemic application of high dosages of purified cytokines. This 
approach combines classical approaches of cytokine/chemokine therapies, but also 
represents a cell-based cancer therapy.

9.3  Cell-Based Cancer Immunotherapies

The method of cell-based cancer therapies consists of adoptive cell transfer (ACT) 
of isolated viable autogenic, allogenic or syngenic cells into a cancer patient. Ap-
plication of ACT for tumor eradication might be effective during all phases of can-
cer immune-editing but typically, treatment starts after a tumor disease has been 
diagnosed. This mostly implies, that neoplastic cells have successfully undergone 
dysplasia probably followed by anaplasia and have reached the phase of “Escape”. 
At this stage genetically/ functionally modified cells become transferred with the 
purpose to sensitize, reactivate and, support remaining tumoricidal immune cells 
from the equilibrium phase. Figure 9.1 summarizes current ACT strategies in can-
cer medicine based on the transferred cell type. The application of hematological 
stem cell transplantation (HSCT) can be included to the method of ACT but, in fact, 
it consists of a therapeutic option for post tumor treatment of hematopoietic and 
lymphoid malignancies after elimination of the tumor cells by various lymphoablat-
ing schedules (Fig. 9.1). The main goal of the non-tumor targeting strategy of HSC 
transfer is to re-establish a functional immune system rather than to eradicate exist-
ing tumor cells. All other ACT strategies are tumor targeted and are directed to trans-
fer the immunologic capability to generate an effective tumoricidal response against 
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present neoplastic cells back into the recipient. In most cases, the stimulation of 
tumoricidal responses became realized by genetical manipulation of the transfected 
cells with various expression vectors for recombinant cytokines, TSAs or TAAs, or 
major histocompatibility complex (MHC) class I antigens. Eligible cells for deliv-
ering the different recombinant tools into the tumor stroma are resident cells of the 
tumor stroma such as fibroblasts, professional APCs of the immune systems such as 
DCs, and even tumor cells by themselves (Fig. 9.1). Recently, the autologous cell 
transfer of ex vivo isolated and in vitro TILs has been established as an additional 
ACT-based tumor therapy (Fig. 9.1) and actually the usage of recombinant TILs is 
under investigation. Altogether, each cell type used for ACT fulfills a specific point 
of action within the tumor-immune-microenvironment network.

Fig. 9.1  Illustration of Adoptive Cell Transfer strategies. ACT strategies are arranged on the basis 
of the different immune cell sub-populations used for non-tumor targeting approaches such as 
hematopoietic stem cells ( HSC ) and targeted tumor therapies such as tumor cells fibroblasts ( FB), 
dendritic cells ( DC ) or T cells either purified directly from the tumor stroma (tumor-infiltrating 
leukocyte, TIL) or from blood (CD8+). To summarize the various strategies for which the specified 
cell types are used only the most representative manipulations are depicted. To show, when one of 
the specified cell types has been used genetically modified, is illustrated as follows: a transgenic 
vector is depicted by a circle; the transfected genes in the vector are color coded with green: rep-
resenting a gene encoding for a cytokine; yellow: for molecules relevant in antigen presentation 
such as the MHC class I molecule; blue: for a T cell receptor ( TCR); and brown: for tumor cell 
specific/associated antigens ( TSA/TAA). When cells were loaded with antigens prior to adoptive 
transfer, brown stars are depicted. The target tissue, the intent, the most representative and proven 
mechanism of action observed in different tumor entities and the underlying mode of action are 
listed below each cell type
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9.4  Tumor Cells Transgenic for Cytokines Used in ACT

One of the first ACT tumor strategies used genetically modified tumor cells to de-
liver immune stimulatory cytokines into the tumor microenvironment in a way of 
a Trojan horse. Based on the assumption that an immune suppressive milieu within 
the tumor microenvironment is responsible for tumor persistence, the rationale of 
this approach is to break open the immune suppressive milieu and to elicit or in-
crease a cell-mediated antitumoral response. Based on the experience of some tu-
mor therapeutic effects of purified cytokines systemically applied at high doses, the 
first recombinant genes delivered into the tumor via transgenic cells are cytokines. 
For this, the coding sequence of the cytokine of interest became cloned, ligated into 
an expression vector, which is then transferred into cells of a defined cell line or 
primary cells isolated from the host. The transgenic cells are then applied to the host 
either systemically or directly into the solid tumor. Once these cells have reached 
the tumor, they start to express and release the recombinant cytokine which leads to 
an enhanced immune stimulatory milieu within the tumor microenvironment and, 
hopefully, to an induction of an effective anti-tumorigenic immune response. The 
functional characterization of a still increasing number of cytokines, chemokines 
and other immune response modulating, soluble mediators, has helped to identify 
appropriate candidates for recombinant cell-based ACT strategies. The advantage of 
using tumor cells as supplier of recombinant cytokinesis that the necessary cytokine 
dose is much lower in comparison to systemic application and, thus, adverse side 
effects might be reduced. Additionally, a long lasting, local expression of immune 
mediators is assured, which will not cease before all tumor cells, de novo arisen as 
well as transgenic tumor cells become eradicated in equal measure. Hence, various 
tumor cell lines were genetically modified to express recombinant cytokines known 
to exert tumoricidal effects directly upon tumor cells or to induce or enhance host-
mediated mechanisms (for overview see Table 9.1).

One of the first cytokines used for proving the novel concept, that delivery of 
a recombinant expressed cytokine via genetically transfected tumor cells can be 
an effective therapeutic approach in tumor treatment, was the T Helper (TH) cells-
derived interleukin (IL)-4. This TH type 2 (TH2) synthesized-derived lymphokine 
was previously characterized as a multifunctional cytokine which exhibits a broad 
range of activities on B- and T cells and on hematopoietic cell lineages in vitro [32]. 
For construction of IL-4 expressing tumor cell lines, a genomic DNA fragment that 
contained the entire murine IL-4 coding region and about 3.5 kb of its 3ʹ flanking 
sequences was cloned from an embryonic BALB/c library, placed under the control 
of the promoter/enhancer from the LTR of either the Moloney murine leukemia 
virus (M-MuLV) or the mouse mammary tumor virus (MMTV) [33]. Transfection 
of these plasmids into mammary adenocarcinoma cells (K485) resulted in the gen-
eration of several transgenic mammary adenocarcinoma cell lines, which differ in 
their amount of released IL-4. The IL-4-transgenic mammary adenocarcinoma cell 
lineK485/D2B-1, which was found to express the highest levels of IL-4 when com-
pared to other cell lines, was used for tumor transplantation into nu/nu mice [33]. 
The results showed that IL-4 expression substantially reduced the tumor growth, 
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when compared to non-transfected K485 cells, which in fact implies a tumor sup-
pressive effect rather than a tumor therapeutic effect. However, a more pronounced 
tumor therapeutic effect was found, when murine plasmacytoma cells (J558L) [34] 
were transfected with an expression vector containing the IL-4 gene under the con-
trol of a promoter/enhancer derived from the mouse immunoglobulin heavy chain 
genes (transgenic plasmacytoma cell lines: J558L-I3L6 [33]; J558L-XEPIL4 [35]). 
While subcutaneous injection of non-transfected plasmacytoma cells in nu/nu mice 
as well as in BALB/c mice led to the formation of large tumors, the injection of the 
IL-4 recombinant plasmacytoma cell lines J558L-I3L6 or J558L-XEPIL4 never led 
to any tumor formation [33, 35].

Furthermore, a paracrine antitumorigenic effect of IL-4 was found, as a mixture 
of non-transfected plasmacytoma cells with IL-4 expressing plasmacytoma 
cells prevented nu/nu mice and also BALB/c mice from tumor formation. This 
paracrine-mediated tumor suppressive property of IL-4 was not limited to syngenic 
plasmacytoma cells but also transferable to a variety of other murine tumor cell 
types. Mixed inoculation of IL-4 transgenic plasmacytoma cells with SMF cells, a 
mammary adenocarcinoma line [36] or with A.6R.1 cells, an Abelson virus-trans-
formed fibroblast cell line [37], prevented nu/nu mice from tumor formation, and 
mixture with B16-FO, a C57BL/6-derived melanoma [38] or the sarcoma 180 [39] 
markedly inhibited growth of the melanoma tumors or the sarcoma tumor, respec-
tively [33]. These experiments suggest a general tumor suppressive effect of IL-4 
on diverse tumor cells of epithelial and mesenchymal origin, which is mediated in 
a paracrine fashion.

In vivo experiments using an IL-4 transgenic cell line derived from a spontane-
ously arising renal cell carcinoma of BALB/c mice (Renca-IL-4C) exhibited similar 
local tumor suppressive effects on the parental Renca cells in BALB/c mice and 
nu/nu mice [40] as observed with the mammary adenocarcinoma and the plasmacy-
toma cell lines [33]. In all of these tumor models histological analyses revealed an 
influx of primarily macrophages and granulocytes and only few T cells at the site of 
mixed (non-transfected- and IL-4 expressing) tumor cell injection. This might reflect 
a mainly innate immune system mediated tumoricidal response. Interestingly, when 
non-transfected- and IL-4 expressing Renca-cells were inoculated at distant sites, a 
mainly CD8+ T cell-dependent systemic immune response was generated and was 
responsible for eradication of the renal tumor [40]. This systemic tumoricial T cell 
response was blocked when CD8+ T cells were eliminated prior to injection of the 
parental Renca cells. Additionally, when the cured mice were injected with paren-
tal Renca cells, about 50 % rejected the challenge [40], indicating some level of 
immune memory had been generated. In summary, the animal experiments of lL-4 
expressing tumor cells show that the location at which IL-4 becomes synthesized 
determines the kind of tumoricidal immune response. If IL-4 is locally expressed 
within the tumor microenvironment, macrophages and granulocytes of the adaptive 
immune system mainly contribute to the tumor eradication whereas systemically 
synthesized IL-4 outside the tumor microenvironment mainly leads to an activation 
of CD8+ cytotoxic T (Tcyt) cells, which belong to the adaptive arm of the immune 
system. A further important finding of these data is that different immune cell types 
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including macrophages, granulocytes and/or Tcyt cells can mediate the cytokine-
induced tumoricidal response. Notably, activation of cytotoxic cells of the adaptive 
immune system seems to generate a significant and, most important, a long lasting 
antitumor response.

One cytokine having the propensity to activate cytotoxic cells is the T cell-
derived lymphokine IL-2. This lymphokine has been found to stimulate the prolif-
eration of Tcyt cells [72], TH cells [73] and natural killer (NK) cells [74] and is able 
to transform resting lymphocytes into lymphokine activated killer (LAK) cells [75, 
76]. All these cell types are known to participate in the antitumor response which is 
the reason whyIL-2 is the most frequently used cytokine in tumor cell-based ACT 
studies. Tumor cells transgenic for IL-2 were successfully applied in tumor mod-
els of fibrosarcoma, melanomas, myeloma, mammary carcinomas, carcinomas of 
the lung, colon and bladder, as well as renal and prostate cancers. The therapeutic 
benefit was mostly associated with high levels of cytotoxic cells. Immunohisto-
chemical analyses by using antibodies directed against various leukocyte differen-
tiation antigens (e.g. anti-CD4 detecting TH cells, anti-CD8 for Tcyt cells, CD11b/
CD18 for NK cells) revealed an enhanced presence of T cells [41], NK cells [41, 
42], monocytes/macrophages and granulocytes [47] at the site of IL-2 transgenic 
tumor cell injection. The local presence of these cells suggests their effector role 
in antitumor immunity, but the distinct functional proof of the tumoricidal potency 
of distinct leukocyte subpopulations was provided by either depletion of defined 
immune cell populations in vivo or by the usage of animal strains, which genetically 
lack functional T cells (e.g. SCID mice, RAG-2 mice).For depletion experiments, 
antibodies able to kill a defined cell subpopulation were injected into the animal 
before application of IL-2 transgenic tumor cells. Depletion of CD4+—and CD8+ T 
cells in the IL-2 CMS-5 fibrosarcoma mouse model did not bypass the IL-2 medi-
ated rejection of the transgenic tumor cells suggesting that the protective immune 
response is not mediated by T cells [42].The rejection of IL-2 transgenic CMS-5 
fibrosarcoma cells in T cell deficient BALB/c nu/nu mice further supports the T 
cell independent antitumor immunity [42]. Additionally, the growth reduction of 
IL2 transgenic MBT2 bladder tumor cells in Swiss nu/nu mice also supports a T 
cell independent antitumorigenic effect of IL-2, at least when expressed at higher 
concentrations [52]. Nevertheless, IL-2-activated T cells exhibit a pivotal role in 
the establishment and long-lasting protection against tumor reimplantation. In vari-
ous tumor models it was found, that once animals were cured from the tumor, an 
immunological protection in the sense of a vaccination developed in most cases, 
which protected animals of the reimplantation of the tumor [45, 48, 50, 54]. This 
protection was only possible, when the animals possessed functional T cells and 
the protection was associated with the generation of lytic cells such as LAK cells 
[41–43, 46, 47, 49, 52, 56].

The most promising observation of the IL-2-based ACT using transgenic 
tumor cells is that this approach was also successful in the therapeutic treatment 
of wild-type tumors [41, 47, 48, 52, 54, 56] which reflects the clinical situation 
in human cancer treatment. Other cytokines were cloned and transfected in tumor 
cells, from which IL-4, IL-6, IL-7 and granulocyte macrophage colony stimulating 
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factor (GM-CSF) showed some and interferon (IFN)-γ highly effective therapeutic 
properties (Table 9.1). In addition, the combined transfer of two recombinant cyto-
kines into the same tumor cell may enhance the antitumor immunity [44, 54].

In summary, the findings raised by the various animal tumor models of ACT 
of cytokine-transfected tumor cell lines revealed that, depending on the cytokine 
or cytokine-mix expressed, an effective tumoricidal response can be induced by 
activation of nonspecific cytotoxic effector cells and/or tumor-specific T cells. Fur-
thermore, for the acquisition of a long-lasting antitumor immunity, the activation 
of CD8+ T cells is essential. The central role of tumor-specific lymphocytes of the 
adaptive immune system in the tumoricidal immune response further supports the 
existence of a specialized APC system which enables/enhances the presentation of 
TAAs or TSAs after the ACT of living or irradiated transgenic tumor cells. This led 
to the concept to transfer MHC class I genes or genetic information of TAAs and 
TSAs into transferable cells. For the gene transfer of such factors, cells of the tumor 
stroma such as fibroblasts or DCs are most applicable, because both cell types are 
known to function as efficient APCs and long lasting presentation of translated 
TAAs via the MHC class I complex seems most likely. Furthermore, the danger that 
living auto- or allogenic transferred tumor cells could spread and metastasize within 
the patient can be avoided.

9.5  Antigen Presenting Cells Transgenic for Tumor 
Antigens Used in Adoptive Cell Transfer

Based on genetic alterations neoplastic cells express specific antigens which are 
either present only on tumor cells—in case of TSAs—or on both tumor cells and 
also some normal cells—in case of TAAs—within the tumor microenvironment. 
The presentation of these antigens together with MHC class I molecules to effector 
T cells has been found to be a critical step in the generation of an efficient Tcyt cell-
dependent response against the tumor. Insufficient MHC class I-dependent presen-
tation of TSAs/TAAs by either tumor cells or host professional APCs can be a basic 
cause for a failure of the immune response in the tumor bearing host, even when 
TSAs or TAAs are expressed [77]. However, within the scope of immune evasion 
most neoplastic cells down regulate their expression of MHC class I molecules and, 
thereby, reduce the level of MHC class I-mediated activation of Tcyt cells [78–80]. 
For example, human papilloma viruses (HPVs) express the oncoprotein E5 which is 
implicated in MHC-class I downregulation [81, 82] and was shown to affect MHC 
class II maturation in IFN-γ-treated keratinocytes [83]. The therapeutic stimulation 
of MHC class I expression within the tumor entity via application of recombinant 
cytokines known to enhance the MHC expression such as IFN-γ [84] is one pos-
sibility to overcome this status. In fact, the use of IFN-γ transgenic tumor cells in 
ACT strategies, as listed above, is a proven possibility to elicit an efficient antitu-
mor response mediated by TILs.
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Recent strategies to induce or augment the host antitumor immune response 
included the transfer of genes encoding MHC class I, costimulatory molecules or 
cytokines, and TAAs into tumor cells and APCs. A functional proof of the correlation 
between MHC class I expression, generation of cytotoxic cells within the tumor 
microenvironment and the clearance of existing metastases by adoptive immuno-
therapy was given by Restifo and coworker [85]. They showed that transfection 
of methylcholanthrene (MCA)-induced sarcoma cells with recombinant IFN-γ led 
to enhanced MHC class I expression on the surface of the tumor cell line which 
converted it from poor presenter of antigen to high antigen presenter cells. Tumors 
derived from high presenter cells made it possible to isolate and clone CD8+ TILs, 
which, when transferred in vivo, revealed a tumoricidal response against present 
metastases from the wild-type MCA-induced sarcoma [85]. These data prove that 
the presence of a sufficient level of MHC class I and, thus, it is appropriate to 
assume that an enhanced presentation of TSAs/TAAs is required to achieve thera-
peutic effects.

Many other animal experimental models used the strategy of enhancing the pre-
sentation of TSAs/TAAs by ACT strategies. Because tumor cells are genetically 
instable [86] and thus cannot be stably transfected with viral vectors, the usage of 
cells which are known to be efficient in antigen presentation came into the focus 
of cancer immunotherapies. However, this requires the identification of therapeutic 
relevant TSAs/TAAs for a given type of tumor, which is indeed, one of the major 
challenges in tumor medicine. Various methods, such as differential gene analy-
sis, exome sequencing and proteomics are actually used methods to identify genes, 
peptides or proteins specifically expressed in neoplastic cells or solid tumors and, 
therefore, possibly they are usable as prognostic or therapeutic factors. Promising 
experimental results have been observed when fibroblasts and DC were used to 
transfer TSAs/TAAs into the tumor. To deliver or express TSAs/TAAs into APCs to 
this day cells were pulsed with unfractionated tumor-derived peptides [87], tumor 
cell lysates [88], apoptotic cell bodies [89, 90] and mRNA [91, 92] or cDNA librar-
ies [93, 94] derived from tumor cells. Fibroblasts are readily available to be cultured, 
transfected and selected, and were found to produce physiologically relevant levels 
of cytokines after the introduction of cytokine genes [95–97]. Furthermore, these 
cell types can provide a useful manipulation of key aspects of antigen presentation, 
such as epitope choice, antigen density, and selection of immune- stimulating mol-
ecules, to promote the induction of potent cytotoxic T lymphocyte responses.

One sophisticated strategy of using fibroblasts as APCs of TSAs/TSAs is to 
generate double or triple transgenic fibroblast cell lines which possess transgenic 
vectors expressing MHC class I molecules, a stimulatory cytokine and either one or 
more TSAs or TSAs previously identified to be specific for the corresponding tumor 
entity. Using the murine model of highly malignant SB5b breast carcinoma, Cohen 
and coworker genetically engineered a fibroblast cell line (LM cells) of C3H/He (H-
2k) mouse origin which expressed an allogenic (H-2d) MHC class I determinant, the 
immune stimulatory cytokine IL-2, and a cDNA library derived form a small pool 
of SB5b breast cancer cells [93, 94]. To enrich the pool of tumor DNA-transgenic 
cells with those cells, which synthesize tumor relevant antigens in association with 
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MHC class I, the whole transfected LM cell pool was subdivided in several sub-
pools, which were tested on their potency to induce a cytotoxic response against 
SB5b cells in vitro. Only pools of high responders were used for a second round 
of this immunoselection and the most effective sub-pool of these triple transfected 
cells was used for ACT against the breast cancer cells. As shown, by further in vitro 
and in vivo testing, the tumoricidal response of triple transgenic high responder 
fibroblasts was mediated by the activation of CD8+ Tcyt cells [94]. The immuniza-
tion of breast cancer bearing mice with these cells had a therapeutic effect and led 
to eradication of the SB5b tumors in some animals and prolonged survival in others 
[98]. Furthermore, an immunological long-term immunity against the tumor cells 
had developed in the cured mice, protecting the animals from re-transplantation of 
tumor cells [93]. In the related model of intracerebral metastatic breast cancer such 
triple transgenic cells were also effective in eradication of the intracerebral SB5b 
metastases [99] suggesting that the tumoricidal immune protection was independent 
from the organic location of the tumor cells.

9.6  T Cells Used in Adoptive Cell Transfer

The most recent transgenic cell-based ACT strategy is the usage of genetically 
modified TILs. TILs have been found to serve as a good prognostic marker for 
many human tumor entities [100–107]. Isolation of TILs from tumor tissues with 
subsequent in vitro stimulation, expansion of tumor specific T cells and transfer 
back into the patient is hence a promising therapeutic approach. Until now, TIL 
populations that become therapeutically effective after in vitro stimulation were 
primarily isolated from melanomas thereby limiting the therapeutic usage of TILs 
to this tumor type. Nevertheless, beside TILs, in vitro modified T cells genetically 
redirected to recognize TSAs/TAAs on the surfaces of tumor cells are powerful 
therapeutic tools that can be used against virtually all types of tumors [108–113]. 
For the generation of T cells, expressing TCRs with a high affinity and specificity 
for TAAs, various techniques are currently available that are reviewed in detail by 
Restifo and colleagues [114]. A novel approach, termed “Chimeric Antigen Recep-
tor” (CAR) therapy, genetically engrafts the gene sequence encoding the variable 
region of a target cell-specific antibody onto the TCR intracellular domain that is 
capable of activating T cells. The resulting transgenic T cells then become acti-
vated in vivo when the CAR binds to the tumor target antigen, which can take place 
independent from MHC class I or II. It is also possible to isolate TCR RNA from 
humanized mice, which bear T cells transgenic for human MHC class I. The im-
munization of such mice with human tumor antigens results in the generation of T 
cells specific for human MHC class I-restricted tumor antigens. As a third method, 
T cells isolated from a patient, found to be a high responder against a defined tumor 
type, are used as a genetic source to transfect autologous T cells of low responder 
patients. Numerous clinical trials using T cell based ACTs are on their way and 
the plethora of individual treatment schemes makes it nearly impossible to identify 



M. Bette238

critical parameters such as preconditioning treatment and therapeutic parameters 
like cell dose and differentiation phenotypes of the T cell. Similarly, the impact of 
other factors such as vaccination against the tumor or cytokine delivery in parallel 
to the T cell transfer remains unclear. For systematical characterization of such criti-
cal therapeutic conditions, animal studies are indispensable.

One animal model that has been extensively used to define some of the above 
mentioned critical key determinants for successful ACT immunotherapy is the 
Pmel-1 CD8+ T cell receptor transgenic mouse model [115]. One animal model 
that has been extensively used to define some of the above mentioned critical key 
determinants for successful ACT immunotherapy is the Pmel-1 CD8+ T cell recep-
tor transgenic mouse model. This animal model uses the mouse melanoma B16 cell 
line to induce solid melanomas, which are in concordance with human melanomas, 
since they share the melanocyte/melanoma (self/tumor) -antigen gp100 [116]. The 
shared self/tumor-antigen gp100 also known as Pmel can be used in both, human 
(Pmel-17) and mice (Pmel-1) as a target for T cell-based tumor treatment. To gen-
erate murine Pmel1-TCR-transgenic T cells for evaluation in the B16 C57BL/6 
mouse model, splenocytes were isolated from Pmel1 transgenic mice and incubated 
in vitro in the presence of gp100 (human gp10025–33) and recombinant IL-2 [117]. 
This priming led to the expansion of mainly Pmel1-TCR-transgenic T cells. For 
testing T cells which have reached a defined differentiation status, CD8+ T cells 
or CD8+ T memory (TSCM) cells, CD8+ T central memory (TCM) cells, or CD8+ T 
effector memory (TEM) cells were isolated [118]. The rationale for testing different 
developmental stages of CD8+ T memory populations for ACT treatment is based 
on clinical and preclinical observations showing that the success of ACT-based ap-
proaches depends on the differentiation state of the transferred T cell population. 
Less differentiated TSCM and TCM were found to be more effective in tumor patients 
than more differentiated TEM cells [119, 120].

Studies using the Pmel-1 mouse model observed a superior tumoricidal effect of 
TSCM cells on the elimination of existing primary tumors [117]. However, Pmel1-
TCR-transgenic CD8+ T cells were able to eliminate the tumor and enhance the 
survival rate of the animals (up to 100 %), large numbers (1 × 107) of these cells 
were necessary to reach this therapeutic effect. When using low numbers of Pmel1-
TCR-transgenic CD8+ T cells tumor eradication was incomplete. In contrast, the 
number of Pmel1-TCR-transgenic TSCM cells necessary to reveal comparable tumor 
protection was only 1 × 104. The antitumor efficacy of the more differentiated T 
memory cells decreased in correlation to a more differentiated status in the order 
TSCM > TCM > TEM. These results show that next to the absolute number of adoptively 
transferred cells, the T cell differentiation status significantly contributes to the 
efficacy of the tumor therapy. The aspect of T cell differentiation has to be taken 
into account particularly within the context of the cell expansion time during the 
priming and expansion of T cells in vitro prior to ACT. Longer culturing time leads 
to a higher number of transferable T cells but the cellular differentiation status in-
creases too, resulting in a less effective tumor-directed T cells [121]. A second criti-
cal parameter is the amount of in vivo applied antigen used for re-stimulation of the 
transferred cells. The Pmel-1 mouse model revealed a strong correlation between 
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the amount of vaccine and the therapeutic outcome [117]. This observation under-
lines the importance of identifying effective TSAs/TAAs to enhance clinical out-
comes. Thirdly, recombinant cytokines were used to support the success of ACT. 
For example, in the Pmel-1 mouse escalating dosages of cytokines known to ac-
tivate, expand, or promote the survival of T cells such as IL-2, IL-7, IL-15, and 
IL-21 were used in parallel to ACT of Pmel1-TCR-transgenic CD8+ T cells, dem-
onstrating only moderate effects on the therapeutic outcome [117]. These results are 
challenging the requirement of cytokines in ACT treatment.

Targeting antibody therapies, unspecific cytokine/chemokine therapies as well 
as cell-based therapies are the three central pillars of modern oncoimmunology. 
The variety of possible treatment schemes makes it often difficult to recognize the 
central mode of action. On the other hand, the large number of paths that can be 
used to artificially influence immune responses gives us hope to develop highly 
effective immune-based anti-tumor strategies in the future. ACT therapies will help 
us to better understand basic immunological processes, including the role of various 
immune cell types in the antitumor inflammatory response.
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